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ABSTRACT 

 

Continuous deposition of workplace pollutant particles on lung airways 

during respiratory actions seriously threatens the lung health of persons 

performing tasks in polluted environments. While inhalation-deposition 

relationships have been explored, the impact of exhalation on the deposition 

of polydisperse particles remains unclear. This study aims to analyze the 

exhalation-driven deposition of fine and coarse occupational pollutant 

particles in polydisperse form, considering varying levels of physical activity. 

Computer simulations are conducted on the airway section G3-G4 to study 

the patterns of airflow dynamics and deposition of grain dust, coal fly ash, and 

bituminous coal particles across a spectrum of activity intensities, utilizing 

idealized and realistic lung models. Key findings include the observation of 

early emergence of secondary flows in the real model compared to the 

idealized model, a notable shift in deposition patterns towards the post-

bifurcation zones, and the influence of physical activity intensity on particle 

deposition. Additionally, deposition primarily occurs near the cranial ridge 

during inhalation, while exhalation leads to deposition in pre- and post-

bifurcation zones. The effect of gravity on deposition is more pronounced at 

lower flow rates but diminishes at higher flow rates. PM2.5 deposition is 



 xv 

minimal and random in the idealized model but becomes more significant and 

consistent in the real model, with substantial deposition rates observed for 

PM10 particles. This research underscores the increased risk of lung diseases 

for workers in polluted environments during vigorous activity.   

Keywords: Exhalation, Expiratory Deposition, Workplace Pollutants, Polydisperse, 

Lung Airways, Computational Fluid Dynamics (CFD)  
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CHAPTER 1: INTRODUCTION 

The Industrial Revolution instigated an era where the atmosphere is progressively 

overtaken by a variety of dangerous. At present, roughly 99 percent of the globe's 

population resides in places where air pollution levels are higher than acceptable levels, 

leading to the startling fact that over seven million premature deaths are caused by air 

pollution annually(World Health Organization, 2023).  

Every time they breathe in, most people unintentionally take in a significant number 

of airborne pollutants. These tiny particles, which can range from harmful gases produced 

from combustion sources to small particulate matter exhaled by automobiles and industrial 

activities, enter the sensitive respiratory tissues with frightening ease. Not only does this 

continuous exposure to airborne pollutants impair lung function, but there are also health 

concerns to the body as a whole since these toxic compounds may enter the circulation and 

damage important organs all throughout the body. In addition, occupational pollution has 

become a grave concern that causes lung cancer and cardiovascular diseases [2].  

Paul et al.'s [3] inquiry uncovered a startling fact: coal worker's pneumoconiosis 

(CWP), which is brought on by breathing in coal dust, was the cause of 18.3% of miners' 

fatalities. The dangerous work dangers that miners face is highlighted by this discovery. 

There is a serious risk to respiratory health with every breath in the dusty coal mine 

environment. The well-being of coal miners is at risk, and these numbers highlight the 

urgent need for strict safety procedures and vigilant health monitoring. According to 

studies by [4] and [5] a concerning finding is that a large number of employees at grain 

processing facilities have asthma caused by grains. Their respiratory health is 

gravely endangered by breathing in grain dust, which is full of allergens and irritants, all 

day long. The symptoms can be rather difficult to manage, including wheezing to asthma. 

Consequently, it is imperative that these establishments intensify their safety protocols and 

closely monitor the well-being of their employees. 

 The residual product identified as coal fly ash (CFA) from thermal power plants is 

widely used in the making of bricks, according to [6] However, as [7] point out, individuals 
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in CFA-related operations encounter severe health risks since CFA contains carcinogenic 

ingredients including lead and arsenic. This emphasizes how important it is for CFA-using 

industries to have strict occupational health and safety policies in place to safeguard 

employees from potentially harmful compounds and related health hazards. 

1.1 Literature Review 

Pollution from coal mines (CM), grain processing facilities (GPF), and the coal fly 

ash brick industry (CFBI) is referred to as "particulate matter (PM)" pollution. This has 

been reported by [8], [9], [10] .This phrase refers to the wide range of airborne particles 

that are released during industrial activities within various industries, from fine dust and 

soot to aerosols. It is critical to acknowledge the widespread presence of PM pollution in 

various sectors in order to comprehend the complex issues that airborne pollutants present 

and to develop practical mitigation techniques that will protect the environment and human 

health. 

The difference between PM2.5 and PM10, as described by [11], is critical when it 

comes to particulate matter (PM) pollution. PM2.5 is a class of tiny particles that have a 

diameter of less than 2.5 micrometers. These particles have the potential to severely 

penetrate the respiratory system and pose serious health hazards. PM10, on the other hand, 

is classified as coarse PM and includes particles that range in size from 2.5 to 10 

micrometers. Researchers can identify the ways in which fine and coarse PM impact human 

health and develop focused approaches to lessen their negative impacts on public health by 

gaining a grasp of these particles' properties. 

   Particles like PM2.5 and PM10 are taken into the lungs while breathing and land 

on different parts of the lung airways, as research by [12] and [13] has demonstrated. 

Particles deposited in the respiratory system may have a significant impact on lung health, 

perhaps causing respiratory discomfort, inflammation, and chronic respiratory conditions. 

Knowing the kinetics of particle deposition in the lungs is essential to understanding the 

processes that underlie the detrimental health impacts of exposure to air pollution. This 
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kind of information is essential for shaping healthcare initiatives meant to reduce the 

respiratory hazards associated with airborne particulate matter.  

Extensive research has been conducted by [14] and [15] to show that lung disorders 

caused by exposure to PM2.5 and PM10 are associated with higher death rates. These data 

highlight the serious effects of breathing in airborne particulate matter over extended 

periods of time since high concentrations of PM2.5 and PM10 greatly increase the risk of 

respiratory diseases and the death that goes along with them. This research has important 

ramifications that highlight the pressing need for effective public health initiatives to 

protect the respiratory health of impacted communities and lower ambient particulate 

matter levels. 

 According to [16], there is an increased risk of pollutant particle absorption and 

deposition in the lung airways when physical activity (PA) is performed in particulate 

matter-polluted working settings. This finding emphasizes how intricately individual 

behaviors and occupational exposures interact, with deeper breathing and faster breathing 

rates during physical activity leading to a higher intake of airborne contaminants. As a 

result, there is an increase in the accumulation of these particles in the respiratory system, 

which may put workers who are exposed to particulate matter pollution at risk for 

respiratory illnesses. Comprehending the mutual benefits of physical exercise and 

environmental contaminants is essential for enhancing workplace safety measures and 

reducing the detrimental impacts of occupational exposures on health. 

 As [17] point out, there is still much to learn about the complex interaction between 

the degree of physical activity in different contaminated settings and the deposition of 

particles. We still don't fully grasp how varying degrees of physical activity affect how 

airborne contaminants deposit in the respiratory system. This is despite great strides in 

study. The intricacy of environmental health dynamics is highlighted by this ambiguity, as 

a multitude of elements, such as pollutant properties, personal physiological reactions, and 

environmental circumstances, combine to influence the accumulation and consequent 

health impacts of inhaled particles. In order to minimize the detrimental effects of 

particulate matter pollution on respiratory health and to improve our understanding of 
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occupational and environmental health concerns, it is critical that this information gap be 

closed. 

Most research examining the impact of particulate matter on lung health focuses on 

inhalation mechanisms. An important statistic is particle deposition efficiency (DE), which 

shows the percentage of particles deposited in the respiratory system compared to the total 

number of particles injected into the system. Notably, deposition efficiency shows an 

increasing tendency with increasing particle sizes and intensities of physical activity, 

especially in the trachea and the first three generations (G1–G3) of airway branching [18]. 

This association highlights how important it is to take into account both individual 

physiological responses and particle features when evaluating inhaled pollutant deposition 

patterns and their possible effects on respiratory health. 

There is a similar pattern of deposition efficiency in the airway generations G3–G5, 

which is documented in tandem with the trachea and beginning generations. [19] have 

explained that there is a noteworthy anomaly in the lower airways, particularly in 

generations G14-G16, where deposition efficiency exhibits a declining tendency with 

increasing physical activity intensity. This difference emphasizes the intricate relationships 

between physical activity levels and the kinetics of particle deposition across the 

respiratory tract, highlighting the intricacy of these interactions with environmental health 

across several anatomical locations. These kinds of discoveries are extremely helpful in 

explaining the complex processes that underlie the deposition of particles in the lungs and 

in providing tailored therapies to lessen the harmful effects of airborne pollution exposure 

on respiratory health. 

Research regarding the influence of exhalation on the deposition of these particles 

during various levels of PA is rare. In an experimental study on exhalation, [20] found 

deposition hot spots in the pre-bifurcation zone of G3-G4 and attributed this phenomenon 

to the vortices generated by the secondary flows. [21] also found similar patterns of 

deposition hotspots in their numerical study on particle deposition in expiratory flow. [22] 

observed the correlation between particle deposition during exhalation and Dean number 

(D) and found the deposition efficiency to increase when D>100 at a constant Stokes 
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number. All these researchers relied on idealized airway structure. Given the intricacy 

brought about by variances in airway anatomy among people, the necessity for study on 

real geometries becomes clear. While real geometries have been investigated in inhalation 

studies[23], [24], [25], there is a significant void in the literature for exhalation-related 

research.  

Pollutant particles are found with a wide range of diameters. However, most of the 

researchers have focused on monodispersed deposition in their studies. Only a few studies 

analyzed polydisperse particle deposition [26]. [27] studied the effect of the density and 

particle size along with polydispersity on the DE and found that large but light particles 

deposited less than tiny but dense particles. However, the difference in deposition 

efficiencies becomes less prominent with an increase in median diameter. In a comparison 

performed by [28], the deposition efficiency (DE) of polydisperse particles was higher than 

that of monodisperse particles. Turbulence effects on the deposition of large-size particles 

are found to be higher than on small-size particles in a polydisperse transport and 

deposition (TD) study [29]. All these researchers considered inhalation to study the 

polydisperse deposition. No existing studies have examined the influence of polydispersity 

on aerosol deposition in bronchial airways during exhalation. 

1.2 Research Motivation 

This research was motivated by the pressing need to understand and mitigate the health 

risks associated with working in locations where air pollution is present. Workers in many 

different industries, such as manufacturing, construction, and mining, regularly encounter 

high quantities of airborne particles that might damage their respiratory systems. Grain 

dust, coal fly ash, and bituminous coal are some of these particles. We still don't fully 

understand how these pollutants affect lung health at different intensities of physical 

exercise. This study attempts to close this information gap by examining the patterns of 

fine (PM2.5) and coarse (PM10) polydisperse particle deposition in the airways during 

exhalation. It is essential to comprehend how different physical activity levels affect the 

amount of pollutant particles deposited to develop measures that effectively safeguard 

workers' health and reduce occupational dangers. Furthermore, contrasting the deposition 
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behaviors in realistic and idealized lung models sheds light on how complicated anatomy 

affects particle deposition.  

Ultimately, by offering a thorough grasp of the variables driving particle deposition in 

the respiratory system, this research hopes to make a significant contribution to 

occupational health. These discoveries can lead the creation of focused treatments and 

occupational safety regulations to protect the health of employees exposed to airborne 

contaminants. 

1.3 Research Aim 

This study aims to investigate the polydisperse deposition of pollutant particles on the 

G3-G4 pulmonary airways in the context of workplace pollution under four levels of 

physical activities: sedentary state (SS), light activity (LA), moderate activity (MA), and 

vigorous activity (VA).  

1.4 Research Objectives 

The goal of the study is to investigate the intricate dynamics of particle deposition 

inside the respiratory system, with a focus on the airway segment G3–G4. The primary 

objective is to investigate the effects of varying levels of physical activity on the patterns 

of fine (PM2.5) and coarse (PM10) polydisperse particle deposition during expiration. 

Additionally, the study looks at how different types of pollution particles, such grain dust, 

coal fly ash, and bituminous coal, influence how they settle in the airways. A comparative 

investigation will be performed to ascertain the relative impacts of mono and polydisperse 

particles on respiratory particle deposition. Moreover, the study will also assess the 

importance of anatomical details by contrasting deposition patterns in idealized and 

realistic lung models. 
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1.5 Hypothesis 

Building on the insights gained from the literature analysis, a hypothesis can be 

formulated that considering particle polydispersity and expiratory flow, the deposition of 

polydisperse particles during exhalation is higher compared to monodisperse particles.  
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   CHAPTER 2 METHODOLOGY 

2.1 Airway Geometry 

Lung airway generations G3-G4 are selected because the numerical model can be 

tested at these generations using the available experimental data [20]. Both the ideal and 

real lung models will be analyzed and a comparison between the two scenarios will be 

provided. This study is focused on the deposition mechanisms only at one bifurcation of 

human lung airways instead of the deposition in a complex human lung. Typically, airway 

G3 is vertically aligned and parallel to the gravity direction defined as g parallel to G3.  

However, work activities may involve bending or lying positions of body, making the 

gravity direction g perpendicular to all the G3-G4 airways as indicated in Figure 2c. As the 

sedimentation due to gravity enhances particle deposition, the considered configuration is 

shown in Figure 2c to examine the maximum possible deposition rates. 

2.1.1 Realistic Model of Airways G3-G4 

The study makes use of lung CT-scanned DICOM pictures of an adult 55 years of age 

that were obtained from a nearby hospital. Key anatomical components including the 

trachea and the first four lung generations (G0-G4) are carefully included into a 

meticulously constructed three-dimensional model of the lung using geometry modeling 

software. This work explores the complexities of particle deposition in these airway 

branches, with a particular focus on a stretch that spans generations G3 to G4. Through 

close examination of this focused area, the study seeks to offer a thorough grasp of 

deposition trends and their effects on respiratory health. With its ability to facilitate a 

detailed investigation of the dynamics of pollutant exposure in the human respiratory 

system, this method makes significant contributions to the fields of respiratory physiology 

and environmental health. For the present study, a segment of the lung model spanning 

generations G3 to G4 is extracted (Figure 2.1). 
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2.1.2 Idealized Model of Airways G3-G4 

The idealized 3D model of G3-G4 airways is constructed by taking the dimensions as 

per the experimental model of [20]. The diameters of G3 and G4 airways are 0.5 cm and 

0.4 cm, respectively [30], and the respective lengths are 10 cm and 5 cm, respectively. The 

point of bifurcation is defined as the point where the G3 airway splits into two parts. The 

focus of the analysis is between the region 2.5 cm before the bifurcation point and 2.5 cm 

after the bifurcation point as indicated in the colored part in Figure 2.2b. The region is sub-

divided (as seen in Figure 2.2b, c.) into two zones: Pre-bifurcation zone and post-

bifurcation zone, in correspondence with sections C and D of experimental model of [20].  

 

 

Figure 2. 1: Real lung model: (Right) CT-scanned lung model encompassing the trachea to 

generation 4; (Left) Extracted segment showing generations 3 and 4. 
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2.2 Governing Equations  

The numerical investigation of aerosol deposition in lung airways during inhalation and 

exhalation involves solving a set of governing equations using computational fluid 

dynamics. These equations are essential in understanding the behavior of the aerosol 

particles and their distribution within the respiratory system. 

2.2.1 Airflow Equations 

The Reynolds-averaged Navier-Stokes equations are used to model turbulent fluid 

flow. They involve averaging the governing equations over time to simulate complex and 

chaotic behaviour. Turbulence models are used to approximate the effects of turbulent 

Figure 2. 2: (b): Schematic diagram of G3-G4. Colored section ‘A’ represents pre-bifurcation 

zone and sections  ‘B’, and ‘C’  post-bifurcation zone. (c): The orientation of G3-G4 human lung 

airway with inlets, outlet, top and side walls indicated. 
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fluctuations. RANS equations are widely used in engineering for predicting and analyzing 

various flow phenomena. The continuity equation along with RANS equations are given 

in equations (2.1) and (2.2) respectively. 

∂𝜌

∂𝑡
+

∂

∂𝑥𝑖

(𝜌𝑢𝑖) = 0 (2.1) 

∂

∂𝑡
(𝜌𝑢𝑖) +

∂
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∂
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[𝜇 (
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′

_______

)                  
 (2.2) 

where i ranges from 1 to 3, (x1, x2, x3) = (x, y,  z), 𝜌 and 𝜇 are the density and molecular 

viscosity of air respectively, 𝑔 is the gravitational acceleration in the z-direction, and ‘𝑢𝑖’ 

represents the three-dimensional velocity in the xi-direction  and −𝜌𝑢𝑖
′𝑢𝑗

′
_______

 is Reynolds stress 

term which is given as: 
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2
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where 𝜇𝑡 represents turbulent eddy viscosity.  

Shear Stress Transport (SST) k-ω model is used to solve turbulent eddy viscosity. 

The SST k-ω model is a widely used turbulence model in computational fluid dynamics 

(CFD) simulations. It combines the advantages of both the k-ε and k-ω models to accurately 

capture turbulence behavior in a wide range of flow conditions. It has the ability to 

accurately predict shear stresses in boundary layers. By solving transport equations for 

turbulence kinetic energy (k) and specific dissipation rate (ω), the SST k-ω model provides 

improved accuracy and robustness compared to other turbulence models. It is a popular 

choice for simulating complex flows in engineering applications. It needs to solve two 

equations: one is for turbulent kinetic energy and the other one is for solving turbulence 

dissipation rate. Both the equations are as follows: 
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𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥1

(𝜌𝑘𝑢1) =
𝜕

𝜕𝑥2
(Γ𝑘

𝜕𝑘

𝜕𝑥2
) + �̃�𝑘 − 𝑌𝑘 + 𝑆𝑘 (2.4) 

𝜕

𝜕𝑡
(𝜌𝜔) +

𝜕

𝜕𝑥1

(𝜌𝜔𝑢1) =
𝜕

𝜕𝑥2
(Γ𝜔

𝜕𝜔

𝜕𝑥2
) + �̃�𝜔 − 𝑌𝜔 + 𝐷𝜔 + 𝑆𝜔 (2.5) 

 

2.2.2 Equations for Particle Motion Dynamics 

The deposition mechanisms for fine and coarse are primarily gravitational 

sedimentation and inertial impaction [25], [31]. The numerical model includes Euler-

Lagrange approach with one way coupling. The path of particles is governed by the 

following force balance equations: 

𝑚𝑝

𝑑𝒖𝑝

𝑑𝑡
= 𝑭𝑏𝑜𝑑𝑦 + 𝑭𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (2.6) 

𝑭𝑏𝑜𝑑𝑦 = 𝑭𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 = 𝑚𝑝

(ρ𝑝 − ρ)

ρ
𝒈 (2.7) 

𝑭𝑏𝑜𝑑𝑦 is the gravitational force given as and 𝑭𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is composed of drag force and 

Saffman lift force. 

𝑭𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝑭𝑑𝑟𝑎𝑔 + 𝑭𝑠𝑎𝑓𝑓𝑚𝑎𝑛 (2.8) 

𝑭𝑑𝑟𝑎𝑔 = 𝑚𝑝

𝒖 − 𝒖𝑝

τ
 (2.9) 

where τ is the particle relaxation time which is given as[32] 

τ =
4ρpdp

2

3μCdRe
 (2.10) 

here 𝐶𝑑 is the drag cofficient and Re is the relative reynolds number given as 
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𝑅𝑒 =
ρ𝑑𝑝

μ
|𝒖𝑝 − 𝒖| (2.11) 

Saffman’s Lift force is given as[33], [34] 

𝑭𝑆𝑎𝑓𝑓𝑚𝑎𝑛 = 𝑚𝑝

2𝐾ν
1

2ρ𝑑𝑖𝑗(𝒖 − 𝒖𝑝)

ρ𝑝𝑑𝑝(𝑑𝑙𝑘𝑑𝑘𝑙)
1

4

 (2.13) 

where 𝑑𝑖𝑗 =
1

2
(𝑢𝑖,𝑗 + 𝑢𝑗,𝑖)  is the deformation tensor and 𝐾=2.594.  

According to this distribution method, mass fraction of particles greater than a 

diameter d, as shown in Figure 2.3, is given by following equation [35]:  

where 𝑑  is size constant with a value of 1.75 µm for PM2.5 and 6.5 µm for PM10 and n is 

the spread parameter, with a value of 3.5. 

𝑌𝑑 = 𝑒−(
𝑑

�̅�
)

𝑛

 (2.14) 

Figure 2. 3: Initial mass distribution of polydisperse particles 
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2.2.3 Deposition Efficiency 

The deposition fraction is analyzed in two ways:  

1. Deposition of individual particles diameters based on their initial 

distribution. 

𝐷𝐸𝑖 =
𝑁𝑡𝑟𝑎𝑝,𝑖

𝑁𝑖𝑛𝑗,𝑖
× 100 (2.15) 

2. Total deposition which refers to the cumulative deposition of particles of 

all diameters. 

𝐷𝐸𝑡𝑜𝑡𝑎𝑙 =
∑ 𝑁𝑡𝑟𝑎𝑝,𝑖

𝑛
𝑖=1

∑ 𝑁𝑖𝑛𝑗,𝑖
𝑛
𝑖=1

× 100 (2.16) 

where Ninj,I  and Ntrap,i  represent the number of particles of a diameter i injected into the   

system and trapped in the system respectively 

2.3 Solver Setting 

ANSYS Fluent is used to conduct numerical analysis. The flow is assumed to be 

incompressible and transient. The solver solves the Reynolds Averaged Navier-Stokes 

(RANS) equations to simulate the air flow in the computational domain. 

2.3.1 Airflow and Particle Dynamics Settings 

In ANSYS Fluent, Shear Stress Transport (SST) k-ω model is used to solve turbulent 

eddy viscosity. Pressure-based solver is opted to compute the incompressible flow. To 

simulate the motion of the particles in the Lagrangian scheme and airflow in the Eulerian 

scheme, the Dense Discrete Phase Model (DDPM) is used with implicit formulation. The 

Phase Coupled SIMPLE method is employed for pressure-velocity coupling while the first-

order upwind scheme is used for the spatial discretization of momentum, volume fraction, 

and turbulent kinetic energy. To solve pressure, the PRESTO scheme is used. To model 

the turbulent dispersion of particles, Stochastic Tracking method is used with Discrete 
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Random Walk Models (DRWM) enabled. Random Eddy Lifetime (REL) method is 

employed to randomize the characteristic lifetime of eddies. 

The exact number of particles that enters G-4 during exhalation cannot be known 

without a whole lung analysis (Inthavong et al., 2010). The numbers of 44730 and 61040 

particles for ideal and real lung geometries, respectively, are chosen based on particle 

independence tests. The diameters chosen for the study range from 1.15 µm to 2.5 µm for 

PM2.5 and from 3.7 µm to 10µm for PM10. 

2.3.2 Boundary Conditions 

During exhalation, the air enters the lung model reversely at the two inlets of G4, where 

the velocity is given, and particles are released in the numerical simulations. The model 

walls are set with trap boundary conditions for particles while the outlet face is specified 

with an escape boundary condition. Air flow Reynolds numbers at the inlets of idealized 

G4 are taken as 332, 664, 994, and 1327, corresponding to the tracheal outflows of 15 lpm, 

30 lpm, 45 lpm, and 60 lpm.  Particles are injected with surface injection setup. Initial 

velocity of the particles is kept the same as the velocity of air entering G4. 

2.4 Mesh Independence  

The computational domains of real and ideal lung models are discretized in 

unstructured and structured meshes respectively with 7 and 25 respective inflation layers 

near the airway walls (Figures. 2.4, 2.5). Mesh independence tests are performed by 

implementing the numerical model discussed above on 5 different meshes from coarse to 

fine with 5 µm particle and tracheal flow rate of 8 l/min. The difference between deposition 

efficiencies with the last two meshes is close to 0% in both the cases. Thus, the benchmark 

for mesh independence is achieved and meshes consisting of 580307 elements for real 

geometry and 580773 elements for ideal geometry (2nd last meshes) have been for further 

analyses. Results of mesh independence tests are presented in Figure. 2.6. 

2.5 Model Validation 
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For model validation, simulations are conducted by taking the geometric 

dimensions and the parameters same as used in the experimental study of  [20]. These 

parameters are listed in Table 2.1. Figure 2.7 demonstrates excellent agreement between 

the simulated and experimentally measured deposition rates for different particle sizes 

during exhalation. Hence, the numerical model employed in the current study can predict 

highly accurate results of deposition efficiencies of various particle sizes in the upper lung 

generations during exhalation. 

 

 

 

 

Figure 2. 4: Structured mesh representation of the ideal model for G3-G4 with 25 inflation layers: 

(a) Outlet mesh, (b) Mesh in the vicinity of the bifurcation, and (c) Inlet mesh. 
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Figure 2. 5: Unstructured mesh representation of the G3-G4 real geometry model with 7 inflation 

layers: (a) Full model mesh, (b) Outlet mesh, and (c) Inlet mesh. 
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Table 2.1: Parameter values taken from KIM et al., [20] for the model validation. 

 

 

 

 

 

 

 

 

Parameter Value 

Particle material Olefin acid 

Particle Density (kg/m3) 891 

Flow rates at parent branch (l/min) 4, 6, 8, 12, 16, 21 

Particle diameter (µm) 3, 5, 7 

Figure 2. 6:  Results of mesh independence tests conducted with the particles of 5 µm diameter are 

depicted in (a) for ideal model mesh and (b) for real model mesh. 
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 Figure 2. 7: Validation of numerical model against the experimental data of KIM et al. 

[36]. 
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CHAPTER 3: RESULTS AND DISCUSSION 

 During inhalation, inertial impaction is responsible for large amount of deposition 

at sharp cranial ridge of bifurcation zone [20], [31]. However, such a hurdle for airflow is 

not present during exhalation, therefore, inertial impaction mechanism is not dominant in 

exhalation and most of the deposition is caused by vortices generated by secondary flows. 

This deposition occurs mostly at walls of pre and post bifurcation zones. The cranial ridge 

receives only a small chunk of deposition [20], [21]. 

3.1 Airflow Analysis 

3.1.1 Idealized Lung Model 

Reynolds numbers (Re) corresponding to tracheal outflows of 15 l/m and 60 l/m 

are found to be 550 and 2035 respectively at the bifurcation point of G3-G4, and 644 and 

2245 respectively at the outlet of G3. Patterns of turbulent kinetic energy (TKE) 

normalized with respect to inlet flow velocities are shown in Figure 8 as a measure of the 

turbulence formation in G3-G4. Flow in G4 remains laminar for all the flow rates. At the 

outlet of G3, Re gains a maximum value of 644 at 15 l/min flow rate which indicates that 

at lower flow rates, flow remains laminar in G3 (Figure 3.1a). However, at flow rate of 60 

l/m, flow becomes transitional down stream of cranial ridge in G3 because Re varies from 

2035 to 2245 (Figure 3.1b).     

Figures. 3.2, 3.3 show the characteristics of airflow in idealized G3-G4 under the 

tracheal flow rates of 15 l/m and 60 l/m on some sections near the bifurcation. Secondary 

flows develop as the air passes through the bend section of a tube (Pradhan & Guha, 2019). 

In present case, these flows are developed in the bifurcation zone. As a result, second-flow 

vortices are formed near the cranial ridge and their strength reduces as they move 

downstream, but are still visible near the exit and section D. These vortices are initially 

generated near the top and bottom walls of the G3 (cross-sections A, Figures. 3.2, 3.3). 

Their centres move towards the centre of the tube and form a four-vortex flow structure at 
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cross-sections B, C, and D. At a particular cross-section, these vortices are stronger near 

the top and bottom walls and weaker near the side walls, however, the strength increases 

with increase in flow rate. 

 

 

 

 

 

 

(b)(a)

Figure 3. 1: Contours of turbulent kinetic energy (TKE) normalized with respect to inlet velocities 

against the inlet Reynolds numbers of, (a): 332, (b): 1327. Corresponding tracheal flow rates are 15 l/m 

and 60 l/m. 
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Figure 3. 2: Airflow patterns in G3-4 subject to inlet Reynolds number of 332 which correspond to 

the tracheal flow rate of 15 l/m. Velocity contours highlight the magnitudes of velocity field and velocity 

vectors visualize the vortices generated because of secondary flows. 
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Figure 3. 3: Airflow patterns in G3-4 subject to inlet Reynolds number of 1327 which corresponds 

to tracheal flow rate of 60 l/m. Velocity contours highlight the magnitudes of velocity field and 

velocity vectors visualize the vortices generated because of secondary flows. 
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3.1.2 Realistic Lung Model 

In contrast to the idealized lung model, the real lung model exhibits the 

development of secondary flows in G4 even before reaching the bend at the bifurcation, as 

evident from sections A and B in Figure 3.4. This early emergence of secondary flows can 

be attributed to the anatomical complexities present in real airways, such as irregularities 

in lung geometry, branching angles, and variations in airway diameter along the flow path.  

These anatomical features introduce disturbances to the airflow, prompting the 

formation of secondary flows. In contrast, the absence of such variations in geometric 

parameters in the idealized lung model results in the absence of secondary flows in G4.     

 

Figure 3. 4:  Airflow patterns in the idealized G3-G4 model with inlet Reynolds number of 1327, 

equivalent to a tracheal flow rate of 60 l/m. Velocity contours show velocity field magnitudes, whereas 

velocity vectors depict secondary flow structures. Sections A and B depict upstream flows in G4, 

located away from the cranial ridge. Section C depicts flow slightly downstream of the cranial ridge, 

while section D shows flow through the plane of G3's output. 
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3.2 Particle Deposition Analysis 

Firstly, deposition patterns between KIM's experimental ideal lung model and the 

simulated real lung model are compared. Pre- and post-bifurcation zones in the present real 

lung model correspond to zones 'C' and 'D' respectively in KIM's paper. In contrast to 

KIM's ideal model, the real lung simulations reveal a notable divergence. KIM noticed 

deposition primarily in the pre-bifurcation zone. Contrary to KIM's findings, the real lung 

model simulations reveal deposition principally occurring in the post-bifurcation zone 

instead of the pre-bifurcation zone (Figure 3.5, 3.6). This unexpected outcome persists 

across various tracheal flow rates, with deposition varying to some extent with the increase 

in flow rate (e.g., 90.5% and 9.5% at Q=15lpm, 86.7% and 13.3% at Q=60 lpm for post 

and pre-bifurcation zones, respectively). 

The disparity in deposition patterns between the real and idealized lung models can 

be attributed to the airflow dynamics illustrated in Figures 3.3and 34. Expiratory deposition 

is primarily influenced by the presence of secondary flows [22], [20]. In the idealized lung 

model, G4 is devoid of secondary flows, resulting in minimal deposition within this region, 

while deposition predominantly occurs in G3, where secondary flows are present. 

However, in the real lung model, G4 also exhibits secondary flows, leading to particle 

deposition in this region. Furthermore, the length of G3 in the current segment of G3-G4 

is shorter compared to G4, which contributes to less deposition in G3.  

The deposition patterns of polydisperse fine and coarse particles (PM2.5, PM10) in 

relation to workplace pollutants are examined thoroughly using the idealized and real 

model. Figure 3.7 indicates the patterns of total deposition of polydisperse particles 

(cumulative deposition of all diameter particles) against different PA intensities in the 

context of real lung model. Deposition rates of fine particles are comparatively lower than 

those of coarse particles, primarily due to their lower Stokes numbers. In both cases, a 

consistent monotonic increase in deposition rates is observed with escalating levels of 

physical activity.  
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Figure 3. 5: Comparison of % of total deposition at post-bifurcation and pre-bifurcation zones at 

different levels of tracheal flow rates. 
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Figure 3. 6: Visualization of deposition patterns. (a): Real lung model, (b): Ideal lung model 
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(a)

(b)

(c)

Figure 3. 7: Comparative total deposition (DE V/S PA) of polydisperse PM2.5 and PM10 

particles for different pollutants - (a) Grain dust, (b) Coal fly ash, (c) Bituminous coal - in the 

real lung model. 
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Deposition of polydisperse PM10 particles distribution is also compared to that of 

two monodisperse distributions of constituent sizes of 5 µm and 10 µm (Figure 3.8) using 

ideal lung model. Polydisperse particle deposition is high only for small diameter 

monodisperse particles. Deposition of large size monodisperse particles exceeds the 

polydisperse deposition. This analysis attests the hypothesis only for small size 

monodisperse distribution. 

The effect of gravity and secondary flows on deposition rates is evaluated through 

a comparative analysis utilizing the ideal lung model by including and then excluding the 

gravity term from the numerical model. The deposition rates of PM10 particles with and 

without the effects of gravity are shown in Figure 3.9. When gravity was excluded, the DE 

dropped significantly and small differences in DE were observed at higher flow rates. The 

analysis indicates that the impact of gravity on deposition is more significant at lower flow 

rates and less significant at higher flow rates. Deposition in the post-bifurcation zone is 

governed entirely by gravity only (Figures. 3.10b-13 b). 

In ideal lung model, expiratory deposition, in most cases, is observed at the top and 

bottom walls of parent walls but for higher flow rates and particle densities, it occurs on 

the side walls also. Convective deposition during exhalation requires the presence of strong 

secondary vortices and particles reaching the near wall with sufficient inertia to deposit 

Figure 3. 8: Total deposition comparison of mono and polydisperse particles with reference to 

inlet Reynolds numbers, (a): GD, (b): CFA, (c): BC 
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[22]. At lower flow rates, flow remains laminar and secondary vortices are weak near the 

side walls, so particles do not deposit on the side walls irrespective of particle density and 

diameter (Figures 3.10, 3.12 side views). While at higher flow rates, transitional flow 

generated at the center of airway disperses the particles towards the airway walls and 

secondary-flow vortices become strong near the side walls. High density particles achieve 

enough inertia to deposit on the side walls driven by secondary-flow vortices (Figure 3.12 

side view). However lower density particles do not reach on side walls even at high flow 

rates because of low inertia (Figure 3.11 side view). 

 

Figure 3. 9: Comparative analysis of impact of gravity on the deposition efficiency of polydisperse PM10 

particles. Values along horizontal axis are the Reynolds numbers at G4 inlet. (a) GD, (b) CFA, (c) BC 
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Figure 3. 10: Deposition patterns of polydisperse PM10 particles of GD at inlet 

Reynolds number 332. (a) represents the combined effect of gravity and secondary 

flows on deposition. (b) represents the deposition due to secondary flows only. 
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Figure 3. 11: Deposition patterns of polydisperse PM10 particles of GD at inlet 

Reynolds number 1327. (a) represents the combined effect of gravity and secondary flows 

on deposition. (b) represents the deposition due to secondary flows only. 
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Figure 3. 12: Deposition patterns of polydisperse PM10 particles of BC at inlet 

Reynolds number 332. (a) represents the combined effect of gravity and 

secondary flows on deposition. (b) represents the deposition due to secondary 

flows only. 
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Figure 3. 13: Deposition patterns of polydisperse PM10 particles of BC at inlet 

Reynolds number 1327. (a) represents the combined effect of gravity and secondary 

flows on deposition. (b) represents the deposition due to secondary flows only. 
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A comparison of inspiratory and expiratory depositions is performed on PM10 coal 

particles. Due to inertial impaction, inspiratory deposition remains higher than expiratory 

deposition (Figure 3.14). 

Figures 3.15-18 illustrate the deposition patterns of individual PM2.5 and PM10 

particle diameters in polydisperse injection for real and ideal lung geometries, respectively. 

In the ideal lung model, PM2.5 deposition is notably low, with the highest efficiency 

observed for 2.05 µm at 1.87%. The relationship between deposition efficiency and particle 

diameter appears random. Conversely, in the real lung model, PM2.5 deposition is more 

substantial, with only 1.15 µm particles exhibiting less than 1% efficiency. Grain dust 

particles in PM2.5 display some level of randomness in deposition efficiency. For PM10 

particles, deposition efficiency rises with particle diameter and physical activity intensity, 

observed across both ideal and real lung models. 

 

Figure 3. 14: Comparison of inspiratory and expiratory deposition rates in G3-

G4 
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Figure 3. 15: Deposition of PM2.5 individual particle diameters based on their initial 

distributions (Ideal lung model). 
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Figure 3. 16: Deposition of PM10 individual particle diameters based on their initial 

distributions (Ideal lung model). 
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Figure 3. 17: Deposition of PM2.5 individual particle diameters based on their initial 

distributions (Real lung model). 
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Figure 3. 18: Deposition of PM10 individual particle diameters based on their initial 

distributions (Real lung model). 
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Figures 3.19, 3.20 offer a detailed examination of workplace pollutant deposition at 

different physical activity levels, considering a real lung model in idealized and real lung 

geometries respectively. The findings indicate that individuals involved in high-intensity 

activities, such as those in grain processing, coal mines, and fly ash brick industries, are 

prone to increased pollutant particle deposition. This heightened exposure in occupational 

settings raises concerns about potential risks of lung-related diseases. 

 

 

Figure 3. 19: Deposition efficiency trends of PM2.5 and PM10 particles 

in relation to physical activity intensity and pollutant type (Ideal 

geometry). 
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Figure 3. 20: Deposition efficiency trends of PM2.5 and PM10 particles in 

relation to physical activity intensity and pollutant type (Real geometry). 
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CHAPTER 4: CONCLUSIONS AND FUTURE RECOMMENDATION 

A numerical study is performed on idealized and real models of airways G3-G4 to 

investigate the deposition patterns of fine (PM2.5) and coarse (PM10) polydisperse 

particles specifically during exhalation. The effects of varying levels of physical activity 

on the deposition of pollutant particles of grain dust, coal fly ash, and bituminous coal are 

studied. Deposition trends of mono and polydisperse particles are also compared.  

4.1 Conclusion 

Key findings from the study include: 

• In the real airway model, anatomical complexities lead to an early emergence of 

secondary flows, whereas in the idealized model, these secondary flows occur after 

the flow passes the cranial ridge. 

• A notable shift in deposition patterns from pre- to post-bifurcation zones is 

observed in the real model compared to the idealized model. 

• During inhalation, deposition primarily occurs near the cranial ridge due to inertial 

impaction, while exhalation results in deposition shifting to the pre- and post-

bifurcation zones. 

• The effect of gravity on deposition, compared to secondary flow, is more 

pronounced at lower flow rates but diminishes at higher flow rates. 

• PM2.5 deposition is minimal and random in the idealized model but becomes more 

significant and consistent in the real model. Substantial deposition rates are observed 

for PM10 particles. 

• Deposition of particles of grain dust, fly ash, and coal particles has a direct relation 

with the intensity of PA. 
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4.2 Future Work 

Although recent studies have made significant progress in explaining inspiratory 

deposition, there is still a significant knowledge vacuum about expiratory deposition 

dynamics. This work aims to close this gap by performing an extensive analysis of 

exhalation-driven deposition procedures. Comprehending the complex interactions 

between particle behavior during expiration is essential to comprehending all of the 

deposition patterns in contaminated settings. While we have concentrated on a single 

bifurcation in the lung model, we want to expand our research in the future to include 

several generations of the realistic lung model. With this extension, we want to provide a 

more thorough knowledge of the kinetics of particle deposition throughout the respiratory 

tract by analyzing a wider variety of airway generations. 

Furthermore, although though the focus of this work has been on dry particles, it is 

important to note that particles turn hygroscopic as soon as they enter the lungs. Therefore, 

to gain greater understanding of the intricate processes controlling respiratory exposure to 

airborne contaminants, future study will also examine the impact of hygroscopicity on 

particle deposition behavior. Our understanding of pollutant exposure processes and how 

they affect lung health will grow as a result of this iterative approach, opening the door to 

more potent risk-reduction tactics for the environment. 
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