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Abstract

The success of targeted drug delivery through inhalation largely depends on the efficient
deposition of aerosols across different regions of the human lung. Factors such as particle size,
airflow dynamics, lung geometry, and body posture have a significant influence on aerosol
transport and deposition. This computational fluid dynamics (CFD)-based study investigates
the combined effects of body orientation and particle size on aerosol deposition using a realistic
lung geometry reconstructed from computed tomography (CT) images and a realistic aerosol
breathing profile derived from patient data. Simulations were conducted in ANSYS Fluent
using the Discrete Phase Model (DPM) for five particle sizes (3, 5, 7, 9, and 10 um) across
three body orientations: upright, dorsal, and lateral.

Results showed that total deposition efficiency increased with particle size, while regional
deposition varied noticeably with posture. The right lung consistently exhibited higher
deposition than the left, and the upper lobes of both lungs received the majority of particles,
particularly for larger aerosols. Although overall deposition efficiency remained similar across
orientations, regional redistribution was evident. These findings highlight how body posture
influences aerosol transport within the lungs and offer valuable insights for optimizing posture-

based inhalation strategies and improving targeted drug delivery.

[v]



ATIFATEHFA
a0 5 P S VR T 3 2 < 2 [ B A <2 < e | e VS T | N G B T S

SRS PIVPILTEAR TP RGN BT JAFAONI (NRITAT 4 TAN
AR ST TAF | FNL TR, PING(N© IRAIMZA NS, FIFEIF N 4R
IS =MARE ©f5rd Nl RTTQTE SRR ARIZA A7 WICHFATHNS G2
SIHATN AOR (FA| FTOGANEA TG TIRAINS [Of8F a2 MIFNH
FTGIOG eI ((3ifD) Ba (A =fo® IS W FIFea (ENE<
NOOH 43¢ AT NI IS5 YA NG IR P, A8 FIAPA
LU 51 s BV S [ = B B M B R B 8 1 M 1| S A NI [ | e B DB |
WIFIT AT NS NIFT I AN THFESTIT FALTD NG IR
(A FOATGO (PG OO AT WEITN AT60 7 FII FAFT (9,¢,9,5 8 S0
NETFINOR FFIIF) 43¢ fONG o fon (= ©fF7 - Terg, SBT3 A WIZR
Oy STYe™ i AfBIer® 2R | TP (ATF (AT T (T, FNE NHFF I ST
ST (W6 WICHFANNLT TR I (AT, S W2BAF AICHFATHI ALY TH AT
Y TN B APNATN (TZef571 AfRTISNT GATS | TN F5TH0T 1 AfSH

(AR AN PHAPAT QAN NGH HICHFHN o567 Pl (9107, I3 SO PHAPI
CHARE (O QNP (@® SN Gl (O (M (5NR, RO Qerges 1%
BT FNSTEAR Gt A6 AFFNam AFafee 2zl Ime fox for iz
OI5T G5 (N0 WICFATH DS AT P2 26, ©98 [fON BT FAF 060 ™S
IFT (AT (MR AT FEATPARTE (RATT PO AP ©f5F TAPOR (GOR
WA ARIZAE ASITS FF G2 PO *MNAIE O VLT TP
RIS ZMN Y (AR (FATE TRS FAT W S WA JZCRF TSN Fe
IS Y (1R [RYCY QP GIR SN LK (R

[vi]



Acknowledgement

| am deeply indebted to my respected supervisor, Dr. Prasanjit Das, Professor, Department of
Mechanical Engineering, Chittagong University of Engineering and Technology, for his
invaluable support, guidance, and encouragement throughout this research. His insightful
suggestions and constant motivation have been instrumental in the successful completion of
this thesis. | will always remain grateful for the time and knowledge he generously shared with
me.

I would also like to express my sincere gratitude to the Department of Mechanical
Engineering for providing the necessary facilities, academic environment, and support that
enabled me to carry out this work effectively.

My heartfelt thanks go to my parents, whose unwavering support, patience, and faith in me
have been a constant source of strength throughout this journey.

Special thanks are due to Eshrak Jamil and Ammara Al Jabin for being there during
moments of need, offering help, encouragement, and companionship whenever I required it.

To all who have been a part of this journey in any form, | extend my deepest appreciation.

[vii]



Table of Contents

APPROWVAL ..ottt ettt st s et s et st e ettt R e bttt et neans ii
DBCIATALION ...t bbb bbbttt bbbttt e s i
APProval DY the SUPEIVISON .......oiiiiiiiiiieiee e bbb v
N o111 = Tod USRS PP v
B | 5 1 N e PO SRS PSRRI Vi
ACKNOWIBAGEMENT ...t vii
(04 g T 1o (=] o0 T U T TSP TP PR UPURPRPRPPTN 1
T oo [0 Tod 1 o] o T TSSOSO PRPRRRRPIR 1
1.1 Background and MOTIVALION...........cciiiieiieieiie et ene e 1
1.2 Anatomical Structure of the Lung Model ..., 2
1.3 Influence of Body Orientation...........ccocuiiiieiiiiiere e 3
1.4 ODbjective 0f the STUAY .......coeeiie e 6
1.5 StruCture OF the TRESIS......ciiiiieieie e 6
CRAPLET D2ttt bbbt bbbt b et bbbt n e 8
LITEIatUIE REVIBW....cviiiieie ettt e st e e s e nbe e s e as e e nbeenbenneenreeneeenes 8
2.1 Historical Perspective and Background ..............ccoveiiiiiiieieciccee e 8
2.2 Lung Anatomy and Its Role in Aerosol TranSport..........cccceeveieeieeiie s 9
2.2.1 Airway branching, asymmetry, and lobar anatomy............cccocevereieienininieieee, 9
2.2.2 Physiological features influencing depoSition.............ccooveveieieieneninieseeeees 9
2.2.3 Right versus left lung and flow implications.............cccccveviiiiiecii e, 10

2.3 MOdeling APPIrOACHES .....c.veivieie ettt 11
2.3.1 Symmetric versus Asymmetric Bifurcations............cccooveiveiiienenencneseseeeee e, 11
2.3.2 Multi-bifurcation versus Full-tree MOodels .........ccccvvveiieriiiinieseee e 12
2.3.3 Three-dimensional Reconstructions from CT or MRI ..o, 13
2.3.4 Advantages of Realistic Lung Models in CFD-Based Aerosol Deposition ............ 14
2.3.5 Mesh Generation Practices in LItErature ..........coceoveveieenesieeseese e see e 15

2.4 Numerical Methods and Simulation Tools in Pulmonary CFD ...........ccccoeviiiiieiienen, 17
2.4.1 Use of ANSYS Fluent, OpenFOAM, and COMSOL in Pulmonary CFD .............. 17
2.4.2 Numerical Solvers in Pulmonary CFD .......c.cccccooiiiiiiiiic e 18
2.4.3 Steady and Transient Flow Simulations in Pulmonary CFD............ccccooviiiieniennen. 20
2.4.4 Grid Independence and Convergence Practices in Pulmonary CFD............cccc....... 21

[viii]



2.4.5 Validation Strategies in Pulmonary CFD Simulations...........c.ccccveveviieveeieseennnnn, 23

2.5 Particle Dynamics and Transport MeChaniSmS...........cccocvevveveiiiesiene e, 24
2.5.1 Primary Aerosol Deposition MeChaniSmS............covieiieieieniene e, 24
2.5.2 Influence of Particle Size on Aerosol Deposition in the Human Lung.................... 26
2.5.3 Particle Tracking Approaches in CFD........ccccceiiiiiiie i 27
2.5.4 Coupling Strategies and FOICES .........ccveiieieiiesieeie s 29

2.6 Influence of Airflow Patterns on DepOSItION ...........ccccoviiiriiieieiene e, 30
2.6.1 Steady versus Unsteady Airflow Conditions in Aerosol Deposition ..................... 30

2.6.2 Sinusoidal Versus Realistic Inhalation Profiles: Impacts on Aerosol Deposition...31

2.6.3 Effects of Airflow Changes on Aerosol Particle Transport in the Lung ................. 33
2.6.4 Comparative Studies of Aerosol Deposition Under Different Inhalation Waveforms
.......................................................................................................................................... 34
2.7 Role of Body Orientation and Gravity ...........ccccceiieiieiiiie e 35
2.7.1 Gravity Vector Effects on Aerosol TransSport..........cccovvveveiieieese e s 35
2.7.2 Effect of Body Posture on Aerosol Deposition ..........ccoeeeerenenenenesiseeeeeeee, 36
2.7.3 Experimental Studies on Gravity and Posture Effects.........c..ccccovvniiciiicnnn, 37
2.7.4 Limitations of Past CFD Studies on Body Orientation ............ccccceeevveieevicieennenn, 38
2.8 Drug Delivery and Clinical REIEVANCE..............cceeieiieiiiie e 39
2.8.1 Applications in Asthma, COPD, and CystiC Fibrosis...........cccoccevvverviinnieeieseennnn, 39
2.8.2 Challenges in Targeting Specific Lung RegIONS ..........ccevviiiriiniieniiesieeeeeee e, 40
2.8.3 DeViCe-Based STUAIES .......cceiviiieiieiieieieie e 41
2.8.4 Personalized Aerosol Therapy APProaches..........cccoveiveveiieiecie e, 42
2.9 Summary of Gaps in the LITErature ..........ccooeiieiieiese e 43
2.9.1 Posture-Insensitive Use of Realistic Lung Geometry in Aerosol CFD Studies ......43
2.9.2 Lack of Posture-Integrated Studies with Realistic Aerosol Breathing Profiles....... 44
2.9.3 Lack of Integrated Models Combining Anatomy, Breathing Pattern, and Body
(@] =T o1 =1 oo PSSR 45
CRAPLET 03 ettt b e bbbt b bbb bt 47
V=1 o o o] (o]0 V2P PPPPR RO 47
3.1 Reconstruction of the Realistic Lung Model.............ccoooiviiiiiiiiiiececc e, 47
3.2 Governing Equations and Physical MOdelS ..o, 49
3.2.1 Mathematical Formulation of Continuous-Phase Airflow ...........c.ccccovviiiiinnnnn. 49

3.2.2 Finite Volume Discretization and Numerical Implementation in ANSYS Fluent..51
3.2.3 Turbulence MOAEIING .....ccveeiiiiie e 52



3.2.4 Discrete Phase Model (DPM): Particle Tracking .........cccveveveiieneerniieseeie e, 54

3.2.5 Coupling BEtWEEN PhaSES .......c.eiieiieiieiie ettt 54

3.3 Mesh Generation and Grid Independence StUdY..........ccoiriiieiiiiic i, 54
3.4 Numerical Setup and Boundary Conditions.............cooeriiiniieeiieiese e, 57
34,1 SOIVEE SEHINGS ...uviiveeiteee ettt e e et e st e s ta e e sse e reeaeaneenneens 57
3.4.2 Continuous Phase Boundary Conditions ..........cccceevvereiierieriesiieseese e e s 58
3.4.3 Realistic Breathing Profile............coiiiiiiiiii e 58
3.4.4 Particle Properties and INjection SEttINGS.........ccccveririniiieieie e 61
3.4.5 Discrete Phase Boundary Conditions ..........c.cccvvvereereiieieeiesiese e see e snee e 61
3.4.6 Modeling Body Orientations ...........ccccveiieiierieiecie e 62

3.5 Post-Processing and Deposition ANAIYSIS ........ccoiiiiiiiiniiieieie e 65
CRAPLET D4 ...ttt bbb bbb bbb bt 66
RESUILS @NA DISCUSSION .....vivieiieiiesieie ettt ettt sttt bbb besne s e e e nee e 66
4.1 Overview of Regional Deposition Data ............ccccoviieieeieiic e, 66
4.2 Influence of Particle Size on Deposition BENaVIOr ............cc.cooveiiiienincsieeecee 67
4.3 Regional Distribution Patterns under Different Body Orientations............c.ccccvevenenne. 71
4.4 Differences in Deposition Efficiency Across Body Orientations ..............ccccevevveivennenn. 77
4.5 Dominant Orientation for Regional Deposition ..........cccccvieiieie i, 83
D 1T U1 o o SR 84
CRAPLET 05 ...t b bbbttt bbbt 86
(070 Tod [ 1S] T OSSPSR 86
RETEIBINCES ...ttt bbbttt b e bttt nnes 87
PUBIICALIONS. ...ttt et e st e et eereesreenteeneesneeneeaneenreeneeanes 94



List of Figures

Figure 1.1: Segmented Lung MOUGEI .........cvoiieiiiie e 3
Figure 1. 2: Upright Orientation ............cocooiiiiieie it 4
Figure 1. 3: DOrsal OrENTALION .......cc.oiviiiiiiiiiieee e 5
Figure 1. 4: Lateral OreNntation ............ccooiiiiiiiiicee e 5
Figure 3. 1: Reconstructed model of human lung using CT scan images........c.ccccvevvervvenenne. 48
Figure 3. 2: Sample CT image slices in MIMICS during lung model reconstruction............ 49
Figure 3. 3: Computational mesh of the reconstructed lung model .............cccooiiiiiiiicnenn, 56
Figure 3. 4: Variation of average velocity with number of cells ............cocooiiiiiiiiin, 57

Figure 3.5: Realistic aerosol breathing pattern for female (Volume flow rate vs. normalized

L] TS0 7 I TSR OUOSPRPIN 60
Figure 3. 6: Velocity profile vs. time for Realistic Aerosol Breathing..........c.ccccvevviieienne. 60
Figure 3. 7: Upright orientation (gravity applied along -Z direction)............cc.cceevvvvveiennene. 63
Figure 3. 8: Dorsal orientation (gravity applied along +Y direction) ..........ccceevevviievvennenne. 64
Figure 3. 9: Lateral orientation (gravity applied along +X direction) .........c.cccccvevviieveernenne. 64
Figure 4.1: Deposition efficiency variation with particle size (upright position)................... 69
Figure 4.2: Deposition efficiency variation with particle size (Dorsal position).................... 70
Figure 4.3: Deposition efficiency variation with particle size (Lateral Position)................... 71

Figure 4.4: Regional aerosol deposition at different body orientations for particle Size 3 um

Figure 4.9: Heatmap of absolute differences in deposition efficiency from upright to dorsal
orientation across lung lobes and partiCle SIZES ..........coovevveiie i i 78
Figure 4.10: Heatmap of relative differences in deposition efficiency from upright to dorsal

orientation across lung lobes and PartiCle SIZES ..o, 79

[xi]



Figure 4.11: Heatmap of absolute differences in deposition efficiency from upright to lateral
orientation across lung lobes and PartiCle SIZES .........ccceveieeieeiie i, 80
Figure 4.12: Heatmap of relative differences in deposition efficiency from upright to lateral
orientation across lung lobes and PartiCle SIZES ..........ccoeveiiiiiiiiiieee e, 81
Figure 4.13: Heatmap of absolute differences in deposition efficiency from dorsal to lateral
orientation across lung lobes and PartiCle SIZES .........cccvevvieeieiie i, 82
Figure 4. 14: Heatmap of relative differences in deposition efficiency from upright to lateral
orientation across lung lobes and PartiCle SIZES ..........cooeveiiiiiiiiiicce e, 82
Figure 4. 15: Dominant body orientation for maximum deposition efficiency across lung lobes

AN PAMTICIE SIZES ....cveeii ettt e e e teere e s be e beanbesre e reenneaneenre e 84

[xii]



List of Tables

Table 2.1: Summary of mesh generation techniques used in lung CFD..........ccccoeviveiviiinnen, 16
Table 2.2: Comparison of particle tracking methods in pulmonary ..........ccccccevviveiieiieiennnn, 28
Table 3.1: Grid independence study results and mesh quality parameters...........c.cccceevernennee. 56
Table 3. 2: Parameters of the first 10 harmonics for female realistic breathing...................... 59
Table 4.1: Deposition efficiency in upright POSITION ...........cccoiviieiiieiieie e 66
Table 4. 2: Deposition efficiency in dorsal POSItION ...........ccooiviiiiieiieie e, 67
Table 4.3: Deposition efficiency in lateral pOSItION............cccooiiiiiniiieie e, 67

[xiii]



Chapter 01

Introduction

1.1 Background and Motivation

The efficiency of aerosol-based drug delivery or inhalation exposure assessment largely
depends on how accurately we can predict particle transport and deposition throughout the
human respiratory tract. Since direct observation of aerosol behavior within living lungs is
practically unfeasible, researchers have long relied on both experimental surrogates and
computational models to explore the complex dynamics of airflow and particle transport.
Among these methods, computational fluid dynamics (CFD) has emerged as a particularly
powerful approach, enabling detailed simulations of airflow and aerosol behavior across a wide
range of physiological conditions and particle sizes.

Early studies in this field often employed simplified, idealized lung geometries, typically based
on symmetric branching models. While mathematically convenient, these models fall short in
representing the anatomical asymmetry, lobar distinctions, and irregular branching that
characterize the actual human lung. More recently, advancements in medical imaging and
segmentation techniques have enabled the development of anatomically realistic models. These
more detailed reconstructions incorporate critical features such as lobe-specific bronchial
pathways, nonuniform cross-sections, and natural curvatures, providing a more accurate
foundation for studying how aerosols distribute across different regions of the lungs.

Despite these advancements, several important physiological variables remain insufficiently
explored. One such variable is body orientation, which alters the gravitational direction acting
on inhaled particles without changing the lung structure itself. Gravity plays a crucial role in
deposition, especially for particles commonly used in therapeutic delivery, where
sedimentation is a dominant mechanism. Yet, most simulation studies assume a default upright
posture, overlooking the variety of orientations patients naturally or clinically assume—during
sleep, intensive care ventilation, rehabilitation exercises, or postural drainage therapy.
Moreover, from a therapeutic standpoint, if a particular body posture enhances overall
deposition or targets a specific lung lobe more effectively, that posture could be intentionally
adopted during inhalation to improve treatment efficacy and minimize drug waste.

In this context, a focused investigation that isolates the effect of body orientation—using a

consistent, anatomically accurate lung model and controlled breathing profile—offers both
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novelty and clinical relevance. This study employs a high-resolution, patient-based lung
geometry segmented into five lobes: right upper lobe (RUL), right middle lobe (RML), right
lower lobe (RLL), left upper lobe (LUL), and left lower lobe (LLL), along with the trachea and
first-generation bronchus (G1). The geometric segmentation, as illustrated in Figure 1.1,
allows for lobar-level analysis of how posture-induced changes in gravity influence deposition
distribution.
To explore this effect, the same lung model is simulated under three distinct body orientations:
upright, dorsal, and lateral. These orientations are incorporated by altering the gravitational
vector in the simulation environment while maintaining consistent geometry and boundary
conditions. This approach ensures that the only changing variable is the direction of gravity,
allowing a clean assessment of how posture alone reshapes aerosol deposition patterns.
By addressing the combined impact of anatomical realism and posture-aware modeling under
realistic breathing conditions, this research fills an important gap in the literature. It provides
practical insights that could inform optimized strategies for inhalation therapy, with potential
applications in both clinical and home-care settings. Beyond identifying general trends, this
work opens up the possibility of tailoring inhalation posture to maximize regional deposition
or therapeutic targeting—an aspect that could lead to more personalized and effective
respiratory treatments.
1.2 Anatomical Structure of the Lung Model
The lung geometry employed in this study was reconstructed from high-resolution CT scan
data to preserve anatomical accuracy and branching asymmetry. The model includes the
trachea, the Generation 1 (g1) bronchial branch, and five lobes—three on the right and two on
the left. This segmentation enables regional deposition analysis at the lobar level while
maintaining consistency across different simulation conditions. The anatomical regions are
shown in Figure 1.1.
The trachea serves as the primary airway, guiding inhaled air from the external environment
toward the lungs. It bifurcates into the first-generation bronchus (g1), which splits into the left
and right main bronchi. This bifurcation represents the entrance to the lobar bronchi and plays
a critical role in dividing airflow between the two lungs.
The lung consists of five lobes:

e Right Upper Lobe (RUL): Positioned superiorly, it branches with minimal angular

deviation from the right main bronchus, allowing direct airflow and resulting in

relatively high deposition, especially under upright posture.
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« Right Middle Lobe (RML): Located centrally, the RML branches at a sharper angle
and is narrower in volume. It often receives less deposition due to its recessed
orientation and flow shielding by surrounding branches.

e Right Lower Lobe (RLL): Extending downward, the RLL follows a longer, more
curved path. Its deposition is sensitive to gravity-driven mechanisms and varies
significantly across body orientations.

o Left Upper Lobe (LUL): It branches steeply from the left main bronchus and has a
wide inlet. Due to its upward orientation and exposure to the main flow path, it
frequently receives high deposition in all postures.

o Left Lower Lobe (LLL): This lobe is anatomically deep, with a narrow entrance. It
typically experiences reduced deposition, particularly in upright conditions, due to
longer flow paths and geometric shielding.

The airway geometry was kept fixed throughout all simulations, with only the gravitational
direction adjusted to simulate different body postures. This consistent anatomical structure

ensures that observed changes in deposition arise purely from posture-induced variations.

::___% Trachea

“/ﬂﬁ Generation 1

Right Upper
Lobe (RUL)

Left Upper
Lobe (LUL)

Right Middle ,/l
Lobe (RML) W”

Left Lower

Right Lower Lobe (LLL)

Lobe (RLL)

Figure 1.2: Segmented Lung Model

1.3 Influence of Body Orientation

Inhalation studies often assume that individuals are in an upright position. However, in many
real-world scenarios—including sleep, clinical care, and drug delivery in bedridden patients—
the human body may be in dorsal or lateral positions, altering how gravity acts on inhaled

3]



particles. Since gravitational sedimentation plays a significant role in aerosol deposition, body
posture becomes a critical but often overlooked variable in deposition analysis. This study
addresses this gap by simulating three distinct body orientations: upright, dorsal, and lateral,
each modeled by changing the direction of gravitational acceleration in the computational
domain while keeping the airway geometry unchanged.

In the upright orientation, gravity is applied in the negative Z-direction (-Z) to simulate a
standing or seated posture. This configuration aligns the lung vertically with respect to gravity,
a condition under which most traditional inhalation studies are conducted.

Figure 1.3: Upright orientation

In the dorsal orientation, the body is modeled as lying on its back, with gravity directed along
the positive Y-direction (+Y). This simulates a supine posture commonly encountered during

sleep or clinical treatment. In this setup, the gravitational vector is orthogonal to the vertical
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lung axis, redistributing particle settling toward the posterior regions of the lungs. The shift in
gravitational alignment alters the regional flow dynamics and affects where inertial and

gravitational forces combine to drive deposition.

Figure 1.4: Dorsal orientation

In the lateral orientation, the model simulates a person lying on one side, with gravity applied
in the positive X-direction (+X). This setup rotates the lung horizontally relative to gravity,
making the lateral sides of the airways the primary targets of gravitational settling. Asymmetry
between the right and left lungs, particularly in airway branching angles and cross-sectional
area, becomes even more influential in this posture. As a result, lateral orientation introduces a

unique deposition pattern that differs significantly from both upright and dorsal positions.

Figure 1.5: Lateral orientation

In all three cases, the magnitude of gravitational acceleration was fixed at 9.8 m/s?, ensuring
that only the direction of gravity was varied, not its strength. This approach isolates the
influence of posture on particle behavior, allowing for a controlled and systematic comparison

of regional deposition across orientations.
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1.4 Objective of the study
The objective of this study is to improve targeted drug delivery by identifying how different
body postures during inhalation influence regional aerosol deposition in the human lung.
Specifically, the study aims to determine the effect of gravity direction on particle transport
and deposition patterns within distinct lobes of the lung. Although factors such as airway
geometry, particle size, and airflow profile are widely recognized to influence deposition
behavior, the role of body orientation remains poorly understood. This is especially true when
considering how changes in body posture affect the direction of gravity and its impact on
particle deposition at the level of individual lung lobes.
To achieve this, the study aims:

e To simulate aerosol transport in a realistic human lung model under a realistic aerosol

breathing profile for dry powder inhalers

o To investigate the effect of upright, dorsal and lateral postures on deposition trends

o To quantify deposition across different lung lobes under each posture

« To identify the posture that enhances targeted drug delivery

« To improve understanding of how gravity influences aerosol behavior in the lung
This approach utilizes a three-dimensional lung model reconstructed from computed
tomography data, accurately segmented into five lobes, and including the trachea and the first-
generation bronchus. This geometry enables precise tracking of deposition in clinically relevant
lung regions. A realistic aerosol breathing profile was applied, characteristic of the inhalation
phase during dry powder inhaler use.
The study focuses exclusively on the inhalation phase, with particle diameters ranging from
three to ten micrometers. By maintaining a consistent geometry and breathing condition across
all simulations and varying only the direction of gravity to represent different postures, the
specific influence of body orientation on deposition can be clearly identified.
The findings aim to offer practical guidance on posture selection during inhalation therapy.
Additionally, the results contribute to a deeper understanding of how gravity interacts with
lung anatomy and particle dynamics, relevant to both clinical applications and inhalation
exposure studies.
1.5 Structure of the Thesis
This thesis is organized into five chapters. Following the introduction, Chapter 2 presents a
comprehensive review of existing literature on aerosol transport and deposition in the human
respiratory system, highlighting key factors, modeling approaches, and knowledge gaps.

Chapter 3 outlines the methodology, including geometry reconstruction, numerical modeling,

(6]



governing equations, boundary conditions, and simulation setup. Chapter 4 discusses the
results of the simulations, with a focus on regional deposition patterns across different body
orientations and particle sizes. Finally, Chapter 5 summarizes the main findings, discusses

their implications, and suggests directions for future research.
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Chapter 02

Literature Review

2.1 Historical Perspective and Background

The study of lung structure and airflow dynamics was revolutionized by Ewald R. Weibel’s
1963 morphometric model of the human bronchial tree. His “Morphometry of the Human
Lung” introduced a symmetric, dichotomously branching system comprising 23 generations of
airways, paving the way for analytical approximations in respiratory mechanics and aerosol
transport [1]. Although Weibel’s model lacks anatomical irregularities, its simplicity facilitated
analytical models of deposition mechanisms such as inertial impaction, sedimentation, and
diffusion.

Numerous simplified derivatives such as one-dimensional flow models and triple bifurcation
structures, were developed throughout the 1970s-1990s to allow easier integration into
analytical and early computational simulations [2]. However, these models could not capture
inter-individual anatomical variability or nonlinear airflow patterns resulting from asymmetry
and airway curvature.

In parallel with modeling, in vitro experiments and radioactive tracer studies played a crucial
role in understanding aerosol deposition. Early techniques included casting physical replicas
of bronchial segments and using gamma scintigraphy or autoradiography to track aerosol paths.
These studies helped validate the role of gravity, airway geometry, and breathing patterns on
deposition but were limited to upper airways due to imaging constraints.

Modern in vitro systems like the Dosimetric Aerosol in Vitro Inhalation Device (DAVID) now
offer spatially resolved deposition control for nanoparticle toxicity studies, mimicking real-
world deposition heterogeneity [3]. Likewise, wind tunnel testing and tracer-labeled aerosols
have been used to validate deposition under controlled airflow and particle size conditions in
simplified and complex airway geometries [4].

With the rise of Computational Fluid-Particle Dynamics (CFPD), validated against these
empirical setups, simulation of entire airway trees became feasible culminating in anatomically
realistic, patient-specific lung models reconstructed from CT data.

The motivation for studying aerosol dynamics is deeply rooted in clinical medicine, particularly
in pulmonary drug delivery. Inhalation therapy offers direct access to lung tissues, enabling
rapid drug action with minimal systemic exposure, which is ideal for diseases like asthma,
COPD, and cystic fibrosis.
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Historical use of inhalation therapy began with nebulized bronchodilators in the early 20th
century, followed by the development of metered-dose inhalers (MDIs) in the 1950s. Today,
cutting-edge delivery methods include high-flow nasal cannula (HFNC) systems and dry
powder inhalers (DPIs), each optimized through aerosol deposition studies [5].

Emerging technologies even explore aerosolized gene delivery systems, offering hope for
genetic lung diseases and infections like SARS-CoV-2 and tuberculosis [6]. These therapies
depend critically on our understanding of where and how aerosols deposit under various
breathing and disease conditions.

2.2 Lung Anatomy and Its Role in Aerosol Transport

A thorough understanding of lung anatomy is essential for analyzing aerosol transport and
deposition. The structural complexity of the pulmonary system, from airway branching patterns
to the segmentation of lobes, plays a significant role in determining how inhaled particles move
through the respiratory tract. This section explores the anatomical and physiological features
that influence aerosol dynamics, with particular attention to asymmetry, lobar differences, and
the importance of using accurate geometrical models.

2.2.1 Airway branching, asymmetry, and lobar anatomy

The architecture of the human lung is defined by a branching network that originates from the
trachea and divides into progressively smaller airways. This branching is dichotomous in nature
but rarely symmetrical. Variations in branching angles, airway diameters, and lengths create
asymmetric flow distributions. These differences are particularly important because they affect
the regional patterns of aerosol transport and deposition.

Asymmetry in airway structure contributes to spatial differences in particle retention across
lung lobes. Subramaniam et al. conducted image-based simulations to study airflow and
particle behavior in realistic airway geometries [7]. Additionally, Bennett et al. used shallow
inhaled bolus tracers to investigate deposition patterns in different lung regions [8].

This tendency is influenced by anatomical constraints such as the position of the heart,
diaphragm asymmetry, and volume differences between lobes [9].

2.2.2 Physiological features influencing deposition

The distribution of aerosol particles is shaped by several anatomical and physiological factors
including airway diameter, surface area, and the nature of the airway lining. In the central
conducting airways, which are larger in diameter, flow tends to be more turbulent, increasing
the likelihood of deposition by inertial impaction. In contrast, peripheral bronchioles are
smaller and associated with lower velocities, making them more susceptible to gravitational

sedimentation and diffusion-based deposition [2].
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In addition, the mucosal lining of the airway introduces another layer of complexity. The mucus
layer can trap inhaled particles and facilitate mucociliary clearance. Computational models
suggest that the interaction between particle inertia and mucus distribution at airway
bifurcations leads to localized deposition hotspots [10].

Furthermore, asymmetry in branching may have evolved as a biological mechanism to enhance
airway defense. A study by Mahesh V. Panchagnula proposed that structural asymmetry
increases filtration efficiency in upper airway generations, thus acting as a protective feature
against inhaled pathogens [11].

2.2.3 Right versus left lung and flow implications

The right and left lungs differ in both shape and structure. The right lung has three lobes while
the left has two. The bronchial branches leading into these lobes are not mirror images, and
this anatomical divergence affects how air and particles are distributed. Several imaging and
simulation studies report that more particles tend to deposit in the left lung for small particles,
particularly in posterior regions. This is attributed to the more horizontal orientation of the left
main bronchus and the position of the heart which modifies thoracic geometry [9].

In contrast, for larger particles, deposition trends reverse. Using computational fluid dynamics
simulations, Zhou et al. demonstrated that under strong inspiratory flow conditions, particles
in the range of five to ten micrometers showed preferential deposition in the right upper lobe
[12]. Similarly, Winkler-Heil and Hofmann, employing stochastic lung modeling, reported
increased particle deposition in the bronchial regions of the right lung for large particles due to
the effects of airway geometry and inertial impaction [13].

Understanding this variation is important when considering how diseases such as asthma,
chronic obstructive pulmonary disease, and pneumonia manifest differently between the two
lungs. It also underscores the need for models that can distinguish between left and right lung
behavior.

2.2.4 Relevance for accurate geometrical modeling

Given that airway branching asymmetry, lobar anatomy, and individual physiological
differences all contribute to heterogeneous particle distribution, it is critical that simulation
models incorporate realistic geometries. Symmetric or idealized models do not account for
variations in curvature, lobe volume, and airway angle, which can lead to significant errors in
estimating deposition efficiency. Anatomically correct models allow for accurate mapping of
deposition patterns and improve predictions for site-specific drug delivery and exposure risk
[14].
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2.3 Modeling Approaches

Accurate modeling of aerosol transport in the respiratory system requires careful consideration
of anatomical geometry, physiological conditions, and computational strategies. Over the
years, various modeling approaches have been developed to balance anatomical fidelity,
computational feasibility, and simulation accuracy. This section reviews key strategies used in
lung modeling, including symmetric and asymmetric bifurcation structures, multi-bifurcation
versus full-tree models, image-based reconstructions, and mesh generation practices for
computational fluid dynamics simulations.

2.3.1 Symmetric versus Asymmetric Bifurcations

The modeling of pulmonary airflow and aerosol transport has its conceptual foundation in the
symmetric branching framework introduced by Ewald R. Weibel in 1963. Weibel’s model
described the human lung as a regular dichotomously branching structure consisting of twenty
three generations of airways, each daughter branch dividing at a fixed angle and maintaining a
uniform geometric ratio relative to its parent [1].

To address this limitation, researchers have introduced mathematical models to modify and
adapt geometries.

This morphometric representation allowed for tractable mathematical modeling of airflow, gas
exchange, and particle deposition and served as the basis for early analytical and semi empirical
models of lung physiology. However, one of the major limitations of the Weibel model is its
assumption of perfect symmetry. Real human airways deviate significantly from this idealized
configuration. Branching angles, airway diameters, and generation lengths vary across
individuals and even between lobes within the same lung.

Later studies demonstrated that such anatomical asymmetry plays a critical role in shaping
regional ventilation and deposition patterns. In particular, asymmetric bifurcation geometries
have been shown to promote flow skewing, non uniform particle distribution, and increased
filtering efficiency in upper bronchial generations [15].

Computational models using asymmetric airway segments, such as those designed by Combs
and colleagues in a neonatal lung geometry, have further revealed that branching asymmetry
alters surfactant and aerosol distribution across lung regions [16].

These insights have prompted a shift in the field from simplified, symmetric representations
toward anatomically accurate reconstructions that reflect individual variability. While
symmetric models continue to offer computational efficiency and pedagogical clarity, their
limitations in predicting spatially resolved deposition patterns, especially in the context of

therapeutic aerosol delivery, have become increasingly evident.
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2.3.2 Multi-bifurcation versus Full-tree Models

Lung models used in computational studies of aerosol transport can be broadly categorized into
two types based on the extent of airway generations they represent: multi-bifurcation segmental
models and full-tree airway models. Multi-bifurcation models typically consist of two to eight
branching generations and are designed to study localized airflow and deposition dynamics.
These are computationally efficient and are often used to test effects of airway geometry, flow
regime, or aerosol properties within specific lung regions. However, their limited depth and
artificial outlet conditions reduce their ability to capture global deposition patterns or predict
dose distributions across the entire respiratory tract.

In contrast, full-tree models aim to replicate the entire bronchial hierarchy, sometimes
including up to 23 generations from the trachea to the terminal bronchioles. These anatomically
comprehensive models are often reconstructed from imaging data and account for asymmetric
branching, lobar volume distribution, and individual variability. Their primary advantage lies
in the ability to simulate spatially resolved aerosol behavior, assess lobe-specific delivery, and
identify distal airway deposition—a critical factor for evaluating inhalation therapies and
pollutant exposure.

Xiao et al. proposed a multi-scale modeling approach that integrates a full-tree structure with
extended boundary conditions to mimic physiologically realistic inhalation. By comparing a
full-tree mouth-to-bronchi model using a lobar network boundary method to a simplified
truncated model with uniform pressure outlets, they observed up to 93 percent difference in
particle penetration into deep lobes depending on particle size and flow rate [17].

Aboelezz et al. similarly examined simplified versus complex airway models for dust particle
deposition using computational fluid dynamics and wind tunnel testing. Their findings revealed
that simplified bifurcation models failed to capture realistic velocity gradients and turbulence
behavior, which led to substantial underestimation of deposition hotspots in upper lobes [18].
These comparisons demonstrate that although multi-bifurcation models are valuable for
focused mechanistic analysis, full-tree models are necessary for any clinically or
environmentally relevant simulation that involves deposition across a wide range of particle
sizes and airway generations. They allow for personalized drug delivery predictions,

cumulative dose assessments, and evaluation of disease-specific airflow obstructions.
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2.3.3 Three-dimensional Reconstructions from CT or MRI

The shift from idealized lung models to anatomically realistic simulations has been made
possible by advances in three-dimensional reconstruction techniques from clinical imaging
data. High-resolution computed tomography (CT) and magnetic resonance imaging (MRI) are
the most commonly used modalities for extracting structural information of the pulmonary
system. These imaging techniques enable the visualization of airways at submillimeter
resolution, allowing researchers to build subject-specific airway geometries for computational
simulations of airflow and aerosol deposition.

The typical workflow begins with lung segmentation, where software algorithms or manual
corrections isolate the air-conducting regions of the respiratory tract from surrounding tissues.
Segmentation accuracy plays a pivotal role in determining the fidelity of reconstructed
geometries. Zhang et al. proposed an enhanced segmentation approach based on an improved
UNet++ architecture tailored for lung CT slice processing. Their method achieved an accuracy
of 98.03 percent and addressed common pitfalls like overfitting in small medical datasets [19].
After segmentation, the next step involves mesh generation for computational fluid dynamics
(CFD) simulations. However, this process is complicated by irregular airway shapes, partial
volume effects, and image artifacts. Moreover, while CT offers high spatial resolution for
larger bronchial generations, it is less effective in visualizing peripheral airways beyond the
seventh or eighth generation. MRI, though non-ionizing and safe for repeated imaging,
typically provides lower spatial resolution and is more commonly used in functional studies
such as ventilation mapping.

Even with complete CT-derived geometries, generating a usable three-dimensional mesh for
numerical simulation remains a non-trivial task. Manual or semi-automated smoothing, surface
remeshing, and artificial extension of peripheral branches are often employed to ensure flow
stability and reduce computational load. Gouveia et al. compared two-dimensional and three-
dimensional feature extraction methods on CT datasets, emphasizing the superior spatial
context preserved in volumetric reconstructions despite higher computational costs [20].
Furthermore, the computational demand of simulating airflow in full airway trees reconstructed
from imaging data is a significant barrier. Meshes derived from CT scans often contain over
one million elements, especially when modeling airflow under transient breathing conditions.
These challenges have motivated recent efforts to integrate machine learning into
reconstruction workflows. For instance, new 3D networks like Fast3R allow rapid rendering
of thousands of airway images in a single computational pass, potentially enabling large-scale

modeling of population variability [21].
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In summary, while the use of CT or MRI-derived geometries significantly enhances anatomical
accuracy, challenges remain in segmentation precision, peripheral airway capture, mesh
generation, and computational scalability. Despite these hurdles, three-dimensional
reconstructions are now considered essential for studies aiming to evaluate subject-specific
deposition or to develop personalized inhalation therapies.

2.3.4 Advantages of Realistic Lung Models in CFD-Based Aerosol Deposition Studies
The incorporation of realistic anatomical geometries into computational fluid dynamics (CFD)
simulations marks a pivotal advancement in aerosol deposition research. Unlike symmetric,
idealized models which simplify the bronchial tree into uniform branching structures, realistic
models derived from CT or MRI data capture anatomical heterogeneity such as lobar
asymmetry, airway curvature, irregular diameters, and subject-specific features. This fidelity
is essential for accurately predicting regional and local deposition patterns of inhaled particles.
One of the primary benefits of realistic models is their improved alignment with in vivo data.
For example, Sadafi et al. compared aerosol deposition predictions from CFD simulations
using patient-specific airway geometries against single-photon emission computed tomography
(SPECT) data in asthmatic patients. Their model, which incorporated inspiratory and
expiratory CT images and anatomical upper airway reconstructions, achieved a mean error of
just 2.1 percent in lobar deposition prediction [22].

Validation studies have consistently shown that simplified models often fail to replicate
physiological deposition profiles. Tian et al. demonstrated that CFD models using stochastic
individual pathways and realistic mouth-throat geometries predicted total and regional lung
deposition of pharmaceutical aerosols with less than 10 percent relative error across multiple
inhalers and particle sizes [23].

Another key advantage is the ability to simulate segmental or lobar-specific deposition,
especially relevant for targeted drug delivery. Ma and Lutchen, using an anatomically accurate
model from mouth to generation 10, found that particle retention varied significantly across
lobes depending on particle size and inhalation flow rate. Idealized geometries could not
capture these inter-lobar variations, often averaging out clinically important deposition
differences [24].

Furthermore, realistic models enable dynamic simulations across breathing cycles. A recent
study by Laycock et al. simulated particle deposition under normal and surfactant-deficient
conditions. Their work showed that realistic surface interactions and branching complexity
significantly influenced deposition of gold nanoparticles in knockout mice, especially under

transient airflow [25].
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These models also accommodate pathological variations. CFD simulations by Koullapis et al.
evaluated the effect of COPD-induced airway narrowing on deposition. Their large-eddy
simulations revealed altered deposition zones and enhanced filtration at stenosed sites—trends
that would be entirely missed in idealized models [26].

Moreover, realistic models support multi-scale coupling, connecting regional transport with
alveolar processes. This is vital in evaluating exposure risks and systemic absorption, as
highlighted by Oldham, who cautioned that accurate local deposition predictions require
validated geometries and boundary conditions. His work also emphasizes the complexity of
true CFD validation, advocating for rigorous comparison with both experimental and imaging
datasets [27].

In summary, realistic lung models in CFD simulations offer multiple advantages over idealized
models. These include greater accuracy in replicating experimental data, capability to simulate
lobar-specific and pathological conditions, and support for dynamic, transient inhalation
patterns. These strengths have made anatomically accurate models indispensable in drug
delivery, occupational exposure assessment, and respiratory disease modeling.

2.3.5 Mesh Generation Practices in Literature

Once a segmented airway geometry is obtained from CT or MRI data, the next critical step for
computational simulations is the generation of a high-quality mesh. This mesh discretizes the
3D volume into elements, allowing numerical solutions to the governing fluid dynamics and
particle transport equations. The accuracy and stability of simulations in lung models are highly
dependent on mesh quality, especially at bifurcations and in distal regions where flow gradients
can be steep.

Mesh generation in the context of pulmonary modeling presents several challenges. The
bronchial tree contains sudden changes in diameter, tight curvatures, and tapering branches, all
of which can produce numerical instabilities if not meshed properly. Studies have shown that
coarse meshes may fail to resolve secondary flow structures or underpredict deposition at
branching sites. To address these limitations, researchers commonly apply unstructured
tetrahedral or polyhedral meshes in combination with surface smoothing and local refinement.
Zhang et al. proposed an enhanced mesh-ready CT segmentation pipeline using an optimized
version of the UNet++ network. Their model produced smoothed boundary contours suitable
for surface remeshing, while significantly minimizing oversegmentation artifacts commonly
seen in deep airway generations [19].

Beyond segmentation quality, mesh resolution is frequently tailored to the simulation

objectives. In models targeting the upper airways or tracheobronchial region, local mesh
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refinement is applied around bifurcation zones to capture vortices and deposition gradients. For
full-tree simulations, mesh sizes often exceed one million elements, necessitating parallel
computing strategies and mesh partitioning.

Advanced mesh handling methods are also being integrated with machine learning
frameworks. For instance, Tian et al. implemented a multilevel support-based architecture that
generates lesion-sensitive CT segmentations optimized for mesh compatibility. Their model
adapts resolution levels based on lesion complexity and spatial curvature, improving both
anatomical fidelity and simulation performance [28].

Furthermore, there is growing interest in meshless or hybrid mesh approaches, especially for
very small airways where standard tetrahedral meshing becomes unstable or overly memory-
intensive. Mesh-free particle methods and lattice-Boltzmann solvers are being explored as
alternatives in distal lung simulations. While these remain experimental, they offer potential to
overcome resolution limitations in terminal bronchioles and alveolar regions.

In summary, the evolution of mesh generation practices in pulmonary modeling reflects a trade-
off between anatomical accuracy, numerical stability, and computational cost.

Table 2.1 shows the advantages and limitations of different types of mesh along with their area
of applications in previous computational fluid dynamics studies.

Table2.1: Summary of mesh generation techniques used in lung CFD

Mesh Type Use Case Advantages Limitations
Tetrahedral | Full-tree airway | Flexible for complex | May require high
Mesh models, upper airway | geometry, widely | resolution near
CFD supported bifurcations
Polyhedral Segmental bifurcation | Reduces cell count, good | Complex to generate from
Mesh studies for capturing gradients segmented data
Hexahedral Idealized symmetric | High numerical accuracy | Poor adaptability to real
Mesh models anatomy
Adaptive Local deposition | Focuses resolution where | Complex implementation,
Mesh studies, vortical flow | needed higher memory cost
Refinement | zones
Hybrid CT-based full tree with | Balances efficiency and | Mesh transition zones
Mesh tracheal extensions detail require careful smoothing
Meshless Peripheral airway and | Avoids complex meshing | Still experimental,
Methods alveolar flow modeling. | in tiny airways computationally intensive
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2.4 Numerical Methods and Simulation Tools in Pulmonary CFD

Accurate simulation of pulmonary airflow and particle dynamics requires appropriate
numerical schemes, solver settings, and modeling assumptions. The following sections outline
commonly used CFD tools, solver approaches, and modeling practices relevant to lung airflow
and aerosol deposition.

2.4.1 Use of ANSYS Fluent, OpenFOAM, and COMSOL in Pulmonary CFD

Over the past two decades, computational fluid dynamics (CFD) has become indispensable in
simulating airflow and aerosol deposition in the human lung. Among the most commonly
employed simulation platforms are ANSYS Fluent, OpenFOAM, and COMSOL Multiphysics.
Each has unique strengths and limitations regarding accuracy, scalability, customization, and
multiphysics integration.

ANSYS Fluent is widely used in pulmonary research due to its robustness, pre-built solvers,
and commercial support. It applies the finite volume method and supports a wide array of
turbulence models, discrete phase tracking (Lagrangian and Eulerian), and multiphase flow
schemes. Its graphical interface simplifies model setup, mesh refinement, and solver
configuration. Fluent has been extensively validated against experimental data. For example,
Rahman et al. used ANSYS Fluent to study particle transport in realistic lungs with and without
airway stenosis, observing accurate deposition trends across particle sizes ranging from 5 nm
to 10 um [29].

Earlier studies also relied on Fluent for its mature discrete phase modeling. Lopez et al.
compared Fluent’s Lagrangian particle tracking capabilities with OpenFOAM’s in a
submerged jet impingement setup, validating Fluent's accuracy for transient particle-wall
interactions [30].

OpenFOAM, an open-source CFD platform, has gained popularity due to its transparency, cost-
free licensing, and customizability. Unlike Fluent, OpenFOAM allows users to modify solver
algorithms directly, which is beneficial for research in emerging areas such as dynamic
boundary conditions, subject-specific geometries, and multi-breath-cycle simulations. Pandal-
Blanco et al. (2019) demonstrated that with customized boundary conditions and solvers,
OpenFOAM could outperform commercial solvers in representing airflow in a simplified
Weibel-based lung model [31].

OpenFOAM has also been used in direct comparisons with Fluent. Welahettige and
Vaagsaether found OpenFOAM delivered more diffusive species transport in gas-gas mixing

problems, whereas Fluent yielded stronger convective dominance. Their findings underscore
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the importance of solver settings and turbulence models in reproducing realistic flow profiles
[32].

COMSOL Multiphysics offers an integrated modeling environment especially suited for
simulations involving heat, mass transfer, and electrochemical reactions. While not as
commonly used for high-resolution airflow simulations, it is valuable in multiphysics scenarios
such as gas exchange modeling, pulmonary drug delivery involving phase change, and
membrane interaction studies.

In general, ANSY'S Fluent is preferred for well-supported, commercially validated simulations
and is ideal for anatomically realistic airway geometries. OpenFOAM is more suited for
academic environments and exploratory modeling, offering maximum solver flexibility and
scalability, particularly in full-lung or multibreath simulations. COMSOL, while less common
in mainstream pulmonary CFD, is highly effective in coupled physics environments and small-
scale alveolar or membrane transport models.

Ultimately, the choice of platform depends on the project goals, computational resources,
licensing availability, and the user’s technical expertise. Cross-validation between platforms,
as shown in comparative studies, also remains essential for assessing model reliability.

2.4.2 Numerical Solvers in Pulmonary CFD

The choice of numerical solver in computational fluid dynamics (CFD) is fundamental to the
accuracy, stability, and computational efficiency of airflow and aerosol simulations in the
human respiratory system. In pulmonary CFD, the solvers used must handle low-Mach number,
unsteady, laminar-to-transitional flows in highly irregular, branching geometries. The
governing equations typically involve the continuity equation, Navier—Stokes momentum
equations, and energy conservation (for heat or mass transfer when necessary). To solve these,
solvers are broadly categorized into pressure-based, density-based, and hybrid approaches,
each with specific applications and computational strategies.

Pressure-based solvers are the most commonly used in lung modeling due to their stability and
suitability for incompressible or low-speed compressible flows (Mach number < 0.3), which
characterize normal breathing. These solvers discretize the pressure-velocity coupling either
through segregated (e.g., SIMPLE, PISO, SIMPLEC) or coupled algorithms. In segregated
solvers, the continuity and momentum equations are solved separately with pressure
corrections iteratively adjusting the velocity field to enforce mass conservation. This approach
is employed in many commercial codes including ANSYS Fluent, COMSOL, and in the
OpenFOAM solver simpleFoam.
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Fully coupled pressure-based solvers, on the other hand, solve the momentum and continuity
equations simultaneously. Xiao et al. presented a fully coupled pressure-based finite volume
solver capable of simulating subsonic and transonic flows across structured and unstructured
grids, enhancing convergence in complex geometries such as bifurcated airways [33].

These solvers are known for their robustness in transient simulations and have been validated
extensively in aerosol deposition research. For instance, ANSYS Fluent’s pressure-based
solvers have been used by Rahman et al. (2021) to evaluate particle deposition in both normal
and obstructed lungs, demonstrating strong agreement with imaging data [29].

Originally developed for high-speed, compressible flow simulations in aerospace applications,
density-based solvers solve the continuity, momentum, and energy equations as a coupled
system, using the equation of state to link pressure and density. These solvers are generally
inappropriate for pulmonary simulations due to their sensitivity to numerical stiffness at low
Mach numbers and higher computational cost.

However, with the development of preconditioning techniques and improved time integration
schemes, density-based solvers have been adapted for use in biomedical flows under special
circumstances, such as shock-tube simulations, gas exchange models, or high-frequency
ventilation studies. Cheng et al. (2005) explored both density- and pressure-based approaches
for compressible and incompressible CFD models, emphasizing that pressure-based solvers
outperformed in subsonic regimes with high mesh quality [34].

In a benchmarking study, Mangani et al. (2016) compared a pressure-based solver developed
in OpenFOAM (couple foam) with a density-based solver (LINARS) for turbomachinery
applications. Although not lung-specific, their results reaffirmed that pressure-based solvers
were more efficient and accurate in low-speed applications typical of respiratory simulations
[35].

Recent work has introduced hybrid solver strategies that merge the numerical stability of
pressure-based schemes with the conservation strengths of density-based methods. These
solvers dynamically switch between formulations based on local flow conditions or user-
defined Mach number thresholds. For example, some customized OpenFOAM solvers use
implicit coupling schemes for the pressure—velocity—energy field, enabling more accurate
modeling of unsteady compressible flows in lung airways during coughing or forced expiration.
Further, high-order discontinuous Galerkin (DG) solvers have been developed for next-
generation pulmonary simulations. Kronbichler et al. designed a scalable DG solver capable of
handling incompressible Navier—Stokes equations in lung geometries, integrating both

pressure—velocity coupling and turbulence modeling with adaptive mesh refinement [36].
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Such solvers are particularly useful in large-scale simulations involving patient-specific full-
lung geometries and realistic breathing cycles, where traditional finite-volume solvers may
become inefficient or unstable.

In conclusion, pressure-based solvers remain the dominant approach in pulmonary CFD due to
their balance of stability, computational efficiency, and applicability to low-speed airway
flows. Density-based solvers are rarely used outside specialized cases but offer valuable insight
into coupled compressible phenomena when carefully implemented. Hybrid and high-order
solvers, though computationally intensive, represent the future of lung modeling as the field
moves toward real-time, patient-specific simulation and multi-physics coupling.

2.4.3 Steady and Transient Flow Simulations in Pulmonary CFD

Accurately simulating the transport and deposition of inhaled aerosols in the respiratory system
requires careful selection of the temporal profile of the airflow. Broadly, CFD simulations use
either steady-state or transient (time-dependent) breathing profiles. Each has implications for
computational cost, simulation realism, and predictive power regarding deposition efficiency
and distribution.

Steady-state simulations assume a constant flow rate and ignore time variations in airflow,
representing a snapshot or average of the breathing process. These are commonly used in early-
stage modeling due to their lower computational demands and simplified setup. For many
applications, such as baseline comparisons or general trends in deposition under controlled
conditions, steady-state simulations are adequate.

Studies such as that by Koullapis et al. employed steady-state flows to examine the impact of
airway narrowing on particle deposition under different physical activity levels. Their
simulations across air flow rates (15.2, 30, and 60 L/min) revealed consistent deposition
patterns, particularly for particles above 2.5 um [37].

However, multiple studies caution against over-reliance on steady-state models for predicting
regional or deep lung deposition. Nowak et al. found that time-independent simulations over-
predicted upper airway deposition and under-predicted deposition in distal generations, leading
to inaccuracies when compared to in vivo data [38].

Transient simulations incorporate the natural variation in breathing, including acceleration and
deceleration phases. Transient flows are typically modeled using sinusoidal, spirometry-
derived, or patient-specific waveforms. These simulations are essential for capturing the full
dynamic behavior of inhaled flows and particles, especially for applications involving

therapeutic aerosols or environmental exposures.
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Ryusei Kizuka et al. compared deposition patterns under steady and transient conditions using
a realistic upper respiratory model. Their study revealed significantly higher deposition
efficiency in the nasal and tracheal regions during transient inhalation, especially for particles
below 2 um, due to variable inertial impaction and secondary flow structures [39].

Similarly, Kiasadegh et al. used transient UDF-based simulations in ANSY'S Fluent to evaluate
fibrous particle deposition. They reported that while total deposition agreed with steady-state
approximations, regional deposition—particularly penetration to the lower airways—was
significantly underestimated by steady models [40].

From an anatomical perspective, Wedel et al. demonstrated using transient OpenFOAM
simulations that subject-specific laryngeal geometry and dynamic flow conditions substantially
influence local deposition intensity and pattern. These effects were muted in steady-state
equivalents [14].

Comparative studies have shown that while steady-state simulations are often sufficient for
approximating overall or total aerosol deposition within the lung, they fall short when accurate
prediction of regional or lobar deposition is required. In contrast, transient simulations are
better suited for capturing dynamic respiratory phenomena such as vortex shedding, inertial lag
of particles, and flow reversals—especially within bifurcations and distal airway generations.
These time-dependent effects significantly influence the trajectory and eventual deposition site
of inhaled particles, making transient modeling essential for detailed and physiologically
realistic analysis of aerosol transport.

The choice between steady and transient should be guided by study objectives: drug targeting,
toxicology, or airflow obstruction studies benefit more from transient modeling. In conclusion,
while steady-state simulations offer a valuable first approximation with reduced computational
cost, transient breathing models are essential for capturing physiologically accurate particle
behavior and should be prioritized in clinical or safety-critical CFD applications.

2.4.4 Grid Independence and Convergence Practices in Pulmonary CFD

Grid independence and convergence testing are essential steps in the validation of
computational fluid dynamics simulations. In the context of pulmonary modeling, where
anatomical complexity and physiological accuracy are critical, ensuring that results are not
influenced by the mesh resolution or numerical artifacts is necessary for achieving reliable
predictions of airflow and particle behavior.

Grid independence refers to the condition in which further refinement of the computational

mesh does not cause significant changes in the simulation output. A simulation is considered
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grid independent when key variables such as airflow velocity, wall shear stress, pressure drop,
and regional or total deposition stabilize across progressively finer mesh configurations.

This step is particularly important in lung simulations, as critical flow features including
vortices and separation zones occur near bronchial bifurcations and sharply curved airways.
Many studies employ localized mesh refinement in the upper airway, carina, and branching
points to improve resolution where deposition is most sensitive. Zhang and Kleinstreuer
demonstrated that inadequate resolution in the laryngeal region could lead to substantial
underprediction of localized aerosol deposition [41].

Typical mesh sizes range from a few hundred thousand cells in simplified models to over ten
million in full airway geometries derived from imaging data. Unstructured tetrahedral and
polyhedral meshes are commonly used for anatomically realistic models, while structured
hexahedral grids remain popular in idealized simulations.

Convergence refers to the stability and accuracy of numerical solutions to the governing flow
equations. It is generally evaluated by monitoring the residuals of continuity, momentum, and
scalar transport equations, which should drop by at least three to six orders of magnitude.
However, in simulations of respiratory flow where time dependence, secondary flows, and
particle transport are involved, residual norms alone may not reflect true physical convergence.
Best practices include tracking both numerical residuals and physical output parameters such
as pressure loss, outlet mass flow balance, and total deposition. Kiasadegh et al. highlighted
that even when residuals reached acceptable levels, variation in deposition results across time
steps required additional refinement to ensure temporal convergence [40].

In transient simulations, time step sensitivity analysis is also necessary. Just as mesh refinement
establishes spatial convergence, repeating simulations with smaller time increments ensures
that unsteady features such as vortex formation and particle tracking remain consistent. A
common practice is to reduce the time step until changes in monitored outputs fall below one
percent.

Best practices for ensuring grid and temporal convergence in pulmonary CFD simulations
include simulating with at least three different levels of mesh density and comparing the results
for key variables of interest. Particular attention should be given to wall resolution near airway
surfaces, which is especially important when employing turbulence models or simulating
particle-wall interactions. Convergence assessment should go beyond monitoring residuals by
incorporating additional indicators such as mass conservation and deposition efficiency. When
guantitative accuracy is critical, the Grid Convergence Index method can be applied to estimate

numerical uncertainty. Overall, rigorous testing for both grid and convergence independence
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enhances the reliability and scientific credibility of simulation results, which is particularly
important when the findings are intended to guide therapeutic strategies or assess respiratory
exposure risks.

2.4.5 Validation Strategies in Pulmonary CFD Simulations

Validation is a critical step in computational fluid dynamics modeling, serving as the bridge
between theoretical simulation and experimental or clinical reality. In pulmonary CFD,
validation ensures that the predicted airflow and particle deposition patterns accurately
represent physiological phenomena. The main strategies for validation include in vitro
experiments, in vivo measurements, and medical imaging techniques, each contributing unique
strengths and constraints to the validation process.

In vitro validation uses physical replicas of the human airway—often constructed from CT
scans via 3D printing, to experimentally observe airflow patterns or particle deposition. These
models provide high spatial resolution, reproducibility, and the ability to test under controlled
conditions.

A prominent study by Ahookhosh et al. used a CT-derived model of the tracheobronchial tree
up to the fourth generation to validate CFD predictions for dry powder inhalers at varying
inhalation flow rates. Their results demonstrated strong agreement between deposition
fractions obtained experimentally and through simulation, especially in regions like the trachea
and main bronchi [42].

Holbrook and Longest further validated CFD models by comparing local deposition patterns
in a double bifurcation airway model under steady flow using fluorescent microscopy. Their
findings confirmed that realistic surface properties and wall roughness must be incorporated to
achieve meaningful agreement with experiments [43].

In vivo validation involves comparing CFD predictions to data collected from human or animal
subjects. This typically includes deposition measurements using radioactive tracers,
spirometry, or pharmacokinetic outcomes.

Tian et al. performed extensive validation by comparing CFD predictions of pharmaceutical
aerosol deposition against human in vivo data across multiple aerosol types and delivery
devices. Their stochastic individual pathway (SIP) model showed less than 10 percent relative
error in both central and peripheral deposition metrics [28].

Further extending this approach, Longest et al. used whole-airway CFD models to predict dry
powder inhaler deposition at different inhalation waveforms, comparing results to gamma
scintigraphy data. The model successfully captured the effects of variable flow rates on both

central and peripheral deposition.
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Functional imaging techniques such as SPECT (Single Photon Emission Computed
Tomography), PET, and gamma scintigraphy are increasingly used to validate regional
deposition predictions from CFD. These methods allow for non-invasive visualization of
aerosol distribution within the lung in living subjects.

Sadafi et al. conducted a landmark study comparing CFD predictions of lobar deposition to
SPECT imaging data in asthmatic patients. Using subject-specific airway geometries and
boundary conditions from inspiratory and expiratory CT scans, they achieved a mean error of
only 2.1 percent in regional deposition prediction [22].

In another effort, Ma and Lutchen (2009) used deposition metrics from multi-detector CT-
based geometries to cross-validate large and medium airway CFD predictions, showing high
consistency with earlier imaging studies on micrometer-scale aerosols [24].

In summary, validation of CFD models in pulmonary applications is a multi-tiered process
involving physical models, biological experiments, and advanced imaging. Each method
supports specific aspects of model reliability—from geometric representation to flow-field
realism and particle behavior. A combination of these strategies is essential to ensure that CFD
models can be confidently used in clinical decision-making, drug delivery optimization, and
exposure risk assessments.

2.5 Particle Dynamics and Transport Mechanisms

The transport and deposition of aerosol particles within the human respiratory tract are
governed by a complex interplay of physical forces, particle characteristics, and anatomical
features. Understanding these dynamics is critical for predicting how inhaled particles behave
under various physiological conditions. This section outlines the primary deposition
mechanisms—including inertial impaction, gravitational sedimentation, and Brownian
diffusion—and examines how particle size and breathing patterns influence transport behavior.
It also discusses computational modeling strategies used to simulate particle trajectories,
highlighting key numerical approaches such as the Discrete Phase Model, Lagrangian particle
tracking, and Eulerian field methods.

2.5.1 Primary Aerosol Deposition Mechanisms

Aerosol deposition in the human respiratory tract is governed by three primary physical
mechanisms: inertial impaction, gravitational sedimentation, and Brownian diffusion. Each
plays a dominant role depending on particle size, airflow velocity, and airway geometry.
Understanding how these mechanisms operate is essential for predicting where particles

deposit and how efficiently therapeutic or harmful aerosols penetrate the lungs.
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Inertial impaction occurs when particles cannot follow the curved streamlines of the airflow
due to their momentum, causing them to impact onto airway walls. This mechanism dominates
for larger particles (above 5 micrometers) and is most significant in regions of high velocity
and rapid directional change, such as the mouth-throat, trachea, and early bronchial
generations.

Nicolaou demonstrated through direct numerical simulations that in the upper airway and
carinal ridge, impaction dominates especially at high Stokes numbers, with particle inertia
overwhelming drag forces [44].

Sedimentation refers to the settling of particles under the force of gravity, particularly as
airflow slows down in the deeper regions of the lungs. This mechanism is most important for
intermediate particle sizes (0.5 to 5 micrometers) under slow flow conditions, such as during
resting breathing.

Chantal Dargquenne performed experiments during parabolic flights and found that particle
deposition in the lower lung lobes was significantly reduced under microgravity, confirming
the importance of gravity in deposition of mid-sized particles [45].

Chen et al. further confirmed that under low flow rates, sedimentation contributes to particle
capture along airway walls and is enhanced in horizontal orientations of daughter branches
[46].

Brownian diffusion results from random collisions between aerosol particles and gas
molecules, causing erratic movement and deposition. This mechanism dominates for ultrafine
particles (below 0.5 micrometers) and becomes particularly important in the alveolar region
and small bronchioles.

Yu et al. conducted analytical studies in circular tubes and showed that diffusion-driven
deposition varies with transport distance and becomes more significant when gravitational
forces are negligible [47].

Wu et al. (2022) used a 3D Monte Carlo model to simulate Brownian and gravitational
contributions to deposition morphology. Their findings showed distinct deposition patterns
depending on the Peclet number, which captures the ratio of advective to diffusive transport
[48].

In real-world breathing conditions, these mechanisms often act simultaneously. Tsuda et al.
highlighted that in alveolated ducts, gravitational and inertial effects cannot be simply added.
In fact, particle inertia can suppress gravitational deposition by preventing particles from

crossing streamlines, creating complex, flow-dependent interactions [49].
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In conclusion, the interplay between impaction, sedimentation, and diffusion depends on the
local flow regime, particle size, and anatomical location. A robust CFD model must capture all
three processes to accurately predict regional deposition and inform drug delivery or inhalation
risk assessments.

2.5.2 Influence of Particle Size on Aerosol Deposition in the Human Lung

Particle size is one of the most influential parameters in determining where and how aerosol
particles deposit within the human respiratory tract. The aerodynamic diameter of a particle
dictates which transport mechanism—impaction, sedimentation, or diffusion—dominates its
trajectory and influences whether the particle reaches the upper airways, the bronchial tree, or
the alveolar region.

Particles larger than 5 micrometers tend to deposit in the upper airway and early bronchial
generations due to their high inertia. During inhalation, these particles are unable to follow the
rapidly curving streamlines at bifurcations, causing them to impact on airway walls. In a
numerical simulation of micron-sized particles (5, 10, and 20 micrometers), Rahman et al.
showed that nearly all 20 micrometer particles deposited in generations GO to G5, and none
reached beyond generation G7 [29].

Similarly, in a study by Ou et al. particles of 10 micrometers exhibited intense inertial
deposition in the proximal airways, particularly near carinal ridges and primary bifurcations
[50].

Particles between 1 and 5 micrometers demonstrate mixed behavior. While still subject to
impaction in upper airways, they can also undergo sedimentation in slower-moving distal
airways. Particle transport studies under various activity levels indicate that increased flow
rates shift the deposition of 5 micrometer particles toward upper generations due to stronger
impaction forces.

A study by Rahman et al. revealed that approximately 48 percent of 5 micrometer particles
could penetrate to generation G14, indicating their ability to reach the deeper lung under low-
flow conditions. These particles are often used in inhalation therapies targeted at central-to-
peripheral airways due to their deposition flexibility depending on inhalation waveform and
orientation [29].

Particles smaller than 0.5 micrometers primarily deposit via Brownian diffusion, driven by
random molecular collisions. These particles can reach the alveoli and even cross into systemic
circulation under certain physiological conditions. In a CFD study analyzing particles from 5

nanometers to 10 micrometers, Rahman et al. reported that over 90 percent of 5 nanometer
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particles avoided deposition in upper airways and reached the deep lung, a behavior consistent
with their extremely low inertia and high diffusivity [29].

The same study also emphasized that increasing flow rate significantly decreased deposition
for ultrafine particles by reducing their residence time and limiting their chance to diffuse
toward the airway wall.

Under realistic breathing conditions, particles of varying sizes experience temporal changes in
deposition behavior due to fluctuating flow velocities. A recent study on multiple breathing
cycles by researchers in the Journal of Pharmaceutical Sciences revealed that 2 micrometer
particles had lower deposition during light activity but showed increased efficiency during
heavier inhalation due to enhanced impaction and secondary flows [51].

In summary, large particles are filtered primarily in the upper airway through inertial
impaction, mid-sized particles exhibit both inertial and gravitational deposition, and ultrafine
particles reach deep regions via diffusion. The choice of particle size in therapeutic aerosols
must therefore be matched to the intended deposition site, taking into account patient-specific
breathing conditions, posture, and disease state.

2.5.3 Particle Tracking Approaches in CFD

Accurate simulation of particle behavior in pulmonary computational fluid dynamics models
requires appropriate numerical representation of the dispersed phase. The three main
frameworks used for tracking aerosols are the Discrete Phase Model (DPM), Lagrangian
particle tracking, and Eulerian field methods. Each has specific assumptions, computational
demands, and use cases, especially in relation to particle concentration, coupling effects, and
desired resolution.

The DPM, widely available in commercial solvers like ANSY'S Fluent, treats particles as point
masses tracked individually within a continuous fluid. It is a Lagrangian-based approach where
each particle is subjected to external forces including drag, gravity, Brownian motion, and
thermophoresis. The governing equations integrate Newton’s second law to resolve trajectories
under a given flow field.

DPM is especially suited for low particle concentrations (dilute regime), where inter-particle
collisions and feedback effects on the fluid are negligible. Mohammad S. Islam et al. used DPM
to study diesel exhaust nanoparticle transport across 17 airway generations. Their simulation
revealed that DPM could capture complex flow-dependent deposition patterns, particularly for
Brownian and inertial transport [52].

Lagrangian tracking explicitly calculates the path of each particle over time, accounting for

individualized interactions with the fluid and boundaries. While DPM is a form of Lagrangian
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modeling, advanced Lagrangian methods incorporate effects such as particle clustering, wall
adhesion, and detachment from carrier particles.

Sommerfeld et al. highlighted the power and limitations of Lagrangian modeling in dry powder
inhalers, stressing its ability to simulate drug detachment, particle break-up, and wall rebound
effects. They found that although computationally expensive, Lagrangian approaches could
simulate polydisperse and agglomerated particles more realistically than field-based methods
[53].

Eulerian methods treat the particulate phase as a continuous concentration field, governed by
scalar transport equations similar to fluid species transport. These methods are computationally
efficient for dense aerosol flows but assume continuum behavior of the particle phase, which
may not hold for low concentration or large particle size applications.

Saidi et al. directly compared Lagrangian and Eulerian approaches in alveolar modeling and
found that Eulerian results deviated significantly from Lagrangian solutions when particle
number density was below a threshold, especially in short-time exposure scenarios [54].

For long-duration exposure or in high particle number environments, Eulerian methods provide
a good approximation and are preferred for bulk deposition estimation.

Table2.2: Comparison of Particle Tracking Methods in Pulmonary

Method Strengths Limitations Recommended Use
Cases
DPM Efficient, widely Limited inter- Therapeutic aerosol
available, supports particle dynamics, transport
Brownian and drag | assumes dilute flow
Lagrangian High-resolution High computational DPI simulation,
particle behavior, cost, needs large deposition hotspots
good for clusters sample size
Eulerian Fast for large-scale | Poor accuracy at low | Pollution modeling,
modeling, suited for particle counts or long-term exposure
steady states short exposure

In summary, particle tracking strategies in CFD should be selected based on particle

concentration, size distribution, exposure duration, and computational
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combination of DPM for regional prediction and Lagrangian modeling for local analysis is
often the most effective approach.
2.5.4 Coupling Strategies and Forces
Accurate particle transport simulations in the lung require thoughtful modeling of both fluid-
particle interactions and external forces acting on aerosol particles. Two key assumptions
govern these simulations: the type of phase coupling (one-way versus two-way) and the set of
forces included in the particle motion equations. The combination of these assumptions
determines the realism, computational demand, and applicability of the model for drug delivery
or toxicological prediction.
One-way coupling assumes that the airflow field influences the motion of particles, but the
reverse effect is negligible. This simplification is valid for dilute suspensions, such as in
pharmaceutical aerosol delivery, where particle volume fractions are low. It reduces
computational complexity and is the most widely used coupling strategy in lung CFD
simulations.
For example, in the study by Xiao et al. (2013), one-way coupling using a Lagrangian model
was implemented to simulate droplet transport in reactor containment environments. Their
approach showed that particle feedback had minimal effect on flow field accuracy for low
volume fractions [55].
Two-way coupling, on the other hand, accounts for the momentum exchange between the
dispersed and continuous phases. This becomes essential when particles are dense or large
enough to alter the flow field. Two-way coupling adds source terms for momentum (and
sometimes energy) into the Navier-Stokes equations, increasing both complexity and fidelity.
Venditti et al. (2022) used a two-way coupling model to investigate particle transport through
confined geometries with hydrodynamic chromatography. Their study demonstrated that
neglecting two-way effects led to overestimation of particle separation efficiency [56].
Although not lung-specific, these findings stress the importance of coupling strategy selection
in particle-laden flows.
Aerosol particles in the lung are subject to multiple forces beyond drag and gravity. Accurate
trajectory prediction requires modeling these forces with consideration of particle size, density,
and surrounding flow conditions.

o Drag Force: This is the dominant force opposing particle motion, often modeled using

Stokes or Cunningham-corrected drag laws depending on the Reynolds number and

Knudsen regime.
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o Gravitational Force: Gravity drives particle sedimentation in horizontal or inclined
airways. Its importance increases for particles above 1 micrometer and is especially
relevant in lower lung regions.

e Brownian Force: For particles smaller than 0.5 micrometers, random molecular
impacts lead to Brownian diffusion, significantly affecting deposition in alveoli.

o Lift Forces: In regions with high shear, especially near curved walls, Saffman or
Magnus lift forces may contribute to lateral displacement of particles. These are less
commonly implemented due to lack of empirical constants for lung environments.

e Thermophoretic and Electrostatic Forces: While rare in conventional respiratory
studies, these may be relevant for nanoparticle research or heated inhalation devices.

In comprehensive models, these forces are summed into the Newtonian equation of motion for
each particle or group of particles. The decision on which forces to include depends on particle
characteristics and the simulation’s resolution.

Including or excluding physical forces such as gravity or Brownian motion should be informed
by particle size, airway region, and breathing rate. Failure to do so may result in significant
underestimation or mislocation of deposition sites.

2.6 Influence of Airflow Patterns on Deposition

Airflow patterns within the respiratory tract play a crucial role in determining the transport and
deposition of inhaled aerosols. The nature of the airflow, whether steady or unsteady, idealized
or based on actual breathing data, directly affects how long particles stay in the airways, the
paths they follow, and where they eventually settle. To make accurate predictions in
computational simulations, especially for drug delivery or inhalation risk assessment, it is
important to reflect the true dynamics of breathing. This section examines how different
assumptions about airflow, including constant versus time-varying conditions and simplified
versus realistic breathing profiles, influence deposition efficiency and spatial distribution
within the lungs.

2.6.1 Steady versus Unsteady Airflow Conditions in Aerosol Deposition

The simulation of respiratory airflow can be conducted under two main conditions: steady and
unsteady (time-varying or transient). This choice significantly influences the accuracy of
predicted particle transport and deposition patterns in the lung.

In steady-state models, the flow velocity is held constant, simplifying the governing equations
and significantly reducing computational time. These models are often used for initial estimates

or in studies focused on general trends rather than precise regional deposition.

[30]



For example, B. Soni and Shahrouz Aliabadi (2013) used a ten-generation idealized bronchial
model to simulate both steady and unsteady inhalation. They found that steady simulations
offered a good approximation of bulk flow behavior but failed to capture local variations in
deposition that occur due to time-dependent vortices and flow reversals in deeper generations
[57].

Unsteady simulations incorporate the natural fluctuations in flow associated with real breathing
cycles, typically modeled as sinusoidal or patient-specific waveforms. This is crucial for
accurately resolving dynamic features such as acceleration, deceleration, and flow reversal,
which directly impact particle residence time and deposition efficiency.

Farghadan et al. (2020) conducted CFD simulations using both steady and unsteady inspiratory
profiles across six patient-specific airway trees. They showed that transient flow led to more
complex and physiologically realistic shear stress distributions and significantly altered
deposition patterns, especially for inertial particles [58].

Kakade et al. (2002) further demonstrated that steady models could closely approximate
deposition under uniform inhalation conditions, but time-varying models were required to
predict deposition variability during exhalation or irregular breathing [59].

Key Comparisons:

o Steady flow assumptions typically overestimate upper airway deposition and
underestimate distal deposition for particles in the 1-5 micrometer range.

o Unsteady flows reveal phase-dependent deposition, where particles entering the
airways at different points in the inhalation cycle follow significantly different
trajectories.

o The deposition efficiency under unsteady flow may show asymmetric behavior during
inspiration and expiration due to airway compliance and vortex dynamics.

Ryusei Kizuka et al. (2023) evaluated the effect of unsteady breathing on deposition of nano-
to-microscale particles in a realistic nasal airway. They found that transient simulations
predicted deeper particle penetration and more uniform lobar deposition compared to steady
models [60].

2.6.2 Sinusoidal Versus Realistic Inhalation Profiles: Impacts on Aerosol Deposition
Respiratory CFD studies have traditionally used idealized sinusoidal inhalation profiles to
represent the time-dependent nature of breathing. While sinusoidal functions offer
mathematical simplicity and reasonable approximation for tidal breathing at rest, realistic
inhalation profiles, derived from spirometry or in vivo data, better reflect variability in

respiratory flow dynamics. The differences between these profiles can significantly alter
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particle transport behavior and deposition outcomes, especially for clinical drug delivery or
exposure modeling.

Sinusoidal flow profiles are mathematically defined, continuous, and symmetrical, mimicking
tidal breathing with smooth acceleration and deceleration. These models are often used in
preliminary simulations because they offer control over breathing frequency and amplitude,
reducing computational cost and complexity.

For example, Esmaeili et al. (2020) used a sinusoidal waveform with a maximum flow rate of
20 liters per minute in a 3D nasal geometry to evaluate deposition of ellipsoidal particles. They
found that although sinusoidal profiles could approximate average flow rates, they
underestimated deposition during rapid flow changes, especially in the acceleration phase of
inhalation [61].

Kakade et al. (2002) similarly found that sinusoidal waveforms led to smoother particle
distribution patterns in comparison to time-varying real flows, especially under low activity
conditions [59].

Realistic profiles are derived from actual breathing data recorded using spirometry or imaging-
based lung function analysis. These profiles include asymmetric phases of inspiration and
expiration, irregular accelerations, flow pauses, and often show a sharp rise to peak inspiratory
flow followed by a gradual decay.

Longest et al. (2020) used realistic inhalation waveforms in combination with aerosol
synchronization techniques to optimize nose-to-lung delivery. Their study demonstrated that
realistic waveforms improved distal deposition targeting and reduced nasal loss by over 60
percent compared to sinusoidal models. They also confirmed that synchronizing aerosol
delivery with realistic flow peaks allowed for more efficient deposition across both central and
peripheral airways, especially for small-particle therapies administered through nasal cannula
systems [62].

Mirzaaghaian et al. (2024) developed aerosol breathing profiles based on measured transient
inhalation data—reporting peak flow rates up to 263 L/min for males and 161.6 L/min for
females—and incorporated these into CFD simulations using realistic human lung geometries.
They observed significantly altered deposition efficiencies in upper and mid-airway regions
compared with simulations using steady flow, highlighting the critical impact of realistic
waveforms on targeted drug delivery [63]. The differences between sinusoidal and realistic

inhalation profiles influence aerosol deposition in several important ways, as outlined below:
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« Deposition Efficiency
Realistic profiles generate sharper and more pronounced deposition peaks in key
airway regions due to rapid inhalation phases that sinusoidal models smooth over.
o Phase-Dependent Behavior
Particles entering the airway during early acceleration phases (just after the onset of
inhalation) show deeper penetration and more targeted deposition than those inhaled
later.
e Flow Magnitude and Timing
Real breathing profiles capture high peak flows and dynamic acceleration rates that
significantly influence inertial impaction and sedimentation—factors essential for
therapeutic or toxicological relevance.
These distinctions highlight the importance of using realistic inhalation waveforms in CFD
studies when accurate regional deposition predictions are necessary, such as in inhaler design,
environmental exposure modeling, or targeted respiratory treatments.
2.6.3 Effects of Airflow Changes on Aerosol Particle Transport in the Lung
Variations in respiratory airflow due to activity level, posture, lung health, or waveform
dynamics profoundly influence the transport and deposition of aerosol particles in the human
lung. These changes can alter particle residence time, affect secondary flow development, and
shift the dominant deposition mechanisms from diffusion to impaction or sedimentation,
depending on particle size and airway region.
Higher flow rates, often associated with physical activity or deep inhalation, increase airflow
velocity and Reynolds number, enhancing inertial impaction. This results in greater deposition
in the upper airways and reduces particle penetration to distal regions. For example, Rahman
et al. (2021) showed that as inspiratory flow increased from 15 to 60 liters per minute, the
deposition of 10 micrometer particles increased significantly in the tracheobronchial region,
reducing the likelihood of distal delivery [29].
Similarly, Farghadan et al. demonstrated that under heavy breathing, even submicron particles
showed altered distribution due to higher convective forces and more complex flow structures
in bifurcations [64].
Studies comparing sinusoidal, ramped, and real-world inhalation profiles show that the rate of
acceleration and deceleration affects vortex formation and secondary flows, which in turn
modulate particle pathlines. Kakade et al. (2002) reported that phase-specific flow transitions
could shift deposition regions by several generations of airways, especially for particles

between 1 and 5 micrometers [59].
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Airflow changes also impact the lobe-wise distribution of aerosol. In a multicycle CFD study,
Journal of Pharmaceutical Sciences (2022) found that during light breathing, small particles
followed streamlines into the lower lobes, while under heavy breathing, deposition became
concentrated in upper generations and shifted toward the right upper lobe due to enhanced
inertia [65].

Increased airflow leads to turbulence in upper airways, especially near the larynx and trachea.
This introduces random fluctuations that can increase particle-wall collisions and deposition.
Spasov et al. (2024) highlighted that neglecting turbulent fluctuations led to underprediction of
local hot-spot deposition in upper bronchial bifurcations [66].

2.6.4 Comparative Studies of Aerosol Deposition Under Different Inhalation Waveforms
Several computational and experimental studies have investigated how varying inhalation
waveforms influence the transport and deposition of aerosol particles in the lung. These
waveforms typically include constant flow (square-wave), ramped flow, sinusoidal breathing,
and more complex realistic or patient-specific profiles. The outcomes of such comparative
studies reveal that deposition predictions can vary significantly depending on the inhalation
pattern assumed.

In a comprehensive validation study, Longest et al. (2016) developed a whole-airway CFD
model for a dry powder inhaler and compared three distinct inhalation waveforms—constant,
ramp, and realistic patient-breathing profiles—against gamma scintigraphy imaging data. Their
findings demonstrated that models using realistic waveforms provided the most accurate
predictions of regional deposition, with relative errors below 10 percent in both the
tracheobronchial and peripheral airway regions. In contrast, constant and ramp profiles showed
larger discrepancies, particularly in estimating alveolar deposition, due to their inability to
capture peak inspiratory acceleration and deceleration phases [67].

Augusto et al. (2016) performed a simulation using a triple bifurcation airway model to
compare particle deposition under inhalation, exhalation, and breath-hold conditions. Using 5-
micrometer particles, they observed that breath-holding after inhalation significantly increased
deposition efficiency, particularly in distal airway branches. This was attributed to prolonged
particle residence time, which allowed gravitational sedimentation and Brownian diffusion to
take effect. Their study provides computational support for the medical recommendation to
hold one’s breath after inhaling aerosolized medication [68].

Tian et al. (2015) also conducted a comparative analysis using CFD models validated against
in vivo data from monodisperse aerosol exposures. Their investigation revealed that fast,

forceful inhalation waveforms enhanced deposition in the upper airway due to increased
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inertial impaction, while slower inhalation profiles promoted deeper penetration of particles
into the central and peripheral lung regions. These findings are particularly relevant for
optimizing inhaler techniques, where the velocity and duration of inhalation can be controlled
for targeted drug delivery [23].

Collectively, these studies emphasize that the inhalation waveform is not a trivial modeling
parameter but a critical determinant of deposition outcomes. Realistic and patient-specific
profiles are consistently shown to enhance predictive accuracy, both in regional targeting and
total lung deposition estimation. They are especially essential in therapeutic scenarios requiring
precision, such as in treating obstructive airway diseases or delivering inhaled vaccines.

2.7 Role of Body Orientation and Gravity

The influence of gravity on particle behavior becomes particularly significant in the lungs,
where body posture and orientation relative to the gravitational vector can alter airflow
patterns, regional ventilation, and deposition sites. The following subsections explore how
gravitational direction, posture, and experimental observations contribute to understanding
posture-dependent aerosol transport and highlight the limitations in current modeling
approaches.

2.7.1 Gravity Vector Effects on Aerosol Transport

Gravitational sedimentation is one of the dominant mechanisms for aerosol deposition in the
lung, especially for particles ranging from 0.5 to 5 micrometers under resting breathing
conditions. The direction of gravity relative to lung geometry significantly influences airflow
distribution, particle trajectories, and ultimately, the regional and lobar deposition patterns.

In a modeling study by Asgharian, Price, and Oberddrster (2006), the authors demonstrated
that gravity affects lung ventilation by altering lobar expansion and contraction dynamics.
Increased gravitational force resulted in enhanced upper lobe expansion and decreased lower
lobe inflation in upright posture, influencing both airflow pathways and particle sedimentation
sites. The study also showed that under reduced gravity, such as microgravity conditions,
deposition of coarse particles (greater than 2.5 um) shifted toward a more uniform distribution,
while fine particle behavior was less affected [69].

In a more recent study, Koullapis et al. (2020) used a deep lung model (DLM) to investigate
the effect of gravitational orientation on deposition in distal airways. By rotating the lung model
in seven different directions relative to gravity, the authors found that subtle orientation
changes can result in meaningful shifts in local deposition patterns, even under the same
breathing profile. Their findings suggest that posture plays a critical role in particle targeting,

especially for small to intermediate-sized particles [70].
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Experimental results from Darquenne (2014) also validate this principle. During parabolic
flights mimicking microgravity and hypergravity conditions, she observed that while overall
deposition increased with gravity, the peripheral deposition (below 200 mL penetration depth)
was most sensitive to gravitational influence. This supports the idea that gravity critically
governs sedimentation in the distal acinar and alveolar regions [45].

These findings collectively show that gravity is not merely a constant parameter but a spatially
dependent vector that influences not only how much but also where particles deposit in the
lung. Accurate CFD simulations must therefore incorporate gravitational directionality,
especially when modeling posture-dependent deposition, sleep-related therapies, or
microgravity conditions such as spaceflight.

2.7.2 Effect of Body Posture on Aerosol Deposition

The orientation of the body relative to gravity alters lung shape, airway geometry, and regional
ventilation, which in turn affects aerosol particle distribution. Multiple experimental and
clinical studies have demonstrated posture-dependent differences in deposition patterns,
highlighting the need to consider body position in both inhalation therapy and aerosol exposure
risk assessments.

In an imaging-based study, Darquenne et al. (2016) measured regional deposition in supine
healthy subjects and patients with mild-to-moderate COPD. Using aerosol bolus inhalation and
gamma scintigraphy, they found that although total deposition did not differ significantly
between upright and supine postures, the distribution pattern shifted, with increased aerosol
dispersion and altered flow sequencing in the supine condition. The effect was more
pronounced in COPD patients, suggesting that posture amplifies underlying ventilation
inhomogeneity [71].

Mills et al. (2002) studied the effect of posture shift from upright to supine on aerosol bolus
mode shift in healthy subjects. Their results revealed more mouthward particle displacement
(indicating shallower penetration) in the supine position, which was attributed to increased
flow heterogeneity. Interestingly, deposition did not significantly change, but particle
distribution was strongly influenced by convective inhomogeneity arising from postural shifts
[72].

In a study evaluating lateral decubitus positions, Alcoforado et al. (2011) used pulmonary
scintigraphy to analyze deposition while subjects lay on their left or right side. They found
significantly higher deposition in the dependent lung (i.e., the side facing downward),

consistent with posture-induced shifts in regional ventilation and gravitational sedimentation.
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This position-dependent redistribution supports the use of lateral positioning in therapeutic
strategies to enhance delivery to specific lung zones [73].

Sa et al. (2017) further investigated the supine posture and showed, using co-registered MRI
and gamma scintigraphy, that alveolar deposition of coarse particles was predominantly
determined by the regional ventilation pattern, which shifts posteriorly when lying down. These
results underscore how posture modifies the ventilation-perfusion relationship and deposition
efficiency [74].

In summary, posture substantially impacts aerosol deposition. Supine and lateral positions alter
gravitational gradients and ventilation distributions, while prone positioning (though less
studied) is hypothesized to enhance posterior lung ventilation, potentially improving deposition
in dorsal regions. Such insights are essential when designing aerosol therapy protocols for
bedridden patients or understanding risk under different environmental exposure settings.
2.7.3 Experimental Studies on Gravity and Posture Effects

Experimental studies using imaging technigues and animal models have provided compelling
insights into how body orientation and gravity shape aerosol deposition patterns in the lungs.
These studies serve as critical validation references for computational fluid dynamics (CFD)
models and also inform clinical strategies for posture-based therapy optimization.

In a classic animal study, Sneddon and Brain (1981) examined aerosol deposition in rats placed
in upright, prone, and inverted postures. After exposing the animals to 0.7-0.8 um radioactive
aerosols, they observed a consistent apex-to-base deposition gradient, with more particles
deposited in apical lung regions across all postures. Interestingly, these gradients persisted
regardless of body orientation, suggesting that gravitational effects interact with airway
anatomy and ventilation distribution in complex ways [75].

Chantal Darquenne et al. (2014) conducted microgravity experiments aboard NASA aircraft to
isolate the role of gravity in particle transport. Using MRI-based measurements in rats, they
found that in the absence of gravity, fine particles (~0.95 um) deposited deeper in the lungs,
particularly in peripheral regions. This shift in spatial distribution underlined the importance
of gravitational sedimentation in normal gravity environments and its reduction in
microgravity, which alters residence time and particle dynamics [76].

In vitro experiments have also contributed significant data. Theunissen et al. (2006) constructed
a physical model mimicking the 21st generation of the Weibel lung model using cylindrical
alveolar cavities. By tracking iron particles in a silicone oil flow, they quantified how aerosol
trajectories were altered by curved airway geometry and gravity. Their results revealed that

despite low Reynolds numbers (~0.07), gravitational sedimentation was the dominant
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mechanism, and no particles followed streamlines perfectly, highlighting the challenge of
modeling these flows numerically [77].

Moreover, MRI and gamma scintigraphy have increasingly been used in human and animal
studies to quantify posture-induced changes in deposition. A study by Sa et al. (2017) using
coarse 5 um particles confirmed that supine posture significantly altered regional lung
deformation and shifted deposition posteriorly compared to seated posture.

These experimental approaches provide robust data on the interplay between gravity, posture,
and aerosol physics. Their results confirm that even subtle orientation changes can lead to non-
trivial variations in both total and regional deposition, particularly for particles in the
sedimentation-dominant size range. They also highlight that validation of CFD models requires
careful consideration of posture-specific gravitational influences.

2.7.4 Limitations of Past CFD Studies on Body Orientation

Although computational fluid dynamics (CFD) has proven instrumental in advancing our
understanding of aerosol behavior in the respiratory system, a critical gap persists in how body
orientation is integrated into these simulations. Most existing CFD models either ignore
postural variation altogether or assume a fixed, upright gravitational vector, irrespective of the
actual body posture under study.

A key limitation lies in the widespread use of steady-state or idealized breathing profiles.
Studies such as those by Koullapis et al. have simulated aerosol deposition across various
anatomical models and flow conditions, but typically retain a vertical gravity direction, even
when evaluating non-upright positions. As a result, these models may inaccurately estimate
gravitational sedimentation in supine or lateral orientations.

Furthermore, body orientation has often been treated as a peripheral parameter, rather than a
primary variable influencing deposition. Several studies introduce orientation-based
simulations without updating flow partitioning or lobar deformation patterns that naturally
arise from changes in thoracic geometry during postural shifts. This simplification overlooks
the dynamic interplay between lung deformation, regional ventilation, and gravity-dependent
particle motion.

Miyawaki et al. (2017) highlighted some of these challenges in their multi-patient airway
modeling study. While their work used anatomically realistic CT-based lung models, all
simulations were conducted under upright posture assumptions. No gravitational reorientation
or posture-specific deformation was incorporated, limiting the translatability of results to real-

life clinical scenarios involving recumbent or side-lying patients [78].
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Another overlooked aspect is the impact of posture on local flow fields and turbulence,
particularly in branching regions where airflow direction shifts in response to gravity. Most
CFD studies to date use simplified geometries or omit phase-specific deformation (such as lung
shape changes between upright and supine positions), which can substantially alter airflow
velocities and particle residence times.

These limitations suggest that, despite growing interest, the incorporation of body orientation
into aerosol transport modeling remains incomplete. To fully understand how posture
influences deposition outcomes, future CFD studies must integrate gravitational reorientation
with dynamic lung geometry, individualized flow rates, and realistic boundary conditions.

2.8 Drug Delivery and Clinical Relevance

In the following sections, we explore the clinical applications of aerosol delivery in
respiratory diseases, the challenges of targeting specific lung regions, the role of device-based
studies, and the emerging paradigm of personalized aerosol therapy.

2.8.1 Applications in Asthma, COPD, and Cystic Fibrosis

Aerosol drug delivery is a mainstay in the treatment of obstructive lung diseases such as
asthma, chronic obstructive pulmonary disease (COPD), and cystic fibrosis (CF). These
diseases, despite their distinct etiologies, share a common therapeutic approach: targeted
pulmonary delivery that bypasses systemic circulation, minimizes side effects, and allows for
rapid onset of action.

In asthma and COPD, the inhalation route is used for bronchodilators, corticosteroids, and
combination therapies. Inhalers, whether pressurized metered dose inhalers (pMDIs), dry
powder inhalers (DPIs), or nebulizers, are optimized for deposition in central or peripheral
airways depending on the particle characteristics and breathing patterns. A comprehensive
review by Hindle (2010) outlined how DPI and MDI technologies were tailored to different
disease needs, with DPIs generally favored in COPD due to their breath-actuated design [79].
In CF, aerosol therapy is particularly crucial for delivering antibiotics (e.g., tobramycin),
mucolytics (e.g., recombinant human DNase), and anti-inflammatory agents directly to the
airways where mucus obstruction and bacterial colonization are prevalent. Diot et al. (1998)
highlighted that nebulized delivery of DNAse in CF improved mucus clearance and lung
function, an approach now widely used in clinical protocols [80].

Furthermore, Cheng (2003) emphasized the growing interest in systemic drug delivery via
inhalation for conditions beyond the lung. The large surface area and vascularization of alveoli
have made inhalation a candidate for delivering insulin, vaccines, and even chemotherapeutics

in experimental contexts [81].
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Recent trials like the TELOS study (Ferguson et al., 2018) have investigated co-suspension
delivery in MDIs for better particle uniformity and lung deposition in COPD patients, showing
improvement in FEV: and symptom scores [82].

These studies collectively underscore how computational and experimental advancements in
inhaler design and particle characterization directly inform personalized treatment for
respiratory diseases. They also provide critical validation cases for CFD models used to
optimize drug targeting across different airway generations.

2.8.2 Challenges in Targeting Specific Lung Regions

Despite the advances in inhalation therapy, precisely targeting aerosolized drugs to specific
lung regions such as lobes, segments, or pathological zones remains a fundamental challenge
in both clinical and computational domains. A major reason for this limitation is the complex
interplay between lung anatomy, airflow heterogeneity, particle properties, and patient-specific
physiology.

One of the key challenges is controlling particle deposition depth. The ideal scenario in treating
diseases such as bronchiectasis or localized infections is to deposit therapeutic agents deep into
the lower lobes or affected airways while avoiding unnecessary deposition in the mouth-throat
or central bronchi. However, this is complicated by factors like airway curvature, turbulence,
and impaction, which cause large particles to deposit prematurely and small particles to be
exhaled without deposition.

Yan Ostrovski et al. (2019) proposed a novel inhalation framework using pulsed aerosol
boluses followed by controlled inhalation volumes and breath-hold maneuvers. Using CFD
simulations, they showed that this approach can confine deposition to targeted upper-airway
regions by manipulating particle entry timing and flow rate. While promising for targeting
specific airway generations, such techniques are yet to be widely translated into clinical inhaler
design [83].

Ghanem et al. (2025) reviewed the practical barriers to regional drug delivery, highlighting key
physiological defenses such as mucociliary clearance, airway humidity, and surface liquid
dynamics. These mechanisms, while protective, limit drug residence time and bioavailability.
They also emphasized the challenge of immune system interference and inconsistent lung
inflation, particularly in conditions like asthma or fibrosis, where disease morphology varies
dramatically between patients [84].

Xu et al. (2023) further highlighted the computational challenges in achieving targeted delivery
using patient-specific lung models. Even when using transient RANS or LES simulations,

variations in local deposition caused by subtle differences in airway bifurcation angles or

[40]



localized turbulence were difficult to predict accurately. Their findings suggest that small
deviations in particle injection angle or breathing profile can shift the deposition site from one
lobe to another [85].

Another limitation lies in the lack of dynamic lobe-based targeting in current commercial
inhalers. Most devices deliver aerosols uniformly across the lung, despite disease often being
region-specific. Computational models and experimental data suggest that strategic control of
flow rate, particle diameter, and posture during inhalation could optimize lobar targeting, but
such strategies remain largely unimplemented in clinical practice.

In summary, while numerical and experimental studies have introduced innovative methods
for enhancing regional delivery, real-world application remains constrained by anatomical
variability, breathing dynamics, and limited control over inhaler actuation. Overcoming these
barriers will require further integration of CFD models with personalized treatment planning
and smart inhaler technologies.

2.8.3 Device-Based Studies

The efficiency of aerosol drug delivery is closely tied to the design and functionality of the
delivery device. Among the most widely used devices are Dry Powder Inhalers (DPIs), Metered
Dose Inhalers (MDIs), and nebulizers, each with distinct aerosolization mechanisms, flow
dependencies, and delivery profiles. Computational and experimental studies have played a
key role in quantifying their deposition efficiencies and optimizing their design for therapeutic
use.

A seminal study by Longest et al. (2012) compared MDI and DPI deposition using both in vitro
experiments and a validated CFD model based on a stochastic individual path (SIP) approach.
They showed that for the same drug and airway geometry, MDIs delivered approximately twice
as much drug to the tracheobronchial region compared to DPIs, especially under low-flow
conditions. The DPI showed greater oropharyngeal deposition (~70%), while MDI had better
distal reach (~50% alveolar deposition). Both devices exhibited decreased efficiency with
improper inhalation, dropping by up to 30% [86].

Traditional jet and ultrasonic nebulizers are valued for their ability to deliver high drug loads
and are often used in pediatric and geriatric populations. However, their lack of synchrony with
inhalation results in drug waste and environmental exposure. Recent technologies such as
surface acoustic wave (SAW) nebulizers have addressed these inefficiencies. In a study by
Yousefi et al. (2017), CFD simulations demonstrated that SAW-generated aerosols had finer

particle sizes and better penetration into the lower lung when introduced near the spacer
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centerline. The study also highlighted that right lung deposition dominated regardless of device
or posture, emphasizing the importance of device positioning and flow symmetry [87].

Using Functional Respiratory Imaging (FRI), Suggett et al. (2022) compared deposition from
MDIs with spacers and DPIs in a COPD patient-specific model. At both low and high flow
rates, the MDI with AeroChamber Plus Flow-Vu spacer delivered a significantly higher lung
dose than either DPI tested. DPI usage, even at optimal flow, resulted in higher oropharyngeal
deposition and less lung penetration. This reinforces the role of spacers in enhancing deposition
for patients with coordination issues [88].

Several studies, including Kim & Chen (2008), have shown that the internal geometry of
inhalers and patient-specific inhalation profiles dramatically alter aerosol trajectory. Their CFD
analysis in a realistic oral-tracheal geometry found that turbulent regions caused substantial
inertial impaction, especially for MDIs actuated during early inhalation phases [89].

These findings collectively suggest that no inhaler type is universally superior; each must be
tailored to the patient's anatomy, breathing capacity, and disease localization. CFD and in vitro
studies continue to play a central role in guiding device innovation and dosage optimization.
2.8.4 Personalized Aerosol Therapy Approaches

The paradigm of personalized aerosol therapy has emerged in response to the limitations of
conventional, one-size-fits-all inhalation strategies. Differences in airway geometry, lung
compliance, breathing effort, and disease morphology across patients can lead to substantial
variability in drug delivery outcomes, even when using the same device and medication. As
such, integrating patient-specific data into the design and delivery of aerosol therapy is
increasingly recognized as essential to improving efficacy and minimizing off-target
deposition.

A recent study by Bartlett et al. (2021) developed a computational model that incorporated the
lung’s mucus layer properties to simulate the diffusion and clearance of inhaled particles. By
accounting for disease-specific mucus viscosity and transport rates, the model predicted how
different aerosolized particles behaved in pathological environments such as cystic fibrosis and
chronic bronchitis. This framework enables the tailoring of drug particle size and dosage based
on disease state and patient physiology [90].

Peterman et al. (2020) demonstrated the utility of 3D-printed lung replicas derived from patient
imaging data to experimentally validate CFD predictions. Their setup allowed differential
control of flow into each lobe and enabled high-throughput assessment of deposition patterns

using fluorescent aerosols. This in vitro platform supports rapid prototyping of personalized
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treatments and has been applied to optimize ventilation-perfusion matching in patients with
heterogeneous lung disease [91].

Feng (2018) proposed the concept of a “digital twin” for pulmonary healthcare. This approach
combines CFD simulations, spirometry data, and anthropometric measurements to create a
virtual copy of a patient’s lung for predictive modeling. With such tools, clinicians can simulate
various inhaler-device combinations and inhalation profiles to identify the optimal treatment
regimen. This has been especially useful in targeting localized lesions such as lung tumors or
infected zones in tuberculosis and COVID-19 [92].

Personalized aerosol delivery is also being explored in acute care settings. Wang et al. (2022)
used a patient-specific model of moderate COVID-19 and tested a point-source aerosol release
method using a customized tracheobronchial geometry. They showed that particle targeting to
infected segments (pneumonia alba) could be improved by more than 3% compared to
conventional random delivery [93].

These advances highlight a growing convergence of imaging, CFD, and experimental design
in pursuit of personalized respiratory care. Personalized therapy platforms not only promise
higher deposition efficiency and better therapeutic targeting but also offer a pathway to reduce
dosing frequency, lower drug toxicity, and enhance patient adherence.

2.9 Summary of Gaps in the Literature

2.9.1 Posture-Insensitive Use of Realistic Lung Geometry in Aerosol CFD Studies

The emergence of CT-based and MRI-derived airway geometries has significantly improved
the anatomical fidelity of CFD simulations in pulmonary medicine. Many contemporary
models incorporate subject-specific branching patterns, lobe segmentation, and detailed
tracheobronchial structures. However, a major limitation remains: these geometries are
typically simulated under a fixed upright posture, with a gravitational vector that does not
reflect the body’s orientation during clinical conditions such as sleep, supine ventilation, or
lateral positioning.

For example, Miyawaki et al. (2017) introduced an automated mesh generation method for CT-
derived airway models, successfully combining high anatomical detail with computational
efficiency. Their study improved realism in geometry and airflow simulation but maintained a
vertical gravitational vector across all simulations, regardless of posture [78].

In asimilar vein, von Wedel et al. (2022) compared deposition patterns in three distinct subject-
specific lung geometries using unsteady Reynolds-averaged Navier-Stokes (URANS)

simulations. While the study revealed that anatomical variation significantly alters aerosol
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behavior—particularly in the laryngeal region—it did not incorporate body orientation or
reorientation of the gravity vector [94].

Earlier, Ma and Lutchen (2009) had demonstrated that the use of realistic large-to-medium
airway structures altered deposition predictions compared to idealized geometries. However,
this study also retained an upright gravitational reference frame throughout [24].

These examples underscore a consistent trend: while anatomical accuracy has improved, the
simulations remain posture-insensitive, effectively decoupling the geometry from its
orientation-dependent physiological function. In doing so, these models may misrepresent
gravity-driven phenomena such as sedimentation, especially in the peripheral lung regions and
lower lobes.

This gap is particularly relevant for aerosol therapies administered in non-upright patients such
as those in intensive care, undergoing surgery, or sleeping, where gravity-altered flow
redistribution can significantly affect regional drug deposition. The lack of posture variation in
geometrically realistic CFD studies limits their ability to provide precise, clinically actionable
predictions for such scenarios.

2.9.2 Lack of Posture-Integrated Studies with Realistic Aerosol Breathing Profiles
Accurate simulation of aerosol dynamics in the respiratory tract requires not only realistic
anatomical models and accurate physical forces but also a faithful representation of human
breathing profiles. Over the years, computational models have moved from simple sinusoidal
waveforms to more physiologically representative time-varying profiles derived from
spirometry. However, despite these advancements, the impact of body orientation on
simulations using realistic breathing waveforms has not been adequately explored.

A major contribution in this domain was made by Mirzaaghaian et al. (2024), who developed
measured aerosol breathing profiles based on spirometric data. Their model captured real
inhalation dynamics, showing peak inspiratory flow rates of 263 L/min for males and
161.6 L/min for females, and incorporated these profiles into simulations using anatomically
reconstructed lung geometries. Although this study represents a significant step toward
physiologically relevant simulations, it assumed a fixed upright gravitational vector, leaving
the effects of posture on deposition under realistic breathing conditions unexplored [63].
Other studies have also modeled transient respiratory cycles in anatomically realistic airway
structures. For example, Kizuka et al. (2023) reproduced two unsteady breathing cycles to
simulate deposition of particles ranging from 2 nm to 10 um. Their results revealed significant
variation in particle transport and deposition under different breathing profiles. Yet, like many

similar studies, posture-related gravity effects were omitted.
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This lack of orientation-aware modeling during realistic, time-resolved breathing conditions
represents a significant shortcoming in the field. Posture not only changes gravitational
sedimentation paths but also alters regional lung compliance and airflow partitioning,
especially during peak inhalation. As such, using realistic breathing profiles without
incorporating posture restricts the applicability of these models to clinical scenarios such as
drug delivery during sleep, rehabilitation, or intensive care.

Therefore, while substantial efforts have been made to replicate the dynamic nature of
breathing, their clinical relevance remains limited unless the effect of posture is concurrently
modeled. This calls for an integrative modeling framework that combines real-time breathing
dynamics with body orientation, enabling more predictive simulations of aerosol transport and
deposition.

2.9.3 Lack of Integrated Models Combining Anatomy, Breathing Pattern, and Body
Orientation

A major gap in the current computational literature lies in the absence of studies that
simultaneously consider realistic lung geometry, physiologically measured breathing profiles,
and posture-specific gravitational orientation. While the individual significance of each of
these components has been demonstrated, they have never been modeled together in a single
simulation framework.

As discussed in the previous subsections, several studies have utilized anatomically accurate
airway models reconstructed from imaging data. Others have focused on reproducing time-
varying aerosol breathing patterns based on spirometric measurements. Some works have
addressed the influence of gravity by simulating different body orientations. However, these
elements have typically been examined in isolation.

None of the earlier studies incorporated all three critical factors together. Most assumed a fixed
upright posture when evaluating deposition in realistic airway geometries. Similarly, studies
that adopted transient inhalation waveforms did not examine how posture might alter airflow
partitioning and particle sedimentation. Even in works where posture was varied, breathing
was simplified and anatomical representation was either idealized or limited in extent.

This fragmentation in methodology restricts the predictive accuracy of models, particularly in
clinical conditions where posture plays a central role. Examples include aerosol therapy during
sleep, drug delivery in intensive care settings, and posture-dependent lung disorders. Without
an integrated approach, such applications cannot be fully simulated or optimized.

The present study fills this critical gap by combining a realistic human airway geometry,

dynamic aerosol breathing profiles derived from actual measurements, and posture-specific
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gravitational conditions. By doing so, it enables the first comprehensive assessment of how
body orientation affects regional aerosol deposition across lobar and segmental structures under
physiologically relevant conditions. This integrative model offers new insights that are
essential for the development of posture-aware therapeutic strategies and personalized

pulmonary drug delivery.
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Chapter 03

Methodology

3.1 Reconstruction of the Realistic Lung Model

The three-dimensional anatomical model of the human respiratory system used in this study
was developed through a rigorous image-based reconstruction process using high-resolution
Computed Tomography (CT) scan images. These images were acquired from a healthy 45
years old adult female subject and served as the foundational dataset for generating a
geometrically accurate lung model. The reconstruction was carried out using MIMICS
(Materialise, Belgium), a specialized medical image processing software widely used for
creating patient-specific anatomical models from radiographic imaging data.

MIMICS allows for advanced segmentation, surface generation, and smoothing capabilities,
enabling the transformation of raw grayscale CT slices into a digital 3D model that accurately
represents the internal airway structure. In the segmentation phase, thresholding and region-
growing techniques were used to isolate the airway lumen from surrounding tissues. Careful
manual editing was also applied where necessary to enhance segmentation accuracy,
particularly in regions with low contrast or partial volume effects. The result was a high-fidelity
STL (stereolithography) surface mesh representing the inner airway walls, which could be
further processed for computational simulation.

The reconstructed geometry includes the trachea, carina, and major conducting airway
branches extending to the lobar bronchi of both lungs. Specifically, the model captures the
three lobes of the right lung—namely, the right upper lobe (RUL), right middle lobe (RML),
and right lower lobe (RLL)—as well as the two lobes of the left lung—the left upper lobe
(LUL) and left lower lobe (LLL). These anatomical features were segmented with high
resolution, preserving key structural aspects such as bifurcation points, curvature of bronchial
tubes, and inter-lobar branching patterns.

An important aspect of the reconstruction process was the preservation of the natural
asymmetry between the left and right lungs. Unlike symmetric simplified models often used in
respiratory studies, the current model retains the true anatomical configuration, including the
larger volume of the right lung and the distinctive branching angles found on each side. This
asymmetry plays a significant role in influencing airflow dynamics and particle transport,

especially under varying gravitational orientations.
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In addition to the main airways, the model also captured cross-sectional changes along the
bronchial tree, which can affect the development of secondary flows and turbulence within the
respiratory passages. By resolving these subtle geometric variations, the reconstructed model
provides a physiologically realistic basis for simulating transient airflow during breathing and
analyzing particle deposition behavior in different lobes.

The resulting geometry serves as the computational domain for the CFD simulations performed
in this study. Its anatomical accuracy ensures that simulation results can reflect physiologically
meaningful flow and deposition patterns, providing a robust platform for exploring the
influence of body orientation, particle size, and breathing dynamics on targeted aerosol
delivery. Overall, this image-based reconstruction process bridges the gap between medical
imaging and computational modeling, enabling high-precision studies of respiratory fluid

mechanics.

Figure 3.1: Reconstructed model of human lung using CT scan images
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(a): Coronal view (b): Axial view (c): Sagittal view

Figure 3.2: Sample CT image slices in MIMICS during lung model reconstruction (a)
Coronal view, (b) Axial view, and (c) Sagittal view.

3.2 Governing Equations and Physical Models
To model airflow and particle transport within the lung, this study employs governing

equations for both the continuous and discrete phases under a one-way coupling framework.
The airflow field is first computed and then used to track aerosol motion. The following
subsection presents the mathematical formulation for the continuous-phase airflow.
3.2.1 Mathematical Formulation of Continuous-Phase Airflow
In this study, the airflow through the reconstructed human lung model was simulated using the
incompressible, unsteady Navier—Stokes equations, which govern the motion of Newtonian
fluids. These equations were solved numerically using ANSYS Fluent to capture the time-
dependent behavior of inhaled air under realistic reathing conditions.
The governing equations for the continuous phase are given by:
Continuity Equation (3.1):
V-u=0
Momentum Equation (3.2):
g—:+ (u-Viu=—1/p)Vp+vVva
where:

e uis the velocity vector

e pisthe static pressure

e pis the fluid density

e v is the kinematic viscosity (v = pw/p)

e tisthe time variable

The continuity equation ensures that the net volume flow rate into any control volume is zero,

which is a fundamental requirement for mass conservation in incompressible flows. The
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momentum equation represents the conservation of linear momentum and accounts for the
effects of pressure gradients, viscous diffusion and inertial forces due to the unsteadiness and
acceleration of flow.
To provide greater physical insight into the transport processes along each spatial direction, the
momentum and continuity equations can be written in their Cartesian scalar form as follows:
Scalar Continuity Equation:
du d6v Sw
Tt 5y t—-=0
Momentum Equation at X-direction:
Su Su Su Su 1 6p §%u  6%u  S%u
E+u §+ v@+w 57 = —Eg-l—v(axz +6y2 +622)
Momentum Equation at Y-direction:
@+u @+ v@+w @= —1 6_p+v(62v+62v+62v)
ot Sx Sy 6z p Sy 6x?  by?  6z7
Momentum Equation at Z-direction:
Sw Sw Sw Sw 1 6p 5*w  8%w  §*w
E+u §+ v6—y+w 57 _E@—i_v((ﬁxz + 5y2 + 622)

These scalar equations explicitly represent the transport of momentum and conservation of

mass in each coordinate direction, and serve as the mathematical basis for the numerical
solution of the fluid field. While the equations are originally formulated as partial differential
equations defined over a continuous space-time domain, they must be converted into algebraic
form to be solved computationally.

This conversion is achieved through a process known as discretization, in which the spatial
domain is divided into small control volumes and the governing equations are approximated in
integral form. The resulting algebraic equations are then solved iteratively across the entire
computational domain. In this study, the finite volume method (FVM) is used for this
transformation. It is implemented in ANSYS Fluent. This method ensures that mass and
momentum are conserved within each control volume and is well-suited for complex shapes
like the human airway tree.

The complete discretization and numerical implementation strategy using FVM in ANSYS

Fluent is described in the following subsection.
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3.2.2 Finite Volume Discretization and Numerical Implementation in ANSYS Fluent

To solve the incompressible Navier—Stokes and continuity equations in the complex geometry
of the human lung, the finite volume method (FVM) was employed. This method is widely
used in CFD due to its inherent conservation properties and its ability to handle irregular and
anatomically realistic domains. All simulations in this study were performed using ANSYS
Fluent, which utilizes FVM as the core numerical technique for solving governing flow
equations over a discretized domain.
In the F\VM approach, the computational domain is divided into a finite number of small, non-
overlapping control volumes (cells). These control volumes were generated from the pre-
processed lung geometry using a high-quality polyhedral mesh with local refinement near
bifurcations and curved surfaces to capture critical flow features. The fundamental idea is that
the governing equations are applied to each control volume in integral form, rather than their
differential form, which is more suitable for complex, non-uniform geometries.
The integral form of the conservation laws ensures that fluxes of mass, momentum, and energy
are conserved within each control volume. For instance, the integral form of the continuity
equation over a control volume V with surface S is given by:
Jopu.ndS=0
where n is the outward-pointing normal vector on the surface S. This equation implies that the
net mass flux through the surface of the control volume is zero, thereby enforcing mass
conservation.
By applying the divergence theorem and appropriate numerical interpolation schemes to the
integrated equations, the surface integrals are transformed into algebraic equations involving
values of velocity, pressure, and other variables at discrete cell centers and face centers. These
equations are then assembled for all control volumes to form a large system of coupled
algebraic equations. These take the general matrix form:

Ax=b
where A is the coefficient matrix derived from the discretized terms, x is the vector of unknown
flow variables (e.g., velocity components, pressure), and b is the source term vector arising
from boundary conditions and body forces.
Since the governing equations are nonlinear, particularly due to the convective term u-Vu, the
algebraic system must be linearized before being solved. ANSYS Fluent uses iterative
algorithms to solve these linearized systems at each step of the solution process.
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To solve the coupled momentum and continuity equations, a pressure—velocity coupling
algorithm is required. In this study, the SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) algorithm was employed, which is widely used for incompressible flow problems.
SIMPLE iteratively updates pressure and velocity fields to ensure that the continuity and
momentum equations are simultaneously satisfied.
The algorithm involves:
« Predicting the velocity field from an initial pressure guess,
« Computing the pressure correction to reduce the continuity error,
o Updating the pressure and velocity fields,
e Repeating this cycle until convergence.
Because the airflow simulation in this study is transient, the governing equations were also
discretized in time using a second-order implicit scheme. This scheme provides good accuracy
for time-dependent flows and allows for relatively larger time steps without sacrificing
numerical stability.
At each time step:
e The solver marches forward by solving the discretized equations using the previously
computed flow field as the initial condition.
o Convergence within each time step is monitored through residuals and continuity
criteria.
e A complete breathing cycle is simulated over multiple time steps to capture the
unsteady evolution of the airflow field.
The solution process was considered converged at each time step when the scaled residuals of
continuity and momentum equations fell below 10*. The use of the finite volume method
combined with a robust solver architecture in ANSYS Fluent enabled accurate and stable
simulation of airflow dynamics in the anatomically realistic lung model under transient
inhalation conditions. The resulting velocity and pressure fields were later used to calculate
wall shear stress and to drive particle motion in the discrete phase simulation.
3.2.3 Turbulence Modeling
To capture the turbulent characteristics of airflow within the complex and branching lung
geometry, the Shear Stress Transport (SST) k—o model was employed in this study. This two-
equation Reynolds-Averaged Navier—Stokes (RANS) model is particularly well-suited for
internal flows involving separation, curvature, and adverse pressure gradients—conditions that

are commonly present in pulmonary airways, especially near bifurcations and turning regions.
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The SST model combines the strengths of the standard k—m near the wall with the k—s model
in the free stream. A blending function smoothly transitions between the two models based on
the distance to the wall and the local turbulence properties. This hybrid approach allows the
model to deliver accurate predictions of flow separation while maintaining robustness and
mesh independence.

The model solves two additional transport equations:

Turbulent Kinetic Energy Equation:

=+ UVk = Py~ koo + Vo[(v + 0icv)- VK]

Specific Dissipation Rate Equation:

Sw

24 UVo =y (D) Py~ pro? + Vo [(v + 00w Vo] +2(1 - Fi)c0x(2)-Vk-Vo

where:

e k: turbulent kinetic energy

o: specific dissipation rate

v: kinematic viscosity

. . . a;-k
e ¢ turbulent (eddy) viscosity, given by v, = @ w5 E)

e Pk: production of turbulent Kinetic energy

« S:invariant measure of the strain rate

e F1, F2: blending functions

e 0, P, B* ok Cw, Ow2 : empirical constants
This formulation enhances near-wall accuracy while suppressing turbulent viscosity in
stagnation zones or regions with high strain, thus preventing excessive eddy viscosity that may
otherwise dampen important flow features.
In ANSYS Fluent, the SST model automatically applies low-Reynolds number corrections and
resolves the viscous sublayer without wall functions, making it suitable for resolving wall shear
stress distributions in small airway branches. This is particularly beneficial for simulations of
aerosol deposition, where near-wall accuracy directly influences particle capture.
Default model constants and wall treatment parameters provided by Fluent were used.
Turbulence intensity and length scale were set at the tracheal inlet based on physiological
estimates, assuming fully developed flow at entry. The SST model’s enhanced predictive
capabilities make it a robust choice for respiratory flow simulations, and its use in this study
provides high-fidelity resolution of both global flow patterns and localized shear effects across

different body orientations.
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3.2.4 Discrete Phase Model (DPM): Particle Tracking

A Discrete Phase Model (DPM) was utilized to simulate the behavior of aerosol particles within
the respiratory tract, accounting for drag and gravitational forces. The motion of aerosol
particles is governed by:

where F is an additional acceleration term, F,(u — u, is the drag force per unit particle mass,
u is the fluid phase velocity, u, is the particle velocity, p, is the density of the particle,

p is the density of the fluid and g is the gravitational acceleration component in the direction
of flow. Fj, can be calculated as the following:

18u Rep

Fp= —Cp—>
b ppd} D 24
where Cp, is the drag coefficient, d,, is the diameter and Re,, is the particle’s Reynolds number

which is defined as:
Re, = Pt = vl

u
Here, p is the dynamic viscosity of air (u=1.79%10-5 kg/m-s)
Virtual mass forces were neglected due to their negligible effect on the dynamics of high-
density particles. Similarly, Saffman’s lift force and Brownian motion were excluded, as they
primarily influence submicron particles, whereas this study focuses on particles with diameters
larger than 1 pm.
3.2.5 Coupling Between Phases
A one-way coupling approach was used in this study, where the continuous phase (airflow)
influences particle motion, but the particles do not affect the airflow dynamics. This assumption
is valid for dilute aerosol concentrations, where the volume fraction of particles is sufficiently
low. Specifically, according to commonly accepted CFD modeling guidelines, one-way
coupling can be reasonably applied when the particle volume concentration remains below
15% [35,36]. In typical inhalation therapies and medical aerosol applications, particle
concentrations are generally much lower than this threshold, making one-way coupling an
appropriate assumption for the present study.
3.3 Mesh Generation and Grid Independence Study
To ensure the accuracy and reliability of the simulation results, a comprehensive grid
independence study was conducted. Five different computational grids with varying element
counts, ranging from approximately 1.37 million to 6.33 million elements, were generated and
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tested. The evaluation was based on the sensitivity of key flow parameters—namely, average
velocity and static pressure—monitored at selected cross-sections within the airway model.
The computational mesh was generated using ANSYS Meshing. An unstructured tetrahedral
mesh was employed to accurately capture the complex branching geometry of the reconstructed
lung model. Local refinement was applied at bifurcations and curved regions to improve
resolution of secondary flows and aerosol trajectories. Additionally, five layers of boundary
layer inflation were applied near the airway walls to better resolve near-wall airflow and
particle interactions critical to deposition processes.

Mesh quality was carefully assessed through parameters such as element aspect ratio and
element quality (skewness-based). As shown in Table 3.2, the minimum aspect ratio across all
grids remained close to 1.0, indicating highly regular element shapes. For Grid 3 (the selected
optimal grid), the maximum aspect ratio was 4.232, while the minimum element quality
reached 0.31. These values reflect a high-quality mesh suitable for complex airflow and particle
tracking simulations.

The results of the grid independence study are presented in Table 3.1. It was observed that
beyond Grid 3, further mesh refinement yielded negligible changes in the monitored quantities.
Specifically, the difference in average velocity between Grid 1 and Grid 3 was less than 0.2%,
while the static pressure variation was below 1%. Similar stability was observed between Grid
3 and the finer meshes (Grid 4 and Grid 5), confirming mesh convergence. Based on these
findings, Grid 3, with approximately 4 million elements, was selected as the optimal mesh for
all subsequent simulations, offering a balance between numerical accuracy and computational

efficiency.
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Table 3.1: Grid independence study results and mesh quality parameters

Avg. Static Min Max Min Max

Grid N]‘jgbﬁr Velocity || Pressure | Aspect | Aspect || Element || Element
of Cells

(m/s) (Pa) Ratio Ratio Quality Quality
Grid 111,372,472 || 0.3498 || 1.96325 1.603 31.133 0.053 0.999
Grid 212,675,721 || 0.3488 || 1.95478 1.167 19.423 0.098 0.980
Grid 3/3,999,040 | 0.3492 || 1.94400 || 1.0007 4.232 0.310 0.920
Grid 44,769,300 | 0.3485 || 1.96140 | 1.0005 4.4051 0.3147 1.000
Grid 5/16,328,543 || 0.3492 || 1.94400 | 1.1602 20.971 0.089 0.999

The final mesh is illustrated in Figure 3.3, providing a representative view of the mesh

resolution applied to the airway geometry.

Figure 3.3: Computational mesh of the reconstructed lung model
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To further support the conclusion of mesh convergence, a grid independence plot based on
average velocity is presented in Figure 3.4. The plot demonstrates that the changes in
average velocity across different grid resolutions are minimal, with the curve nearly
flattening beyond Grid 3. This graphical evidence complements the tabulated data and

reinforces the decision to adopt Grid 3 as the computational baseline for the study.

Grid Independence Study Based on Average Velocity
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Figure 3.4: Variation of average velocity with number of cells

3.4 Numerical Setup and Boundary Conditions

Accurate simulation of airflow and aerosol transport requires careful selection of solver
settings and boundary conditions. The following sections detail the numerical framework
adopted to ensure physiological relevance and computational stability.

3.4.1 Solver Settings

The numerical solution was carried out using ANSYS Fluent. The governing equations
described in Section 2.3 were solved using a pressure-based solver under the absolute velocity
formulation. The transient simulation was performed with a time step size of 0.01 seconds, and
a total of 92 time steps were computed for each breathing cycle.

The Discrete Phase Model (DPM) was activated to model aerosol particle transport through
the Lagrangian tracking framework. A one-way coupling approach was applied, consistent with
dilute particle concentrations encountered in inhalation therapies.

For time discretization, the second-order implicit scheme was applied to improve temporal
accuracy. Spatial discretization of momentum, pressure, and turbulence equations employed

second-order upwind schemes, providing a good balance between solution accuracy and
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numerical stability for internal flows. The pressure-velocity coupling was handled using the
Coupled algorithm, which is well-suited for transient simulations in complex geometries with
strong pressure-velocity interactions.

Convergence was monitored at every time step, and residuals for all governing equations were
required to drop below 10 to ensure solution stability and accuracy.

3.4.2 Continuous Phase Boundary Conditions

Boundary conditions for the continuous phase were applied to accurately represent airflow
through the reconstructed lung model under realistic breathing conditions. The inlet boundary
was defined at the tracheal opening, representing the entry point for inhaled air into the
respiratory system. At this location, a transient velocity inlet condition was prescribed based
on a realistic breathing profile, as described in Section 3.4.3. This time-dependent velocity
profile captures the natural variation of inhalation airflow during the breathing cycle.

The outlet boundary condition was applied at the distal ends of the lobar bronchi, where airflow
exits the modeled domain. A pressure outlet condition with zero gauge pressure was assigned
to these outlets, reflecting the physiological assumption that airflow exits into atmospheric
conditions without additional pressure gradients at the boundaries of the computational
domain.

All airway walls were treated as rigid, stationary walls with a no-slip condition applied. Heat
transfer and temperature variations were neglected, assuming isothermal conditions throughout
the simulations.

3.4.3 Realistic Breathing Profile

Before the airflow reverses, the particles remaining in the fluid after inhalation are found to be
zero; therefore, the exhalation period is not simulated. To simulate realistic aerosol inhalation
for a dry powder inhaler, a transient velocity profile, as proposed by Mirzaaghaian et al., was
applied at the tracheal inlet. In this study, only the inhalation phase was simulated, with a total
inhalation duration of 0.92 seconds, corresponding to the inhalation portion of the breathing
cycle. The exhalation phase was excluded, as all particles were either deposited or exited the

model before airflow reversal. The airflow rate is modeled as:

Q

Qmax

k
t
= Qy + Z Qusin (2mk =+ 6,)
k=1

where:
T = Breathing period (3.29 s for males, 3.19 s for females)

Q = Airflow rate at the mouth inlet
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Qmax = Maximum airflow rate during a breathing period (263.1 L/min for males, 161.6

L/min for females)

Qo = Average airflow rate over time

Qk and 6k [rad] = Amplitude and phase of the k-th harmonic
The transient airflow profile used in this study is characterized by the first 10 harmonics for
fitting the measured flow rate profiles, as detailed in Table 3.2. These parameters provide an
accurate representation of the female breathing pattern applied at the tracheal inlet.

Table 3. 2: Parameters of the First 10 Harmonics for Female Realistic Breathing

k Qxk Ok

0 -0.0042 -

1 0.50378 0.784149
2 0.273449 -0.09948
3 0.153554 -0.64609
4 0.072959 -1.14653
5 0.040757 -0.89197
6 0.035664 -1.03963
7 0.028894 -1.29181
8 0.021874 -1.69532
9 0.009872 -1.7888
10 0.007308 -1.57803

The volume flow rate and velocity profiles representing the realistic breathing pattern during
aerosol inhalation are shown in Figure 3.5 and Figure 3.6, respectively. The volume flow rate
profile was derived from the transient airflow model at the tracheal inlet. To obtain the
corresponding velocity profile, the volume flow rate was divided by the cross-sectional area of
the inlet (202.9673 mm?2). The cross-sectional area of the tracheal inlet was measured directly

from the reconstructed lung geometry.
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Figure 3.5: Realistic Aerosol Breathing Pattern for Female (Volume Flow Rate vs.
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Figure 3. 6: Velocity Profile vs. Time for Realistic Aerosol Breathing
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3.4.4 Particle Properties and Injection Settings

In this study, aerosol particles were injected at the tracheal inlet surface using Fluent’s surface
injection method. For each simulation, a monodisperse aerosol distribution was used, with one
particle size selected per simulation run. The particle sizes investigated were 3 um, 5 um, 7
pm, 9 um, and 10 um. Each simulation was performed separately for each particle size.

The physical properties of the aerosol particles were defined as spherical particles with a
density of 1000 kg/m3, representing typical pharmaceutical dry powder aerosols. A total of
17,000 particles were injected for each simulation.

An instantaneous injection approach was adopted, where all particles were released at the
beginning of the inhalation phase (start time = 0 s, stop time = 0 s). Although Fluent’s DPM
interface allows specification of a constant diameter (which was set at its default value of 10
pm), this setting was only used internally for mass flow rate calculation. The actual particle
size was defined directly in the injection settings for each simulation case.

The total injected mass was calculated based on the default constant diameter using the volume

of a perfect sphere:

Particle volume= %nd3
Mass of one particle= %71(10><10‘6 m)3 x1000 kg/m?®

Total mass=17,000x %71(10><1O‘6 m)® %1000 kg/m®=8.901179x10 % kg

Since the injection was performed over a single time step of 0.01 s, the corresponding mass

flow rate applied in Fluent was calculated as:

Total mass _ 8.901179%X10-9
= kg/s
0.01s

Mass flow rate=

This mass flow rate was specified to ensure that 17,000 particles were released instantaneously
at the start of the simulation.

Gravity and drag forces were included in the particle tracking calculations to capture inertial
and gravitational effects on particle motion. Brownian motion, Saffman lift, and virtual mass
forces were neglected, as these effects are typically insignificant for particles within the studied
size range (3-10 pm).

3.4.5 Discrete Phase Boundary Conditions

For the discrete phase, specific boundary conditions were assigned to accurately model
particle-wall interactions and track deposition in different lung regions.

The airway walls were divided into multiple zones corresponding to the lobes and trachea. A
trap boundary condition was applied to all wall surfaces, assuming that any particle coming
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into contact with the airway walls would adhere and deposit. This assumption is justified for
aerosol particles in the respiratory system, where wall impaction often leads to deposition due
to the presence of mucus layers lining the airways, which facilitate particle capture and prevent
rebound or resuspension. Applying the trap condition allowed direct quantification of
deposition by monitoring the number of particles trapped on each lobe-specific wall region.
At the outlet boundaries, located at the distal ends of the lobar bronchi, an escape boundary
condition was assigned. This condition assumes that any particle exiting the domain at these
outlets leaves the respiratory system and does not return for subsequent deposition. This is
consistent with physiological airflow, where particles not deposited in the conducting airways
may pass into deeper lung regions not included in the current model or may be exhaled during
the breathing cycle.

Atthe inlet (tracheal inlet), a reinjection condition was applied automatically by ANSY'S Fluent
to allow proper particle tracking in transient simulations. Since the injection was performed
instantaneously at the beginning of inhalation, no additional particles entered after the initial
release; however, the reinjection setting ensured that any particles crossing the inlet plane
during the transient solution were correctly handled.

This boundary condition configuration allowed for accurate determination of regional
deposition by directly counting the number of particles trapped in each lung lobe and
identifying particles that exited the system through the outlets.

3.4.6 Modeling Body Orientations

To investigate the influence of body posture on aerosol deposition, simulations were conducted
for three different body orientations: upright, dorsal, and lateral. The anatomical geometry of
the lung remained unchanged across all cases. Instead, posture was represented by altering the
direction of gravitational acceleration within ANSY'S Fluent, while keeping the geometry and
boundary conditions fixed.

For the upright orientation, gravity was applied along the negative Z-direction (-Z),
corresponding to a standing or seated posture (Figure 3.7). In this configuration, gravitational
settling occurs vertically downward, aligning with natural anatomical orientation.

In the dorsal orientation, representing a supine posture (lying on the back), gravity was
reassigned to the positive Y-direction (+Y), simulating a shift in the gravitational vector
perpendicular to the upright posture (Figure 3.8). This change reorients the influence of gravity

such that particles experience settling toward the posterior lung surface.
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The lateral orientation simulates a person lying on one side, with gravity directed along the
positive X-direction (+X) (Figure 3.9). In this posture, gravitational forces act laterally across
the lungs, modifying the deposition distribution due to sideways sedimentation.

In all orientations, the magnitude of gravitational acceleration was maintained at 9.8 m/s2. By
modifying only the direction of gravity and not the geometry or flow conditions, the effects of
posture-induced gravitational variation on particle behavior were isolated. This approach
allowed a systematic analysis of how body position influences regional aerosol deposition
within the lungs.

N

Figure 3.7: Upright orientation (gravity applied along -Z direction)
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Figure 3. 8: Dorsal orientation (gravity applied along +Y direction)

n

Figure 3.9: Lateral orientation (gravity applied along +X direction)
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3.5 Post-Processing and Deposition Analysis

Following the completion of each simulation, the deposition results were analyzed based on
the output provided in the ANSYS Fluent console and reports. Fluent’s discrete phase tracking
automatically recorded the number of particles that were trapped, escaped, or remained in the
domain at the end of the transient simulation. In all cases, particles were either trapped or
escaped by the end of inhalation.

The Fluent console summary provided the total number of particles trapped on wall surfaces
and the number of particles that escaped through the outlet boundaries. As the number of
particles injected was constant at 17,000 in all cases, the deposition efficiency was calculated

using the following expression:

Number of deposited aerosols

Deposition efficiency, n (%) = x 100

Total number of injected aerosols at the inlet
For regional analysis, the airway walls were predefined as distinct zones corresponding to
individual lung lobes and the trachea. Fluent’s DPM summary and surface reports were used
to extract the number of trapped particles in each zone, allowing for direct calculation of lobe-
specific deposition efficiencies using the same formula.

Particles that escaped through the outlets were considered to have exited the domain and were
not included in the deposition efficiency calculations.
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Chapter 04

Results and Discussion

4.1 Overview of Regional Deposition Data
Various lung lobes have different deposition efficiencies for aerosol particles based on the body
orientation of the inhaler user. However, in the case of the entire lung’s efficiency, posture-
related changes seem to have little effect. In regard to behavior, it is clear that there are
dependencies in the size of the particle, since smaller ones would have lower efficiencies
compared to larger ones. For this study, three body positions were paired with five different
particle sizes (3 — 10 um), and in all cases, deposition increased alongside particle size.
There is evidence suggesting that changing the orientation of the body may assist with the
targeted delivery of certain drugs based on the pose. For inhaled drugs, optimization of regional
deposition has been associated with a reasonable body position for inhalation, thereby
facilitating enhanced delivery. These findings can be efficiently applied toward the
advancement of precision aerosol-based therapy treatment.
Tables 4.1-4.3 summarize the regional deposition data obtained for upright, dorsal, and lateral
positions. The subsequent sections analyze these data to explore particle size dependency,
regional distribution patterns, and the effects of postural transitions on aerosol deposition.
Table 4.1: Deposition Efficiency in Upright Position

Region 3 pum Spum 7 um 9 um 10 pm

Right Upper Lobe 1.21% 7.12% 15.34% 22.064% 23.44%
Right Middle Lobe 0.64% 4.55% 10.41% 18.88% 22.58%
Right Lower Lobe 0.14% 6.52% 12.74% 13.23% 11.53%
Total Right Lung 1.99% 18.19% 38.48% 54.174% 57.55%
Left Upper Lobe 1.63% 9.55% 19.2% 23.04% 23.7%

Left Lower Lobe 0.717% 2.87% 3.57% 1.91% 1.28%

Total Left Lung 2.347% 12.42% 22.771% 24.95% 24.98%
Total Deposition 4.337% 30.61% 61.25% 79.124% 82.53%

[66]



Table 4.2: Deposition Efficiency in Dorsal Position

Region 3um Sum 7 um 9 um 10 pm
Right Upper Lobe 1.08% 7.094% 15.15% 22.1% 23.63%
Right Middle Lobe 0.74% 4.435% 10.68% 19.2% 22.27%
Right Lower Lobe 0.088% 7.094% 12.3% 13.34% 12.31%
Total Right Lung 1.908% 18.058% 38.13% 54.64% 57.21%
Left Upper Lobe 1.923% 9.817% 19.5% 23.43% 24.19%
Left Lower Lobe 0.823% 3.088% 3.47% 1.88% 1.15%
Total Left Lung 2.746% 12.905% 22.97% 25.31% 25.34%
Total Deposition 4.654% 30.963% 61.1% 79.95% 82.55%

Table 4.3: Deposition Efficiency in Lateral Position

Region 3 um 5 um 7 um 9 um 10 pm
Right Upper Lobe 1.058% 7.223% 15.78% 22% 23.72%
Right Middle Lobe 0.864% 4.68% 10.65% 18.93% 22.43%
Right Lower Lobe 0.053% 6.37% 11.87% 13.21% 11.91%
Total Right Lung 1.975% 18.273% 38.3% 54.14% 58.06%
Left Upper Lobe 1.776% 9.63% 18.68% 22.86% 23.37%
Left Lower Lobe 0.817% 2.911% 3.8% 1.78% 1.15%
Total Left Lung 2.593% 12.54% 22.48% 24.64% 24.52%
Total Deposition 4.568% 30.814% 60.78% 78.78% 82.58%

4.2 Influence of Particle Size on Deposition Behavior

In the upright posture, aerosol deposition efficiency exhibits a strong, non-linear dependence
on particle size across all lung regions. As particle diameter increases from 3 pm to 10 um,
total deposition efficiency rises markedly from 4.34% to 82.53%. This pronounced increase

can be attributed to the growing inertial effects of larger particles, which enhance their tendency
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to deviate from airflow streamlines and impact airway surfaces. The deposition trend
accelerates most notably between 3 um and 7 um, where total deposition efficiency escalates
from 4.34% to 61.25%, highlighting a regime of rapid transition dominated by inertial
impaction. Beyond 7 pm, deposition continues to increase but at a diminishing rate,
approaching a plateau as size-dependent enhancement in deposition becomes less significant.
This trend is clearly illustrated in Figure 4.1, which depicts the variation of deposition
efficiency with particle size across all lung lobes in the upright position.

Regionally, the right lung generally demonstrates higher deposition efficiency than the left for
particle sizes larger than 3 pm. At 10 um, the total deposition in the right lung reaches 57.55%,
in contrast to 24.98% in the left lung. Among the right lung lobes, the Right Upper Lobe (RUL)
and Right Middle Lobe (RML) exhibit substantial deposition growth with increasing particle
size, reaching 23.44% and 22.58%, respectively, at 10 pm. The Right Lower Lobe (RLL),
however, peaks at 13.23% for 9 um particles and exhibits a slight decline to 11.53% at 10 um,
potentially due to gravitational effects and flow redistribution. On the left side, the Left Upper
Lobe (LUL) contributes most significantly to deposition, with efficiency rising from 1.63% to
23.7% across the particle size range. Conversely, the Left Lower Lobe (LLL) shows minimal
deposition and even a decrease beyond 7 um, reducing from 3.57% to 1.28%. This asymmetry
between lobes and lungs is likely influenced by anatomical geometry, branching angles, and
variations in airflow distribution. Collectively, the data presented in Figure 4.1 underscore the
critical role of particle size in determining regional and total deposition patterns under upright

conditions.
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Aerosol Deposition vs. Particle Size (Upright Position)
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Figure 4.1:Deposition efficiency variation with particle size (upright position)
A similar pattern is observed in the dorsal position, as illustrated in Figure 4.2, where
deposition efficiency increases with particle size across all lung lobes. While the overall trend
aligns with a gradual plateau, some regional variations are noteworthy. The right lung continues
to exhibit higher deposition than the left, with the right upper and middle lobes showing firm
increases. Specifically, the total right lung deposition increases from 1.91% at 3 pm to 57.21%
at 10 um, while the left lung increases from 2.75% to 25.34% over the same particle size range.
Among individual lobes, the right upper lobe reaches 23.63% at 10 pm, comparable to the left
upper lobe’s 24.19%. The right lower lobe displays a mild peak at 9 pum (13.34%) followed by
a slight decline, and the left lower lobe continues to record the lowest deposition, dropping
beyond 7 um. Total deposition across both lungs reaches 82.55% at 10 um, nearly identical to
the upright case. These findings further highlight the inertial influence of larger particles, with

positional changes producing only minor variations in deposition distribution patterns.
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Aerosol Deposition vs. Particle Size (Dorsal Position)
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Figure 4.2: Deposition efficiency variation with particle size (Dorsal position)

In the lateral position, the deposition trend similarly reflects a particle size-dependent increase,
as demonstrated in Figure 4.3. The total deposition rises sharply from 4.57% at 3 pm to 82.58%
at 10 um, showing remarkable consistency with the dorsal and upright cases. Regionally, the
right lung continues to dominate deposition, with its total rising from 1.98% at 3 um to 58.06%
at 10 pm. The right upper lobe again shows a strong response to particle size, peaking at
23.72%, while the right lower lobe slightly decreases beyond 9 um. The left lung, though
recording lower overall deposition, demonstrates a comparable trend with increasing particle
size—reaching 24.52% at 10 um. However, the left lower lobe remains the least efficient,
dropping below 2% for larger particles. These findings confirm that while body orientation
influences the magnitude and regional distribution of aerosol deposition to some extent, the

dominant role of particle inertia remains consistent across postures.
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Aerosol Deposition vs. Particle Size (Lateral Position)
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Figure 4.3: Deposition efficiency variation with particle size (Lateral Position)

4.3 Regional Distribution Patterns under Different Body Orientations

Understanding how aerosol deposition distributes among different lung regions under varying
body orientations offers crucial insights into optimizing therapeutic delivery and assessing
exposure risks. Unlike total deposition efficiency, which is primarily governed by particle size
and inertia, regional deposition patterns are strongly influenced by the flow path geometry,
gravitational alignment, and airway branching asymmetry. In this section, we analyze the
spatial distribution of aerosol deposition across the five lung lobes for multiple particle sizes,
comparing how upright, dorsal, and lateral orientations influence deposition behavior. The
analysis begins with the 3 um case, which, due to its small size and relatively low inertia, is
expected to highlight the influence of airflow and anatomical path length more than
gravitational sedimentation.

As shown in Figure 4.4, for 3 um particles, the left upper lobe (LUL) consistently receives the
highest deposition across all three orientations—1.63% in upright, 1.92% in dorsal, and 1.77%
in lateral. In contrast, the right lower lobe (RLL) shows minimal deposition, especially in the
lateral (0.053%) and dorsal (0.088%) positions.

Interestingly, while RUL shows relatively uniform deposition (1.06—-1.22%) across positions,
the right middle lobe (RML) deposition gradually increases from upright (0.64%) to lateral
(0.86%), likely due to slight gravitational shifts in flow partitioning. The left lower lobe (LLL)
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also shows consistent values across all positions (approximately 0.74-0.82%), indicating
limited orientation sensitivity at this particle size.

These results suggest that for smaller particles, deposition is influenced more by geometric and
flow dynamics rather than body posture, although subtle redistribution due to orientation
changes is evident.

Regional Deposition at 3 um
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Figure 4.4: Regional Aerosol Deposition at Different Body Orientations for Particle Size
3 um

With an increase in particle size to 5 pm, deposition patterns shift noticeably, reflecting the
growing influence of gravitational sedimentation and inertial impaction. As illustrated in
Figure 4.5, the overall deposition efficiency increases across all lobes compared to the 3 um
case, and the effect of body orientation becomes more prominent.

The left upper lobe (LUL) again receives the highest regional deposition in all three
orientations, rising to 9.81% in the dorsal, 9.63% in lateral, and 9.55% in upright. The
enhancement under dorsal and lateral conditions can be attributed to gravitational settling along
the dominant airflow paths when the body is reoriented, especially favoring upper lobes.

The right upper lobe (RUL) shows deposition values of 7.12% (upright), 7.094% (dorsal), and
7.22% (lateral). Interestingly, the right middle lobe (RML) also shows increasing deposition in
lateral position (4.68%) compared to upright (4.55%) and dorsal (4.43%), suggesting a shift in
flow toward the middle lobe under lateral tilt, potentially due to airway curvature and
gravitational redistribution.
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The right lower lobe (RLL) exhibits a significant deposition rise in the dorsal (7.09%) and
upright (6.52%) positions, while the lateral position leads to a higher deposition (6.37%) than
seen with 3 um but still lower than upper lobes, likely due to longer path length and gravity
opposing flow access in the lateral orientation.

Left lower lobe (LLL) deposition remains modest, increasing to 2.87% (upright) and 2.91%
(lateral), while dorsal positioning slightly enhances it to 3.08%, suggesting minor sensitivity to
posture at this size in lower lobe pathways.

Overall, the 5 um particle data reveal that gravitational effects begin to distinctly influence
deposition patterns.

Regional Deposition at 5 um
10

0 III III III |||
RUL RML RLL LuL

Region

Orientation
mmm Upright
mmm  Dorsal
mm Lateral

Deposition (%)
[=3] [=2]

o~

%]

LLL

Figure 4.5: Regional Aerosol Deposition at Different Body Orientations for Particle Size
Sum

As particle size increased to 7 um, the deposition efficiency rose markedly across all lung lobes
and body orientations. This size threshold appeared to significantly amplify gravitational
sedimentation effects, further influencing the distribution of aerosols.

In the lateral position, the right upper lobe (RUL) showed a substantial increase in deposition
to 15.78%, while the right middle lobe (RML) and right lower lobe (RLL) reached 10.65% and
11.87%, respectively. Notably, the left upper lobe (LUL) demonstrated the highest single-lobe
deposition at 18.68%, reinforcing its sensitivity to orientation. Conversely, the left lower lobe
(LLL) remained low at just 3.8%, suggesting persistent underexposure due to gravitational
displacement of flow.
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For the dorsal position, similar tendencies were observed, with RUL and LUL both showing
elevated deposition, while LLL again had minimal efficiency. In the upright orientation,
deposition values were more evenly spread across lobes but generally lower than in the other
two orientations—highlighting how horizontal body positions enhance particle settling.

Total deposition efficiency at 7 um reached 60.78% in the lateral position, a significant rise
from the 30.81% observed at 5 pm, suggesting this size falls within an optimal range for
maximizing overall lung deposition. Total right lung contribution dominated over the left in all
orientations, especially in the lateral position, where the right side alone accounted for 38.3%
of the total. The regional deposition behavior at 7 um is clearly illustrated in Figure 4.6, which

presents the spatial distribution of aerosol across lung lobes at different body orientations.
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Figure 4.6: Regional Aerosol Deposition at Different Body Orientations for Particle Size
7 um

At a particle size of 9 um, deposition efficiency further intensified, continuing the trend of
sharp increases observed between 5 um and 7 pm. The influence of inertial impaction became
more pronounced, with particles increasingly deviating from airflow streamlines and
depositing along airway walls.

In the lateral position, the right upper, middle, and lower lobes registered depositions of
22.00%, 18.93%, and 13.21%, respectively, collectively comprising 54.14% for the right lung
alone. The left lung contributed notably less, with the upper lobe reaching 22.86%, while the
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lower lobe dropped to 1.78%. This stark asymmetry emphasizes how particle inertia, combined
with lateral gravitational effects, favors the right-sided airways.

In the dorsal orientation, the pattern remained similar, with the right lung again showing
dominant deposition. RUL reached 22.1%, and RML and RLL also maintained elevated levels.
The left upper lobe (23.43%) nearly equaled the RUL, suggesting dorsal positioning may
partially redistribute airflow to upper lobes. However, the left lower lobe maintained minimal
deposition (1.88%), indicating a consistent anatomical disadvantage for large particle access.
In the upright posture, while the overall deposition rose to 79.12%, distribution became more
balanced across lobes. Nevertheless, the right lung (54.17%) again surpassed the left in
deposition share. The trend illustrates how vertical posture, while moderating gravitational
extremes, still allows particle inertia to shape regional outcomes.

Overall, 9 um particles demonstrated strong lobe-dependent and orientation-sensitive
deposition behavior. The total deposition remained high and consistent across all orientations

(78-80%), underscoring the dominant role of inertial and gravitational forces at this size.

At a particle size of 9 um, deposition efficiency further intensified, continuing the trend of
sharp increases observed between 5 um and 7 pm. The influence of inertial impaction became
more pronounced, with particles increasingly deviating from airflow streamlines and
depositing along airway walls.

In the lateral position, the right upper, middle, and lower lobes registered depositions of
22.00%, 18.88%, and 13.23%, respectively, collectively comprising 54.17% for the right lung
alone. The left lung contributed notably less, with the upper lobe reaching 23.04%, while the
lower lobe dropped to 1.91%. This stark asymmetry emphasizes how particle inertia, combined
with lateral gravitational effects, favors the right-sided airways.

In the dorsal orientation, the pattern remained similar, with the right lung again showing
dominant deposition. RUL reached 22.1%, and RML and RLL also maintained elevated levels.
The left upper lobe (23.43%) nearly equaled the RUL, suggesting dorsal positioning may
partially redistribute airflow to upper lobes. However, the left lower lobe maintained minimal
deposition (1.88%), indicating a consistent anatomical disadvantage for large particle access.
In the upright posture, while the overall deposition rose to 79.12%, distribution became more
balanced across lobes. Nevertheless, the right lung (54.17%) again surpassed the left in
deposition share. The trend illustrates how vertical posture, while moderating gravitational

extremes, still allows particle inertia to shape regional outcomes.
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Overall, 9 um particles demonstrated strong lobe-dependent and orientation-sensitive
deposition behavior. The total deposition remained high and consistent across all orientations
(78-80%), underscoring the dominant role of inertial and gravitational forces at this size. This
pattern is visualized in Figure 4.7, which depicts the regional deposition distribution for 9 pm
particles across the three body orientations.
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Figure 4.7: Regional Aerosol Deposition at Different Body Orientations for Particle Size
9 um

At 10 um, the deposition efficiency reached its peak values, but the change from 9 um was
modest, suggesting a plateau in the deposition response. The overwhelming influence of inertia
and gravity causes particles of this size to deviate sharply from airflow and settle primarily in
the proximal and upper regions of the lungs.

In the lateral position, the total deposition was highest (82.58%), with the right upper (23.72%)
and middle (22.43%) lobes exhibiting the largest contributions. The left upper lobe recorded
23.37%, but the left lower lobe remained minimal (1.15%).

Similarly, the dorsal posture showed 82.55% total deposition, nearly identical to the lateral
case. The upper lobes, particularly RUL (23.63%) and LUL (24.19%), dominated deposition.
The left lower lobe, consistent with other cases, contributed only 1.15%.

In the upright position, deposition reached 82.53%. Right and left lung contributions were
57.55% and 24.98%, respectively, with the upper lobes again absorbing the majority of

particles. As with 9 um, the variation in distribution with orientation became minimal.

[76]



These observations are supported by Figure 4.8, which illustrates the regional aerosol

deposition patterns for 10 um particles across the three body positions.
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Figure 4.8: Regional Aerosol Deposition at Different Body Orientations for Particle Size
10 um

Collectively, the regional distribution patterns across all body orientations and particle sizes
reveal distinct and consistent trends. As particle size increases, deposition becomes
increasingly localized to upper lobes, particularly on the right side, with the influence of body
orientation gradually diminishing at higher sizes. While smaller particles distribute more
diffusely and are sensitive to posture, larger particles concentrate in gravitationally favorable
regions due to their dominant inertia. This progression from dispersal to localization highlights
the complex interplay between particle dynamics and pulmonary geometry—a relationship
crucial for optimizing targeted aerosol delivery in clinical and research applications.

4.4 Differences in Deposition Efficiency Across Body Orientations

In this section, the effects of body orientation transitions on regional aerosol deposition are
analyzed by evaluating absolute and relative changes in deposition efficiencies between
upright, dorsal, and lateral postures for different particle sizes. The analysis aims to identify
specific particle sizes and lung lobes that benefit most from posture changes, providing insights
for potential optimization of targeted aerosol delivery. While absolute changes directly reflect
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the difference in deposition percentages, they are often small in magnitude and may appear
insignificant, particularly in lobes where overall deposition is already low. However, relative
changes offer a more comprehensive perspective by expressing these shifts as a percentage of
the initial deposition values, thereby capturing the true impact of body orientation on regional
deposition.

The absolute differences in deposition efficiency between upright and dorsal orientations are
presented in Figure 4.9. The left upper lobe (LUL) exhibits positive changes for all particle
sizes, with the magnitude increasing as particle size increases, reaching its maximum at 10 um
(+0.49%). The left lower lobe (LLL) also shows positive changes at smaller particle sizes,
specifically at 3 pm and 5 um. On the right side, the right upper lobe (RUL) presents small
positive changes for larger particle sizes (9 pm and 10 um), while the right lower lobe (RLL)
demonstrates positive changes at most particle sizes, with the largest increase observed at
10 um (+0.79%). Minor negative changes are seen for RLL at 3 pm and 7 pm.

Overall, an orientation-induced redistribution pattern is observed, where the total left lung
deposition increases when shifting from upright to dorsal, while the total right lung deposition

decreases for this transition.

Change: Upright — Dorsal

™ -0.13 0.10 -0.05 0.29 0.11

0.6
w003 012 BUEVAR 027 022 0.4
€
= a.:
W on
N -0.2 =
n o~ -0.19 0.27 0.30 -0.10 ©
) [}
< °
& -0.0
o 0.04 0.32 0.11 0.39 -0.03
- -0.2
=] 0.19 -0.31 -0.13
- 0.4
RUL RML RLL LUL LLL

Region

Figure 4.9: Heatmap of absolute differences in deposition efficiency from upright to dorsal
orientation across lung lobes and particle sizes
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In this study, significant relative changes were observed for this transition, with positive
changes reaching up to 17.98% and negative changes reaching up to 37.14% during the upright-
to-dorsal transition. These findings underscore the importance of considering both absolute and
relative changes to fully comprehend how body posture can influence targeted drug delivery.
These findings underscore the importance of considering both absolute and relative changes to
fully comprehend how body posture can influence targeted drug delivery. The corresponding
relative changes are illustrated in Figure 4.10, providing a visual representation of these
percentage-wise variations across lung lobes.
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Figure 4.10: Heatmap of relative differences in deposition efficiency from upright to dorsal
orientation across lung lobes and particle sizes

The absolute differences in deposition efficiency between upright and lateral orientations are
presented in Figure 4.11. The right upper lobe (RUL) shows the highest absolute increase at
7 um (+0.44%), while the right lower lobe (RLL) shows a notable positive change at 10 pm
(+0.38%). The right middle lobe (RML) exhibits positive changes for all particle sizes except
at 10 um, indicating a consistent sensitivity to posture changes across most sizes. The left lower
lobe (LLL) shows positive changes for smaller particles, specifically at 3 um, 5 um, and 7 pm.
Additionally, the left upper lobe (LUL) shows positive changes for 3 um and 5 um, though
these changes are smaller in magnitude.
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Figure 4.11: Heatmap of absolute differences in deposition efficiency from upright to lateral
orientation across lung lobes and particle sizes

The corresponding relative changes are illustrated in Figure 4.12. The most prominent relative
increase is observed in the right middle lobe (RML) at 3 pm, reaching +35%. The left lower
lobe (LLL) also demonstrates a considerable relative increase of +13.95% at 3 um, followed
by the left upper lobe (LUL) with a relative increase of +8.96% at 3 um. These results
emphasize that, despite small absolute changes, the lateral positioning can induce substantial
relative increases in certain lung regions for smaller aerosol sizes, particularly benefiting the

right middle lobe and the left lung lower regions.
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Figure 4.12: Heatmap of relative differences in deposition efficiency from upright to lateral
orientation across lung lobes and particle sizes

The absolute differences in deposition efficiency between dorsal and lateral orientations are
presented in Figure 4.13. In this transition, positive changes are generally limited and of small
magnitude. The right upper lobe (RUL) exhibits the highest positive change at 7 pm (+0.36%),
while the right lower lobe (RLL) shows no positive changes at any particle size. The right
middle lobe (RML) shows small positive changes across sizes but remains low overall. For the
left lower lobe (LLL), a minor positive change is observed only at 7 um (+0.33%), while the

left upper lobe (LUL) shows no positive change across any particle size in this transition.
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Figure 4.13: Heatmap of absolute differences in deposition efficiency from dorsal to lateral
orientation across lung lobes and particle sizes

The corresponding relative changes are illustrated in Figure 4.14. The most significant relative
increase is found in the right middle lobe (RML), reaching +16.67%. Additionally, the left
lower lobe (LLL) shows a notable relative increase of +9.51% at 7 um. These findings suggest
that dorsal-to-lateral transition induces only minimal deposition enhancements overall, with
modest benefits appearing primarily in the right middle lobe and left lower lobe at specific

particle sizes.
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Figure 4. 14: Heatmap of relative differences in deposition efficiency from upright to lateral
orientation across lung lobes and particle sizes

(82]



Overall, the posture-induced changes in regional deposition efficiency reveal that although
absolute differences are often small, relative changes can be significant for certain lobes and
particle sizes. Smaller particles (particularly at 3 um) demonstrate the highest sensitivity to
orientation shifts, with the right middle lobe (RML) and left lower lobe (LLL) frequently
showing notable relative increases. The observed variations underscore the importance of
considering both absolute and relative deposition changes when evaluating the influence of
body posture on targeted aerosol delivery.

4.5 Dominant Orientation for Regional Deposition

To further summarize the influence of body posture on regional aerosol deposition, the
dominant orientation for each lung region and particle size is identified and presented in Figure
4.15. This representation highlights, for each combination of particle size and lobe, which body
position results in the highest deposition efficiency.

The analysis reveals several notable trends. For smaller particles (3 um and 5 um), the lateral
position tends to dominate deposition in the right middle lobe (RML) and right upper lobe
(RUL), whereas the dorsal position shows dominance in several other lobes, including LUL
and LLL. At 7 um, deposition patterns begin to shift, with dorsal positioning emerging as
dominant across multiple lobes, particularly in the left lung. For larger particles (9 um and
10 um), the dorsal orientation becomes increasingly dominant for most lung regions, except
for some lobes such as RML and LLL, where upright positioning shows the highest deposition.
These results demonstrate that optimal body posture for maximizing aerosol deposition is not
uniform but highly dependent on both the particle size and the target lung region. This
highlights the potential to fine-tune inhalation therapy strategies by considering posture in

conjunction with particle size to improve targeted delivery outcomes.
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Dominant Orientation by Region and Particle Size
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Figure 4. 15: Dominant body orientation for maximum deposition efficiency across lung lobes and particle sizes
4.6 Discussion
This study investigated the effects of particle size and body orientation on regional aerosol
deposition using a realistic human lung model and transient inhalation profile. The results
provide several meaningful insights into aerosol behavior in the respiratory system, while also
revealing limitations and trade-offs associated with the modeling choices.
The most consistent finding across all orientations was the strong dependence of deposition
efficiency on particle size. Deposition increased non-linearly with size, with the most
significant gains observed between 3 um and 7 um, beyond which a plateauing behavior
emerged. This trend reflects the growing influence of inertial impaction and gravitational
sedimentation as particle mass increases. Such size-dependent behavior is a well-established
phenomenon and has been reported in a wide range of studies using both idealized and
anatomical models.
In addition, the results showed that the right lung consistently had higher deposition than the
left lung across all particle sizes and body positions. This matches what is commonly found in
other studies and is likely due to natural differences in lung anatomy. The right lung has a larger
volume and straighter airways, which makes it easier for particles to travel there. While we
cannot make direct comparisons with previous studies because this study uses a unique
combination of realistic lung shape, breathing pattern, and body position, the overall trends are
similar to what is reported in existing research.
Despite the valuable findings, this study has several limitations that must be acknowledged.

One key limitation is the assumption of a constant breathing profile across all body orientations.
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In reality, posture can influence lung compliance and respiratory mechanics, potentially
altering the inhalation flow rate and distribution. However, given the focus on gravitational and
inertial effects and the relatively small expected impact of posture on the breathing waveform,
this assumption is considered a reasonable simplification.

Another important limitation is the exclusion of the mouth-throat and laryngeal regions from
the simulation domain. These upper airway sections are known to cause significant particle
losses due to inertial impaction, especially for larger aerosols. As a result, the total deposition
efficiencies reported here are not representative of complete respiratory tract deposition.
Nonetheless, this modeling choice provides a strategic benefit: by bypassing the upper airway
losses, the simulation allows a larger fraction of particles to reach the tracheobronchial tree,
enabling clearer observation of how gravity and airflow dynamics affect deposition in the lower
lungs.

This compromise offers insights that would otherwise be masked by upstream losses.
Moreover, considering that excessive deposition in the mouth-throat region reduces the
effectiveness of inhaled drugs, this study can offer guidance for the development of advanced
inhalation devices. If aerosol delivery systems can be engineered to bypass or minimize upper
airway deposition, the findings of this study would become highly relevant for optimizing drug
delivery to targeted regions of the lung.

In summary, this study demonstrates how particle size and body posture interact to shape
aerosol deposition patterns in the lungs. The findings confirm trends widely observed in the
literature, such as the size-dependent increase in deposition efficiency and the dominance of
the right lung in deposition, while also introducing a novel perspective by evaluating posture
effects using realistic geometry and breathing. The insights gained here have implications for
both respiratory drug delivery and inhalation exposure assessments, and they highlight the
potential benefits of integrating posture control and device optimization into therapeutic

strategies.

[85]



Chapter 05

Conclusion

This study investigated the impact of body orientation and particle size on aerosol deposition
in a realistic human lung model, utilizing a realistic aerosol breathing profile. Simulations were
performed for upright, dorsal, and lateral postures with particle sizes ranging from 3 um to 10
pm.

The results showed that deposition efficiency increases significantly with particle size, with the
most rapid increase observed between 3 um and 7 pm, after which the rate of increase slows
down. Although the overall deposition did not vary greatly across body orientations, regional
deposition patterns showed notable changes. The right lung consistently received more aerosol
than the left lung in all postures and across all particle sizes. In addition, the upper lobes of
both lungs demonstrated higher deposition than the lower lobes, especially for larger particles.
These findings suggest that body orientation can influence the distribution of inhaled particles
within the lungs, particularly for smaller particles. This insight could be useful for optimizing
targeted drug delivery, especially if inhalation devices can be designed to reduce losses in the
upper airway and direct more aerosol into specific lung regions.

While the exclusion of mouth-throat region limits the accuracy of total deposition values, it
allowed clearer observation of how particle dynamics interact with lung geometry and gravity.
Overall, this study provides a foundation for future research aimed at improving aerosol
delivery strategies through posture control and particle design. Further work could include
complete airway geometry, variable breathing conditions, and experimental validation to

enhance the applicability of the results.
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