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ABSTRACT

This study employs a large-eddy simulation (LES) strategy to investigate airflow and

aerosol dynamics in the human upper airways using a truncated SimInhale configuration.

Inflow conditions include three steady inhalation flow rates (14.2, 53.2, and 71 L/min),

representing quasi-laminar, moderate, and high turbulence conditions, and a realistic cyclic

breathing scenario. Under steady flow, monodisperse (1–10 µm) and polydisperse aerosols

are analyzed. The study shows that complex airflow dynamics directly influence aerosol

transport and deposition, causing global deposition to increase nonlinearly with particle size

and Reynolds number, with the larynx being a primary deposition location in turbulent cases.

For the polydisperse analysis using uniform, Gaussian, and Rosin-Rammler distributions, the

Rosin-Rammler yielded the lowest deposition, while the uniform had the highest. Simulation

of the realistic breathing cycle with monodisperse particles shows that deposition occurs

almost entirely during the inspiratory phase, with the expiratory phase acting as a clearance

mechanism.
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CHAPTER 1

INTRODUCTION

In this chapter, the background and motivation of this study are discussed. Following

this, the technical objectives are described. Finally, an outline of this thesis is presented.

1.1 Background and Motivation

Pulmonary diseases such as asthma, cystic fibrosis, chronic obstructive pulmonary

disease (COPD), pulmonary infection, and lung tumors occur due to the combined effects of

anatomical modifications of the airways, bronchial hyper-responsiveness, inflammation, and

basilar airflow reduction [3–5]. Such diseases can lead to significant mortality. For example,

it is estimated that nearly 65 million people suffer from COPD, leading to about 3 million

deaths worldwide [6]. Therefore, timely diagnosis and effective treatment of such diseases

are vital to reducing mortality. Several pulmonary diseases can be treated by employing

aerosolized drug delivery [7–10], where an improved regional deposition of the inhaled drug

is key to maximizing the efficiency and minimizing the side-effects of the inhaled drugs.

Although recent advancements in the radiological imaging techniques such as magnetic res-

onance imaging (MRI), positron emission tomography (PET), quantitative computed to-

mography (QCT), high-resolution computed tomography (HRCT), etc., have enabled an

objective assessment of the phenotype of airways and other anatomical features through in
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vivo and in vitro measurements, the required information for an effective treatment still

tends to be limited. To this end, computational tools can be immensely useful to predict

airflow and localized deposition in the respiratory airways as well as in the peripheral regions

to optimize the effectiveness of the inhaler therapies. The focus of this study is to examine

the effects of inflow conditions on the airflow and aerosol dynamics within the upper airways

of a realistic human airway.

Aerosol deposition within pulmonary flows corresponds to the broader category of

dispersed multiphase flows, which comprise a carrier phase and a disperse phase [11–13].

Such flows can be classified as a dilute suspension, a dense suspension, or a granular flow

depending upon the mass and the volume loading of the dispersed phase. We consider

a dilute suspension approximation with a one-way coupling, which is usually considered

adequate for such flows within the respiratory airways [1, 14, 15]. In such cases, only the

carrier phase affects the evolution of the aerosol particles. Numerical prediction of such flows

is still extremely challenging due to the added complexity of the aerosol dynamics to the

evolution of the carrier phase flow. In particular, the flow field within pulmonary regions

exhibits the presence of features such as laminar to turbulent transition, separation, re-

circulation, shear layers, etc., which are difficult to predict by computational models. Such

flow features, in turn, directly affect the aerosol dynamics, thus increasing the difficulties to

realize a predictive computational strategy.

For the computational modeling of pulmonary flows with aerosol particles, two pri-

mary computational frameworks are commonly employed, namely, Eulerian–Lagrangian (E-
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L) and Eulerian–Eulerian (E-E) approaches [7, 16]. In both these frameworks, the carrier

phase is modeled using an Eulerian approach; however, the treatment of the dispersed phase

differs. In the E-E framework, the dispersed phase is treated as a continuum, with its

transport equations solved in an Eulerian manner. In contrast, the E-L approach tracks

the evolution of individual particles (or parcels) in a Lagrangian manner. In this study, we

adopt the E-L formulation to capture particle dynamics, which facilitates robust modeling

of turbulence-induced dispersion, polydispersity, and particle collisions [1, 17, 18].

Within the E-L framework, typically, a point-particle strategy is utilized to track the

evolution of particles. Additionally, a variety of computational approaches have been used to

simulate the carrier phase flow, which differ in fidelity and computational cost. These include

direct numerical simulation (DNS), large-eddy simulation (LES), and Reynolds-averaged

Navier-Stokes (RANS) techniques. DNS resolves all pertinent spatial and temporal scales

and is therefore ideal for fundamental studies at low to moderate Reynolds numbers [19–22]

or simplified geometries [23]. LES, by contrast, explicitly computes the large-scale structures

while modeling the subgrid-scale (SGS) effects, and RANS approximates all turbulent fluc-

tuations. Although RANS-based approaches, such as the low Reynolds number two-equation

models combined with appropriate near-wall corrections [24] and the use of stochastic con-

tinuous random walk (CRW) model based on the normalized Langevin equation for particle

dispersion [25] can yield results comparable to LES, previous studies have demonstrated that

LES generally outperforms RANS in predicting aerosol deposition [1, 18, 26, 27]. Therefore,

we employ the point-particle LES strategy in the present study for simulating the airflow.
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Past LES-based studies [1, 28–32] have explored different aspects of airflow and aerosol

deposition in airways. Matida et al. [28] studied an idealized mouth–throat model and

showed that LES captured the transient vortical flow emerging after the oral airway con-

striction, leading to improved deposition results compared to RANS [17] that agreed with in

vitro measurements. Jin et al. [33] studied the human upper respiratory tract and observed

that the increase of particle diameter, particle density, and breathing intensity improved

deposition efficiency in the upper region, in agreement with the experimental results. Ja-

yaraju et al. [29] also demonstrated the advantages of LES compared to RANS in simulating

aerosol transport through the extrathoracic airways by performing a detailed comparison

of turbulence modeling strategies in a realistic mouth-throat geometry. In particular, it

was observed that LES agreed better with the particular image velocimetry (PIV) results

in capturing the flow field in the pharynx region, thus leading to improved particle depo-

sition predictions, especially for smaller inhaled droplets below 5 µm. Lambert et al. [30]

studies a patient-specific CT-based model of the human respiratory tract, encompassing the

mouth, larynx, and a seven-generation bronchial tree, and observed a good agreement of the

aerosol deposition with prior experimental data in a multi-generation cast (e.g., [34]). An

asymmetry was observed in deposition within lungs, which was attributed to the laryngeal

jet flow and anatomical asymmetry in the bronchial tree. These results underscore the im-

portance of considering patient-specific airways, which can reveal subtle deposition patterns

during aerosolized drug delivery due to the interaction of flow with the variations in the

anatomy. Ghahramani et al. [31] studied a realistic model of human upper airways using
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LES and RANS and observed that secondary flows affect particle deposition, especially in

the oropharynx and larynx regions, and prediction by LES compared better with experiment

due to its ability to accurately capture secondary flow regions. Koullapis et al. [1] carried

out a collaborative benchmarking study by considering the SimInhale geometry and com-

paring different LES and RANS strategies. The study showed that for steady inhalation of

micron-scale particles, certain RANS turbulence models tend to capture the overall trend

and hot spots of deposition. However, they tend to over-predict total deposition relative to

LES when compared to experimental results.

Apart from steady inhalation conditions, LES has also been employed to examine

aerosol delivery under special breathing conditions and airway configurations. For example,

Farnoud et al. [32] simulated pulsating inhalation through a patient-specific nasal airway

and examined two nasal inhaler designs to identify optimal design and breathing protocols.

These results highlight the efficacy of LES for such optimization studies, as it can accurately

capture unsteady flow dynamics (e.g., oscillatory jets, vortex shedding) that influence the

transport and deposition of aerosolized medication deposits in the airways. Jin et al. [33]

used LES to compare steady and unsteady inflow conditions in a realistic upper respiratory

tract and reported that the deposition efficiency was better in the unsteady configuration.

Past LES-based studies have shown that in the extrathoracic airways, deposition

primarily occurs due to particle impaction on the airway walls—an effect driven by high ve-

locities and rapid changes in flow direction. Generally, larger particles deposit more readily

by impaction than smaller ones, while turbulent dispersion plays a crucial role in influencing
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the trajectories of smaller particles [35]. These studies have illustrated the need to employ

patient-specific, realistic human airways to accurately predict transport and deposition of

aerosol particles. However, to perform parametric computational studies of various aspects

of local/global deposition of aerosol particles, such as the effects of steady and unsteady in-

halation, size of particles, inhaler designs, polydispersity, etc., in the human upper airways,

the computational expense still tends to be high due to the complexities of the geometry.

Therefore, the first objective of this study is to establish a three-dimensional (3D) configura-

tion for human upper airways that can be utilized for efficient LES-based parametric studies.

Specifically, we consider a truncated geometry corresponding to the SimInhale configuration,

which comprises the inlet, nasal cavity, pharynx, larynx, trachea, and carina regions. Such

an approach allows us to examine the airflow and deposition characteristics efficiently with-

out the computational expense of simulating all generations of the airway tree. It has also

been employed in previous studies [36–38] where a hybrid 3D/1D modeling technique was

used to efficiently simulate the flow in the upper airways while using a network model for the

distal bronchi. We employ a point-particle wall-resolved LES strategy with the E-L frame-

work in the present study, where a mapped strategy is used to specify the inflow boundary

condition, and SGS effects for the carrier phase are accounted for by using the wall-adapting

local eddy viscosity (WALE) model [39]. The verification and validation study is performed

by comparing the results with a past study that simulated the complete SimInhale geometry

[1].
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The other objective of this study is to use the established LES strategy to examine the

effects of inflow conditions and particle size distributions (PSD) on the dynamics and statis-

tics of airflow, and transport and deposition of aerosol particles of different sizes within the

upper airways. Specifically, we first analyze three steady inhalation conditions with flow rate,

Qv = 14.2, 53.2, and 71 L/min, which leads to inflow Reynolds numbers, Re = 1000, 3745,

and 5000, respectively. The steady inflow conditions correspond to quasi-laminar, moderate

turbulence, and high turbulence conditions at the inlet. With these steady inhalation condi-

tions, we examine the deposition for both monodisperse (1 - 10 µm) and polydisperse particle

injections. Secondly, we implement a realistic breathing cycle at the inlet of the airway to

analyze how deceleration and flow reversal affect the airflow and particle deposition within

the airway. For all the cases considered in this study, we analyze first- and second-order

turbulence statistics of airflow, and global and local deposition of aerosol particles.

1.2 Key Technical Objectives

This thesis’s goal is to investigate airflow and aerosol dynamics in the human upper

airway using LES and an EL framework, as well as different inflow conditions and particle

injection strategies. The key technical objectives are:

• Validate the LES Strategy: The focus of this objective is to validate the LES-based

modeling strategy within the EL framework for a realistic human upper airway based

on the SimInhale benchmark configuration [1]. To validate the results, airflow at a

Reynolds number of 3745 is compared to results from literature, where first-order and

second-order statistics are used for comparison. Along with airflow, particle deposition

7



characteristics such as local and global deposition are also validated at this Reynolds

number.

• Analyze the Effects of Inflow Rates on Airflow and Deposition: In this ob-

jective, the effects of three inflow rates (Qv= 14.2, 53.2, and 71 L/min) corresponding

to quasi-laminar, moderate turbulence, and high turbulence conditions at the inlet on

airflow and particle behavior are analyzed. The goal of this analysis is to examine

how turbulence affects the airflow in terms of velocity and turbulent kinetic energy,

as well as the global and local deposition and secondary statistics for monodisperse

aerosol particles (1–10 µm). This will establish the coupled effects between Reynolds

and Stokes numbers on aerosol transport and deposition characteristics.

• Examine the Effects of Polydisperse Distributions on Deposition: Building

on the monodisperse results, this objective aims to examine how polydisperse par-

ticle distributions, which are more representative of realistic aerosol injection, such

as metered-dose inhalers, affect the particle deposition. This analysis is conducted

across all three flow regimes (Re=1000, 3745, and 5000) and uses Gaussian, Rosin-

Rammler, and uniform particle size distributions (PSD) for mean particle size of 5 µm.

To accomplish this objective, local and global depositions for both monodisperse and

polydisperse injection are compared.

• Analyze Airflow Dynamics and Aerosol Transport During Realistic Breath-

ing Cycles: The final objective of this thesis is to expand on the steady inflow con-

ditions and implement a physiologically realistic breathing cycle. This breathing cycle
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includes both inhalation and exhalation, which will aid in examining how deceleration

and flow reversal affect both airflow and local and global depositions in human airways.

1.3 Thesis Layout

The layout of this thesis, with a total of eight chapters, is as follows. A literature

review is presented in Chapter 2. In Chapter 3, the mathematical formulation and numerical

methodology employed in this study are discussed. Chapter 4 discusses the computational

setup of the flows and particle injection being simulated. Chapter 5 validates monodisperse

aerosols and airflow with steady inflow conditions using established studies and examines

aerosol transport and deposition comprehensively. In Chapter 6, polydisperse PSDs are ana-

lyzed, with a comparison of their local and global deposition to the corresponding monodis-

perse cases. Chapter 7 analyzes the effects of realistic breathing conditions for both airflow

and particle deposition. Lastly, the results of this study and possibilities for future research

are discussed in Chapter 8.
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CHAPTER 2

LITERATURE REVIEW

The accurate modeling of aerosol deposition and airflow in human respiratory sys-

tems has been achieved through the use of experimental, analytical, and computational

methods. Experimental methods such as in vitro studies using particle image velocimetry

(PIV), laser Doppler anemometry (LDA), and aerosol photometry can provide visualization

and quantification of airflow and deposition patterns. However, they are constrained by the

geometric complexity and limited spatial resolution [7, 15, 34]. Analytical approaches have

also been used, which, when based on simplified geometries, can yield insight into transport

mechanisms, but can rarely be applied to realistic airway topologies.

Due to these limitations, computational fluid dynamics (CFD) has emerged as one of

the main frameworks for simulating pulmonary airflow and particle transport. Using CFD,

airflow is usually modeled using one of three approaches, which include Direct Numerical

Simulation (DNS), Large-Eddy Simulation (LES), and Reynolds-Averaged Navier–Stokes

(RANS). DNS provides the highest fidelity by resolving all turbulence scales; however, it

is only computationally efficient for simple geometries and lower Reynolds numbers [19–

21]. In comparison, LES resolves the large turbulent eddies directly while modeling the

subgrid-scale (SGS) effects, and capturing the unsteady vortical structures, which strongly

influence the trajectories of aerosol particles [1, 18, 26, 27]. Lastly, there is RANS, which
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is computationally inexpensive, but relies on turbulence closures that time-average the flow

field and often underpredict the transient separation and secondary flows that are necessary

for accurate prediction of aerosol transport and deposition [18, 26, 27].

Other than airflow, there is also the particle phase to track, where two frameworks are

commonly used. These include the Eularian-Eularian (E-E) and the Eularian-Lagrangian (E-

L) approaches. In the E-E formulation, the dispersed phase is represented as a continuum,

where the transport equations are solved in an Eulerian frame of reference. In the E-L

formulation, particles are tracked through the resolved airflow field, and are commonly used

for aerosol transport in human airways [1, 14, 15]. The E-L framework, when combined with

LES, enables simulations of dispersion, impaction, as well as particle-wall interactions under

physiologic flow conditions. Due to this, many recent studies, including the present work,

employ a point-particle, wall-resolved LES strategy to accomplish both physical accuracy as

well as physical realism.

2.1 Monodisperse Injection

In aerosol particle transport and deposition research, monodisperse aerosol deposition

is widely studied, as it provides controlled conditions that help isolate the effects of particle

diameter and airflow intensity on the mechanisms of deposition. When using monodisperse

injection, all the particle sizes in the stream are the same size, which enables direct compar-

ison of inertial impaction, gravitational settling, and turbulent dispersion within different

regions of the airway.
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In the early computational studies of monodisperse aerosol deposition, RANS and

steady laminar simulations were used to investigate the impacts of particle size on the depo-

sition efficiency within airways [17, 26]. However, approaches such as these were unable to

resolve the instantaneous flow structures causing the localized impaction. Following studies

using LES methods, which captured the transient airflow, including the vortices and sec-

ondary flows, it was observed that such flow features have a major impact on deposition in

areas such as the larynx and pharynx [28–30]. One of these studies, performed by Matida

et al. [28], used LES for monodisperse aerosol deposition in an idealized mouth-throat model

and showed improved agreement with experimental data. The results in this study, when

compared to RANS, were better due to the resolution of vortical jets past the glottal con-

striction. In this study, the authors also found that when using LES, total deposition within

the airway increased with particle size, as particles with a diameter of 5 µm had a 50.7%

higher deposition when compared to 2.5 µm particles. In addition to this, Jayaraju et al.

[29] validated LES airflow in human airways results using PIV, and found that the predic-

tion of flow separation and particle deposition in realistic geometries using LES was much

better when compared to RANS. Due to this, monodisperse aerosol particles with a diameter

smaller than 5 µm had a higher accuracy of prediction with LES, as RANS overestimated

deposition in the larynx and trachea. However, as particle size increased above 5 µm both

LES and RANS had comparable results.

Lambert et al. [30] expanded on these efforts using a patient-specific airway, which

included bronchial generations and showed that the laryngeal jet and airway curvature govern
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deposition patterns as well as deposition efficiency, having a dependence on Stokes number.

Additionally, it was also found that large monodisperse particles (30 µm) were predominantly

deposited in the oral region, while 95% of smaller particles (2.5 - 5 µm) passed through the

oral cavity and into the trachea for transport into the lung. Later, Ghahramani et al. [31]

used LES and RANS for a realistic upper-airway geometry and found that secondary flows

affect particle deposition, especially in the oropharynx and larynx regions. They also found

that increasing flow rate from 30 to 60 L/min resulted in a 45% increase in deposition within

the upper airway for particles with a 5 µm diameter.

Across these studies, it was found that in monodisperse injection, there is a nonlinear

increase in particle deposition with particle diameter, especially in shear regions such as

the oropharynx and larynx. Additionally, the flow rate and choice of turbulent model can

have a great impact on deposition and airflow results. With these studies and results, they

established monodisperse particle injection as a step toward validating particle interaction

models and being able to more accurately model more realistic particle injections, such as

polydisperse aerosol distributions.

2.2 Polydisperse Particle Distribution

Particle deposition of injected aerosols within human airways is strongly dependent on

the particle size as discussed in section 2.1. Due to this, the deposition is strongly influenced

by the particle size distribution (PSD) used for the injected particles. In realistic cases

where aerosol particles are generated by medical devices such as metered-dose inhalers and

dry-powder inhalers (DPIs), the particles are polydisperse instead of monodisperse [7]. As

13



deposition of aerosol particles is nonlinear with an increase of size, polydisperse distributions

can have complex deposition behavior where particles smaller than 5 µm follow streamlines

and larger ones do not because of inertia [40]. Therefore, accurate PSD is needed to predict

the local and global deposition for realistic particles.

Many computational studies have used Gaussian (or lognormal), Rosin-Rammler, and

uniform distributions to accurately examine polydisperse aerosol transport and deposition.

Lognormal distribution, which is equivalent to Gaussian in log diameter space, is commonly

used to model the experimental aerosols and is usually specified by using the mass median

aerodynamic diameter (MMAD) and the geometric standard deviation (GSD) [7]. Gemci

et al. [41] used a lognormal distribution (MMAD = 2.6 µm, σ = 1.9 µm, 0.5 ≤ D ≤ 5.5 µm)

for a 17-tract human airway simulation, which was based on cascade-impactor measurements.

In this study, they found that the deposition fraction increased from 73.5% when using

monodisperse particles with a diameter of 2.6 µm to 74.7% for the lognormal polydisperse

distribution. Similairly, Legh-Land et al. [42] used a lognormal distribution (MMAD = 10.5

µm, σ = 1.8 µm) for representation of an aerosol plume. In this study, they found that

total deposition of the droplets increased as particle size went up to around 10 µm where

deposition began to decrease with larger particle sizes. Additionally, the relative humidity

had no impact on particle deposition under 10 µm, and for particles larger than this, as

humidity increased, deposition went down due to increased impaction in the extrathoracic

region. Together, these studies show that lognormal distributions can be a physically realistic

method for representing polydispersity.
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As mentioned previously, the Rosin-Rammler distribution has also been employed in

human airway deposition studies. Islam et al. [43] applied the Rosin-Rammler distribution

for polydisperse particles between 1 and 10 µm in a CT-based airway model and found that

the highly asymmetric airflow within the airway resulted in a higher flow rate in the right lung

and a deposition hotspot along the tracheal wall. This study also found that the turbulence

has a greater impact on particles larger than 5 µm while smaller particles (1 - 3 µm) were

not as affected, especially at higher flow rates. In a related study, Islam et al. [44] also used

the Rosin-Rammler distribution to analyze airflow and particle deposition in different-aged

lungs. Similarly, it was found that as the flow rate increased, there was an increase in total

deposition within the airway, while at low flow rates, particles followed the streamlines and

penetrated farther into the airways. Additionally, as the airway size decreased (increase in

age), there was an increase in deposition, with most particles depositing in the mouth-throat

region.

Along with Gaussian (lognormal) and Rosin-Rammler distributions, the uniform dis-

tribution can be used as a form of polydispersity, as it is in this study. Although it is rarely

used in any research as it lacks the realistic features of real aerosol particle distributions, it

can serve as a simplified baseline to isolate the influence of distribution shape. By having a

mean diameter and spread constant across PSDs, there can be a direct assessment of how

statistical form affects deposition trends. Using these three distributions, polydispersity can

be specified in a simulation to allow for a more realistic study of deposition when compared

to monodisperse particle injection.
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2.3 Cyclic Breathing

In all the computational studies mentioned so far, steady or quasi-steady inhalation

conditions have been imposed at the inlet of the airway, which typically correspond to

constant volumetric flow rates. This allows for simplification and valuable insights into

particle deposition and airflow, but it neglects the unsteady dynamics of a full breathing

cycle where there is acceleration, deceleration, and flow reversal. In a realistic breathing

cycle, these dynamics can cause vortices and shear structures that can change the local and

global deposition. Therefore, to be as accurate as possible, these cyclic dynamics need to be

considered.

In steady inhalation studies, complex flow features can still be examined in human

airways, especially at higher flow rates. For example, Rahimi-Gorji et al. [45] studied particle

transport in a realistic airway geometry with flow rates of 10–60 L/min, where secondary

motions and vortices, as well as flow features such as the formation of the turbulent laryngeal

jet formed. It was also examined that these vortices and secondary flows at higher flow

rates increased deposition. However, as mentioned previously, this neglects the flow reversal

that occurs during the transition to exhalation. In a study by Piemjaiswang et al. [46],

a complete inhalation-exhalation cycle was considered, and different breathing frequencies

were examined. It was shown that decelerating the flow and having a full flow reversal can

impact the airflow and deposition. During inhalation, wall shear stress was very high along

the anterior of the trachea wall, and after flow reversal, the wall shear stress was high on the

right side. In the study, it was also found that at lower breathing frequencies, there was a
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flushing effect where particles that were not deposited during inhalation got exhaled during

exhalation.

Similar time-varying inlet studies by Kuga et al. [47] and Atzeni et al. [48] have also

been done to examine realistic breathing conditions. Kuga et al. [47] found that within

the nasal cavity and trachea, there were differences between the steady and transient flow

rates, and that under steady inflow conditions, particle deposition and transport cannot

be accurately predicted. Additionally, micro particles between 5 and 10 µm showed higher

deposition for a steady flow rate than that of transient. In contrast to this, Atzeni et al. [48]

examined a higher total deposition with a transient flow rate compared to the steady with

a 4% increase in deposition. This contradiction shows that different types of transient flow

rates, geometry, and particle size can have an impact on the total deposition.

Building on these efforts, Qi et al. [49] studied a transient simulation of airflow in a

CT-derived airway tree with 122 terminal bronchi. The inflow condition used (also used in

this current study) includes a 5.1 s respiratory cycle with tidal volume of 500 mL and an

inhalation-to-exhalation ratio of 1:2. Airflow analysis revealed that pressure decreased from

the trachea towards the outlets during inspiration and increased during exhalation with a

velocity of 6.64 m/s and 4.71 m/s during inhalation and exhalation, respectively. It was also

found that there were differences in streamline patterns between inhalation and exhalation at

the bifurcations. During inhalation, airflow moves faster along the inside of the bifurcation

due to flow division, while during exhalation, this reverses, and there is a higher velocity

along the outer side, leading to more mixing.
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Overall, transient cyclic inflow conditions at the inlet, which model realistic breathing

conditions, introduce complex flow features such as acceleration, deceleration, and reversal

that can have an impact on airflow and aerosol transport when compared to steady in-

halations. Despite the more accurate conditions when using this inflow, there can still be

different results due to variations in cycle profiles, breathing frequencies, and numerical

implementations, as seen in the mentioned studies.

2.4 Summary

The accurate modeling of aerosol deposition and airflow in human respiratory systems

has been achieved through the use of experimental, analytical, and computational methods.

Among these, CFD has become the main tool for modeling both airflow and particle transport

within human airways. Within CFD, DNS is used for its ability to resolve all turbulent scales,

RANS is used for its inexpensive computation, and LES is used for its capability of resolving

large-scale turbulent eddies. LES has become a preferred choice due to its high accuracy and

lower computational cost compared to DNS. The LES airflow model is typically paired with

an E-L framework to track particle parcels through the air, enabling the realistic prediction

of both impaction and dispersion.

Research in the aerosol transport and deposition field has used these CFD approaches

to model simple monodisperse particle injections with steady flow to more complex and

realistic cases. Many studies found that using LES resulted in better airflow and deposition

results than RANS when validating with experimental data, as it was able to accurately

resolve key flow features such as the laryngeal jet. In this research, it was also shown
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that the deposition of aerosol particles is highly dependent on particle size and flow rate

due to impaction, with larger particles being much more likely to deposit, especially with

higher flow rates. With this dependence on particle size, it is also critical to accurately

model the particle sizes based on realistic inhalers using PSDs such as lognormal and Rosin-

Rammler distributions. Using such distributions, it was discovered that even at the same

mean diameter, monodisperse and polydisperse deposition can vary because of the inertial

effects and the presence of differently sized particles during polydisperse injection.

Even with these more accurate results of particle deposition when switching from

monodisperse to polydisperse, airway simulations can be further improved by using realis-

tic cyclic inflow breathing conditions. In a realistic breathing cycle, there is acceleration,

deceleration, and flow reversal during the transition from inhalation and exhalation, which

steady inflow studies omit. In these realistic breathing cases, it has been observed that this

deceleration and flow reversal impact airflow and, as a result, can significantly affect local

and global deposition, particularly in realistic human airways.
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CHAPTER 3

MATHEMATICAL FORMULATION AND COMPUTATIONAL STRATEGY

We employ the well-established Eulerian-Lagrangian (E-L) computational framework

to perform point-particle large-eddy simulation (LES) in the present study. In this chapter,

we first describe the governing equations employed in this framework. Afterward, we present

the details of the subgrid models. Finally, we discuss the numerical methodology used to

solve the governing equations.

3.1 Governing Equations

As the particle-laden turbulent flow considered here corresponds to the dilute sus-

pension regime, we consider a one-way coupled scenario, where the carrier phase (airflow)

affects the dynamics of the dispersed phase (aerosol particles), whereas the dispersed phase

does not affect the carrier phase.

We consider the airflow dynamics within the airways to be governed by the incom-

pressible Navier-Stokes equations. The corresponding LES equations in the Eulerian frame-

work are obtained by performing spatial filtering of the governing equations. Here, the

spatial filtering of a field variable ϕ(x, t) is performed, leading to the filtered (resolved) field

20



variable ϕ(x, t) through

ϕ(x, t) =

∫
Ω

ϕ(x′, t) G(x,x′; ∆) dx′, (3.1.1)

where ∆ is the filter width and G(x,x′; ∆) is the filter kernel. In this study, the kernel is

chosen to be a box filter expressed as

G(x,x′; ∆) =


1 if |x− x′|≤ ∆

2
,

0 otherwise,

(3.1.2)

which essentially is a local volume averaging of a field variable. Furthermore, we employ the

widely used implicit LES strategy, where the computational grid acts as the spatial filter

[50].

The spatially-filtered incompressible Navier-Stokes equations are given by

∂ui

∂xi

= 0, (3.1.3)

∂ui

∂t
+

∂uiuj

∂xj

= −1

ρ

∂p

∂xi

+ ν
∂2ui

∂xj∂xj

−
∂τ sgsij

∂xj

. (3.1.4)

Here, ui denotes the ith Cartesian component of the velocity vector with i = 1, 2, 3, p is the

pressure, and ρ and ν denote the density and kinematic viscosity of the fluid. In addition,

τ sgsij = (uiuj − uiuj) denotes the SGS stress tensor, which requires an additional closure

model. The governing equations given by Eq. (3.1.3) and Eq. (3.1.4) correspond to mass
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and momentum balance equations, respectively, and are complete after specifying problem-

specific initial and boundary conditions.

The dispersed phase is tracked in a Lagrangian manner with a point-particle approx-

imation [51]. It comprises spherical particles with constant diameter, dp, density, ρp, and

mass, mp. The governing equations for the time evolution of the particle position, xpi, and

particle velocity, vpi, are given by

dxpi

dt
= vpi, (3.1.5)

mp
dvpi
dt

= mp
ϕ(Rep)

τp

(
u+
i − vpi

)
− g(mp −mf)δi3, (3.1.6)

where u+
i is the instantaneous velocity of the carrier phase at the particle’s location, τp =

d2p
18ν

ρp
ρ

is the particle time constant, and ϕ(Rep) is an empirical correlation for particle

Reynolds number-dependent Stokes drag

(
Rep =

ρpdp|u+
i − vpi|
ρν

)
. Here, δij denotes the

Kronecker delta. Following past studies [52], the empirical correlation ϕ(Rep) is specified as

ϕ(Rep) =


24(1 +

1

6
Re2/3p ), Rep ≤ 1000,

0.424Re0.24p , Rep ≥ 1000.

(3.1.7)

Note that in the present study, the particle-to-fluid density ratio, (ρp/ρ = 761.67 ≫ 1), tends

to be large. Therefore, the effects of unsteady drag, added mass, Basset history forces, and

particle-to-particle collisions are neglected following past studies [13, 53].
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3.2 Subgrid Modeling

Both Eulerian and Lagrangian equations presented in Sec. 3.1 require closure models

for the subgrid terms. These terms include the SGS stress tensor, τ sgsij , and the instantaneous

velocity of the carrier phase at the particle’s location, u+
i . Here, we briefly describe the

approaches to model these terms.

The SGS stress, τ sgsij , is closed using the gradient diffusion hypothesis through:

τij −
1

3
τkkδij = 2νtSij, (3.2.1)

where νt denotes the eddy viscosity and Sij =
1

2

(
∂ui

∂xj

+
∂uj

∂xi

)
is the resolved strain-rate

tensor. The eddy viscosity νt is obtained using the widely-used wall-adapting local eddy

viscosity (WALE) model [39]. In this model, νt is given by

νt = (Cw∆)2
(SdijSdij)

3/2

(SijSij)
5/2 + (SdijSdij)

5/4
, (3.2.2)

where Cw is a model constant and Sdij is the traceless symmetric part of the square of the

velocity gradient tensor

(
gij =

∂ui

∂xj

)
. In the present study, Cw = 0.325 is specified. The

expression for Sdij is given by

Sdij =
1

2

(
g2ij + g2ji

)
− 1

3
δijg

2
kk, (3.2.3)

where g2ij = gikgkj.

23



The WALE model addresses key limitations of other algebraic models, such as the

Smagorinsky model [54] and the dynamic eddy viscosity model [55], by correctly scaling the

eddy viscosity in the near-wall region and incorporating rotational effects into turbulence

modeling. In addition, unlike the dynamic eddy viscosity model [55], it does not require

homogeneous directions for averaging to determine the dynamic model coefficients.

The coupling between the carrier and dispersed phases occurs through the instan-

taneous velocity of the carrier phase u+
i at the particle’s location, as described in Sec. 3.1.

While performing a DNS, this velocity is obtained by interpolating ui from the computa-

tional grid to the particle’s position. However, in LES, only the spatially filtered velocity

field ui is solved, and therefore, u+
i must be approximated using a subgrid dispersion model.

This is usually accomplished through

u+
i = I(ui) + usgs

i , (3.2.4)

where I is the interpolation operator and usgs
i represents the effects of subgrid dispersion. Fol-

lowing past studies focused on deposition within airways [1, 30, 56, 57], a no-model strategy

is adopted here, implying that the effects of subgrid dispersion are neglected, i.e., usgs
i = 0.

Although this simplification may lead to inaccuracies in predicting particle dynamics, par-

ticularly when the SGS kinetic energy is substantial, or the particle time constant is small,

it provides a simplified approach [58].
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3.3 Numerical Methodology

The point-particle LES is performed using an extended version [40, 59] of the well-

established OpenFOAM software [60]. The E-L framework is built upon the pimpleFoam

solver, which enables simulation of turbulent flows w/o inertial particles. It is a three-

dimensional (3D), parallel, finite-volume solver. The extended version of the solver employs

different types of spatial discretization schemes and subgrid models.

The solver for the carrier phase employs unstructured spatial discretization with a

collocated cell-centered variable arrangement. The use of finite-volume discretization allows

for an easier formulation using an unstructured computational mesh, which is useful for the

simulation of complex configurations. Additionally, it can discretely ensure all the conser-

vation laws. A formally second-order-accurate method is used for the spatial discretization,

while the time integration of the semi-discrete equations is performed using a second-order-

accurate backward difference scheme. To ensure pressure-velocity coupling for incompressible

flows, the PIMPLE algorithm is employed, which is a combination of the PISO [61] (Pres-

sure Implicit with Splitting of Operator) and the SIMPLE [62] (Semi-Implicit Method for

Pressure-Linked Equations) algorithms.

The time evolution of the governing equations for the dispersed phase (see Eq. (3.1.5)

and Eq. (3.1.6)) is performed using a first-order-accurate explicit scheme with a sub-cycling

strategy. In the sub-cycling approach, a sequence of particle-tracking steps is performed,

with the maximum time step for particle tracking specified to be the same as the flow

time step size, ∆tf . The evolution of particle trajectories is computed using an efficient
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algorithm where, instead of tracking the position of particles in the Cartesian coordinates,

their position is tracked in barycentric coordinates. Such an approach enables the use of

arbitrary cell shapes and efficient interpolation and other geometrical operations [63]. The

algorithm tracks particles as they move from one computational cell to another, and face

crossings are used to identify when a particle exits a computational cell [64].
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CHAPTER 4

SETUP AND SIMULATION STRATEGY

In this chapter, we describe the details of the computational setup and cases that

are considered to examine the dynamics of airflow and aerosol deposition under different

scenarios. We consider three types of scenarios: monodisperse injection of aerosol particles

at three inlet flow rates, polydisperse injection using three different injection distributions

at three inlet flow rates, and monodisperse injection during a cyclic breathing cycle. Apart

from the details of these cases, we also describe the details of the computational mesh and

the simulation strategy employed in this study.

4.1 Problem Description

We consider a truncated portion of the SimInhale benchmark geometry [1] in this

study, which is shown in Fig. 4.1. The complete SimInhale geometry includes the oral cavity,

larynx, and tracheobronchial airways down to the 12th generation of the branching. It was

originally developed by obtaining HRCT scans of a rubber cast model based on an adult

male’s inflated lung, combined with data from the Lovelace Respiratory Research Institute

(LRRI) for the upper airways, and a dental impression for the oral cavity. This configuration

has been used for verification and validation against experimental results, such as those

obtained using CT and PET, which provide detailed deposition data for comparison [1]. In
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this study, we consider a truncated portion of the geometry to facilitate computationally

efficient parametric studies for the assessment of strategies for aerosol-based drug injection,

which still retain the regions of primary interest where significant variations in airflow and

aerosol dynamics tend to occur.

Figure 4.1 Schematic of the complete SimInhale geometry (left) and the truncated geometry
used in this study (right)

The truncated geometry includes the extrathoracic and parts of the intrathoracic air-

ways, specifically up to the carina and the main bronchi. This region encompasses significant

flow variations and complex features like flow separation, laminar-to-turbulent transitions,

turbulence production, and shear layers, which are critical for understanding the transport

and deposition of aerosol particles [30, 64]. Note that the extrathoracic airways and the

initial segments of the intrathoracic airways exhibit the occurrence of most deposition, es-

pecially for larger particles. The truncated geometry allows us to examine the airflow and
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deposition characteristics efficiently without the computational expense of simulating all 12

generations of the airway tree. Such an approach has also been employed in previous studies

[36–38] where a hybrid 3D/1D modeling technique was used to efficiently simulate the flow in

the upper airways while using a network model for the distal bronchi. Using a simplified yet

realistic airway model, as considered in this study, strikes a balance between computational

efficiency and accuracy in replicating physiological conditions, making it an optimal choice

for assessing the effects of inflow conditions and particle size distributions (PSD) on aerosol

transport and deposition, which is a key focus of this study.

The airflow in the truncated airway geometry is driven by specifying quasi-laminar

or turbulent conditions at the inlet corresponding to steady inhalation conditions and a

time-varying, realistic breathing cycle. At the two outlets, the outflow boundary condition

is specified, which accounts for backflow/recirculating flow at the boundary. All walls of the

geometry are considered to be rigid, where a no-slip boundary condition is specified. Further

details of simulation parameters and cases considered in this study are discussed in Sec. 4.2.

4.2 Flow Parameters

In this section, we describe the simulation parameters and flow conditions employed

in the present study. Three categories of simulations are considered to capture a broad

range of respiratory airflow and particle transport scenarios. These include steady inflow

with monodisperse injection of aerosol particles; steady inflow with polydisperse injection

of aerosol particles; and cyclic breathing scenario with monodisperse injection of aerosol
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particles. These cases are considered to examine the effects of inlet flow rate, particle inertia,

polydisperse injection, and realistic breathing patterns.

4.2.1 Monodisperse Injection during Steady Inflow Conditions

We consider three cases, labeled as cases A, B, and C, to comprehensively assess the

impact of varying steady inhalation flow rate (Qv) and monodisperse particle size (dp) on

the airflow dynamics and particle deposition behavior within the upper airway. Table 4.1

summarizes the simulation parameters for the three cases in terms of inlet flow rate (Qv),

diameter of particle (dp), mass flow rate of particles injection (ṁp), and non-dimensional

numbers, Re and St. Here, Re = Ubdin/ν and St = τp/τf , where Ub represents the bulk

velocity at the inlet boundary, din denotes the inlet diameter, ν is the kinematic viscosity of

the fluid, τp is the particle time constant, and τf = din/Ub is the characteristic time scale of

the flow. The three values of Qv or Re are chosen to analyze the behavior of airflow under

different flow regimes (quasi-laminar, moderate turbulence, and high turbulence conditions

at the inlet) and their consequent impact on particle deposition patterns. The seven distinct

values of dp ranging from 1 µm to 10 µm are considered to represent a range of behaviors,

from small, potentially respirable particles to larger ones that might have different deposition

tendencies within the simulated environment. Note that Case B also has reference data

available from past study with full SimInhale configuration [1], which facilitates verification

and validation of the computational strategy considered in this study.
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Table 4.1 Simulation parameters for the three cases considered in this study. Each case is
simulated with seven streams of non-interacting monodisperse particles

Case Qv [L/min] dp [µm] ṁp [×106 kg/s] Re St
A 14.2 1-10 0.0019 - 1.9 1000 0.0001 - 0.01
B 53.2 1-10 0.0019 - 1.9 3745 0.0004 - 0.04
C 71 1-10 0.0019 - 1.9 5000 0.0005 - 0.05

In all the cases considered here, at the inflow boundary, a fully turbulent inflow

boundary condition is specified by employing a mapped strategy (discussed in Sec. 4.4).

At the outlet boundary, an outflow boundary condition is specified, which accounts for

backflow/recirculating flow at the boundary. A no-slip boundary condition is imposed on

all the rigid airway walls. In each case, the evolution of the seven mono-disperse and non-

interacting particle streams is considered with dp of 1, 2, 2.5, 4.3, 6, 8, and 10 µm, which

leads to a variation of St from O(10−4) − O(10−2). After the airflow is established in the

computational domain, streams of particles are injected at a rate of 4 × 106 particles per

second over a duration of 0.025 s, leading to a total of 100,000 injected particles for each

value of dp in the three cases.

4.2.2 Polydisperse Injection during Steady Inflow Conditions

To study the impact of inhalation flow rates and PSDs on airflow dynamics and

aerosol deposition, nine cases are considered and are labeled A1-A3 (Re = 1000), B1-B3

(Re = 3745), and C1-C3 (Re = 5000). This results in a total of nine cases with three

different flow rates and distributions. Table 4.2 summarizes the simulation parameters for

these nine cases in terms of inlet flow rate (Qv), particle diameter range (dp), and the
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non-dimensional Reynolds (Re) and Stokes (St) numbers. The three values of Qv (and cor-

responding Re) are chosen to analyze airflow behavior under different regimes: quasi-laminar

(14.2 L/min), moderate turbulence (53.2 L/min), and high turbulence (71.0 L/min). These

inflow conditions remain unchanged from the monodisperse cases to allow for comparison

between the monodisperse and polydisperse particle injections.

Table 4.2 Simulation parameters for the nine cases considered in this study. Each case
represents a unique combination of flow conditions and particle size distribution
types

Case Distribution Type Qv [L/min] dp [µm] Re St
A1 Uniform 14.2 0.1 - 9.9 1000 1.05× 10−6 - 1.03× 10−2

A2 Gaussian 14.2 0.1 - 9.9 1000 1.05× 10−6 - 1.03× 10−2

A3 Rosin-Rammler 14.2 0.1 - 9.9 1000 1.05× 10−6 - 1.03× 10−2

B1 Uniform 53.2 0.1 - 9.9 3745 3.94× 10−6 - 3.86× 10−2

B2 Gaussian 53.2 0.1 - 9.9 3745 3.94× 10−6 - 3.86× 10−2

B3 Rosin-Rammler 53.2 0.1 - 9.9 3745 3.94× 10−6 - 3.86× 10−2

C1 Uniform 71.0 0.1 - 9.9 5000 5.27× 10−6 - 5.16× 10−2

C2 Gaussian 71.0 0.1 - 9.9 5000 5.27× 10−6 - 5.16× 10−2

C3 Rosin-Rammler 71.0 0.1 - 9.9 5000 5.27× 10−6 - 5.16× 10−2

As mentioned previously, each flow condition has three different size distributions

in which the particles are injected. The three distributions selected for this study include

uniform, Gaussian, and Rosin-Rammler as seen in Table 4.2. Figure 4.2 shows the probability

density function for each distribution, which was post-processed after the simulations were

finished. All distributions in the cases have a minimum and maximum diameter of 0.1 µm

and 9.9 µm, respectively, and a mean of 5 µm. The Gaussian distribution is specified with
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a standard deviation of 2.839 µm, and the Rosin-Rammler distribution is defined with a

spread parameter of 1.83.
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Figure 4.2 Probability density function for uniform, Rosin-Rammler, and Gaussian distribu-
tions used in the simulations for polydisperse injection of aerosol particles

In all nine cases, the boundary conditions stay the same as in the monodisperse cases.

A fully turbulent inflow boundary condition is specified by employing a mapped strategy (dis-

cussed in Sec. 4.4). At the outlet boundary, an outflow boundary condition is specified, which

accounts for backflow/recirculating flow at the boundary. A no-slip boundary condition is

imposed on all the rigid airway walls. After the airflow is established in the computational

domain, a stream of non-interacting polydisperse particles is injected at a rate of 4 × 106

particles per second over a duration of 0.025 s. This results in a total of 100,000 injected
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particles for each case, with the diameter of each particle sampled from the corresponding

size distribution.

4.2.3 Monodisperse Injection during Cyclic Inflow Conditions

To study the effects of inhalation and exhalation in a realistic breathing cycle, three

cases are considered, which are summarized in Table 4.3. The three cases considered are a

realistic cyclic breathing condition, steady inhalation, and steady exhalation, which allow for

a comparison of airflow and particle deposition for transient and time-averaged steady-state

inflow conditions.

Table 4.3 Simulation parameters for the three cases considered in this study. Each case is
simulated with seven streams of non-interacting monodisperse particles

Case Qv [L/min] dp [µm] ṁp [×106 kg/s] Re St
Cyclic Varying 1-10 0.0019 - 1.9 Varying Varying

Inhalation 16.8 1-10 0.0019 - 1.9 1170 1.25e-04 - 1.25e-02
Exhalation 8.66 1-10 0.0019 - 1.9 605 6.43e-05 - 6.43e-03

The cyclic case simulates a realistic calm breathing pattern based on a tidal volume of

500 mL and a rate of 12 breaths per minute, which results in a 5 s respiratory cycle with an

inspiration-to-expiration time ratio of 1:2 [49]. The time-varying sinusoidal velocity profile

specified at the inlet is shown in Fig. 4.3. The steady inhalation and exhalation cases are

steady-state inflow simulations where the inlet flow rates (Qv) are based on the time-averaged

values from the inhalation and exhalation phases of the cyclic case, respectively.
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Figure 4.3 Time varying velocity at the inlet

For boundary conditions in these cases, the time-varying velocity profile shown in

Fig. 4.3 is imposed at the inlet boundary for the cyclic case, while the steady inhalation and

exhalation cases use a Dirichlet inlet boundary condition. For all three cases, an outflow

boundary condition that accounts for potential backflow is used, and a no-slip boundary

condition is imposed on all rigid airway walls. In each of the three cases, the evolution of

seven monodisperse and non-interacting particle streams is considered with dp of 1, 2, 2.5,

4.3, 6, 8, and 10 µ m, and are injected into the airway after 1 cycle for the cyclic case and

after 2 flows through time for the steady cases. The particle sizes considered correspond to

a Stokes number (St) variation from approximately O(10−5) to O(10−2). After the airflow

is established, streams of particles are injected at a rate of 4× 106 particles per second over

a duration of 0.025 s, leading to a total of 100,000 injected particles for each value of dp in

all three cases.
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4.3 Computational Mesh

A body-fitted unstructured mesh is used in this study to perform wall-resolved LES.

The mesh is designed to capture the complex flow features in the upper airways. Figure 4.4

shows the mesh at the inlet boundary and a zoomed-in side view of the mesh in the inlet,

nasal cavity, and trachea regions. The mesh comprises tetrahedral elements in the inte-

rior of the domain and prism layers adjacent to the walls. The use of prism layers in the

near-wall region allows for better control over the near-wall grid resolution, ensuring that

the near-wall dynamics are accurately captured. This is crucial for simulating complex flow

features, such as laminar-to-turbulent transition, boundary layer development, and flow sep-

aration/reattachment, which significantly influence the transport and deposition of aerosol

particles.

(a) (b) (c)

Figure 4.4 Computational mesh at the inlet boundary with a zoomed-in view showing the
hybrid unstructured mesh with near-wall prism layers (a) and a side view of the
mesh in the inlet, nasal cavity, and trachea regions of the geometry (b, c). The
near-wall prism layers are used throughout the geometry to accurately capture
the near-wall dynamics
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Table 4.4 Details of parameters of the hybrid unstructured mesh used in the present study.
Here, ∆rmin denotes the minimum height of the computational cell adjacent to the
wall, λ is the average expansion ratio of the prism layers, ∆V is the volume of the
computational cell, and y+ is the near-wall resolution in inner wall units

Parameter Value
∆rmin [mm] 0.0523

Number of prism layers 3
λ 1.2

(∆Vmin, ∆Vavg, ∆Vmax) [mm3] (0.000529, 0.0167, 0.125)
Average y+ 0.664

Number of cells 6.09× 106

In this study, a single computational mesh was employed in all cases. Table 4.4

summarizes the key parameters of the computational mesh, including the volume of the

computational cells (∆Vc), the height of the cells adjacent to the wall (∆rmin), the average

expansion ratio of the prism layers (λ), and the near-wall resolution in terms of y+. The

mesh used in this study consists of approximately 6.09 million cells, with the smallest cell

volume in the near-wall region being 0.000529 mm3. While designing the mesh, the near-wall

resolution in this study was targeted to achieve an average y+ value close to 1 in the highest

Re case to ensure that no further wall modeling is needed by LES. Past studies [40, 65]

have performed grid sensitivity analysis with this geometry, where the computational mesh

employed in the present study has been found to be adequate.

4.4 Simulation Strategy

As stated in Sec. 4.2, a mapped boundary condition is used to specify the inflow

boundary conditions for the monodisperse and polydisperse cases. In this approach, an

auxiliary precursor simulation is performed by simulating the fully developed flow within
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a pipe for each case. The axial extent of the pipe is Lpipe = 15din, where the diameter,

din, is specified to be the same as the inlet diameter of the airway geometry. Additionally,

the computational mesh on an axial plane of the pipe matches the mesh on the inlet of the

airway geometry to ensure an accurate mapping of the spatio-temporal data. Overall, an

unstructured mesh comprising 8×105 finite volume cells is used for simulating the pipe flow.

The flow within the pipe is driven by ensuring a constant bulk velocity corresponding to each

case, as a periodic boundary condition is used along the axial (streamwise) direction. Similar

to the airway geometry, a no-slip boundary condition is specified on the walls of the geometry.

The pipe flow simulations are performed for the entire duration of the airway simulations

to ensure accurate spatio-temporal data at the inlet of the airway is specified. During this

duration, planes of data located at Lpipe/2 having all the field variables are extracted and

saved at each time step, which is subsequently used for the airway simulations.

The flow field within the airway geometry is first simulated for about 5 flow-through

times (Tf) in the monodisperse and polydisperse cases, where Tf = Lc/Ub. Here, Lc is a

representative length of the computational domain along the direction of the mean flow.

After gathering the airflow statistics over 2Tf in each monodisperse case, seven streams of

particles in each case are injected at a rate of 4 × 106 particles per second over a duration

of 0.025 seconds, which results in a total of 100,000 particles injected for each value of dp

within the computational domain. For the polydisperse cases, particles are injected at a rate

of 4 × 106 particles per second over a duration of 0.025 seconds, which results in a total of
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100,000 particles injected for each polydisperse distribution. The flow field with particles is

simulated for a further of 2Tf , after which aerosol deposition is examined.

The three cases considered for cyclic analysis follow the same monodisperse injection

strategy, with seven streams of particles in each case being injected at a rate of 4 × 106

particles per second over a duration of 0.025 seconds, which results in a total of 100,000

particles injected for each value of dp. For the cyclic time-varying case, these particles are

injected at the beginning of the second cycle, whereas in the steady inhalation and exhalation,

injection begins after 2 flows through time. In the steady inhalation and exhalation cases,

the flow field is time-averaged from 2 to 4 flows through time, while no time-averaging is

applied for the cyclic case.

The airflow statistics are obtained by performing a running-time average of a flow

variable, ϕ(x, t), through

⟨ϕ⟩(x) = 1

T

∫ t0+T

t0

ϕ(x, t) dt, (4.4.1)

where t0 and T denote the starting time of averaging and duration of averaging, respectively.

All the simulations in this study have been performed in parallel using 112 CPU cores on an

in-house cluster utilizing the AMD EPYC 7662 64-core processor. The computational cost

for simulating one Tf is about 3000 CPU hours.
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CHAPTER 5

DYNAMICS DURING MONODISPERSE INJECTION

In this chapter, we first describe the key instantaneous features of the airflow and

transport and deposition of the aerosol particles. Afterward, we present results from time-

averaged statistics of airflow. This is followed by a discussion of the effects of Qv and dp or

Re and St on the global and local aerosol deposition characteristics. Finally, we analyze the

first- and second-order statistics of aerosol transport through airways in comparison to the

airflow to examine the role of the inertia of particles.

5.1 Instantaneous Flow Features

Coherent vortical structures within human airways play a critical role in the trans-

port and deposition of aerosol particles in airways [66]. Figure 5.1 shows the instantaneous

structures for the three cases, which are identified using the iso-surface of the normalized

Q-criterion [67], i.e., Qd2in/U
2
b = 5. We observe elongated vortical structures within the nasal

cavity region in all cases, which can be attributed to the flow expansion/separation that

leads to complex 3D flow patterns and an increased level of mixing in this region. This is

also associated with enhanced levels of turbulence apparent from the occurrence of small-

scale structures, particularly in cases B (Re = 3745) and C (Re = 5000). The flow direction

changes towards the end of the nasal cavity region, leading the flow into the pharynx and
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larynx regions, where we can observe much longer coherent structures along the flow direc-

tion. These structures are sustained through the trachea region. However, within the trachea

region, we also observe the appearance of small-scale structures, which can be attributed to

the presence of a shear layer and complex geometric modulations of the structures. This

is particularly evident in cases B and C, whereas in Case A, where Re corresponds to a

quasi-laminar flow (Re = 1000), only long coherent structures aligned along the flow direc-

tion are observed. These structures tend to have much higher velocity magnitude (∼ 2Ub)

in the post-larynx region in all cases. This is due to a combination of anatomical and fluid

dynamic factors. In particular, the constriction of the airway in the larynx region leads to

an increased velocity magnitude to ensure mass conservation. Additionally, as the air exits

the narrow glottal region of the larynx into the wider post-laryngeal (tracheal) space, it

behaves like a free jet, which creates a high-speed core of airflow that persists downstream

into the trachea. The sudden expansion of flow from the glottis into the wider airway leads

to the formation of shear layers and coherent vortical structures. Qualitatively, the coherent

structures in cases B and C tend to be similar and differ from the structures in Case A,

which highlights the effect of Re. With an increase in Re, more small-scale structures tend

to appear, which is a well-known behavior of wall-bounded turbulent flows.
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(a) Case A (b) Case B (c) Case C

Figure 5.1 Coherent vortical structures from Case A (a), Case B (b), and Case (c) identified
using iso-surface of Q-criterion (Qd2in/U

2
b = 5) and colored by the normalized

velocity magnitude

The instantaneous spatial distribution of the inertial aerosol particles is dependent

upon both the airflow and the size of the particles. Figure 5.2 shows the distribution of

particles with sizes 1 µm and 10 µm in all three cases, where particles are segregated into

two types, namely deposited (blue color) and active or transported (red color). The effect

of an increase in Re is apparent from the distribution of particles of both sizes, particularly

between low and high Re cases. Specifically, for dp = 1 µm, the active particles are observed

in the nasal cavity region in all cases; however, the longer coherent structures in Case A (see

Fig. 5.1) tend to affect the distribution of the particles in the post cavity region. In cases

B and C, these particles are more uniformly distributed in the post-cavity region compared
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to Case A, where the imprint of underlying coherent structures is evident from preferential

accumulation of particles. The deposition of these particles also exhibits the effects of Re.

In the low Re case, particles are mainly deposited near the inlet section, within the pharynx

and larynx regions, and the bifurcation near the carina. However, in the high Re cases, we

also observe deposition of these particles occurring in the nasal cavity region, which can be

attributed to the complex 3D flow and enhanced mixing in this region, as discussed before.

As dp = 1 µm particles have St ≪ 1, they tend to follow the flow, which facilitates movement

of these particles closer to the wall, leading to their deposition in the cavity region. However,

in the trachea region, these particles tend to remain within the core region (away from the

walls) in all three cases, leading to their deeper penetration till the start of the bifurcation

region.
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(a) Case A (dp = 1 µm) (b) Case B (dp = 1 µm) (c) Case C (dp = 1 µm)

(d) Case A(dp = 10 µm) (e) Case B (dp = 10 µm) (f) Case C (dp = 10 µm)

Figure 5.2 Spatial distribution of aerosol particles at 2Tf after the injection in three cases
with dp = 1 µm (a-c), and dp = 10 µm (d-f). Blue and red colored particles
correspond to deposited and active particles within the computational domain,
respectively
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The effect of an increase in dp, which implies an increase in St (O(10−2)) is evident

in all three cases. These particles show much higher levels of deposition and preferential

concentration throughout the airway region, particularly in high Re cases. The observed

differences in distribution between particles of size 1 µm and 10 µm occur primarily due

to differences in their aerodynamic behavior, governed by particle size, mass, and inertia.

For example, 10 µm particles have greater inertia, and therefore, such particles do not

follow curved airflow streamlines, especially in regions with abrupt bends (like the nasal

cavity or pharyngeal wall) where they tend to exhibit preferential concentration in low-

speed regions. Therefore, such particles tend to impact and deposit on the airway walls,

as we can observe here. The inertial effects on the local deposition of dp = 10 µm are

pronounced with an increase in Re. For example, Case C with the highest Re exhibits high

deposition throughout the airway region, whereas Case A with the lowest Re shows lower

levels of deposition throughout the airway, which implies that even inertial particles can

penetrate deeper regions of airflow in low Re flows. The effects of an increase in Re and St

on deposition are consistent with past studies [2, 30].

The results for the instantaneous airflow features and particle distribution discussed

here show that the transport and deposition of particles can be significantly affected by

both airflow dynamics (Re) and the inertia of the injected particles (St). This is further

affected by the anatomy of the airway, which changes abruptly within the upper airway,

comprising expansion, changes in curvature, constriction, and complex modulation of airway
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walls. These aspects of the transport and deposition of aerosol particles will be discussed

further in Sec. 5.3.

5.2 Time-Averaged Airflow

Now, we examine the effects of Re on the features of the time-averaged airflow.

Fig. 5.3 (a) and (d) show the contours of the normalized time-averaged velocity magnitude

(|⟨ū⟩| /Ub) in the central sagittal plane. Qualitatively, the results for cases B and C are

similar and tend to differ from Case A; therefore, results are only shown for cases A and

C for the sake of brevity. As expected, the boundary layer is thicker in Case A compared

to Case B in the inlet section. The lack of transverse mixing in Case A in the nasal cavity

region can be inferred from a thinner region of nearly uniform flow with a central core of

higher velocity magnitude (see near section B1-B2 in Fig. 5.3(a)). Additionally, we observe

a complex 3D separated flow region in all cases in the nasal cavity. The flow field tends to be

nearly uniform away from the walls in the later parts of the pharynx and early parts of the

larynx regions. This is particularly evident in Case C, which can be attributed to the effects

of higher levels of transverse mixing in this case. Towards the end of the larynx region, due

to the geometric constriction of the flow, a narrow, higher-speed jet is formed, leading to

shear layers in the trachea region. The strength of the shear layers tends to be higher in

Case A compared to Case C, and we can observe asymmetry of the flow on the anterior

and posterior walls. Such a behavior is due to a difference in Re where the jet breakdown

and vortex interactions dominate at higher Re, which is also evident from the instantaneous

flow structures shown in Fig. 5.1. We observe asymmetry in the transverse variation of the
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velocity magnitude in both cases in the upper parts of the trachea, which is due to the

changes in the anatomy. Further downstream, the core jet remains nearly symmetric and

uniform in Case A, whereas Case C exhibits asymmetry. Overall, the contours of |⟨ū⟩| /Ub

in Case C show similar behavior throughout the upper airway region as reported in a past

study [1], thus demonstrating the adequacy of the truncated geometry considered in this

study.
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(a) Case A (|⟨ū⟩| /Ub) (b) Case A (⟨k⟩/U2
b) (c) Case A (⟨νt⟩/ν)

(d) Case C (|⟨ū⟩| /Ub) (e) Case C (⟨k⟩/U2
b) (f) Case C (⟨νt⟩/ν)

Figure 5.3 Contours of time-averaged normalized velocity magnitude (a, d), resolved turbu-
lent kinetic energy (b, e), and eddy viscosity (c, f) in the central sagittal plane
from cases A and C. Sections A1-A2 through F1-F2 in these figures refer to the
locations where transverse profiles are extracted

The effects of Re can also be inferred from the contours of the normalized resolved

turbulent kinetic energy (|⟨k⟩| /U2
b) and eddy viscosity (|⟨νt⟩| /ν). Case A remains nearly
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laminar throughout the airway region as evident from negligible values of |⟨k⟩| /U2
b and

|⟨νt⟩| /ν. However, significant spatial variations of these quantities are observed in Case C

and similarly in Case B (not shown here). We observe higher values of these quantities in

the post-cavity region, particularly downstream of the glottis in the laryngeal region and

trachea. The elevated turbulent kinetic energy (TKE) and eddy viscosity zones suggest that

shear-layer instabilities enhance turbulence downstream of constrictions, consistent with past

studies [28, 33]. Similar to the asymmetric variation of the core jet region, we also observe

asymmetry in the spatial distribution of |⟨k⟩| /U2
b and |⟨νt⟩| /ν, which is due to the complex

anatomy of the airway. The variation of |⟨νt⟩| /ν is also consistent with the regions of under-

resolved turbulence, particularly in the pharynx, larynx, and upper trachea regions. The

normalized eddy viscosity in these regions varies from 15-30%, thus indicating the need for

a subgrid model in Case C and similarly Case B (not shown here). As the flow in Case

A is laminar, the eddy viscosity adjusts itself, leading to negligible values. This further

demonstrates the advantages of the WALE model [39], which tends to yield negligible values

of νt in laminar flow regions without the need for a dynamic procedure as employed in the

dynamic eddy viscosity model [55].

Figure 5.4 shows the transverse profiles of the normalized velocity magnitude (|⟨ū⟩| /Ub)

at six cross sections A1-A2 through F1-F2 (see Fig. 5.3) to perform a quantitative compari-

son. We have also included results from a past fine-grid LES study with the full SimInhale

geometry corresponding to Case B conditions [1] in Fig. 5.4 to assess the overall accuracy of

the results from the present study. It is expected that a quantitative difference may occur

49



between Case B and the reference study, as even though these results correspond to the

same value of Re, the exact locations of the six cross sections are not provided in the cited

reference. The locations of extracted profiles are chosen to visually match the reference

study.
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Figure 5.4 Time-averaged normalized velocity magnitude at six cross-sections comparing the
three cases. The reference results correspond to a past LES study using the
SimInhale benchmark geometry [1]

As discussed before, the profile at section A1-A2 in Case A, due to a lower value of

Re, exhibits a quasi-laminar behavior. As this section is near the end of the inlet pipe along

the axial direction, a nearly symmetric variation of profile is observed in all cases. With an
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increase in Re, the profile tends to be flatter in the core region with an increased wall-normal

gradient of the velocity magnitude. This is a well-known feature of wall-bounded flows. As

expected, cases B and C, which are fully turbulent flows, the normalized profiles show a good

agreement with the reference study.

At section B1-B2, we observe a significant change in the profile of |⟨ū⟩| /Ub, where

asymmetric transverse variation occurs in all cases. This is due to the presence of flow

expansion and recirculation near the posterior wall region. The effect of Re is particularly

observed between cases A and B in terms of a flatter core region and a higher near-wall

gradient near the anterior wall in Case B. A further increase in Re in Case C does not

affect the profile significantly. This change in flow behavior from section A1-A2 to B1-B2 is

consistent with the reference results [1].

At section C1-C2, which corresponds to the pharynx region, again a significant change

in the profile of |⟨ū⟩| /Ub occurs in all three cases due to a change in the curvature. This

leads to a lower velocity magnitude near the anterior side compared to the posterior side.

The profile from the low Re case exhibits further lower/higher values of |⟨ū⟩| /Ub on the

anterior/posterior sides compared to the other two high Re cases. Both high Re cases

exhibit an overall good agreement with the reference results, which also exhibit the change

in profile from the nasal cavity to the pharynx region. Further downstream at section D1-D2,

a non-monotonic variation of |⟨ū⟩| /Ub is observed, which is due to the the presence of shear

layers at this location (see Fig. 5.3(a) and (d)). This behavior is observed in all cases, in good

agreement with the reference results. The effect of Re is primarily evident in the vicinity of
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the posterior wall, where lower values of |⟨ū⟩| /Ub are observed in Case A compared to cases

B and C. This implies a stronger shear layer on the posterior side, as discussed before (see

Fig. 5.3(a) and (d)).

The effect of changes in the anatomy of the airway is evident from the profile of

|⟨ū⟩| /Ub at sections E1-E2 and F1-F2. In particular, at E1-E2, higher values are observed

on the anterior side compared to the profile at section D1-D2 and at section F1-F2, where

again, lower values are observed near the anterior wall. Overall, such a variation of the

profile at these two sections is also in good agreement with the reference results. Similar to

the other sections, the effects of Re are primarily evident from the differences in profiles of

the low Re case and the other two high Re cases.

Note that the effects of Re in cases B and C are primarily observed in the inlet region

and near the walls, because of the differences in the inlet velocity profile specified at the

boundaries. However, beyond the larynx region, the effect of the inlet boundary condition

on the normalized profiles is not observed, which has also been reported in the reference

study [1]. However, low and high Re cases, i.e., Case A and Case B/C, show differences due

to the quasi-laminar and fully turbulent conditions in these cases. Furthermore, high Re

cases show good agreement with the reference study in capturing all the variations of the

profiles throughout the truncated airway region.
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Figure 5.5 Time-averaged resolved turbulent kinetic energy at six cross-sections comparing
the three cases. The reference results correspond to a past LES study using the
SimInhale benchmark geometry [1]

A further assessment of the effects of Re is carried out in terms of the profiles of

⟨k⟩/U2
b at the six cross-sections, which are shown in Fig. 5.5. As the flow is quasi-laminar in
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Case A, therefore, ⟨k⟩/U2
b is nearly negligible compared to the other two cases at all locations

except at section F1-F2, which is close to the carina, where higher values of ⟨k⟩/U2
b occurs in

the core region. On the other hand, the effect of Re in high Re cases, i.e., cases B and C, is

observed in several sections throughout the airway region, with major differences occurring

near the inlet and nasal cavity regions. Near the inlet region, asymmetry in the profile is

observed in both cases, with peaks observed in the near-wall region. The peak value near the

anterior wall is higher compared to the posterior wall, which is also observed in the reference

study. The observed differences can be attributed to a much finer grid employed in the

reference study compared to that used in the present study, which implies higher levels of

TKE getting resolved in the reference study. For similar reasons, the near-wall peak values

in Case C are lower compared to Case B, as the same computational grid is employed in

these cases, thus leading to a higher resolved TKE in Case B compared to Case C.

At section B1-B2, the profile changes significantly compared to section A1-A2, leading

to a peak of resolved TKE in the core region, in agreement with the reference case. However,

at this location the peak value in Case C tends to be much higher compared to Case B, which

can be attributed to higher level of production of TKE in this region in Case C. Note that

this peak location corresponds to a shear layer at the outer edge of the recirculating region

within the nasal cavity (see Fig. 5.3 (d) and (e)). At section C1-C2, a further increase in

⟨k⟩/U2
b occurs compared to the previous location due to flow constriction and curvature

effects, which manifest into higher production of TKE. Further downstream, at section D1-

D2, near the start of the trachea region, two peaks of TKE occur away from the anterior
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and posterior walls. This is due to the presence of a core jet region (see Fig. 5.3(d) and

(e)), which is associated with two asymmetrical shear layers leading to production of TKE.

The peak value of ⟨k⟩/U2
b is higher in all cases compared to the peak near the anterior wall,

which is due to a stronger shear layer on the posterior side (see Figs. 5.3 and 5.4). The effect

of Re in cases B and C tends to be minor at this location. Beyond this location, the shear

layer expands, leading to a reduction in the production of TKE, which is evident in all cases.

Additionally, a near-wall peak is observed in cases B and C, akin to the reference study on

the posterior side. At section F1-F2 located closer to the carina, a peak of ⟨k⟩/U2
b occurs

near the core in all cases, including Case A. This can be attributed to the flow acceleration

and geometry bifurcation in this region, which manifests in the production of TKE.

The profiles of resolved TKE in cases B and C follow the trends observed in the

reference study, where the TKE is affected by rapid variation in the flow field due to changes

in the anatomy, effects of curvature, flow constrictions, etc. The normalized profiles from

cases B and C tend to show similar quantitative variations at several locations. The observed

differences can be attributed to the use of the same grid in both cases, as total TKE will be

higher in Case C compared to Case B due to higher Re.

The results for mean velocity magnitude and resolved TKE discussed in this section

illustrate the adequacy of the employed computational setup in accurately capturing the

first- and second-order turbulence statistics. Next, we examine the characteristics of aerosol

deposition with a particular focus on the effects of Qv (Re) and dp (St).
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5.3 Aerosol Deposition Characteristics

We examine both global and local deposition of each particle stream. The deposition

fraction is computed after 2Tf from the particle’s injection time. The global deposition

fraction is computed as a ratio of the total number of deposited particles in the computational

domain and the total number of injected particles. The local deposition fraction is computed

for seven segments of the computational domain formed by sections A1-A2 through F1-F2

(see Fig. 5.7(a)). It is defined as the ratio of the total number of deposited particles within a

particular section and the total number of injected particles, and is obtained in a combined

manner for all particle streams as well as the individual particle streams.
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Figure 5.6 Global deposition fraction as a function of the particle diameter (a) and the non-
dimensional deposition parameter (χ) [2] (b) for the three cases. The reference
LES results and in vitro data [1] in subfigure (a) correspond to Case B (Re = 3745)
conditions with the complete SimInhale geometry

Figure 5.6 (a) shows the total deposition fraction of the inhaled aerosol particles

obtained for the three cases compared with the reference in vitro measurements and LES

results [1]. The reference results correspond to the deposition fraction with the complete

SimInhale geometry compared to the present study, where only a truncated geometry is

modeled. Therefore, it is expected that the global deposition fraction obtained in the present
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study from Case B will be lower than the reference results. In all cases, the deposition

fraction increases monotonically and nonlinearly with dp and Qv (Re). The small-sized

particles (1 µm) exhibit low deposition in all cases, while large-sized particles (10 µm) show

high deposition fractions, particularly at higher Re. These trends are consistent with past

studies, including the SimInhale benchmark, and confirm the size-dependent nature of the

inertial impaction [1, 29, 33, 35, 68].

The global deposition results reveal the strong influence of the flow regime on the

aerosol transport within the airway. In Case A, the deposition fraction increases gradually

from 0% to 10% across the particle size range considered in this study. This modest rise

reflects weak inertial forces under low Re conditions, allowing particles to follow airflow

streamlines more closely within the core region of the airway (see Fig. 5.2), thus facilitating

a deeper penetration of such particles in airways. The results for Case B tend to differ from

Case A for dp > 5 µm, and show a sharper increase in deposition that approaches 30%

with dp = 10 µm. In Case C, where the flow field has higher levels of turbulence intensity

throughout the airway geometry, the influence of inertia is most pronounced. For particles

with dp > 5 µm, the deposition fraction increases sharply and reaches about 55% at 10 µm.

This exponential-like behavior of deposition with dp reflects more intense inertial impaction,

driven by higher flow accelerations and turbulence intensity in this case, particularly around

anatomical constrictions like the glottis [29, 33]. These results underscore the importance of

flow regime on the transport and deposition of aerosol particles in the upper airways.
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In all three cases, the deposition fraction for small particles remains low and nearly

indistinguishable, highlighting the dominance of diffusive transport in this size range. Larger

particles, however, show a sharp transition toward inertia-driven behavior, a trend well

documented in both in silico and in vitro studies [68]. The results in this study accurately

capture this transitional behavior. The dependence of deposition fraction on Re highlights

the importance of increasing inspiratory flow rates, disproportionately impacting the larger

particles. In particular, a higher flow rate leads to increased Re and St, thereby increasing

particle-wall collisions. Such a behavior is consistent with the findings of Golshahi et al.

[2]. This is evident from Fig. 5.6(b) where we show the deposition fraction with respect to

a non-dimensional deposition parameter (χ = St2.18Re−0.74) proposed by Golshahi et al. [2]

. We can observe that the three cases show a good collapse of the deposition fraction with

this scaling.
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Figure 5.7 Schematic of airway showing seven sections, where local deposition fraction and
average velocity magnitude and slip velocity are obtained (a) and local deposition
fraction in three cases obtained from all seven particle streams (b)

The local deposition fraction quantifies the percentage of aerosol particles that adhere

to specific regions of the airway geometry. This metric is essential for evaluating the efficiency

and efficacy of aerosol-based drug delivery in different parts of the airways. We consider seven

sections of the airways, which are shown in Fig. 5.7(a), to examine the local deposition. These

sections correspond to critical anatomical regions, including the inlet, nasal cavity, pharynx,

larynx, trachea, and carina.

As shown in Fig.5.7(b), the regional deposition varies strongly with an increase in Re.

Here, the local deposition fraction is calculated for all particle streams together. In Case

A with the lowest Re, the local deposition is generally lower than in cases B and C across

most airway sections, consistent with the expectation that reduced inertia allows particles to

follow core airflow streamlines more closely and penetrate deeper within airways (see Fig. 5.2
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(a) and (d)). However, an exception is observed in Section 1, where Case A exhibits the

highest local deposition. This may reflect weak initial momentum, causing early particle

settling near the inlet. Beyond Section 1, the aforementioned variation continues in the

laminar regime, with the inertial impaction being minimal, and more particles reach as far

as the trachea and carina. Prior LES studies have similarly shown that laminar inhalation

promotes more uniform particle distribution and allows penetration up to 5th generation

bronchi, whereas high-flow, turbulent conditions tend to concentrate deposition in the upper

airway, preventing deeper transport [30].

With an increase in Re from laminar to turbulent cases, however, the local deposition

pattern changes significantly. In Case B, enhanced inertia causes more particles to impact

the airway walls in the bends and narrow sections (nasal cavity, pharynx, larynx), reducing

the portion of aerosol reaching the distal regions. In Case C, a large majority of the injected

particles are trapped in the head and throat regions via impaction, with the laryngeal area

in particular acting as a deposition hotspot. Consequently, far fewer particles survive to

deposit at the trachea or carina at the highest flow rate. Such a variation of upstream-

biased deposition with increasing Re or flow rate is a direct result of the stronger inertial

forces and turbulence at higher Re and St, which drive particles into contact with the

airway walls rather than allowing them to follow the core airflow streamlines around the

airway bends. These results for the local deposition are consistent with past studies, which

showed that higher inspiratory flow rates produce greater inertial impaction in curved and

constricted sections of the airway, leading to elevated deposition in those regions [28, 30, 69].
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In particular, the larynx emerges as a dominant deposition spot at high Re, as the fluid

jet through the glottal constriction tends to collide with the downstream walls, causing a

concentration of particle deposits in the laryngeal region. This is consistent with a higher

deposition of particles in higher Re and St cases shown in Fig. 5.2.
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Figure 5.8 Variation of local deposition fraction in seven sections for six particle streams
with different values of dp

Now, we examine the effects of dp or St on the local deposition within the airway

in the three cases, which are shown in Fig. 5.8. For the sake of clarity, we show results for
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six values of dp, namely 1, 2.5, 4.3, 6, 8, and 10 µm. The overall variation observed for the

combined local deposition fraction, as discussed before (see Fig. 5.7), remains consistent in

each case with particle streams of different sizes.

In Case A, which has the lowest Re, maximum local deposition occurs in the first

section, followed by a decrease till section 3. An abrupt increase occurs in the larynx region

(section 4), which is followed by a gradual decrease and saturation in downstream sections.

However, the effects of dp are noticeable where the local deposition fraction tends to increase

with dp. For example, the 10 µm particle stream shows nearly a 5 times local deposition

compared to the 2.5 µm particle stream through the airway sections.

Similar to the combined local deposition in cases B and C discussed before, qualita-

tively, each particle stream exhibits similar trends of the local deposition fraction through

the seven sections of the airway. However, the local deposition increases nonlinearly within

each section with respect to dp, implying the effects of St. For example, the ratio of local

deposition of 10 µm to 2.5 µm particle streams is about 25 in the laryngeal region (section

4), where maximum deposition occurs in Case B. This ratio increases to about 30 in Case

C, thus indicating a nonlinear dependence of the local deposition on Re. In these cases,

we observe an abrupt increase in local deposition in section 7, which is more pronounced

for particle streams with higher dp. Such a behavior occurs due to the bifurcation of the

geometry, which introduces complex flow leading to the movement of particles closer to the

wall, thus facilitating their deposition. It is also evident that the trend of highest deposition

occurring in sections 2, 3, and 4 holds primarily for particles larger than 5 µm. For smaller
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particles, this pattern is less consistent, and the deposition remains low and relatively uni-

form across the sections. These results emphasize that while Re and St affect the locally

dominant deposition mechanisms within the airway, the complexity of the flow also affects

the deposition of particles.

5.4 Aerosol Transport Statistics

The local transport and deposition of aerosol particles depend upon the complexity

of the flow field due to anatomical variations, inertia of the particles, gravity, and diffusion.

As the present study focuses on the variation of Qv and dp, which implies a variation of

Re and St, we examine the characteristics of inertial effects in terms of the statistics of

the aerosol transport across different sections of the airway. Specifically, we obtain the

sectional normalized average velocity magnitude (u∗) and normalized velocity fluctuation

(u′) of airflow and each particle stream. Here, u∗ = |u|avg,f/p /Ub, where |u|avg,f/p denote

the sectional volumetric average of velocity magnitude of airflow or particles stream and

u∗
s = (|uavg,f | − |uavg,p|) /Ub denote the local slip velocity. In addition, the local normalized

velocity fluctuation is expressed as, u′ = |u|r.m.s,f/p, where the subscript ‘r.m.s.’ denotes the

root-mean-square of the fluctuations.

Fig. 5.9 shows the first-order statistics of the aerosol transport and airflow in terms

of u∗ and u∗
s . In all three cases, u∗ for the airflow decreases from section 1 to 2 and then

increases gradually till section 5, and saturates afterwards. As discussed before, the decrease

till section 2 occurs due to the expansion of the flow in the nasal cavity region from the inlet.

Afterward, a gradual increase in u∗ occurs due to the flow constriction. The saturation in

65



the final sections of the airway geometry is due to a nearly constant cross-section of the

trachea region (see Fig. 5.3).
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Figure 5.9 Normalized average velocity magnitude (u∗) of six particle streams and airflow for
cases A (a), B (c), and C (e) and normalized slip velocity for cases A (b), B (d),
and C (f) through various corresponding sections of airway at 2Tf after particle
injection
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The effects of particle inertia are apparent in all cases. For each particle stream,

up to the pharynx region, u∗ tends to collapse with lower values compared to the airflow

leading to a negative slip velocity, u∗
s . Note that at this time, i.e., 2Tf , section 1 has only those

particles that are deposited, therefore, we observe negligible values of u∗ in this section, which

increases gradually in later sections, where the effects of dp are also observed, particularly

in the high Re cases. As discussed before, particles with dp ≪ 5 µm tend to follow the

average velocity of the airflow in the high Re cases, which, as discussed before, allows such

particles to penetrate deeper within the airway. This is apparent from the variation of u∗
s for

these particles in cases B and C, where u∗
s tends to be small in later sections of airway. On

the other hand, particles with dp > 5 µm have lower u∗ compared to the airflow and show

dependence on dp. This implies that such particles tend to lag the airflow, i.e., such particles

are located much closer to the low-speed regions of the flow, leading to inertial impaction as

the dominant mechanism of deposition. The effects of dp can also be interpreted in terms

of St, where for a particular case, an increase in dp is associated with an increase in St.

Therefore, we observe that the particle stream with the largest St leads to much smaller

slip velocity, implying that such particles are located in the near-wall region with a higher

probability of deposition (see Fig. 5.8).

Unlike the high Re cases, a different variation of u∗ is observed in the quasi-laminar

Case A, where all particles show a deviation away from the airflow velocity magnitude.

Essentially, u∗ of particles is consistently higher than that of the airflow beyond section 3,

which relaxes towards the airflow in the trachea. However, this approach of u∗ of particles
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to that of airflow is dependent on dp, with larger particles tending to approach u∗ at a faster

rate. This leads to a finite slip velocity even for the smaller-sized particles. Such a behavior

can be attributed to the effects of wall-normal variation of airflow in the quasi-laminar case

compared to the turbulent cases. The velocity profile in this case attains a shape with peak

magnitude near the core of the airway and a thicker boundary layer (see Fig. 5.4), whereas

turbulent cases tend to have a thinner boundary layer with a flatter core region (see Fig. 5.3).

A higher slip velocity of smaller size particles imply such particles tend to remain within core

regions of the airway, thus facilitating deeper penetration in airways. However, large-sized

particles tend to have a smaller slip velocity, implying such particles tend to remain closer

to the walls, thus having a higher probability of their deposition.

Figure 5.10 shows the variation of u′ within the airway region of the airflow and the

six particle streams. As expected, in Case A, which has quasi-laminar inlet conditions, the

airflow fluctuations tend to be small and increase gradually towards the last section. This

is consistent with the contours and profiles of the resolved TKE shown in Figs. 5.3 and 5.5

for this case. On the other hand, in the turbulent cases, we observe a gradual increase in

u′ of the airflow reaching a peak in the post-larynx region due to flow constriction. In later

sections of the airway, the fluctuations tend to saturate due to expansion of the shear layer.
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Figure 5.10 Normalized velocity fluctuations (u′) of six particle streams and airflow for cases
A (a), B (b), and C (c) through various sections of airway at 2Tf after particle
injection

The velocity fluctuation of the particle streams shows a much different behavior in

quasi-laminar and turbulent cases. In Case A, even though the airflow has smaller fluctua-

tions throughout the airway, the particle streams exhibit a rapid increase in the fluctuations

up to the larynx, after which a gradual increase occurs in the later parts of the airway. The

value of u′ ∼ 0.9 indicates a significant fluctuation of the particle velocity, which can be
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attributed to the effects of complex geometry, which lead to the presence of flow features

such as flow acceleration, shear layers, recirculation, etc. These effects tend to be more

pronounced compared to the effects of St, as in this case, we do not observe much variation

due to the changes in dp throughout the airway. However, turbulent cases, i.e., cases B and

C, exhibit a different variation of u′, where we observe the effects of St in the later parts of

the airway (after the larynx region). In particular, higher dp particles exhibit higher fluctua-

tions, which can be attributed to the effects of the inertia of particles. In all three cases, we

observe higher values of u′ of particles compared to the airflow. These results indicate that

the geometrical complexity induces significant variations in the flow field, which manifests

in the fluctuations of the particle velocity, an effect independent of St. However, with an

increase in Re, the effects of particle inertia affect the variation of u′, indicating a St effect.

The first-and second-order statistics of particle velocity in comparison to the airflow

statistics show that the aerosol transport discussed in this section is affected by the global

non-dimensional parameters Re and St as well as the anatomy of the airway and wall-

normal flow variation. These effects add to the complexity of deposition, which in turn can

significantly affect the efficiency and efficacy of aerosolized drug delivery.

5.5 Summary

In this chapter, airflow and aerosol deposition and transport were examined in the

human upper airways for monodisperse particle injections and different flow regimes. Cases

with higher flow rates produced complex flow features such as vortical structures, shear

layers, and more turbulence, which resulted in a strong influence on particle motion and de-
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position. Examining particle size revealed that small particles (St ≪ 1) followed streamlines,

allowing for deeper penetration into the airway, while larger particles (St = O(10−2)) expe-

rienced inertial impaction, which resulted in higher deposition. The time-averaged airflow

results for velocity magnitude and TKE agreed well with the SimInhale benchmark case.

Deposition analysis revealed that global deposition increased nonlinearly with both particle

size and Re, and local deposition shifted to the nasal cavity and larynx at higher flow rates.
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CHAPTER 6

AEROSOL DEPOSITION DURING POLYDISPERSE CONDITIONS

In this chapter, we examine the global and local aerosol deposition characteristics

during polydisperse injection. Under such conditions, an injected particle stream comprises

particles of varying sizes. We consider a mean particle diameter of 5 µm with a range

of 0.1 - 9.9 µm and examine the effects of three types of injection distributions, namely,

uniform distribution, normal distribution, and Rosin Rammler distribution. Furthermore,

we examine the aerosol deposition at three values of the inflow Reynolds number (Re),

leading to a total of nine cases. A detailed description of the injection parameters is provided

in Sec. 4.2.2. In all cases, the aerosol injection is performed in the established airflow and,

similar to the monodisperse cases, the deposition fraction is computed after two flow-through

times, i.e., 2Tf from the particle’s injection time.

The local deposition fraction (LDF) is calculated for seven distinct segments of the

airway geometry, as illustrated in Fig. 6.1. It is defined as the ratio of the number of particles

deposited within a specific section to the total number of particles injected into the domain.

For the global deposition, we define three distinct metrics to fully characterize the deposition

behavior across the range of particle sizes. First, the normalized global deposition fraction,

denoted as GDF1, quantifies the deposition efficiency for specific particle size ranges. It

is calculated as the ratio of the number of particles deposited for a given diameter range
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(bin) and the total number of particles initially injected within that same bin. Second, the

contribution of each size bin to the total deposition is quantified by GDF2. This metric is

defined as the ratio of the number of particles deposited from a specific diameter bin and

the total number of particles injected across all bins. Finally, the total global deposition

fraction, GDF3, represents the overall deposition for each simulation case. It is computed

as the ratio of the total number of deposited particles of all sizes and the total number of

injected particles.

Figure 6.1 Schematic of the airway showing the seven sections where local deposition is
measured

6.1 Global Deposition

Figure 6.2 shows the global deposition fraction (GDF1) as a function of bins of particle

diameter for the three particle size distributions. A strong, consistent dependence on both

particle diameter (dp) and Reynolds number (Re) is evident across all nine cases. For each
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distribution type, the deposition fraction increases monotonically and nonlinearly with dp.

Small particles (dp < 5 µm) exhibit low deposition fractions, while larger particles show a

significantly higher propensity for deposition, especially at elevated flow rates. These trends

are consistent with the monodisperse results and further demonstrate the role of inertial

impaction as the dominant deposition mechanism.

The results also reveal the significant influence of the flow regime on deposition effi-

ciency, irrespective of the initial particle size distribution. In the low Re cases (Re = 1000),

the deposition fraction for all distributions increases gradually, reaching approximately 10%

for the largest particles. This modest rise reflects weaker inertial forces, allowing most par-

ticles to follow the airflow streamlines. For the moderate Re case (Re = 3745), there is

a sharper increase in deposition for particles with dp > 9 µm, approaching 35%. Notably,

the results for this case align closely with the reference monodisperse data, suggesting that

the deposition efficiency of a given particle size is not significantly altered by the presence

of other sizes in a polydisperse distribution under these flow conditions and that the solver

is accurate for polydisperse distributions. In the highest Re case (Re = 5000), where the

flow is more turbulent, the influence of inertia is the most pronounced. The deposition

fraction increases sharply for larger particles, reaching approximately 50% at 9.5 µm. This

demonstrates the intensified inertial impaction driven by higher flow accelerations in the

upper airway. Critically, the near-identical nature of the curves across the Gaussian, Rosin-

Rammler, and Uniform distribution plots indicates that GDF1 is largely independent of the
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shape of the size distribution, being primarily governed by the particle’s individual inertia

and the flow characteristics.
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(b) Rosin-Rammler
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Figure 6.2 Variation of global deposition fraction (GDF1) with respect to bins of particle
diameter for Gaussian (a), Rosin-Rammler (b), and the Uniform distributions (c).
Here, the reference curve corresponds to the monodisperse results at Re = 3745
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Figure 6.3 Global deposition fraction (GDF2) as a function of the particle diameter normal-
ized for Gaussian (a), Rosin-Rammler (b), and Uniform distributions (c)
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In contrast, the contribution of each particle size bin to the total deposition, quantified

by GDF2 and shown in Fig. 6.3, is strongly dependent on the initial size distribution. For

the Gaussian and Rosin-Rammler distributions, which are more representative of realistic

aerosols, the deposition fraction does not increase monotonically. Instead, it rises to a peak

before declining for the largest particle sizes. This behavior reflects the interplay between the

increasing deposition efficiency of larger particles (as shown by GDF1) and the decreasing

number of particles present in those larger size bins. The peak in the GDF2 curve represents

the particle diameter range that contributes most significantly to the total deposited mass.

For the Gaussian distribution at Re = 5000, this peak occurs around dp = 7.5 µm. For the

Uniform distribution, where the number of particles is constant across all bins, the GDF2

curve follows the same monotonically increasing trend as the GDF1 curve, as there is no

decrease in particle count in each bin to counteract the rising deposition efficiency. This

highlights that while the deposition probability of an individual particle is independent of

the distribution, the overall deposition profile is a direct consequence of the aerosol’s size

characteristics.

Furthermore, the effect of the Reynolds number on these deposition profiles is sig-

nificant. For both the Gaussian and Rosin-Rammler distributions, an increase in Re not

only elevates the magnitude of the peak GDF2 value but also shifts the peak toward a larger

particle diameter. For instance, in the Gaussian case, the peak contribution shifts from

approximately 6.5 µm at Re = 1000 to 7.5 µm at Re = 5000. This is due to the higher in-

spiratory flow rates at higher Re, which disproportionately enhance the deposition of larger
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particles, causing them to become the dominant contributors to the total deposited mass.

For the uniform distribution, increasing Re simply amplifies the monotonically increasing

trend, further steepening the curve and underscoring the heightened impaction efficiency for

larger particles under more turbulent flow conditions.

A complementary perspective is provided in Fig. 6.4, which facilitates a direct com-

parison of the GDF2 profiles for the three distributions at each value of Reynolds number.

In the lower flow rate case (Re = 1000), the Gaussian and Rosin-Rammler distributions

exhibit qualitatively similar profiles, peaking near dp = 6.5 µm, though the Gaussian dis-

tribution consistently shows a higher peak contribution across all Reynolds numbers. In

contrast, the uniform distribution’s profile shows a monotonically increasing behavior with

particle diameter. As Re increases, the differences between the distributions are amplified.

For the Gaussian and Rosin-Rammler cases, the post-peak drop-off in deposition becomes

less severe at higher Re, suggesting that the enhanced deposition efficiency for the largest

particles begins to partially counteract their lower population. The most significant effect

is seen with the uniform distribution. Because it injects a high number of large particles,

the steep increase in deposition efficiency at high Re leads to an exponential-like growth in

its GDF2 profile. Consequently, the gap between the deposition from large particles in the

uniform case and the peak deposition from the more realistic distributions widens substan-

tially at Re = 3745 and Re = 5000, demonstrating that the interplay between flow rate and

the specific shape of the particle size distribution is critical in defining the overall deposition

characteristics.
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Figure 6.4 Global deposition fraction (GDF2) as a function of the particle diameter bin for
Re = 1000 (a), 3745 (b), and 5000 (c)
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Table 6.1 Particle deposition results for nine simulation cases, categorized by Reynolds num-
ber and particle size distribution type

Case Distribution Type Re Particles Deposited GDF3 (%)
A1 Gaussian 1000 4217 4.2
A2 Rosin-Rammler 1000 3564 3.6
A3 Uniform 1000 4471 4.5
B1 Gaussian 3745 5750 5.8
B2 Rosin-Rammler 3745 4019 4.0
B3 Uniform 3745 8648 8.6
C1 Gaussian 5000 9305 9.3
C2 Rosin-Rammler 5000 6134 6.1
C3 Uniform 5000 14030 14.0

Finally, the total global deposition fraction (GDF3), summarized in Table 6.1, inte-

grates these complex behaviors into a single metric of overall efficiency. A detailed analysis

of these values reveals the distinct roles of both the particle size distribution and the flow

regime. Across all three Reynolds numbers, a consistent trend is observed in deposition

efficiency among the distributions. Rosin-Rammler yields the lowest GDF3, followed by the

Gaussian, with the Uniform distribution consistently producing the highest total deposition.

This hierarchy is a direct reflection of the population of larger particles in each distribution.

The Rosin-Rammler is skewed towards finer particles, while the uniform distribution con-

tains a higher number of large particles, which have a higher probability of deposition via

inertial impaction. However, the magnitude of the difference between these distributions is

strongly modulated by the flow regime. In the low flow rate case (Re = 1000), the overall

inertial forces are weak, and the differences in total deposition are minimal across different

distributions, with all three cases falling within a narrow range (3.6% to 4.5%). In this

regime, the higher population of large particles in the uniform leads to only a slight increase
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of GDF3. As the flow rate increases, this behavior changes. At Re = 5000, the differences

are magnified among distributions; GDF3 for the uniform distribution (14.0%) is now over

1.5 times that of the Gaussian (9.3%) and more than double that of the Rosin-Rammler

(6.1%). This demonstrates that the increased flow turbulence and higher particle inertia

disproportionately amplify the impact of the larger particles present in the uniform distri-

bution. Therefore, while the deposition of any single particle is governed by its inertia, the

total deposition of a polydisperse aerosol is critically dependent on the number of large par-

ticles within the initial distribution, an effect that becomes overwhelmingly dominant under

turbulent inspiratory conditions.

6.2 Local Deposition

The local deposition fraction quantifies the percentage of aerosol particles that adhere

to specific regions of the airway geometry. This metric is essential for evaluating the efficiency

and efficacy of aerosol-based drug delivery in different parts of the airways. We consider seven

sections of the airways, as shown in Fig. 6.1, to examine the local deposition. These sections

correspond to critical anatomical regions, including the inlet, nasal cavity, pharynx, larynx,

trachea, and carina.

The regional deposition patterns for each of the three distributions are presented

in Fig. 6.5, illustrating a strong dependence on the Reynolds number. At the lowest flow

rate (Re = 1000), deposition is highest in the first section (inlet) for all distribution types,

followed by a significant decrease in subsequent sections. This indicates that under low-

inertia conditions, weak initial momentum leads to early particle settling near the inlet,
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while the remaining particles are able to follow the core airflow streamlines and penetrate

deeper into the airways with minimal further deposition. This behavior is consistent with the

monodisperse aerosol injection findings and promotes a more uniform particle distribution

in the distal regions.
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Figure 6.5 Variation of local deposition fraction in seven sections for Gaussian (a), Rosin-
Rammler (b), and Uniform distributions (c). Here, the reference corresponds to
local deposition at Re = 3745 with monodisperse distribution
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With an increase in flow rate leading to Re = 3745 and Re = 5000, the deposition

pattern changes fundamentally. For all three distributions, the laryngeal region (Section 4)

emerges as a pronounced deposition hotspot. The magnitude of deposition in this section in-

creases substantially with Re, driven by intense inertial impaction as the airflow accelerates

through the glottal constriction. For the uniform distribution at Re = 5000, this effect is

particularly pronounced, with over 5% of all injected particles depositing in this single sec-

tion. This upstream-biased deposition at higher flow rates significantly reduces the number

of particles available to penetrate to the trachea and carina regions (Sections 5-7). These

results confirm that for polydisperse aerosols, as with monodisperse, higher inspiratory flow

rates concentrate deposition in the upper airway, with the larynx acting as the primary fil-

ter. The local deposition profiles for the polydisperse cases at Re = 3745 also show a strong

qualitative agreement with the reference monodisperse data, reinforcing the validity of these

trends.
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Figure 6.6 Variation of local deposition fraction in seven sections for Re = 1000 (a), 3745 (b),
and 5000 (c). Here, the reference corresponds to local deposition at Re = 3745
with monodisperse distribution
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A more direct comparison of the effect of the particle size distribution on local depo-

sition is presented in Fig. 6.6. At the low flow rate (Re = 1000), the local deposition profiles

for all three polydisperse distributions and the monodisperse reference case are nearly indis-

tinguishable. The convergence of these profiles demonstrates that when inertial forces are

weak, the specific shape of the particle size distribution has a negligible impact on regional

deposition patterns. In this laminar regime, deposition is primarily governed by the flow

itself, and the subtle differences in particle inertia across the distributions are insufficient to

cause divergent trajectories, implying that for low-flow inhalation, the choice of distribution

model may not be critical for predicting regional deposition.

As the flow becomes moderately turbulent at Re = 3745, clear distinctions emerge

between the distributions, particularly in the anatomically complex regions from Section 2 to

Section 5. A consistent hierarchy is established; the Rosin-Rammler distribution yields the

lowest local deposition, followed by the Gaussian, and then the uniform distribution, which

shows the highest deposition. This trend is a direct consequence of the varying populations

of large, high-inertia particles in the injected distribution of particles. Furthermore, the

upstream deposition trends diverge. For the Rosin-Rammler and Gaussian distributions,

which have fewer large particles, deposition decreases from Section 1 to 3 as their smaller,

less-inertial dominant particles are better able to follow the flow streamlines and penetrate

deeper within the upper airway. In contrast, the uniform and monodisperse cases, both

characterized by an abundance of large particles, show an increase in deposition through these
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same sections, culminating in a pronounced laryngeal peak (Section 4) that is significantly

higher than that of the other two distributions.

In the highest flow rate case (Re = 5000), these differences are magnified further.

The deposition hierarchy (Rosin–Rammler < Gaussian < Uniform) becomes even more pro-

nounced, especially in the laryngeal hotspot, where the uniform distribution’s peak is now

substantially higher than all other cases. A significant shift occurs in the upstream behav-

ior of the Rosin-Rammler and Gaussian distributions; instead of decreasing, deposition now

shows a slight increase from Section 1 to 3. This reversal suggests that even the mid-diameter

range particles, not just the largest ones, begin to experience significant inertial impaction

under these highly turbulent conditions. Meanwhile, the deposition profiles for the uniform

and monodisperse cases remain qualitatively similar, showing a quasi-linear increase from the

inlet to the laryngeal peak, as their behavior is overwhelmingly dominated by high-inertia

particles. The key finding from this is that the initial particle size distribution is a criti-

cal parameter for predicting local deposition, but its influence is strongly coupled with the

flow regime. In laminar flow, its effect is minimal, but in the moderate and high turbulent

conditions, it dictates the magnitude and location of regional deposition hotspots.

6.3 Summary

In this chapter, global and local deposition were examined for three different PSDs

at three different inlet flow rates. The results show that for a given particle bin size, the

global deposition efficiency (GDF1) is governed directly by the particle inertia and Re, in-

dependent of the PSD used. For total deposition across all particle sizes (GDF3) and local
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deposition, the uniform distribution produced the highest amount of deposition, the Rosin-

Rammler distribution had the lowest deposition, and the Gaussian had a total deposition

in between. This trend was observed since total deposition by particle size (GDF2) peaks

at approximately 7 µm and then declines for Rosin-Rammler and Gaussian, and increases

monotonically for the uniform case, even for larger particles. For local deposition, similar

trends were observed for higher flow rates, especially in the larynx region, where a clear hier-

archy emerged for deposition magnitude: Rosin-Rammler < Gaussian < Uniform. However,

at lower flow rates, deposition is minimal across all three distributions, with the PSD having

no impact on the deposition trends.
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CHAPTER 7

AEROSOL DEPOSITION DURING REALISTIC BREATHING CYCLE

In this chapter, we investigate airflow and particle deposition under realistic, time-

varying breathing conditions. Unlike the steady inflow cases examined previously, the cyclic

breathing model captures the full inhalation–exhalation cycle, allowing assessment of the

transient flow features and their impact on aerosol transport. Three cases are analyzed:

steady-state inhalation, steady-state exhalation, and a complete cyclic breathing condition.

The airflow dynamics are first examined to examine the unsteady velocity profiles and flow

asymmetries that arise throughout the cycle. Subsequently, both global and local aerosol

deposition characteristics are evaluated for monodisperse injection of seven streams of par-

ticles as discussed in Chapter 5 to quantify how the temporal variations in the inlet flow

rate and direction influence overall deposition efficiency and spatial distribution within the

airways.

7.1 Description of Airflow

7.1.1 Cyclic Breathing

To understand the effects of the unsteady breathing pattern on the airflow, we first

examine the instantaneous flow features at different phases of the cycle. Figure 7.1 shows

the transverse profiles of the instantaneous velocity magnitude (|U |) at six cross-sections
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(A-F). The analysis is performed at three distinct time instances, t=6 s, corresponding to

the approximate peak of the inhalation phase, t=8 s, corresponding to the approximate peak

of the exhalation phase, and t=10 s, representing the end of the exhalation cycle, where the

inlet flow rate is nearly zero. These profiles are compared with time-averaged results from a

steady-state inhalation case at Re = 3745, which serves as a reference to highlight the key

differences between transient and steady-state airflow dynamics.

The profile at section A, located near the end of the inlet along the axial direction,

exhibits a nearly symmetric variation in all cases. The profile at t = 6 s, which corresponds

to the peak inhalation with an average Re of 1170, exhibits a turbulent flow-like profile

with a relatively flat core region and high near-wall gradients. This behavior is qualitatively

similar to the fully turbulent steady-state reference case (Re = 3745), although the peak

velocity magnitude is significantly lower, consistent with the reduced instantaneous flow

rate. In contrast, the profiles during the exhalation phase are different. At t = 8 s, during

peak exhalation (average Re = 605), the value of the axial velocity is much lower and the

profile is more parabolic in shape with asymmetric behavior. By the end of the cycle at

t = 10 s, the flow has nearly ceased, with the velocity magnitude being close to zero across

the entire cross-section. These results demonstrate the effects of cyclic breathing conditions

imposed at the inflow boundary. Furthermore, the variations in the profile over time indicate

the changing nature of the flow, which shows a turbulent-like profile during inhalation to a

quasi-laminar profile during exhalation.
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Figure 7.1 Velocity magnitude at six cross-sections (A–F) comparing different times to the
reference case. Here, the reference results corresponds to steady inhalation at
Re = 3745

In section B, a significant change in the profile of the velocity magnitude is observed

due to the flow expansion in the nasal cavity. The profile at t = 6 s (inhalation) be-
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comes highly asymmetric, mirroring the behavior of the steady-state reference case with a

high-velocity region concentrated near the anterior wall. This indicates the formation of a

prominent separation and recirculation zone near the posterior wall. In contrast, the profile

at t = 8 s (exhalation) also exhibits an asymmetric profile, but with the velocity peak skewed

toward the posterior wall, opposite to the inhalation case. This flow reversal is a direct con-

sequence of the reversed flow direction. During exhalation, the flow converges from the wider

pharynx region towards the inlet, causing the main flow path to attach to the posterior side

of the nasal cavity. However, the overall velocity magnitude and the degree of asymmetry

are smaller than during the inhalation phase, indicating that the prominent separation zone

seen during inspiration does not fully form during expiration.

Further downstream at section C, which corresponds to the pharynx region, the effect

of the airway curvature is evident. The profile during the inhalation cycle at t = 6 s

is asymmetric, with higher velocity magnitude toward the posterior side, a trend that is

consistent with the steady-state reference case. This demonstrates that even under unsteady

conditions, the geometry dictates the primary flow path and momentum distribution during

inhalation. The exhalation profile at t = 8 s, while significantly more uniform than the

inhalation profile, shows a subtle asymmetry with a slightly higher velocity gradient near the

posterior wall compared to the anterior side. This indicates that even at the lower exhalation

flow rate, the airway curvature still exerts a minor influence on the velocity distribution.

In section D, located near the laryngeal constriction, the flow accelerates to form a

glottal jet. The steady-state reference profile shows a distinct non-monotonic shape with two
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peaks, which are signatures of the shear layers bordering the jet core. The profile at t = 6 s

also exhibits this double-peaked structure, confirming the presence of a strong, jet-like flow

during the peak inhalation phase. Conversely, during peak exhalation (t = 8 s), no such

jet structure is apparent. The velocity profile exhibits lower values and exhibits a simple,

broader peak, indicating that the flow does not form the strong shear layers evident during

inhalation.

The effect of changes in the anatomy of the airway is evident from the profiles at

sections E and F, which show the evolution of the flow in the trachea. The inhalation profile

at t = 6 s continues to show complex, asymmetric features that qualitatively follow the

high-Re steady-state results. This indicates that the flow structures generated upstream,

particularly the glottal jet, persist and evolve throughout the upper trachea. In contrast,

the exhalation profiles at t = 8 s and t = 10 s exhibit a lower magnitude of velocity, thus

reinforcing that the flow field during exhalation is dynamically much simpler than during

inhalation.

Overall, these results demonstrate a contrast between the airflow dynamics of the

inhalation and exhalation phases within a single breathing cycle. The inspiratory phase,

even at a lower instantaneous Re than the steady-state case, reproduces all the key complex

flow features, including separation, skewed profiles due to curvature, and a strong glottal

jet. The expiratory phase, however, is characterized by a much weaker and less complex,

quasi-laminar flow field that lacks these prominent features. This temporal asymmetry in
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flow behavior is critical for affecting the transport and deposition of particles under realistic

breathing conditions.

7.1.2 Steady Inhalation and Exhalation

Next, we examine the time-averaged features of the steady-state inhalation and exha-

lation cases to understand how the mean flow fields differ from the fully turbulent reference

case. Figure 7.2 shows the transverse profiles of the time-averaged velocity magnitude, nor-

malized by the bulk inlet velocity (⟨Ū⟩/Ub), at six cross-sections (A–F). This normalization

enables a direct comparison of the profile shapes, independent of the flow rate differences

between the cases.

At section A, which is near the inlet, the inhalation case (Re = 1170) exhibits a nearly

symmetric profile with a mildly flattened core, characteristic of a quasi-turbulent inflow. In

contrast, the exhalation case (Re = 605) shows a distinct asymmetry, with the velocity

peak shifted toward one side of the inlet. The fully turbulent reference case (Re = 3745)

displays a flatter core, indicative of a developed turbulent flow. These results confirm that

while the values of Re are lower during inhalation and exhalation, the anatomical changes

immediately downstream of section A affect the flow field at this section, leading to a velocity

profile much different compared to a laminar flow. This is more noticeable for the exhalation

case, which is expected as the flow field is reversed, thus leading to the observed asymmetry

in the velocity profile.

96



0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

|u
|/U

b
Reference
Inhalation
Exhalation

(a)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

|u
|/U

b

Reference
Inhalation
Exhalation

(b)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

2.5

|u
|/U

b

Reference
Inhalation
Exhalation

(c)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

2.5

|u
|/U

b

Reference
Inhalation
Exhalation

(d)

0.0 0.2 0.4 0.6 0.8 1.0
Normalized Distance

0.0

0.5

1.0

1.5

2.0

2.5

|u
|/U

b

Reference
Inhalation
Exhalation

(e)

0.0 0.2 0.4 0.6 0.8 1.0
Normalized Distance

0.0

0.5

1.0

1.5

2.0

2.5

|u
|/U

b

Reference
Inhalation
Exhalation

(f)

Figure 7.2 Time-averaged and normalized velocity magnitude at six cross-sections (A–F)
comparing inhalation and exhalation compared to the reference case. Here, the
reference results corresponds to steady inhalation at Re = 3745

In section B, located in the nasal cavity, the flow becomes highly asymmetric. The

inhalation case shows a distinct velocity peak near the anterior wall, consistent with the
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development of a recirculation region along the posterior wall and qualitatively similar to

the reference case. The exhalation case, on the other hand, exhibits an opposite skewness

with the peak shifted toward the posterior wall. Notably, when normalized by its lower bulk

velocity, the exhalation profile shows a sharp and narrow peak, revealing that although the

absolute magnitude is smaller, the local flow is concentrated within a confined passage near

the posterior wall.

At section C, corresponding to the pharyngeal region, the inhalation profile remains

skewed toward the posterior side due to the airway curvature, maintaining good qualitative

agreement with the reference case. The exhalation profile is flatter overall but retains a mild

posterior skewness, suggesting that geometric effects continue to shape the flow path even

under lower-speed exhalation conditions.

In section D, near the laryngeal constriction, the inhalation case develops a distinct

double-peaked shape, a clear signature of the glottal jet. The normalized peak is comparable

to or slightly higher than that of the high-Re reference case, and the shear-layer structure of

the jet is well captured. Conversely, the exhalation profile lacks this double-peak feature of

the velocity profile, showing a single, broad maximum that indicates the absence of a strong

jet during reverse flow through the glottis.

Sections E and F, corresponding to the upper and lower trachea, show the down-

stream evolution of these flow structures. The inhalation profiles remain asymmetric with

elevated peaks near one wall, qualitatively following the reference trend, indicating that the

upstream jet and curvature effects persist. The exhalation profiles, in contrast, are flat-
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ter and nearly uniform, confirming that the flow field is dynamically simpler and lacks the

high-shear structures observed during inhalation. This is because the flow field is reversed,

leading to a much different development within this region.

Overall, the time-averaged results from the steady inhalation case, despite its lower

Reynolds number, reproduce the essential flow characteristics of the high-Re reference case,

including flow separation, curvature-induced asymmetry, and glottal jetting. The steady

exhalation case, in contrast, exhibits a smoother, quasi-laminar flow that lacks these features

but presents a distinctive, sharply peaked normalized velocity distribution in the nasal cavity

due to the reversed flow direction.

7.2 Aerosol Deposition Characteristics

Now, we examine the deposition characteristics of the aerosol particles by analyzing

both global and local deposition. For the steady-state inhalation and exhalation cases, the

deposition fraction is computed after two flow-through times (2Tf ) from the particle injection

time. For the cyclic case, particles were injected at the start of the second cycle (t = 5 s), and

the deposition was analyzed at the end of that cycle (t = 10 s). Here, one cycle corresponds to

5 s. The global deposition fraction is computed as the ratio of the total number of deposited

particles in the computational domain to the total number of injected particles. The local

deposition fraction, which will be discussed subsequently, is computed for seven segments of

the airway (see Fig. 6.1).
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7.2.1 Global Deposition

Figure 7.3 shows the global deposition fraction of the aerosol particles obtained for the

three cases, compared with the steady-state, high-Re reference case. A general observation

for the inspiratory-driven cases (inhalation, cyclic, and reference) is that the deposition

fraction increases monotonically and nonlinearly with particle diameter (dp). This trend is

consistent with the past studies and confirms the size-dependent nature of inertial impaction

as the primary deposition mechanism in forward airflow [1, 33]. As particle size and inertia

increase, their trajectories deviate more significantly from the flow streamlines, leading to

higher rates of impaction at airway bends and constrictions. The exhalation case, however,

presents a different behavior that shows the critical influence of the bulk flow direction.

The global deposition results for the exhalation case are uniquely high, with a depo-

sition fraction of approximately 37% for 1 µm particles, which is substantially greater than

the deposition of even 10 µm particles in the other two cases. This counterintuitive result is

a direct consequence of injecting particles into a reversed, expiratory flow field. The oppos-

ing airflow acts as a barrier to the particles’ initial momentum, causing them to decelerate

rapidly and significantly increasing their residence time within the complex geometry of the

upper airways. This prolonged residence time, combined with the flow directing particles

back towards the inlet region, results in a very high probability of impaction on the airway

walls, irrespective of particle size. The slight dip in deposition for 2 µm particles in this case

may suggest a complex interplay where particles of this specific size have just enough inertia
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to penetrate slightly further before being swept back, but not enough to impact as readily

as the larger particles.
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Figure 7.3 Global deposition fraction as a function of particle diameter for the steady in-
halation, steady exhalation, and cyclic cases compared with the reference case.
Here, the reference results corresponds to steady inhalation at Re = 3745

A key finding from this analysis is the close agreement between the deposition curves

for the steady inhalation case (Re = 1170) and the full cyclic case. Both cases exhibit a

gradual increase in deposition, starting from near-zero for 1 µm particles and rising to a

deposition fraction of approximately 9-10% for 10 µm particles. The fact that these two

distinct cases yield very similar deposition outcomes provides strong evidence that nearly all

particle deposition in a realistic breathing cycle occurs during the inspiratory phase. The

subsequent expiratory phase, characterized by lower velocities and a less complex flow field,

appears to have a negligible direct effect on causing further deposition of particles already

within the airway. The observed deposition fractions in both cases are significantly lower than
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the high-Re reference case, which is expected given the lower flow rates and consequently

weaker inertial forces.

Furthermore, a subtle but consistent difference is observed where the deposition frac-

tion for the steady inhalation case is always slightly higher than that of the cyclic case across

all particle sizes. This minor difference suggests an important secondary role for the exhala-

tion phase of the breathing cycle, that of a clearance mechanism. While expiration does not

significantly contribute to deposition, it effectively removes a small fraction of particles that

remain airborne after the inhalation phase has concluded. These particles are successfully

carried out of the airway, resulting in a slightly lower net deposition fraction for the full

cycle compared to a scenario with continuous, steady inhalation. This highlights an aspect

of realistic breathing, where the expiratory flow, while not a primary deposition driver, can

influence the final deposited dose by clearing the airway of suspended aerosol particles.

7.2.2 Local Deposition

The local deposition fraction quantifies the percentage of aerosol particles that adhere

to specific regions of the airway geometry, which is essential for targeting drug delivery. We

consider seven sections of the airways, as shown in Fig. 6.1, to examine the local deposition

patterns.

First, we analyze the local deposition fraction calculated for all particle streams com-

bined, as shown in Fig. 7.4. The regional deposition patterns reveal subtle but important

differences between the inspiratory flow conditions. The high-Re reference case is charac-

terized by a single, dominant deposition peak in the larynx (Section 4), with deposition
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steadily increasing through the upstream sections (1-3). In contrast, the steady inhalation

case exhibits a bimodal distribution with two distinct peaks of similar magnitude, one in the

nasal cavity (Section 2) and another in the larynx (Section 4). The cyclic case presents yet

another pattern, with deposition showing a roughly linear decrease from the inlet (Section

1) to the pharynx (Section 3) before rising again at the larynx (Section 4). While the overall

magnitudes of the steady inhalation and cyclic cases are comparable, these differences in

peak locations highlight that steady versus unsteady inhalation produces different regional

hotspots of aerosol particles. In the downstream sections (5-7), all three inspiratory flows

show a similar qualitative shape, differing primarily in magnitude. This suggests that once

the flow passes the laryngeal jet, its subsequent evolution in the trachea is less sensitive to

the inflow condition.
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Figure 7.4 Local deposition fraction in three cases obtained from all seven particle streams,
excluding the exhalation case, as all the particles were deposited in section one
for the exhalation case
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Now, we examine the effects of particle diameter (dp) on the local deposition within

each of the three primary cases, as shown in Fig. 7.5. This detailed breakdown reveals the

strong interplay between particle inertia, flow condition, and airway anatomy. In both the

cyclic case (Fig. 7.5(a)) and the steady inhalation case (Fig. 7.5(b)), the local deposition

fraction increases substantially with dp in every section, a clear marker of inertia-driven

deposition. The qualitative shape of the deposition profile for any individual particle size

generally follows the pattern observed in the combined analysis for that case. For instance,

the bimodal peaks in sections 2 and 4 for the inhalation case and the decreasing-then-

increasing trend for the cyclic case are present across the particle size range. However, the

prominence of these features is highly dependent on the particle size. For smaller parti-

cles (1 µm to 4.3 µm), the deposition magnitude is low and the profiles are relatively flat,

showing only modest variations between sections. As particle size increases to larger values

(6 µm to 10 µm), the deposition magnitude increases significantly, and the characteristic

peaks and valleys of each profile become much more significant. While these larger particles

follow the same general deposition shape, the visual differences in magnitude between them

are substantial, highlighting a nonlinear relationship between particle inertia and regional

impaction efficiency.
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(a) Cyclic

(b) Steady inhalation

(c) Steady exhalation

Figure 7.5 Local deposition fraction as a function of the particle diameter for the cyclic (a),
steady inhalation (b), and stead exhalation (c) cases
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The steady exhalation case (Fig. 7.5(c)) presents a fundamentally different and highly

localized deposition pattern. An overwhelming majority of the deposition, between 30-45%

of all injected particles, occurs in section 1, near the inlet region, with deposition in all subse-

quent sections (2 through 7) being nearly zero. This extreme localization not only highlights

a unique deposition mechanism but also serves as a verification of the model’s physical re-

alism, correctly predicting that particles fail to penetrate the airway against the opposing

expiratory flow. While this mechanism is so dominant that it traps particles of all sizes, in-

ertial effects are still a clear factor. The deposition fraction within Section 1 is not uniform;

it increases with particle size, with 10 µm particles showing the highest deposition, followed

by 8 µm, and so on. This demonstrates that even when the bulk flow forces immediate depo-

sition, larger particles with greater inertia impact the walls more readily upon entering the

reversed flow field. This result carries a significant practical implication for aerosol therapy.

If a drug is administered while a patient is exhaling, the dose will be entirely deposited in

the upper-most region, failing to reach the target airways and necessitating re-injection for

the treatment to be effective.

7.3 Summary

This chapter examined both airflow and particle deposition within the human up-

per airways using a realistic time-varying breathing condition and steady inflows. The cyclic

case, when compared to steady inhalation and exhalation, showed unsteady flow features that

strongly influenced local deposition. The inhalation phase produced complex and turbulent-

like flow features such as recirculation and a strong glottal jet. In contrast, the exhalation
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phase remained smoother and quasi-laminar, with fewer flow features. Examining the de-

position revealed that most particles were deposited during the inhalation phase, while the

exhalation phase had a small impact on the total deposition, acting as a clearance mecha-

nism. It was also shown that, like the monodisperse cases, deposition increased monotonically

with particle size due to inertial impaction. Local deposition analysis revealed that most

particles were deposited in the nasal cavity and larynx during inhalation, while all particles

were deposited in the inlet during exhalation due to the flow reversal.
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CHAPTER 8

CONCLUSIONS

Numerical investigation of aerosolized drug delivery, which is typically used to treat

pulmonary diseases, can provide detailed information, which, along with advanced imaging

techniques, can enable an effective patient-specific treatment procedure. In this study, we

employed a point-particle LES strategy to investigate the effects of steady and cyclic inhala-

tion conditions on the airflow and aerosol dynamics within human upper airways. To facil-

itate efficient parametric studies, we considered a truncated portion of the well-established

SimInhale benchmark configuration, which comprised the extrathoracic and parts of the in-

trathoracic airways. We simulated three inhalation conditions with flow rates of Qv =14.2,

53.2, and 71 L/min, leading to Re = 1000, 3745, and 5000 representing quasi-laminar, mod-

erate turbulence, and high turbulence conditions for monodisperse and polydisperse particle

injections. To simulate realistic breathing conditions, we used a time-varying sinusoidal ve-

locity profile representing a calm breathing pattern, and time-averaged steady inflows and

outflows for inhalation and exhalation. For cases with monodisperse particle injection, seven

monodisperse particle streams with particle diameters ranging from 1 µm – 10 µm were

tracked. For polydisperse particle injection, the three particle size distributions (PSDs) were

considered, which included Gaussian, Rosin-Rammler, and uniform distributions with par-

ticle diameter ranging from 0.1 µm – 9.9 µm having a mean of 5 µm. A comprehensive
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analysis of results from these cases was performed in terms of instantaneous features of air-

flow and aerosol dynamics, turbulence statistics of airflow, local and global deposition of

aerosol particles, and statistics of aerosol transport.

8.1 Key Accomplishments

The key accomplishments of this study are summarized as follows:

• Instantaneous Flow and Monodisperse Aerosol Dynamics During Steady

Inhalation: The analysis of instantaneous flow field during the steady inhalation

conditions showed elongated coherent structures forming in the nasal cavity region,

which persisted through the airway in all cases. As expected, the two higher Re

cases showed more small-scale structures, whereas the quasi-laminar case showed much

longer bulk flow-oriented coherent structures. The instantaneous distribution of aerosol

particles showed dependence on both Qv and dp, with higher Qv cases exhibiting more

uniform dispersion of dp = 1 µm particles and enhanced deposition in the nasal cavity

due to increased mixing. Particles of size dp = 10 µm exhibited stronger inertia-driven

effects, leading to greater deposition and preferential concentration throughout the

airway, particularly in high Re cases.

• Flow Statistics During Steady Inhalation: The time-averaged airflow for the

monodisperse cases showed a distinct behavior of the quasi-laminar case compared to

the turbulent cases. Specifically, in the nasal cavity region, the low Re case showed

limited transverse mixing and a thicker boundary layer compared to the higher Re

cases. In addition, the transverse profiles of normalized velocity magnitude at six

109



locations across the airway region showed flatter core regions and steeper wall gradients,

typical of turbulent flows in high Re cases compared to the low Re case. Profiles

across all sections captured key anatomical influences, such as asymmetry due to flow

expansion, curvature, and asymmetric shear layers, with high Re cases aligning closely

with results from the reference study. We observed higher values of the resolved TKE

and eddy viscosity in the post-cavity, laryngeal, and tracheal regions in the high Re

cases, indicating stronger turbulence generation due to shear-layer instabilities and

complex anatomical effects.

• Monodisperse Aerosol Deposition During Steady Inhalation: The global de-

position for the monodisperse cases showed a nonlinear dependence on Qv or Re and

dp or St, with small particles (dp < 5 µm) showing minimal deposition and larger

particles (dp > 5 µm) exhibiting sharp increases in deposition with dp, particularly

in high Re cases. The deposition in high Re cases was driven by stronger turbulence

and flow accelerations, especially near anatomical constrictions. Quantitatively, in the

Re = 5000 case, deposition was about 55%, whereas it was 10% in the Re = 1000

case for the largest stream of particles (dp = 10 µm). The global deposition fraction

from the three cases also showed a good collapse with the non-dimensional deposition

parameter (χ = St2.18Re−0.74) reported in a past study. The local deposition also

varied strongly with Re and St, reflecting the interplay of inertia and turbulence on

particle transport. In the low-Re case, particles followed core streamlines, resulting

in deeper penetration in the airways, except for slightly elevated deposition near the
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inlet due to weak initial momentum. In contrast, high-Re cases showed pronounced

deposition in the nasal cavity, pharynx, and especially the larynx, where jet impaction

intensified particle trapping and limited penetration to distal regions. Quantitatively,

the deposition of 10 µm particles was 30 times higher than 2.5 µm particles in the

larynx region in the highest Re case.

• Monodisperse Aerosol Transport Statistics During Steady Inhalation: The

analysis of velocity and its fluctuations and the slip velocity of aerosol particles within

the monodisperse cases during steady inhalation showed that apart from the global

parameters such as Re and St, the local anatomy of airways and associated flow com-

plexities jointly control aerosol transport and deposition in the upper airways. In

high-Re cases, small particles (dp < 5 µm) followed the airflow closely, enabling their

deeper penetration, while larger particles (dp > 5 µm) lagged the flow, due to their

movement toward near-wall low-speed regions, which led to their deposition through

the inertial impaction mechanism. In the quasi-laminar case, even smaller particles

(dp < 5 µm) exhibited higher slip velocities compared to larger particles, which is due

to the transverse flow variations in such flows leading to movement of such particles in

the core region and thus facilitating their deeper penetration. In all cases, the velocity

fluctuation of aerosol particles was significantly higher than that of the airflow, which

again showed the effects of flow complexities induced by geometric variations of the

airway. The effect of St on the velocity fluctuations of particles was only observed in
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turbulent cases, thus indicating the role of particle inertia getting pronounced with an

increase in the turbulence intensity of the airflow.

• Polydisperse Aerosol Deposition During Steady Inhalation: In chapter 6,

global and local deposition were examined using Gaussian, Rosin-Rammler, and uni-

form PSDs at three different steady inflow conditions representing quasi-laminar, mod-

erately turbulent, and high turbulent flow scenarios. The analysis used normalized

global deposition (GDF1), total global deposition by particle bin sizes (GDF2), total

global deposition (GDF3), and local deposition fraction (LDF ) across the 7 sections in

the airway. Results show that for a given particle size (GDF1), the deposition efficiency

is governed directly by the particle inertia and Re regardless of the PSD used. For total

deposition across all particle sizes (GDF3) and local deposition, the uniform distribu-

tion, which has many large particles, produced the highest amount of deposition, the

Rosin-Rammler distribution with particles skewed to the left had the lowest deposition,

and the Gaussian was in between. This is due to the fact that total deposition by par-

ticle size (GDF2) peaks at approximately 7 µm and then declines for Rosin-Rammler

and Gaussian, and increases monotonically for the uniform case, for larger particles.

For local deposition, similar trends were examined for higher flow rates, especially in

the larynx, where a clear hierarchy emerged for deposition magnitude: Rosin-Rammler

< Gaussian < uniform. However, at lower flow rates, deposition is minimal across all

three PSDs, with the PSD having negligible impact on the deposition trends.
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• Airflow During Realistic Breathing Cycle: To evaluate the effects of a physiologi-

cally realistic breathing cycle on key flow features and aerosol transport, a time-varying

cyclic breathing, steady-state inhalation, and steady-state exhalation case were sim-

ulated. Results showed that even at lower instantaneous flow rates compared to the

turbulent inflow reference case, the inhalation phase exhibited complex and turbulent-

like flow features, including flow separation, skewness from the curved airway geometry,

and a strong glottal jet. During the exhalation phase, the resulting flow was weaker

and more quasi-laminar-like, lacking some of the complex features when compared with

the inhalation phase. However, it was observed that when reversing the flow during

the exhalation phase, the flow shifts from the anterior to the posterior side of the nasal

cavity, showing the influence of deceleration and reversed flow.

• Monodisperse Aerosol Deposition During Realistic Breathing Cycle: The

analysis of monodisperse aerosol deposition for the cyclic breathing cases showed a

strong dependence on particle size and flow direction. For cases with inspiration (steady

inhalation and cyclic breathing), the global deposition increased monotonically with

particle diameter due to inertial impaction. In comparison, the exhalation case had a

very high deposition even for particles smaller than 5 µm, as particles were injected

into reversed flow, which increased deposition near the inlet. Comparison between

the steady inhalation and cyclic cases revealed very similar global deposition trends,

indicating that most of the deposition within the upper airway occurs during inhalation,

with the exhalation phase acting as a clearance mechanism, causing slightly lower
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deposition. Local deposition analysis showed differing trends among the three cases,

with steady inhalation causing bimodal peaks in the nasal cavity and larynx, cyclic

producing a linear decrease up to the larynx, and all particles depositing in the inlet

for the steady exhalation case.

8.2 Future Outlook

To improve the research, future studies can consider the following:

• Examine the Role of SGS Dispersion Model: In this study, a no-model strat-

egy for the subgrid-scale dispersion is used, where the subgrid dispersion effects are

neglected. This is a simplified approach, but it leads to inaccuracies when predicting

the dynamics of smaller-sized particles (O(1)µm). To more accurately predict particle

dynamics, a structural stochastic model that reconstructs the entire subfilter velocity

field or a stochastic model that retrieves some statistical features of the subfilter ve-

locity field could be utilized to examine the effects of such models on aerosol transport

and deposition.

• Examine Mucus Interaction and Dynamics: The simulations in this study as-

sumed that particles deposit on the walls when contacted and that the walls are rigid.

To make this more realistic, a surface film of mucus could be implemented on the walls,

with the dynamics of the mucus and mucus-particle interaction modeled. This imple-

mentation would allow for the effects of rebound and particle capture by the mucus,

as well as airflow on the mucus, to be examined.
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• Extend the Mesh to the Full Geometry: The mesh used for the simulations in

this study is a truncated version of the SimInhale benchmark case up to the carina.

Although this makes the simulations much more computationally efficient, future work

could extend the airway model to all 12 airway generations. This extension would allow

for a more complete analysis, especially for lower flow rates and smaller particles.
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