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Abstract 

Airflow dynamics and inhaled aerosol particle transport in human lung airways are 

significant in terms of human health; the effectiveness of inhaled drug therapy; and the health 

risks caused by air pollution. Airflow and particle transport and deposition (TD) in human lungs 

are affected by various factors, including breathing pattern, lung geometry, particle properties, 

physical lung condition (stenosis airway/obstructions) and environmental conditions. The lung 

airway diameters and breathing capacity of human lungs normally increase with age until the 

age of 30. However, it has been shown that lung airway diameters reduce by around 10% every 

10 years after the age of 50. However, age-specific particle TD in human lungs, particularly in 

aged people, is not well understood. This thesis discusses variation in the inhalation rate of air 

with age, which is important for determining particle deposition efficiency in lung airways. An 

efficient new cutting method was developed in this study to numerically examine the deposition 

of microscale aerosol particles in symmetric lung models over 14 generations (i.e. divisions of 

the trachea) in 50–70-year-old people. In the model, numerical simulation efficiency is 

increased dramatically by cutting the lung airways into many sections that can be simulated 

separately. The particle mass and flow rates satisfy continuity conditions at the interfaces 

between sections. This new cutting method overcomes the inability to simulate airflow and 

particle TD for many generations using a numerical method. The results indicate that microscale 

aerosol particle deposition increased when particle size or flow rate increased, because of strong 

impaction mechanisms. An increase in age caused more particles to deposit in the upper airway 

and fewer particles to enter the deeper airways. 

It is evident that a complete understanding of nanoparticle TD in large-scale whole 

lung airway models is not possible in either experimental or numerical simulation because of 

the unavailable lung geometry. In this thesis, to further ensure the continuity of momentum, an 

efficient one-path numerical model is developed to simulate airflow and nanoparticle TD in 
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airway generations 0–11 (G0–G11), accounting for 93% of the whole airway length from G0 

to terminal G23. The one-path model enables the simulation of particle TD in many generations 

of airways in a timely fashion. Because a continuous airway route is simulated, the conservation 

of all aspects of the flow and particles is ensured. It is found that particle deposition efficiency 

is 28.94%, or 5 nm, greater than 20 nm because of the higher dispersion capacity. The 

deposition efficiency at each generation decreases irrespective of the flow rate and particle size. 

The quantified deposition and escaping rates at G0–G11 provide valuable guidelines for drug 

delivery in human lungs. 

Simplified symmetric lung models are also used because realistic lung models of many 

generations are not available. Fundamental mechanisms of particle TD including impaction, 

diffusion and sedimentation can be derived using symmetric lung models. Some available 

computerised tomography (CT) scanned models generally have a limited number of 

generations. These CT scans or digital reference-based models are useful for optimising a 

patient’s drug delivery treatment for human lung airway problems such as stenosis, which is 

life threatening. However, studies of airflow and particle TD in lung models with stenosis are 

rare. This thesis examines the contribution of impaction and diffusion mechanisms to particle 

TD in realistic stenosis lung models. Three physical activities are considered: sleeping, resting 

and intense breathing, corresponding to inhalation flow rates of Qin = 15, 30 and 60 L/min, 

respectively. It is found that the pressure drop in the stenosis model increases by 83% compared 

with the healthy model if the flow rate remains constant. The contribution of the diffusion 

mechanism significantly declines with an increase in either particle size or flow rate. 

Inhalation of deposited particulate matter (PM) or pollutant particles is responsible for 

various lung diseases. However, a complete understanding of the TD of pollutant particles with 

various sizes and densities in lung airways remains elusive. This thesis thus evaluates PM 

deposition in a CT scan based on realistic lung airways from the mouth–throat to G3. Three 
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types of pollutant particle are considered (traffic, smoke and dust) with a wide range of sizes 

ranging from the nano- to microscale. The most important finding is that the effects of density 

on particle TD of nanoparticles are much weaker than for microparticles. 

 

Keywords: Airflow Dynamics (AD), Stenosis Airway, Aerosol Particle Transport and 

Deposition (TD), Inhalation, Drug delivery, Aging Effect, Inhalation, Cutting Method, Airway 

Reduction, Lung Generations, Traffic Particle, Smoke Particle, Dust Particle, Human Lungs, 

Physical Activity, Deposition Mechanism, Heterogeneous Vasculature Tree, Truncated Path 

model, Boundary Condition. 
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Chapter 1: Introduction 

Research into airflow dynamics and particle transport in human lungs is receiving 

considerable attention from many researchers because of its significance for human health. 

Drug delivery through inhalation of air into the human lung is important to prevent/cure 

respiratory diseases. Many researchers have investigated the process of particle transport and 

deposition (TD) in the respiratory airway through analytical as well as numerical methods, 

during the last century. Nowadays, numerical methods are used to model various biomechanical 

engineering problems, including particle flow in the respiratory system. The greatest challenge 

in numerical modelling of particle TD is the complexity of human lungs. Because the lung 

airway diameters can be reduced by around 10% for every 10 years after the age of 50 (Kim et 

al. 2017), understanding particle TD in the lung airways of various ages is important to prevent 

respiratory diseases in the human lung. In the current research, an advanced numerical model 

is developed for the first-ever approach to better prediction of particle TD in the terminal lung 

airways of large-scale lung models. 

 Background 

Aerosol particle inhalation as a method of drug delivery is a modern technology for the 

management of lung diseases (Douafer et al. 2020) because it is cost effective and has fewer 

side effects than aggressive drugs (Tiwari et al. 2012). Drugs are inhaled into human lungs in 

the form of particles for the treatment of lung diseases in the respiratory tract (Kuzmov & Minko 

2015). Nanotherapeutics, insulin delivery, pain management and cancer therapy have been 

common methods for the treatment of diseases of the respiratory tract in recent years 

(Kleinstreuer et al. 2008). The delivery of aerosol particles can be through the mouth–throat, 

nasal and pulmonary region as non-invasive alternative routes (Longest et al. 2011). The 
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delivery of a drug into a human lung can be achieved using standard devices such as nebulisers, 

metered-dose inhalers and dry-powder inhalers; the number of particles deposited in the human 

lung area is limited. The key goal of aerosol drug delivery is to maximise particle deposition in 

the human lung at the target position. Because the treatment of diseases is generally costly, 

effective targeted drug-aerosol delivery to a specific position in a human lung is important. 

Computational fluid dynamics (CFD) simulations offer an efficient way to study aerosol 

particle inhalation. 

Studying particle inhalation in human lungs is also helpful for treating lung diseases 

like chronic obstructive pulmonary disease (COPD), lung cancer and asthma caused by air 

pollution (Kyung & Jeong 2020). Particulate matter (PM) is the sum of all solid and liquid 

particles suspended in air, many of which are hazardous (Yadav & Devi 2018). PM comes from 

different sources, including industrial pollutants, burning of vehicle fuels, coal combustion, 

drug delivery tools, pesticides and human activities (Davidson et al. 2005). Human lungs inhale 

a large number of particles daily. Some particles absorbed by epithelial cells may cause 

respiratory diseases (Hussain et al. 2012). Some like carcinoma and toxic particle may cause 

different health damages depending on their residence time in the lung.  Both soluble and 

insoluble particles may be harmful in the deep airways, depending on their toxicity (Islam et al. 

2017). 

This thesis mainly focuses on developing numerical models and investigating the 

effectiveness of aerosol particle inhalation as drug delivery. Particle inhalation and deposition 

in human lungs is affected by the lung anatomy, breathing pattern and particle properties 

(Rissler et al. 2017). Therefore, airflow dynamics and inhaled aerosol particle transport in the 

lung airways are significant for human health; thus it is important to measure both the efficiency 

of inhaled drug therapy and the health implications of air pollution (Deng et al. 2018). Further, 

the lung airways become larger as people grow into adults, and the shape of the airway structure 
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and breathing habits change. Therefore, aging is an important factor in respiratory health. 

Hence, a comprehensive age-specified particle TD study is necessary to better predict drug 

delivery to the targeted position in a human lung. 

 Aim of the Research 

This study aims to develop an advanced and efficient three-dimensional (3D) numerical 

model to analyse airflow characteristics and aerosol particle TD in human lungs. The model is 

used to analyse the contribution of fundamental impaction and diffusion mechanisms for nano- 

and microscale particle TD in age-specific terminal bronchiole airways. The outcomes of this 

study will help improve the effectiveness of delivery of drug aerosols into human lungs to treat 

obstructive lung diseases including asthma, lung cancer and COPD. In addition, the inhalation 

of different types of pollutant particles into human lungs is investigated further to understand 

the consequence of the pollution particle on lung health. 

 

 Research Objectives 

The following objectives were achieved to meet the research aim: 

1. Realistic mouth–throat and tracheobronchial lung airways were generated based on 

computerised tomography (CT) Scan DICOM images and used to analyse airflow 

dynamics and particle transport in real lungs, as well as the effects of stenosis. 

2. A new cutting method was developed as an efficient numerical method to study the 

deposition of microscale aerosol particles in human lungs. The effects of particle size 

and inhalation flow rate on the deposition of microscale aerosols for a large-scale human 

lung model were investigated using this model. 

3. Further, an efficient one-path numerical model was developed to enable simulation of 

the deposition of nanoparticle TD in many generations (i.e. divisions of the trachea). 
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Nanoparticle deposition in G0–G11 of a human lung, accounting for 93% of the whole 

airway length, was investigated using this model. 

4. An age-specific lung model was generated for nanoparticle and microparticle TD in 

lung airways. 

5. In addition, the deposition of pollutant (traffic, smoke and dust) particles with various 

sizes ranging from nano- to microscale TD in a CT scan based on realistic lung airways 

was investigated using CFD, to assess health risk. 

When presenting each of the above achievements, the airflow, pressure and wall shear 

in human lung airways are discussed in detail, along with their association with deposition. 

Further, the distribution of deposited particles in various generations is calculated and the 

contributions of two fundamental mechanisms—impaction and diffusion—of particle TD in the 

human lung are quantified. 

 Significance, Scope and Innovation 

It is important to measure the size and shape of aerosol particles transported in lung 

airways in regard to both the efficiency of inhaled drug therapy and the health implications of 

air pollution. This thesis presents a comprehensive and advanced computational analysis of 

particle TD in terminal airways. The study also develops a new framework to predict and 

analyse the realistic inhalation rate based on the aging effect (Chapter 3). The specific 

innovations of the thesis are described in the following sections. 

1.4.1 Efficient Numerical Methods Developed 

Until now, most studies of particle deposition in human lungs have considered only a 

limited number of generations, because realistic whole lungs are not available. The first-ever 

approach to the development of a new cutting method (Chapter 4), and the one-path model 

developed in this thesis (Chapter 5) can simulate micro- and nanoparticle TD in many 

generations of human lungs with affordable computational times. The research outcomes of 
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microparticle deposition in G0–G14 airways and nanoparticle deposition in G0–G11 airways 

provide a good understanding of particle TD over 90% of the lung airway length. 

1.4.2 Realistic Lung Model Implemented 

The developed CT scan-based mouth–throat and tracheobronchial stenosis and healthy 

lung airways model is important for identifying the pressure drop, wall shear effect and precise 

particle TD in the targeted area (Chapter 6). It was found that pressure drop in the stenosis 

model increased by 83% compared with the healthy model. Therefore, the findings of the 

present study will help improve drug delivery to targeted positions in a stenosis lung, and may 

provide guidelines for future studies applying biomedical engineering in lung modelling. 

1.4.3 Contribution of Fundamental Deposition Mechanisms Quantified 

The present study analysed the contribution of impaction and diffusion mechanisms to 

nano- and microscale aerosol and pollutant particle TD in a human lung (Chapters 6 & 7). A 

significant density effect based on the pollutant particle is observed during particle TD of 

nanoparticles that is much weaker than that of microparticles. 

Further, up to the age of 30 years, human lung airway diameters and breathing capacity 

increase with age. However, it is evident that after the age of 50 years, lung airway diameters 

reduce by around 10% per decade. Therefore, this research developed a lung geometry that was 

dependent on age. Thus, the present findings regarding age-specified particle TD in human 

lungs may assist in medical therapy by individually simulating the distribution of drug aerosol 

for infants as well as aged people. 

 Research Methodology 

This section briefly summarises the overall methodology; the methodology used for 

different numerical models is presented in individual chapters. In the numerical models 

developed in this thesis, airflow and particle transport are simulated using CFD. The governing 

equations for airflow are the Reynolds-averaged Navier–Stokes equations. They are solved via 
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the finite volume method using the Ansys Fluent 19.2 software with appropriate boundary 

conditions. In this method, the user develops an inlet velocity profile based on the aging effect 

that is used for advanced modelling. Simulation of airflow in large-scale human lungs is still 

impossible without any simplification or modification of the method. To enable the simulation 

of particle deposition in many generations of airways, two models were developed for this 

thesis: the cutting method for simulating microparticle deposition in Chapter 4; and the one-

path method for simulating nanoparticle deposition in Chapter 5. The new cutting numerical 

method cuts the whole airflow route into a number of segments, and the airflow and particle 

TD within different segments are simulated separately. However, continuity of mass and 

momentum at the interfaces between segments is ensured. This new cutting method analyses 

microscale aerosol particle TD in human lung airways over 14 generations. In the efficient one-

path numerical model, computational efficiency is increased significantly by choosing two 

representative bifurcations from each generation of airway along one route of the airway. The 

conservation of mass and particle number is ensured by setting appropriate boundary 

conditions. This new one-path model simulates the airflow and nanoparticle TD in airway G0–

G11, which account for 93% of the whole airway length. The motion of particles in human lung 

airways is simulated by solving the particle motion equation, which considers the drag, 

diffusion, gravity and Saffman’s lift forces. The contributions of various forces are quantified 

in Chapter 6. In addition to Ansys Fluent, the Tecplot software is used to visualise the deposition 

of particles in lung models. 

Choosing a proper turbulence model is important for the accuracy of airflow simulation. 

Some researchers have used the standard k−ε turbulence model in their modelling (Ball et al. 

2008; Stapleton et al. 2000). In this thesis, the realisable k-ε turbulence model is used to 

simulate turbulence because it performs better than the standard model under a variety of 

complex flow conditions, including rotating homogeneous shear flows; boundary-free shear 
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flows; channel and flat boundary layer flow with and without pressure gradients; and 

backwards-facing step flow (Shih et al. 1995). In addition, it has been demonstrated that the 

realisable k-ε model can accurately predict the flow of complicated lung geometries without 

the requirement for near-wall adjustment (Abolhassantash et al. 2020; Isa et al. 2014; Rahman 

et al. 2021). 

1.6. Thesis Outline 

The purpose of this research has been explained in Chapter 1 (Introduction), which also 

provided a brief background to particle TD, including the role, causes and effects of aerosol 

particle deposition in human lung airways. 

In Chapter 2, a comprehensive review of particle TD in a human lung airway is 

presented, including both numerical and experimental research. Chapter 2 begins with a brief 

overview of key concepts such as the respiratory system, with a focus on the development of 

lung models. In addition, the aging effect and pollutant particle properties are introduced, with 

a focus on health risk assessment. 

Chapter 3 provides a detailed analysis of nanoparticle TD in the lungs of infants, 

children and adults. Human lung airway diameters and breathing capacity increase until the age 

of 30 years. Therefore, knowledge of inhalation airflow rates corresponding to different ages is 

important for determining particle deposition efficiency in the lung airways. This chapter has 

been published in a peer-reviewed journal (Atmosphere).1 

Chapter 4 describes the age-specific particle TD in human lungs, particularly in aged 

people, as it is evident that lung airway diameters can reduce by around 10% every 10 years 

after the age of 50 years. A new cutting numerical method was developed to study the 

deposition of microscale aerosol particles in a symmetric lung model over 14 generations. In 

                                                
1Rahman, MM, Zhao, M, Islam, MS, Dong, K & Saha, SC 2021, ‘Aerosol particle transport and deposition in 

upper and lower airways of infant, child and adult human lungs’, Atmosphere, vol. 12, no. 11, 1402. 

http://dx.doi.org/10.3390/atmos12111402 
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the model, airways were cut into several sections, and the particle mass and flow rates found to 

satisfy continuity conditions at the interfaces between sections, which was not true for the fluid 

momentum. This chapter has been published as an article in a peer-reviewed journal (Advanced 

Powder Technology).2 

Chapter 5 explains a complete understanding of nanoparticle TD in large-scale lung 

airway models because of the lack of literature in either experimental or numerical studies in 

human lung airways. Therefore, an efficient one-path numerical model was developed to 

simulate airflow and nanoparticle TD in 0–G11 airways of the human lung, which account for 

93% of the whole airway length from G0 to terminal G23. This chapter has been published in 

a peer-reviewed journal (European Journal of Pharmaceutical Sciences).3 

Chapter 6 describes the contribution of impaction and diffusion mechanisms for 

particle TD in CT scan-based stenosis lung models. First, the impaction term is included in the 

particle motion equation to achieve this. Second, the impaction, diffusion and Saffman's terms 

are considered to simulate both nano- and microparticle TD in human lung airways. The 

significant pressure drop in the stenosis model is greater than that in the healthy model. This 

chapter has been published in a peer-reviewed journal (International Journal of Multiphase 

Flow).4 

Chapter 7 evaluates pollutant particle TD in a CT scan based on realistic lung airways 

responsible for lung diseases, to enable respiratory health risk assessment. The reported study 

also investigated TD of three types of pollutant particle—traffic, smoke and dust—of various 

                                                
2 Rahman, MM, Zhao, M, Islam, MS, Dong, K & Saha, SC 2021, ‘Aging effects on airflow distribution and 

micron-particle transport and deposition in a human lung using CFD-DPM approach’, Advanced Powder 

Technology, vol. 32, no. 10, pp. 3506–3516. http://dx.doi.org/10.1016/j.apt.2021.08.003 
3 Rahman, MM, Zhao, M, Islam, MS, Dong, K & Saha, SC 2022, ‘Nanoparticle transport and deposition in a 

heterogeneous human lung airway tree: An efficient one path model for CFD simulations’, European Journal of 

Pharmaceutical Sciences, vol. 177, 106279. https://doi.org/10.1016/j.ejps.2022.106279  
4Rahman, MM, Zhao, M, Islam, MS, Dong, K & Saha, SC 2021, ‘Numerical study of nanoscale and microscale 

particle transport in realistic lung models with and without stenosis’, International Journal of Multiphase Flow, 

vol. 145, 103842. http://dx.doi.org/10.1016/j.ijmultiphaseflow.2021.103842  
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sizes ranging from nano- to microscale, in mouth–throat and tracheobronchial realistic human 

lung airways. A significant finding is that the effects of density on the particle TD of 

nanoparticles are much weaker than that for microparticles. This chapter has been published in 

a peer-reviewed journal (Powder Technology).5 

Chapter 8 presents the conclusions and future study recommendations. 
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The air coming from the outer environment passes through the larynx and the trachea 

wall (Ćurić et al. 2022; Tu et al. 2013). Two bronchi are divided by the trachea wall, and each 

consists of two smaller branches called bronchial tubes (Pump 1964). All the bronchial tubes 

are connected to the pathways of the alveoli. In this way, oxygen (O2) passes through alveoli 

into capillaries. Gas exchange occurs at the alveoli region where O2 diffuses across the cell 

membrane and is transferred into blood cells, and carbon dioxide (CO2) is removed from the 

blood and travels to the alveoli region during exhalation (Figure 2.2). 

 

Figure 2.2. Oxygen and carbon dioxide gas exchange at the alveolar–capillary interface 

(https://socratic.org/questions/alveoli-in-the-lungs-greatly-increase-what). 

There are two liquid surface layers (gel and sol) in the human lung (Figure 2.3). The sol 

layer, also called the periciliary layer, contains cilia, which are microscopic, hair-like organelles 

(Button et al. 2012). The gel layer, also called the luminal mucus layer, is very sticky and 

viscoelastic (Lai et al. 2009). The very sticky mucus surface layer traps inhaled aerosol particles 

(Duncan et al. 2016). The mucus contains water, ions and numerous kinds of anti-microbial and 

anti-oxidant macromolecules that protect the lung (Lillehoj & Kim 2002). Mucin is a lubricant 

protein produced by epithelial tissue and is an essential element of mucus. 
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Figure 2.3. Lung morphology showing pulmonary surfactant, luminal mucus layer and 

periciliary layer: (A) trachea and bronchus, (B) bronchioles, and (C) alveoli (Ruge 2012). 

Foreign particle deposition and clearance in the lung is affected by the viscoelastic 

mucus (Marttin et al, 1998). The viscosity of mucus is around 1,000–10,000 times more than 

water viscosity because of its low shear rate (Lai et al. 2007). The thickness of the mucus layer 

in the respiratory system varies between individuals, but in general lies in the range of 5–10 µm 

(Widdicombe 1997). However, in some disease conditions, such as cystic fibrosis, the mucus 

layer is increased in thickness up to 55 µm (Lee et al. 2011). The mucus layer serves an 

important function in particle deposition in human lung airways (Knowles & Boucher 2002). 

2.1.1 Anatomy of the Lung Airway Tracheobronchial Tree 

Each division of the trachea is called a generation. A lung includes many airway cell 

generations. The tracheobronchial tree has two types of airway: conducting (trachea, bronchi 

and bronchioles) and acinus (respiratory bronchioles, alveolar ducts and alveolar sacs) airways 

(Figure 2.4). The first generation (G0) is the trachea, which is a vertical duct ring structure. 

Bifurcation begins from the trachea, and the left and right main bronchi follow the trachea in 
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the same direction. Each bronchus is further divided into small bronchioles called lobar (Sarkar 

et al. 2015). The upper bronchial tract includes G1–G16, and the alveoli region includes G17–

G23. Given these 23 generations, the number of branches in the lung is 223 = 8,388,608 (Soong 

et al. 1979). 

 

Figure 2.4. Airway generations in the human adult lung (redrawn from Weibel et al. 1963). 
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 Inhaled Microparticles and Nanoparticles as Drug Delivery 

Drug delivery in the lung by aerosol inhalation is a procedure used to treat respiratory 

disorders in lung airways. The inhalation of aerosols allows direct delivery of high drug 

concentrations for selective treatment of the lungs (Anderson et al. 2022; Darquenne 2012). 

Particles with sizes of one to several micrometres are usually referred to as ‘microparticles’ in 

drug delivery applications (Kuzmov & Minko 2015; Shi et al. 2021). Microparticles in the range 

of 1–1,000 µm can be used in a drug delivery system (Lengyel et al. 2019). Different types of 

spherical and non-spherical microparticle are considered for drug delivery (Figure 2.5). 

 
 

(a) (b) 

Figure 2.5. Diagram showing (a) inhaled microparticles in a human lung and (b) different 

types of microparticle structure (Lengyel et al., 2019) 

Lipid-based nanoparticles (particle size ~100 nm) are important for drug delivery in the 

pharmaceutical industry. Different types of lipid nanoparticle can be used in the respiratory 

system to help overcome biological barriers (Rajabi & Mousa 2016). Figure 2.6 shows 

examples of organic (micelles, liposomes, nanogels and dendrimers) and inorganic (gold 
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nanoparticles, iron oxide nanomaterials, quantum dots and paramagnetic lanthanide ions) 

nanoparticles. The size of pharmaceutical nanoparticles is determined by their ingredients and 

physical contents. For example, polylactic acid (PLA) is a biodegradable polymer used as a 

potential carrier, in nanoparticles typically in the range of 50–500 nm.  

 

Figure 2.6. Different types of nanoparticle (Rajabi & Mousa 2016). 

Nanoparticles (dp<100 nm) arise from different sources, such as the nucleation, 

combustion and nanomaterial industries (Borm et al. 2006). It is difficult to refine and expand 

existing deposition models because of the size range of available particles. Inhaled 

nanoparticles are essential for drug delivery in the human lung airway. Nano (ultrafine) particle 

transport in the deep lung airway is becoming the most popular way to treat lung diseases. 

Nanomedicines are made by encapsulating or adsorbing the drug onto the surface of 

nanoparticles (Figure 2.7). 
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lung model was introduced by Horsfield et al. (1971), who considered young males and 

mentioned that lung airway branching is not identical. Yeh et al. (1976) introduced a more 

realistic anatomical lung model based on a human cast. The branching in the model is 

asymmetric. Subsequently, a five-lobe branching lung model based on a rubber cast rat model 

has developed by Yeh and Schum (1980). This model represents the exact position of the lung 

in the respiratory system (Figure 2.1) All the idealised lung models mentioned above are very 

different from a realistic lung model and do not consider the surface roughness effect, which is 

very important in natural lung. In CT scan images, the lung model has a rough surface, which 

is important for determining precise particle deposition in the human lung. Geometrically, real 

lungs are much more complex than idealised lung models and it is thus desirable to use realistic 

lung models to study airflow and particle TD in human lungs.  

2.3.2 Realistic Lung Model Development 

Various software including DOCTOR (Rahimi-Gorji et al. 2016) and AMIR (Islam et 

al. 2017; Vranicar et al. 2008) has been used to develop 3D realistic anatomical models. Both 

CT scans and magnetic resonance imaging (MRI) can be used to develop realistic lung 

geometry (Corcoran & Chigier 2002; Zhou & Cheng 2005). Sauret et al. (1999) were the first 

to use CT scan data from human lungs to calculate the dimension and length of the airways. 

However, chest movement during heart beats makes it difficult to develop high-resolution CT 

images for constructing lung models. Therefore, lung casts scanned by CT, and resultant digital 

models, can be used in the development of numerical models. 3D lung geometries have been 

developed using various image processing techniques, such as CT scan DICOM (Sharma & 

Jindal 2011) and MRI (Vallières et al. 2015). Sauret et al. (2002) developed a realistic lung 

model up to G9 based on low-resolution CT scan data. Moreover, a 3D realistic lung model up 

to G17 was introduced by Islam et al. (2018a). These studies described airflow dynamics and 
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particle deposition in deep lung airways. However, most researchers have studied only a limited 

number of generations of realistic lung airways. 

 Particle Deposition Mechanisms in the Human Lung 

Understanding the mechanisms of deposition of inhaled particles in human lungs is 

challenging because of the complex structure of the lung (Kumar et al. 2009; Soni & Aliabadi 

2013; Weibel 1963). Nowadays, CFD is used to analyse the deposition efficiency of particles 

in human lungs. Deposition mechanisms are now known to include gravitational sedimentation, 

Brownian diffusion, interception, inertial impaction and electrostatic force (Choi & Kim 2007; 

Hofmann 2011). However, which mechanism plays a more important role than others depends 

on lung geometry, physical properties of particles and breathing patterns. Interception 

deposition occurs when particles travel close to the surfaces of lung airways (Inthavong 2020). 

Because of their size and shape, fibre particles are generally deposited via an interception 

mechanism. Such particles can follow the path of the airflow and travel into the deep lung 

airways.  

Deposition efficiency refers to the percentage of particle absorption in human lung 

airways. A particle’s shape (Kasper 1982) and size (Hofmann 2011) affect deposition 

efficiency. Large-diameter particles (≥5 μm) are deposited via the inertial impaction mechanism 

(Hofmann 2011). CT-based realistic lung geometry presents a complex shape and uneven 

surface. Impaction occurs on an uneven surface and in the cardinal angles of realistic lungs, 

mostly in upper generation airways. Small particles usually follow the fluid streamline; 

however, large particles (dp≥5 μm) cannot follow a curved flow path because of inertia. As a 

result, they hit the tracheal walls at significant speed and are deposited there. Particles larger 

than 5 µm are deposited in the oropharynx, while particles smaller than 1 µm are deposited in 

the alveoli and peripheral airways (Everard 2001). Aarnes et al. (2019) reported that deposition 

efficiency increases with the increase in particle diameter. 
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The sedimentation deposition mechanism occurs because of the effect of gravitational 

force. Particles can be deposited under gravitational force in horizontal airways. The 

sedimentation deposition mechanism is the only mechanism that enables deposition for 

particles larger than 0.2 µm, and it mainly occurs in lower generation airways (peripheral and 

alveoli airways), where the airflow velocity is relatively low (Heyder et al. 1986). 

 

Figure 2.8. Particle deposition mechanism curve (redrawn from Heyder 2004). 

Diffusion is another important deposition mechanism; it relies on Brownian motion, 

which is defined as the random motion caused by collision of gas molecules (Brush 1968). 

Therefore, the Brownian diffusion mechanism is important for nanoparticles (Rahman et al. 

2021c). However, this diffusion mechanism is also important in the upper airways for nanoscale 

particles. Nanoparticles are mainly deposited through Brownian diffusion, and deposition 

efficiency via this mechanism increases with the reduction in particle size (Xi & Longest 2008). 

The deposition efficiency due to the inertial impaction and diffusion mechanisms is 

lowest for particles sizes of 0.1–1 µm (Figure 2.8) (Bennett et al. 2007; Longest & Vinchurkar 

2007). Density also affects the deposition of particles; large, high-density particles do not enter 

the deep airways. However, large, low-density particles can pass through the upper airways and 
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become deposited in the deep airways of the pulmonary region through the sedimentation 

process (Deng et al. 2019). The breathing pattern also affects particle deposition efficiency in 

the lung: rapid breathing increases impaction deposition (Rahimi-Gorji et al. 2016). 

Conversely, the contribution of the sedimentation and Brownian diffusion mechanisms 

increases with slow breathing (during sleep or rest) because of long residence time (Hofmann 

2011). 

Nanoparticles deposited in the airways are considerably more distributed than are 

microparticles (Rahman et al. 2021c) because the motion of particles in the crossflow direction 

during the diffusion process is observed not to be affected by the geometry and alignment of 

the airway. Particles can travel in the crossflow direction and reach the inner airway wall 

through diffusion in a vertical straight airway. For nanoscale particles, diffusion is a prominent 

deposition mechanism (Champion et al. 2007), whereas microparticles do not travel in the 

crossflow direction and thus diffusion is much weaker than impaction for these particles. 

 Numerical Modelling of Particle Transport and Deposition in the Human 

Lung 

Which mechanisms are important in the numerical study of particle TD in human lungs 

depends on particle properties, lung geometry and breathing patterns (Hussain et al. 2011; 

Rahman et al. 2021c). The literature review revealed that microparticles are deposited in the 

upper airways via the inertial impaction mechanism. Nanoparticles are deposited in deep 

airways such as the alveolar region through diffusion and gravitational sedimentation. 

Important studies on particle TD in human lungs, covering different ages and using different 

models for different airways generations, are summarised in Table 2.1. Numerical methods for 

simulating particle TD for different sized particles are reviewed in detail in the following 

sections.  
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Table 2.1 Literature review on particle TD 

Author Anatomy Particle type Model Particle 

depositio

n 

Aging 

effect 

Generatio

n 

Xu & Yu 
1986 

Non-realistic Microparticles 
0.01≤dp≤10 µm 

Theoretica
l  

Yes Yes 
0.5, 2, 8 & 

30 yrs 

G0–G23 

Asgharian 

et al. 2004 

Non-realistic Microparticles 

0.01, 1 & 10 µm 

Multiple-

path 
particle 

Yes Yes 

3 & 23 
mths; 8, 

14 & 21 

yrs 

G0–G23 

Kim et al. 

2017 

Non-realistic No Ansys 

Fluent 

No Yes 

50, 60, 70 

&80 yrs 

G1–G23 

Deng et al. 

2018 

Non-realistic Microparticles 

1≤dp≤10 µm 

Ansys 

Fluent 

Yes Yes  

7 mths; 4 

& 20 yrs 

G3–G6 

G9–G12 

Patterson et 
al. 2014 

Non-realistic Nanoparticles 
10–100 nm 

Multiple-
path 

particle 

dosimetry 

Yes Yes 
8, 9, 14 & 

18 yrs 

G0–G14 

Rahman et 

al. 2021a 

Non-realistic Nanoparticles 

5≤dp≤500 nm 

Laminar Yes Yes 

9 mths; 6 

& 30 yrs 

G0–G3 

G12–G1 

Rahman et 

al. 2021b 

Non-realistic Microparticles 

5≤dp≤20 µm 

Realisable 

k-ɛ 

turbulence 

Yes Yes 

50, 60 & 

70 yrs 

G0–G14 

Rahimi-
Gorji et al. 

2016 

CT-realistic Microparticles 
1≤dp≤10 µm 

k-ɷ 
turbulence 

Yes No G0–G6 

Chen et al. 
2012 

Idealised Microparticles 
10 µm 

CFD-
DEM 

Yes No G3–G5 

Kleinstreue

r et al. 

2008b 

Non-realistic Nanoparticles 

20 nm≤dp≤3 µm 

Laminar Yes No G0–G6 

Stapleton et 

al. 2000 

CT-realistic Polydisperse 

1.65 & 4.8 µm 

k-ɛ 

turbulence 

Yes No Mouth–

throat 

Van de 
Moortele et 

al. 2018 

CT-realistic - In vivo, in 
vitro 

Yes No G0–G7 

Keith 
Walters et 

al. 2014 

CT-realistic - Laminar Yes No G0–G15 

Zhang et al. 

2009 

Non-realistic Microparticles 

1≤dp≤10 µm 

Low 

Reynolds 
number 

k-ɷ 

turbulence 

Yes No G0–G16 

Islam et al. 

2018b 

CT-realistic Polydisperse 

1≤dp≤10 µm 

k-ɛ 

turbulence  

Yes No G0–G16 

Dong et al. 
2021 

CT-realistic Nanoparticles 
3–100 nm 

KG model Yes No G0–G3 
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2.5.1 Numerical Modelling of Microparticle Transport and Deposition 

The TD of microparticles in the range of 1–10 µm in the tracheobronchial airways had 

been studied using symmetric (Kim & Iglesias, 1989; Rahimi-Gorji et al., 2016) and 

asymmetric (Islam et al. 2019) anatomical models to understand the characteristics of airflow 

and particle deposition efficiency. Comer et al. (1999) developed a double-bifurcation lung 

geometry based on Weibel’s model. They presented a comprehensive comparison of their 

findings with those of other numerical studies using a double-bifurcation non-realistic lung 

model. Kleinstreuer et al. (2008) investigated the airflow characteristics and TD of 

microparticles and nanoparticles in a triple-bifurcation symmetric model. In addition to the 

impaction mechanism for microparticle deposition, the Stokes–Einstein diffusion equation was 

used to simulate nanoparticle deposition. The results showed that microparticles are deposited 

at the cardinal angle because of the strong inertial impaction mechanism. Zhang et al. (2008) 

studied laminar-to-turbulent flows of a 16-generation triple-bifurcation non-realistic lung 

model using the low Reynolds number k–ɷ model. Subsequently, Islam et al. (2017) studied 

aerosol particle transport in lung models up to G17 using a large eddy simulation (LES) model. 

Their study proved additional evidence that the inertial impaction mechanism leads to particle 

deposition in the upper airways. Moreover, Pourmehran et al. (2016) conducted CFD 

simulations of a realistic lung model to identify particle deposition in tracheobronchial airways. 

Aerosol microparticle TD was found to be significant in the upper tracheobronchial lung 

airways. 

A lung can be damaged in any lobar position in the upper, middle or deep airways 

(Subramaniam et al. 2003). Cancer occurs more often in the right than left lung (Parkash 1977). 

To treat diseases, small drug particles must travel to those damaged areas. Asgharian et al. 

(2004) used a multiple-path theoretical model to study age-specified particle deposition in a 
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five-lobe geometry. The study concluded that age does not affect the total deposition efficiency 

in the tracheobronchial region, but does affect deposition in the terminal airways.  

Some particle TD research has been conducted using realistic lung models, but only 

over a small number of generations. Pourmehran et al. (2016) conducted CFD simulations of a 

realistic lung model from G0 to G6 and found most microparticles were deposited in the upper 

tracheobronchial lung airways. Asgari et al. (2021) investigated the deposition of aerosol 

particles in a realistic lung model from mouth to G6 under particular temperature and humidity 

conditions. They found that aerosol evolution happens mostly in the upper airway segments 

over relatively short timeframes. 

2.5.2 Numerical Modelling of Nano (Ultrafine) Particle Transport and Deposition 

Nanoparticles deposit in human lungs via the diffusion mechanism (Inthavong et al. 

2011; Saha et al. 2018; Wang & Fan 2014; Zhang & Kleinstreuer 2004). Studies have shown 

that the deposition efficiency for nanoparticles in the deep airways is higher than that for 

microparticles. Cheng et al. (1996) conducted an experimental study of nanoparticle deposition 

in the nasal and oral airways, finding that the highest percentage of particles is deposited in the 

bifurcation area. Balásházy and Hofmann (1995) studied the deposition of 10-nm diameter 

particles in G3 and G4 of the Weibel model (Weibel et al. 1963) through numerical simulations, 

and discussed the association between deposition efficiency, and flow rate and particle size. 

Moskal and Gradoń (2002) numerically simulated the deposition of 10- and 100-nm-diameter 

particles in the first two bifurcations of a symmetric lung model. The study analysed details of 

the flow pattern and particle deposition at hot spots. Asgharian and Anjilvel (1994) simulated 

the TD of 100-nm particles in G16 and G17 of the Weibel model (Weibel et al. 1963), and 

monitored the trajectories of individual particles in the lung airways. Hofmann et al. (2003) 

simulated the TD of nanoparticles ranging from 1 to 500 nm in G3 and G4 under three flow 

rates. They found that more small nanoparticles are deposited in the lung airways than are large 
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nanoparticles. Zhang et al. (2008) studied airflow dynamics and nanoparticle (1≤dp≤100 nm) 

deposition in a 16-generation symmetric model under two flow rates (15 & 30 L/min). Zhang 

and Kleinstreuer (2004) recommended that turbulence be modelled in numerical simulations if 

the flow rate (Qin) is high (≥30 L/min). 

Particle TD in realistic lung models is more complex than in symmetric lung models 

(Huang et al. 2021). Russo et al. (2018) used a G0–G3 realistic lung model of a patient to 

perform CFD simulations of magnetic nanoparticle drug delivery. They found that despite the 

high intensity of the magnetic field, only a small proportion of the particles entered the 

pulmonary airways. Through CFD simulations, Rahman et al. (2021c) studied nanoparticle TD 

from mouth to G3 airways. The results showed that over 90% of 5-nm particles pass through 

G3 and enter the deeper lung airways. Dong et al. (2021) also studied nanoparticle TD in 

realistic human airways up to G3, with similar conclusions. Brownian diffusion is the most 

common particle deposition mechanism for particles smaller than 10 nm. However, when 

particle size is greater than 100 nm, deposition efficiency decreases. 

2.5.3 Numerical Modelling of Polydisperse Particle Deposition 

Polydisperse particles are mixed particles of different sizes, which are very common in 

real life. Most studies have focused on the deposition of monodisperse particles with uniform 

size in vivo, in silico and in vitro. The deposition of polydisperse particles and its efficiency in 

the respiratory tract has been investigated in a very limited number of studies (Islam et al. 

2018b; Montoya et al. 2004). The deposition of polydisperse particles in the lung airways is 

essential for the treatment of lung diseases (Dockery et al. 1993). 

Rosati et al. (2003) studied the TD of polydisperse and monodisperse particles in packed 

beds. The results indicated that monodisperse particles have less deposition than polydisperse 

particles. Islam et al. (2018b) investigated the deposition of polydisperse particles in up to 17 

generations of lung airways through LES. It was found that smaller size particles are deposited 
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in the lower airways, and larger size particles are deposited in the upper airways. Through CFD, 

Islam et al. (2021) investigated polydisperse aerosol particle deposition in the upper airways, 

up to G5. The analysis indicated that reducing the diameter of the lung airway had a 

considerable effect on particle deposition. 

 Age-related Particle Deposition Modelling 

People of different ages may suffer from lung diseases such as pneumonia, COPD and 

asthma. Because lung volume and breathing capacity reduce as age increases, age-specific 

modelling of aerosol particle TD in the human lung is essential for the treatment of diseases in 

the respiratory tract. Research outcomes based on young patients do not apply to older people 

(Hogg et al. 1970). It has been reported that airborne particles deposit more easily in the lungs 

of school-aged people than adults because their lungs are smaller (Hruba et al. 2001; Roemer 

et al. 2000). However, most lung geometries available to study particle TD were created based 

on adults (Landahl 1950); the literature on particle TD in children and elderly people is limited. 

Deng et al. (2018) studied particle deposition for three age groups: infant, child and 

adult. Their study emphasised that it is crucial to develop particle deposition as targeted drug 

delivery for elderly people. Xu and Yu (1986) developed a theoretical model for predicting 

deposition of inhaled aerosol in the respiratory tract of newborn babies and adults. Particles 

with different spherical microparticles (0.01≤dp≤10 µm) and four ages of people (0.5, 2, 8, & 

30 years) were considered during the simulation. The results showed that the total deposition 

in the mouth–throat region of children is higher than in adults. However, total deposition in the 

tracheobronchial and alveolar regions of children can be either smaller or larger than in adults, 

depending on the size of the particles. 

Kim et al. (2017) studied the effect of age on airflow dynamics and lung function 

mechanisms in Weibel’s symmetric lung models up to G23. Their work was mainly focused on 

middle-aged to elderly people (50, 60, 70 & 80 years). Only the effects of age on airflow 
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characteristics in G10–G23 were studied; deposition of particles was not included. The results 

showed a 38% vacuum pressure reduction in the lung airways for 80-year-olds compared with 

50-year-olds. 

Asgharian et al. (2004) studied the effect of age on particle deposition in a multi-path 

symmetric branching lung model and calculated the lobe-specific deposition fraction in 

different regions and airway generations. They considered impaction, sedimentation and 

diffusion deposition mechanisms during the simulation. The deposition efficiencies of a five-

lobe (right upper, right middle, right lower, left upper & left lower) lung model at five different 

ages (3 months, 23 months, 8 years, 14 years & 21 years) were compared. The results showed 

that deposition efficiency in the tracheobronchial region is similar at different ages. However, 

age significantly affects deposition in the alveolar region. 

Deng et al. (2018) studied age effects on the TD of micron-sized particles (1≤dp≤10 µm) 

in a symmetric tracheobronchial lung airway model at three ages (7-month infant, 4-year old 

child and 20-year old adult) using Ansys Fluent software. Inertial impaction and gravitational 

sedimentation deposition mechanisms were considered to calculate deposition efficiency. 

Particle deposition was calculated for two groups of airway generation: upper (G3–G6) and 

lower (G9–G12). The results showed that the deposition efficiency in infants and children is 

higher than in adults in the tracheobronchial region. However, deposition efficiency in the lower 

airways is higher in adults than in children. 

Patterson et al. (2014) studied particle deposition in the respiratory tract in school-aged 

children by considering flow rates in different microenvironments, such as the residential home, 

classroom, school bus and outdoor air. They developed a multiple-path particle dosimetry 

model to calculate the deposition fraction in the head, tracheobronchial and pulmonary region. 

Nanoparticles (10–100 nm) and four different school ages (8, 9, 14, and 18 years) were 
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considered in numerical simulations. The results indicated that total lung deposition efficiency 

in the pulmonary region is higher in younger children than in adults. 

In summary, deposition efficiency in children is higher than in adults in the 

tracheobronchial region (Deng et al. 2018; Liu et al. 2012; Xu & Yu 1986). However, in the 

pulmonary and alveolar region, the deposition fraction varies with age (Asgharian et al. 2004; 

Patterson et al. 2014). CFD simulation has become more and more attractive in recent years 

because it provides clear mechanisms to explain local particle deposition patterns (Farghadan 

et al. 2020; Kleinstreuer et al. 2008a). 

Asgharian et al. (2004) studied age-specified particle deposition using a five-lobe 

geometry in a non-realistic lung model. Stenosis of tracheal airways is caused by air pollution 

and breathing impairment (Brouns et al. 2007). Therefore, studying lobe-specific particle 

deposition and stenosis airways is important. In addition, it was evident from the literature 

review that particle TD in realistic lung models in regard to age has not been well studied. The 

current study aims to address this scholarly gap by investigating age-specified particle 

deposition in a realistic and non-realistic lung model and the effects on this of stenosis. 

 Particulate Matter or Pollutant Particle Transport and Deposition 

Modelling 

Large numbers of pollutant particles are nowadays a major concern for public health, 

particularly for anyone with pulmonary lung diseases. PM of various sizes and from various 

sources absorbed into human lungs has an effect on respiratory health (Gautam et al. 2018; 

Valavanidis et al. 2008). PM is a complex combination of solid and liquid particles suspended 

in the air, and can move with wind across long distances (Gupta et al. 2006). Hazardous PM 

harms human health when it is breathed into the lungs and then circulated via the bloodstream 

(Fiordelisi et al. 2017; Mabahwi et al. 2014). Respiratory diseases such as asthma, lung cancer 

and COPD can all be caused by particles absorbed by epithelial cells (Chellappan et al. 2020; 
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Silva et al. 2015). Air pollution causes 3.1 million premature deaths and 3.2% of global 

disability-adjusted life each year, according to the Global Burden of Disease Study (Babatola 

2018; Olaniyan et al. 2015). The ambient PM was ranked sixth out of 79 risk variables in the 

global burden of human diseases since 1990 (Feigin et al. 2016). 

Pollutant-related particles emitted from different sources have different diameters (de 

Fatima Andrade et al. 2017). The most ultrafine traffic particles are produced by diesel and 

compressed natural gas (CNG) engines (Hammond et al. 2007). The majority of diesel particles 

are between 1 nm and 1 µm in size (de Sarabia et al. 2003). Diesel particles have a huge surface 

area, which permits them to absorb a variety of hazardous (Zhao & Castranova 2011). 

Coughing, itchy or burning eyes and neuropsychiatric symptoms such as headache, vomiting, 

nausea, difficult breathing, chest tightness and wheezing can all be caused by diesel particle 

exposure (Oravisjärvi et al. 2011). Because of their ability to enter deep lungs and lung cell 

membranes (Schraufnagel 2020), fine particles may constitute a substantial hazard to humans, 

affecting the entire organ system, including the brain (Guerrera et al. 2021; Oberdörster et al. 

2005). It has been proven that fine particles are more dangerous than larger particles (Souza et 

al. 2021). However, studies have also demonstrated that the health effects of large pollutant 

particles are substantially more harmful than, or at least as strong as, those of small pollutants 

(Brunekreef & Forsberg 2005; Kelly & Fussell 2015). The morbidity and mortality caused by 

large/coarse pollution particles (2.5–10 µm) created by crustal materials are unknown (Diao et 

al. 2019; Pui et al. 2014). 

Further, biomass burning creates a considerable quantity of PM dangerous to human 

health, an may include bushfire smoke and smoke from organised burns (Stefanidou et al. 2008; 

Yadav & Devi 2018). These small particles can travel throughout the distal lobes of the lungs, 

producing chronic cardiovascular diseases. Long-term exposure to fine particles has been 

linked to an increased risk of death. Further, cigarette smoke particles (CSP) cause serious 
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injury to the human lung (Ghio et al. 2022). Tobacco use releases 5.2 million tonnes of methane 

and 2.6 million tonnes of CO2 annually into the atmosphere (Buchanan & Honey 1994; Paul et 

al. 2021). In cigarettes and other tobacco products, almost 7,000 substances have been 

discovered, 250 of which are dangerous to individuals and 70 of which are carcinogenic to 

humans (Dusautoir et al. 2021). This is because of the induction of epithelial cell mutagenesis, 

which results in cancers being physiologically produced. Smoking remains a major cause of 

death and disability across the world (Zaher et al. 2004). 

After being inhaled, coarse dust particles (>10 µm) usually lodge in the upper 

respiratory tract. Toxic dust particles can end up anywhere in the respiratory system, presenting 

a health risk. A dust particle (<10 µm) can remain suspended in the atmosphere for weeks and 

then enter the deep lung airways (Brauer 2000). Finer dust particles (≤4 µm) can be inhaled and 

eventually deposit in the pulmonary alveoli, causing chronic lung disease. Particles appear to 

be absorbed quickly and deposited in the alveolar area of the lungs (Bakand et al. 2012). Several 

factors affect the deposition of inhaled particles in human lungs, including exposure 

concentration and particle characteristics such as size, density and shape, as well as individual 

breathing patterns (Braakhuis et al. 2014). This thesis has comprehensively analysed pollutant 

particle TD and found that the effects of density of nanoparticles are much weaker than those 

for microparticles. 

 Summary and Implications 

A full understanding of particle TD in a 3D anatomical lung model is important for drug 

delivery in the respiratory tract, to advance treatment of lung diseases (Kuzmov & Minko 2015). 

The mouth–throat and nasal pathways have been used as non-invasive alternative routes for 

drug delivery in the respiratory system. Nebulisers, dry-powder inhalers and metered-dose 

inhalers are considered standard delivery devices (Hess 2008). However, all available devices 

are nondirectional and costly, and a very small proportion of aerosol particles is deposited in 
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the deep lung area. A numerical model of aerosol drug delivery is important to maximise 

particle deposition, reduce costs and minimise side effects of aggressive medicine. 

Most numerical lung models are based on idealised or non-realistic lung models. 

Simulating TD of particles in realistic lung models is necessary to accurately predict deposition 

into the respiratory tract (Asgharian et al. 2006; Islam et al. 2017). Lung models such as in 

silico, in vitro and vivo models (Barnes 1995; Cabal et al. 2016; Göttlich et al. 2016) represent 

microparticle transport in the upper airways with limited branches, which is very different from 

real lung branches. The development of a lung model is essential for particle TD in terminal 

airways. Ultrafine particle simulation is important for therapeutic targeted drug delivery in the 

deep airways. It is also important to study the TD of PM air pollution, which causes a range of 

lung diseases including asthma, chronic bronchitis and lung cancer (Thurston & Lippmann 

2015). Polydisperse particles are non-uniform and are thus applicable in the pharmaceutical 

industry. Several researchers have studied polydisperse particle deposition in human lung 

airways (Islam et al. 2018b; Martonen & Katz 1993). 

Moreover, age-specific lung morphology is important for aerosol particle deposition in 

the realistic lung. Lung airway dimensions change with age (Reid 1977), and it has been shown 

that around 3.2 million people globally die before maturity each year, and 3.1% of people are 

disabled according to a 2010 report on global burden in health (Lim et al. 2012). Immature 

people (children) are more affected than adults by ambient PM air pollution because of their 

physical structure. Symmetric and planner lung airway models have been used because of the 

lack of high-resolution CT images for age-specific realistic lung geometry (Islam et al. 2021; 

Rahman et al. 2021a). Therefore, understanding of particle deposition in the realistic lung for 

people of every age is necessary for therapeutic drug delivery in the respiratory tract. 
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 Abstract 

Understanding transportation and deposition (TD) of aerosol particles in the human 

respiratory system can help clinical treatment of lung diseases using medicines. The lung airway 

diameters and the breathing capacity of human lungs normally increase with age until the age 

of 30. Many studies have analyzed the particle TD in the human lung airways. However, the 

knowledge of the nanoparticle TD in airways of infants and children with varying inhalation 

flow rates is still limited in the literature. This study investigates nanoparticle (5 nm ≤ dp ≤ 500 

nm) TD in the lungs of infants, children, and adults. The inhalation air flow rates corresponding 

to three ages are considered as Qin = 3.22 L/min (infant), 8.09 L/min (Child), and Qin =

14 L/min (adult). It is found that less particles are deposited in upper lung airways (G0–G3) 

than in lower airways (G12–G15) in the lungs of all the three age groups. The results suggest 

that the particle deposition efficiency in lung airways increases with the decrease of particle 

size due to the Brownian diffusion mechanism. About 3% of 500 nm particles are deposited in 

airways G12–G15 for the three age groups. As the particle size is decreased to 5 nm, the 
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deposition rate in G12–G15 is increased to over 95%. The present findings can help medical 

therapy by individually simulating the distribution of drug-aerosol for the patient-specific lung. 

 

Keywords: particle transport and deposition (TD); airway reduction; drug-aerosol delivery; 

aging effect; lung generations; diffusion mechanism.  

 

 Introduction 

Inhalation of aerosol particles is employed directly as a drug delivery method for the 

treatment of lung diseases (Pulivendala et al. 2020, Sorino et al. 2020). However, the 

effectiveness of particle deposition as a drug delivery depends on particle size, shape, and 

breathing capacity (Matera et al. 2021). Therefore, a detailed understanding of particle 

deposition in the human lung airways is important for human health to measure both the 

efficiency of inhaled drug therapy and the health implications of air pollution. 

Many researchers have studied nanoparticles deposition in human lung models to 

investigate the diffusion mechanism (Zhang and Kleinstreuer 2004, Inthavong et al. 2011, 

Wang and Fan 2014, Saha et al. 2018, Islam et al. 2021). The results revealed that the percentage 

of nanoparticles deposited in the deep airways was greater than microparticles. Cheng et al. 

(1997) found significant amount of particles are deposited in bifurcation areas by conducting 

experiments of nanoparticle deposition in the nasal and oral airways. Balásházy and Hofmann 

(1995) studied numerically the deposition of 10-nm diameter particles in the third and fourth 

generation of human lungs based on the Weibel model (Weibel et al. 1963). They found 

significant effects of flow rate and particles size on the deposition efficiency. The whole human 

respiratory system is made up of 23 generations (the number of divisions of bronchioles is 

called generation) of airway branches (G0–G23). Moskal and Gradoń (2002) conducted 

numerical simulations of the TD of 10 nm and 100 nm particles in the first two bifurcations of 
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a symmetric lung model. The study explained the flow pattern and particle deposition through 

flow visualizations. The numerical study of the particle TD in the third and fourth generation 

conducted by Hofmann et al. (2003) demonstrated that in the range of 1 nm ≤ dp ≤ 500 nm, more 

small size nanoparticles is deposited in the lung airways than large size nanoparticles. CFD 

simulations of a realistic lung model from generations G0 to G6 were performed by Pourmehran 

et al. (2016). Using Large Eddy Simulations (LES), Islam et al. (2017) simulated nanoparticle 

transport in lung models of up to 17 generations and discussed the total deposition efficiency 

of particles across the 17 generations. Asgari et al. (2021) investigated aerosol microparticle 

deposition in a realistic lung model of generations mouth to sixth generations (G6). The results 

showed that aerosol deposition happens mainly in the upper lung airway. 

The lung airways get larger as people grow to adult, and the shape of alveoli changes 

(Ménache et al. 2008). During postnatal growth, tidal and residual volumes, respiration rate, 

and respiratory compliance rise, but respiratory resistance decreases (Veneroni et al. 2020). 

This is due to the fact that infants and children have immature and growing lung systems, higher 

physical activity levels, and lower body weight than adults (Anderko et al. 2020, Kim, Prunicki 

et al. 2020). The airway structure and breathing habits of children are different from adults 

(Vriesman et al. 2020). When it comes to aerosol inhalation treatment, infants and children 

constitute a distinct demographic of patients (Schechter 2007). Xu and Yu (1986) established a 

theoretical model for predicting inhaled aerosol TD in the respiratory tracts of children to adults 

and found that children had a higher deposition efficiency in the upper airway region than 

adults. 

Most medications were developed and approved based on adult trials. There is relatively 

little information on the acceptability of different dose forms based on a children. As a result, 

it is important to understand and improve particle TD in infants’ and children’s lungs.  



Chapter 3: Aerosol Particle Transport and Deposition in Upper and Lower Airways of 

Infant, Child and Adult Human Lungs 

55 

Lung airway branching pattern is different irrespective of age and sex. The lack of high-

resolution CT images also makes the geometry generation process complicated. As a result, it 

is nearly impossible to generate an age-specific realistic lung model with consistent similar 

branching patterns. Therefore, the age-specific micro-particles deposition into the idealized 

lung airways model has been studied through CFD simulation (Deng, Ou et al. 2018, Rahman, 

Zhao et al. 2021). 

 Lung Model 

3.3.1 Lung Geometry  

According to the age categories used by the World Health Organization (Knoppert et al. 

2007, Kwok and Chan 2014), we consider 9-month, 6-year, and 30-year-old people as infants, 

children, and adults, respectively. Weibel et al. (1963) developed planar and symmetric lung 

models of adult people. However, the lung airway branching patterns for different ages of 

people are different. Therefore, Xu and Yu (1986) developed mathematical description of 

symmetric lung airways structure for different ages people. We have calculated the details of 

the lung airways diameter and length for infants, children, and adults (in Table 3.1) based on 

the mathematical description (Xu and Yu 1986). The right-hand side of Figure 3.1 shows three-

dimensional (3D) lung models for upper (G0–G3) and lower generation (G12–G15) that are 

constructed using SolidWorks software. The detailed geometric parameters of infant, child, and 

adult lung airways are listed in Table 3.1. 
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Table 3.1 The parameters of symmetric lung airways (Xu and Yu 1986) 

Generation (G) Diameter 

(cm) 

Length 

(cm) 

Diameter 

(cm) 

Length 

(cm) 

Diameter 

(cm) 

Length 

(cm) 

Upper airways 

(G0–G3) 

9 month old infant 6 year old child 30 year old adult 

0 0.615 4.630 0.985 7.934 1.665 12.286 

1 0.491 1.712 0.842 2.822 1.219 4.284 

2 0.333 0.761 0.572 1.307 0.829 1.896 

3 0.227 0.307 0.387 0.525 0.559 0.759 

Lower airways 

(G12–G15) 

      

12 0.041 0.143 0.067 0.233 0.095 0.330 

13 0.036 0.121 0.058 0.193 0.082 0.271 

14 0.031 0.097 0.052 0.161 0.074 0.231 

15 0.028 0.087 0.046 0.142 0.066 0.201 

3.3.2 Mesh Generation  

High resolution mesh in the lung airways has been developed and shown in Figure 3.2a. 

In addition, Ten-layer smooth inflation is implemented near the wall to accurately predict the 

wall boundary flow inside the lung airway, as illustrated in Figure 3.2b. 

 

 

 

Figure 3.2. An overview mesh generation for symmetric lung model. (a) The mesh resolution 

of lung airway and (b) the refined inflation mesh near the airway wall. 

 Numerical Method 

3.4.1 Airflow Model 

The airflow in airways is solved using the software ANSYS FLUENT. The maximum 

Reynolds numbers based on the airway diameter at G0 are 800, 1253, and 1281 for 9-month, 
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6-year, and 30-year ages, respectively. The flow for such small Reynolds numbers was assumed 

steady and laminar. The governing equations for solving the flow is the 3D Navier-Stokes 

equations: 

 
∂

∂xi
(ρui) = 0 (3.1) 

 
∂

∂xj
(ρuiuj) = −

∂p

∂xi
+

∂

∂xj
[μ (

∂ui

∂xj
+

∂uj

∂xi
)] (3.2) 

where xi (i = 1, 2 and 3) are the Cartesian coordinates, ui is the fluid velocity in the xi-direction, 

μ is the molecular viscosity, ρ is the air density, and p is the pressure. 

The Navier-Stokes equations are solved using the second-order upwind momentum 

SIMPLE scheme and the pressure-velocity coupling method. A constant inhalation flow rate 

can be calculated by (Deng et al. 2018): 

 Qin = 2fbVt (3.3) 

where Vt is the tidal volume, which is defined as the amount of air that flows in and out of the 

lungs during each respiratory cycle, and fb is the breathing frequency. Table 3.2 lists the flow 

parameters used in this study. The velocity inlet and pressure outlet boundary conditions are 

considered at the lung model’s inlet and outlet, respectively (Gu et al. 2019, Islam et al. 2019, 

Ghosh et al. 2020, Rahman et al. 2020, Singh et al. 2020). The airway wall was considered to 

be stationary, and a non-slip boundary condition is used on the wall surface (Hendryx et al. 

2020, Islam et al. 2020, Islam et al. 2021). The inhaled air flow rate is considered evenly 

distributed among all the 2n bifurcations of generation G-n. As a result, the inlet air flow rate 

of each inlet of G-n is Qe
n = Qin/2

n, where Qin is the inlet flow rate at G0. Therefore, the inlet 

velocity of each inlet boundary of G-n is calculated by: 

                                                               𝑢 = 𝑄𝑒
𝑛/𝐴𝑛  (3.4) 

where 𝐴𝑛 is the cross-sectional area of the inlet.  
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Table 3.2. Breathing parameter as a function of age based on the human activity (Hofmann 

1982) 

 

Breathing 

Frequencies 

fb (min−1) 

Tidal 

Volume Vt 

(mL) 

Inhalation Flow 

Rate 

Qin (L/min) 

Flow Velocity (m/s) 

Upper Airways 

(G0–G3) 

Lower Airways 

(G12–G15) 

Infant 33.82 47.68 3.22 1.806 0.098 

Child  19.34 209.44 8.09 1.766 0.093 

Adult 13.98 500 14 1.071 0.080 

 

3.4.2 Particle Transport Model 

The present particle TD model is a one-way coupling model that considers particle 

movement in airflow but ignores particle effects on the airflow (Inthavong et al. 2011). Initially, 

the airflow field is simulated to obtain the converged flow solution. Then the particles are 

injected at the inlet surface into the lung model. The discrete phase model (DPM) model based 

on the Lagrangian approach is used in this study to model the motion of particles. The equation 

of motion of each particle is expressed as (Inthavong et al. 2011): 

 
dui

p

dt
= FDi + Fgi + FBi + FLi (3.5) 

where ui
p
 is particle velocity in the xi-direction, FDi, Fgi, FBi and FLi are the drag force, 

gravitational force, Brownian force, and Saffman’s lift force per unit mass. The gravitational 

force is calculated by  

 Fgi = (
ρp−ρ

ρ
) gi (3.6) 

where gi is the gravitational acceleration and ρp is the density of particles. The drag force is 

calculated by 

 FDi =
18μ

ρpdp
2 CD

ReP

24
(ui − ui

p
) (3.7) 
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where the particle Reynolds number  Rep = ρdp|ui
p
− ui|/μ and the drag coefficient CD for the 

spherical particles is calculated by (Morsi and Alexander 1972) CD = a1 +
a2

 ReP
+

a3

 ReP
2  for  0 <

Rep < 10. The Brownian force due to Brownian motion of the fluid is defined as  

  FBi = Gi√
πS0

∆t
 (3.8) 

where, Gi  is zero mean, unit-variance independent Gaussian random number, ∆t is the particle 

time step, and S0 is the spectral intensity function which is related to the diffusion coefficient 

by:  

 S0 =
216νkBT

π2ρpdp
2(
ρp

ρ
)
2
Cc

 (3.9) 

where, T = 300K is the absolute fluid temperature, KB = 1.380649 × 10
−23 J/K is the 

Boltzmann constant, ν is the kinematic viscosity, and the Stokes-Cunningham slip correction 

coefficient Cc is defined as 

 Cc = 1 +
2λ

𝑑p
(1.257+ 0.4e

−(
1.1𝑑p

2λ
)
 ) (3.10) 

where, λ = 65 nm is the mean free path of the gas molecules. The Saffman's lift force is 

calculated by: 

 FLi =
2Kν

1
2ρdij

ρpdp(dlkdkl)
1
4

(uj − uj
p
) (3.11) 

where, K = 2.594 is the constant coefficient of Saffman’s lift force and dij = (ui,j − uj,i)/2 is 

the deformation tensor. 

In the simulations, 64,400 spherical particles with a uniform diameter and a density of 

1100 kg/m3 were injected randomly at the inlet surface at one time (Islam et al. 2020, Rahman 

et al. 2021). A ‘trap’ boundary condition is considered in the lung airways wall, and an escape 

condition is considered at all outputs for particle deposition (Rahman et al. 2019, Zhang et al. 

2020). Due to the trap situation, the coefficient of restitution is zero. Hence no bounce occurs 
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when the particles meet the lung airways surface. As a result, the particles are trapped on the 

surface and remain there. Finally, the Tecplot software is used to visualize the deposition of 

particles in the lungs. 

3.4.3 Deposition Efficiency Calculation 

The deposition efficiency of the n-th generation, denoted by η, is the percentages of the 

particles absorbed (trapped) in this generation of airways relative to the particles released at the 

inlet surface, given by: 

 η=
Number of particles are trapped in a lung airway

Total number of particles released at the lung inlet
 

 Grid Independence Study and Model Validation 

3.5.1 Grid Dependency Test 

Six meshes are used in the grid independency test, namely 64423 (Mesh-1), 116058 

(Mesh-2), 192466 (Mesh-3), 290185 (Mesh-4), 364259 (Mesh-5), and 468164 (Mesh-6). The 

smallest grid size of the densest mesh is 0.79 mm adjacent to the wall, and the mesh size is 

proportional to the number of elements. The average velocity magnitude and the total pressure 

are shown in Figure 3.3 (the different lines and sections of the lung are defined in Figure 3.1). 

It was found that both velocity and pressure change with the increase of the grid number from 

64423 to 468164. Due to the increased grid number, the velocity distribution trends are almost 

identical. The velocity difference between mesh-5 and mesh-6, especially, is 0.012%. The 

average velocity and total pressure converge at a mesh of 364,259 elements (Mesh-5), which is 

used to perform all the numerical calculations. 
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(a) 

  

(b) 

 

(c) 

Figure 3.3. (a) Grid refinement/mesh-independent test for (a) velocity distribution as 

functions of grid number (average velocity calculated at the selected line-1 in Figure 3.1), (b) 

velocity distribution as functions of grid number (average velocity calculated at the selected 

line-2 in Figure 3.1), and (c) total pressure as functions of grid number at the flow rate 14 

L/min (Total pressure calculated at the selected section-4 in Figure 3.1) for G0–G3 model for 

30 year age. 

3.5.2 Model Validation 

To validate the numerical method, Figure 3.4 a,b show the CFD results of particle 

deposition efficiency as a function of particle diameter for three Reynolds numbers (Re = 200, 
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Figure 3.5 shows the velocity contours on the symmetric plane and five cross-sections 

for generation G0–G3 of infants to adults. The five sections (AA′, BBʹ, CC′, DD′, and EE′) are 

indicated on the symmetric plane. The velocity distribution in section-1 for three ages people 

is uniform at the central part. After the air enters the deep lung, the velocity distribution in the 

rest of the section (Section-2, Section-3, Section-4, and Section-5) is very non-uniform, as seen 

in Figure 3.5. The maximum velocity is observed for 9 months lung model since the lung 

airways diameter decreases compared to the 30-years age model. There is a qualitatively similar 

fluctuation in velocity inside the generation G0–G3 compared to the lower generation (G12–

G15). According to our observations, lung airway flow rate influences patterns of velocity 

magnitude. 

 

 

 

Section 1 

(AAʹ) 

   

 

Section 2 

(BBʹ) 
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 (a) 9-months (b) 6-years (c) 30-years 

 

Figure 3.5. Velocity contours at upper airways generation (G0–G3) defined in the above 

Figure 3.1: (a) 9 months, velocity = 1.806 m/s, (b) 6 years age, velocity = 1.766 m/s, and (c) 

30 years age, velocity = 1.071 m/s. 

3.6.2 Wall Shear Stress 

Figure 3.6 quantitatively shows the average wall shear stress along with the inner wall 

lung upper airways generation (G0–G3) on five sectional planes indicated in Figure 3.1. Since 

flow resistance occurs at complicated lung geometry, the wall shear stress varies considerably 

with each lung airway generation. With a contact inhaled air flow rate, the wall shear stress 

decrease with the increase in age. 
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Figure 3.6. Averaged wall shear stress at a different section of the lung defined in Figure 3.1 

for infant, child and adult ages. 

Figure 3.7 depicts the average static pressures in the generation G0–G3 lung airways at 

various locations. For people of all ages, the highest pressure is shown in Section-1 (Figure 

3.7). In addition to the reduction in velocity illustrated in Figure 3.5, the pressure progressively 

lowers when airflow enters the deep lung. Due to friction from the inner wall of the airways, 

the flow energy decreases when the airflow enters the deep lung. The high velocity at the nine-

months-old lung shown in Figure 3.7 requires high pressure at the inlet to drive the flow. As a 

result, 56.35% pressure rise in the lung airways of 9-month-olds compared to 30-year-olds 

shown in Figure 3.7. Hence, inhaling air into the lung for a 9-month-old is more complex than 

for a 30-year-old. The pressure at section 5 is significantly lower than at section 1, owing to a 

drop in the volume flow rate. As a result of the decrease in velocity, the low-pressure drop-in 

section 5 was formed. 
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Figure 3.7. Pressure at a different section of the lung defined in Figure 3.1 for infant, child, 

and adult ages. 

3.6.3 Particle Deposition 

Figure 3.8 shows the effects of age on the particle deposition efficiency in G0–G3 and 

G12–G15 models. The deposition efficiency of 5-nm particles is much higher than those of the 

other three-particle diameters. The particle deposition efficiency decreases with the increase of 

the particle size due to the weakening of the diffusion mechanism (Dong et al. 2019). As seen 

in Table 3.2, the flow velocity at G12–G15 is reduced significantly compared with G0–G3. 

Since the diffusion mechanism is strong when the flow velocity is low (Dang Khoa et al. 2020), 

the deposition efficiency of G12–G15 is 30% higher than that of G0–G3 (Figure 3.8). Hence, 

the particles deposition efficiency is found to increase slightly with the increase of age. 2.13% 

more particles were deposited in the 30-years-old lungs compared to the 9-months-old. 
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(a)  (b)  

  

(c)  (d)  

Figure 3.10. Different size particle deposition efficiencies at upper airways generation (G0–

G3) of the lung are defined in Figure 3.1. (a) dp = 5 nm, (b) dp = 50 nm, (c) dp = 100 nm, and 

(d) dp = 500 nm. 

How the ages and particle size affect deposition rates at individual generations in the 

upper lung airways (G0–G3) can be examined by the bar charts shown in Figure 3.10. The 

locations of different generations are defined in Figure 3.1. Most of the particles are deposited 

at generation G0 for all the studied ages and particle diameters. Around 34.88%, 35.67%, and 

37.72% of 5 nm particles are deposited at generation G0 for 9-month, 6-years and 30-years of 

age, respectively (Figure 3.10 a). For the three ages, the lowest deposition efficiency occurs at 
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the largest particle size of 500 nm and it decreases with the increase of generation number. 

Figure 3.4 demonstrates that the deposition efficiency in generations G3–G5 increases with the 

reduction of either the Reynolds number or flow velocity. The decrease of the flow velocity 

decreases with age results in an increase in deposition efficiency in G0–G3 in Figure 3.10. 

  

(a)  (b)  

 
 

(c)  (d)  

Figure 3.11. Different size particle deposition efficiencies at lower airways generation (G12–

G15) of the lung are defined in Figure 3.1. (a) dp = 5 nm, (b) dp = 50 nm, (c) dp = 100 nm, and 

(d) dp = 500 nm. 
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Figure 3.11 shows the deposition efficiency at individual generations in the lower lung 

airways (G12–G15) for the three ages. The effect of age on the deposition efficiency of G12–

G15 is the same as that for G0–G3. At nine-months of age, the deposition efficiencies of lower 

generations (G15) are smaller compared to the adult age. The deposition efficiency in G12–

G15 for all the diameters was considerably reduced compared to that in G0–G3. At 9-month 

age, 15.61%, 14.05%, 12.71%, and 1.57% of 50 nm particles are deposited at the generation 

G12, G13, G14, and G15, respectively (Figure 3.11b). It is also observed that 8.02% at G12, 

7.54% at G13, 6.37% at G14, and 1.16% at G15, more particles were deposited of 100 nm 

compared to 500 nm for six-year-olds (Figure 3.11 c,d). The particles deposition efficiency 

decreases with increases the particles size (Figure 3.11a). 

Numerical calculations were conducted based on age-specific lung models in the upper 

and lower airways. The flow characteristics and pressures differ due to age-related differences 

in lung geometries that have varied diameters. Due to lung aging and flow rate, the diameter 

reduction influenced the velocity magnitude for infant to adult ages. Hence, the present study 

has several contributions: (1) we have considered the three age groups (infant, child, and adult) 

to identify the effects of age on particle TD; (2) we consider the nanoparticle TD through 

diffusion mechanism both in upper (G0–G3) and lower (G12–G15) airways; (3) we consider 

the different airflow velocity in different airway generations. 

 Limitations of the Study 

There are some limitations in this study that should be addressed in future studies. 

Firstly, only an inhalation flow condition was considered in the simulation of particle TD. 

Secondly, deformation of the lung wall was not considered in this study. Thirdly, we have used 

symmetric and planner lung airways models due to the lack of high-resolution CT images for 

age-specific realistic lung geometry. However, despite the constraints of lung geometry used in 

this study, our current investigation of airflow characteristics and particle deposition patterns 
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can accurately predict (Kleinstreuer, Zhang et al. 2008, Ou, Jian et al. 2020). Thus, the results 

of this work could improve a basic understanding of airflow properties and nanoparticle TD in 

the human lung airways related to lung ageing. 

 Conclusions 

We investigated nanoparticle TD in the upper (G0–G3) and lower (G12–G15) airways 

of the infant to adult ages. The variation of the airway geometry and the flow velocity with age 

has been considered. The deposition efficiency of particles is found to be significantly affected 

by lung airways reduction. The effects of age and particle diameter on the airflow and particle 

TD are summarized as follows. 

 The average wall shear stress is decreased with an increase of age. The pressure of 

generation G0 to G3 of a 9-month-old lung is 56.35% higher than the 30-year-old lung 

due to the inhalation flow rate. 

 30% more particles are deposited in the lower airways (G12–G15) than in the upper 

airways (G0–G3). 

 60.32%, 61.31%, and 61.75% 5-nm particles are deposited in the generation G12 for 9-

month, 6-year, and 30-year ages, respectively, which indicates that the number of 

particle deposition increases with increased age. 

 A high percentage of the 5-nm particles (over 95%) entering G12 can be deposited in 

the deep lung airways (G12–G15). As the particle size is increased to 500 nm, only 3% 

of the particles are deposited in the G12–G15 lung airways. The above finding indicates 

that particles must have a small diameter to increase the deposition in the deep lung 

airways. 

 The numerical study showed that deposition efficiency is significantly affected by lung 

airways reduction. Most of the particles are deposited in the 30-year-old lung than 9-

month-old lung in the lower generations compared to the upper generation. Therefore, 
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our results further investigate that correctly choosing particles size as targeted drug-

aerosol delivery size based on age. 
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 Abstract 

Understanding the transportation and deposition (TD) of inhaled aerosol particles in 

human lung airways is important for health risk assessment and therapeutic efficiency of 

targeted drug delivery. The particle TD into a human lung depends on lung anatomy, breathing 

pattern, as well as particle properties. The breathing capacity and lung airway diameters can be 

reduced by about 10% every 10 years after the age of 50. However, the age-specific particle TD 

in human lungs, particularly in the aged, has not been well understood in literature. This study 

investigates the particle TD in the lungs of people aged 50-70 years, using computational fluid 

dynamics (CFD). A new cutting method that splits the lung model into different sections has 

been developed as a feasible CFD method to simulate the particle TD in G0 to G14 lung 

airways. The inhalation of micron scale particles with three diameters (5 μm, 10 μm and 20 μm) 

and a constant air flow rate in inhalation is considered. It is found that different sized particles 

are deposited in different generation airways. Nearly 100% of 20 μm particles are deposited in 

the upper lung airways (G0-G5) and no particles pass through G7. Particles can go into deeper 

airways as their diameter decreases. When the particle size is decreased to 5 μm, over 48% of 
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particles can pass through G14 and enter the deeper lung airways. An increase in age causes 

more particles to deposit in the upper airway and fewer particles to enter the deeper airways. 

 

Keywords:  Aging effect, Airflow, Aerosol particle transport and deposition (TD), Lung, 

Inhalation, Drug delivery, Cutting method.  

 

 Introduction 

Aerosol particle inhalation is commonly used as a drug delivery method to treat human 

lung diseases (Kuzmov and Minko 2015, Pulivendala et al. 2020). Hence, the study of particle 

transportation and deposition (TD) in human lung airways is important, to ensure the 

effectiveness of drugs delivered through aerosol particle inhalation (Ikegami et al. 2000, Gradon 

and Sosnowski 2014, Paul and Lau 2020). It is also important for reducing the effects of inhaled 

pollutant in the air on human health (Davidson, Phalen et al. 2005, Nieder, Benbi et al. 2018).  

Particle TD into non-realistic tracheobronchial lung airways has been studied 

extensively to analyse the airflow dynamics and particle TD in lung airways (Li et al. 2007, 

Islam et al. 2019). Comer et al. (1999) developed a double bifurcation lung geometry based on 

Weibel's model (Weibel 1963), simulated airflow and TD in G3-G5 of this model numerically, 

and made a comprehensive comparison of their results with other numerical studies. 

Kleinstreuer et al. (2008) investigated airflow characteristics and particle TD of microparticles 

in a symmetric, triple bifurcation model of generations G0-G3. The results showed that the 

microparticles are mostly deposited at the carinal angles due to their strong inertial impaction 

mechanism. Zhang et al. (2005) studied the micro- and nano-size particle TD in a non-realistic, 

triple bifurcation model of generations G0-G3 using the Low-Reynolds-number (LRN) k–ɷ 

model. The nanoparticles were found to be more uniformly deposited in the airways than 

microparticles. Moreover, Islam et al. (2017) simulated aerosol particle transport in lung models 
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using Large Eddy Simulations (LES) for up to 17 generations. The study shows that the majority 

of particles are deposited in the upper airways through an inertial impaction mechanism. 

However, they only discussed the total deposition efficiency of particles of all the 17 

generations but not the deposition efficiency of each individual generation. Ahookhosh, 

Pourmehran et al. (2020) conducted a detailed analysis of the evolution of various views of 

respiratory airway modelling throughout the years. This review study is helpful in 

understanding the limitations of lung anatomy and drug distribution in the lungs. CFD has 

proved to be an efficient and accurate method for predicting the local particles deposition 

efficiency in the lung airways (Kleinstreuer et al. 2008, Zhang et al. 2009, Myojo et al. 2010, 

Khorasanizade et al. 2011, Kadota et al. 2020, Ou et al. 2020). Deposition efficiency is defined 

as the percentage of aerosol particles absorbed in the human lung airways. 

Some research on particle TD in realistic lung models has been conducted but mainly 

for small number of generations. Pourmehran et al. (2016) conducted CFD simulations of a 

realistic lung model of generations G0 to G6. The microparticles were found to be mostly 

deposited in the upper tracheobronchial lung airways. Recently, Asgari et al. (2021) studied the 

aerosol particles deposition in a realistic lung model of generations mouth to six (G6) based on 

the temperature and humidity conditions. The results showed that at very short timescales, 

aerosol evolution occurs mostly in the upper airway segments.  

The earliest lung geometries created for simulating airflow in human lungs are mainly 

for adults (Landahl 1950). The aerosol particle TD varies with age significantly, especially 

during the childhood/teenage stage and shrinks in older age. Xu and Yu (1986) conducted a 

theoretical calculation of the PD of aerosol particles with diameters in the range between 

0.01μm and 10 μm in the respiratory tracts of ages ranging from newborn babies to adults. It 

was found that the deposition efficiency in the mouth-throat section of children is higher than 

the adults. However, in the pulmonary and alveolar section, the opposite results were found 
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(Asgharian et al. 2004). Patterson et al. (2014)) studied nanoparticle deposition in the 

respiratory tract of school-aged subjects (8- to 18-year-olds). The results proved that the total 

particle deposition efficiency in the pulmonary section of children is higher than that of older 

people. The airborne particles deposit more easily for the school-aged people than adults 

because their lungs are smaller in size (Roemer et al. 2000, Hruba, Fabianova et al. 2001). 

Moreover, Deng et al. (2018) studied the age-specific (7-month old infant, 4-year old child and 

20-year old adult) particle deposition in generation G3-G6 and G9-G12 lung airways through 

CFD simulations. The results further proved that the deposition efficiency of microparticles for 

children is higher than for adults in the tracheobronchial section. Compared to those conducted 

for younger people, few studies have investigated the airflow dynamics and particle TD in lung 

models for the aged. The lung volume and breathing capacity of old people reduce with 

increased age (Niewoehner and Kleinerman 1974). Kim et al. (2017) analysed the airflow 

dynamics in the lungs of aged people and found that the pressure drop in the lung airways of 

80-year-olds decreases by 38% compared to 50-year-olds.  However, they did not study the 

particle TD in the lungs of aged people.  

Because most people suffering from lung diseases are older, and the drug was usually 

prescribed for older people, it is important to improve the understanding of particle TD in their 

lungs. In addition, most studies of airflow and particle TD in the lungs considered a limited 

number (three or four) of generations. Airflow and particle TD in a whole lung using CFD has 

never been studied, due to consuming and unaffordable computing time. 

In this paper, we employed an efficient cutting method to enable the CFD simulations 

to simulate airflow and particle TD in generations G0 to G14. This study does not investigate 

generations after G14 because the airway flow rate is very low after G14, and as a result, the 

inertial impaction deposition mechanism does not work properly (Koullapis et al. 2016). The 

cutting method divides generations G0 to G14 into five sections, and each section includes three 
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generations. The continuity of the airflow mass and the particle numbers is ensured at the 

boundaries of these sections. The details of the cutting method will be presented in section 3. 

The aim of this study is to understand the effects of particle size and age on the airflow and TD 

of particles in micrometer scales in human lungs. We consider the same inhaled air flow rate 

for all the ages, but varying airway diameters with age. 

 Lung Model 

Three-dimensional (3D) lung models with symmetric and planner lung airways from 

generation G0 to G14 are constructed based on the geometry proposed by Xu and Yu (1986). 

We used simplified lung models because geometries of realistic lung models with all the 

generations from G0 to G14 are not available and simulating complicated G0-G14 generation 

realistic lung model requires unaffordable computational time. To understand fundamental 

mechanisms of particle TD in a lung model with many generations with affordable time, we 

used an efficient cutting method and simplified lung model. The solution of the present study 

will provide good understanding how particle TD is affected by the particle size and age, though 

quantitatively have difference from the realistic lung. Many researchers have studied human 

lungs in people aged up to 30 years (Asgharian et al. 2004, Xi et al. 2012). The lung geometries 

for older people are not straightforwardly available but can be generated based on the 

conclusions made in previous studies. The lung airway diameters of adults change little between 

those aged 30 and 50 years (Hofmann 1982). Therefore, we have assumed that a 50-year-old 

lung is the same as a 30-year-old lung. The 3D bifurcation symmetric lung airways of a 50-year 

old of up to generation G14 are generated by SolidWorks using the geometric parameters given 

by Xu and Yu (1986) and presented in Figure 4.1. The triple-bifurcation lung geometries of 60-

year and 70-year old lungs (G0-G3, G3-G6, G6-G9, G9-G12, G12-G15) are generated by 

reducing airway diameter of each generation by 10% after every 10-year age (Niewoehner and 

Kleinerman 1974, Kim et al. 2017). Furthermore, the size of the alveolar sacs grows with age 
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(Turner et al. 1968).  Because tissue parameter and lung morphology of the human lung have 

changed due to the ageing. Between the ages of 50 and 80, lung tissue becomes around 7% 

stiffer (Lai-Fook and Hyatt 2000). Lung compliance is a volumetric number that is dependent 

on lung size and represents the lung's elastic property. Compliance is described as the ability of 

the lung tissue to absorb the same applied force, which is usually caused by a change in pressure. 

In general, as people get older, they become more compliant (Wahba 1983). Lung compliance 

is an extrinsic parameter that rises as the size of the alveolar sacs grows. Low-compliance lungs 

are stiff lungs that require a lot more pressure to obtain the same capacity. To affect the capacity 

of the lungs, a stiff lung would require a larger than typical shift in pleural pressure, making 

breathing more difficult. As a result, we looked at lung compliance in order to determine elastic 

characteristics as people age. The details of the geometric parameters of the lung airways are 

listed in Table 4.1. 

Table 4.1. Geometric parameters of lung airways generated use the method by Xu and Yu 

(1986) 

Generation (G) Diameter (cm) Length (cm) 

 50 year old 60 year old 70 year old 50-70 years 

0 
1.665 1.499 1.332 

12.286 

1 
1.220 1.098 0.976 

4.284 

2 
0.830 0.747 0.664 

1.896 

3 
0.560 0.504 0.448 

0.759 

4 
0.450 0.405 0.360 

1.268 

5 
0.350 0.315 0.280 

1.071 

6 
0.280 0.252 0.224 

0.901 

7 
0.230 0.207 0.184 

0.759 

8 
0.186 0.167 0.149 

0.639 

9 
0.154 0.139 0.123 

0.538 

10 
0.130 0.117 0.104 

0.460 

11 
0.109 0.098 0.087 

0.390 



Chapter 4: Aging Effects on Airflow Distribution and Micron-Particle Transport and 

Deposition in a Human Lung Using CFD-DPM Approach 

89 

12 
0.095 0.086 0.076 

0.330 

13 
0.082 0.074 0.066 

0.271 

14 
0.074 0.067 0.059 

0.231 

15 
0.066 0.059 0.053 

0.202 

As shown in Figure 4.1, generation G0 has one bifurcation and the number of 

bifurcations of the n-th generation is 2n. Simulating the airflow of all the generations from G0 

to G14 using CFD without any simplification would mean unaffordable computing time. To 

enable CFD to simulate airflow in all the generations in affordable time, we cut the lung model 

into five sections: G0-G3, G3-G6, G6-G9, G9-G12, G12-G15, and their geometries are shown 

in Figure 4.1. The airflow and particle of each section is simulated separately, considering the 

continuity of air mass and particle mass at the interfaces between generations.  

 

     (a) Generations G0-G3                 (b) Generations G3-G6                     (c) Generations G6-

G9 

 

                             (d) Generations G9-G12                            (e) Generations G12-G15 

Figure 4.1. Tracheobronchial triple bifurcation lung airways model (G0-G14) for the 50-year-

old lung 
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 Numerical Method 

4.4.1 Airflow Model 

The airflow in lung airways is solved using software ANSYS FLUENT. The governing 

equations for airflow are the Reynolds-averaged Navier-Stokes (RANS) equations: 

 
𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(ρ�⃗� 𝑖) = 0 (4.1) 

 
𝜕

𝜕𝑡
(ρ�⃗� 𝑖) +

𝜕

𝜕𝑥𝑗
(ρ�⃗� 𝑖�⃗� 𝑗) = −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕�⃗⃗� 𝑖

𝜕𝑥𝑗
+

𝜕�⃗� 𝑗

𝜕𝑥𝑖
)] +

𝜕

𝜕𝑥𝑗
(−𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅  ) (4.2) 

where �⃗�   is the fluid velocity, 𝜇 is the molecular viscosity,  is the fluid density, 𝑝 is the air 

pressure. The term  𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅   is the Reynolds stresses related to the turbulence model. The 

turbulence is simulated by the realisable k-ε turbulence model, which was proved to perform 

better than the standard k-ε model in various flow conditions including: rotating homogeneous 

shear flows; boundary-free shear flows; channel and flat boundary layer flows with and without 

pressure gradients; and backward facing step flows (Shih et al. 1995). The realisable k-ε model 

was proved to be able to accurately predict the mean flow rate of complex lung geometries 

(Tian et al. 2007, Ball et al. 2008, Isa et al. 2014, Srivastav et al. 2019). 

The second-order upwind and the pressure-velocity coupling scheme are used to solve 

the RANS equations. The velocity inlet and the pressure outlet boundary conditions have been 

given in the triple bifurcation symmetric lung airway model. In the simulation of each section 

in Figure 4.1, the velocity at the inlet boundary is given and zero gauged pressure condition is 

considered at the exits (Freitas and Schröder 2008, Luo and Liu 2008, Islam et al. 2020). The 

effects of unsteady inhalation profile in unsteady flow on particle TD were studied in some 

studies (Ahookhosh et al. 2019, Kadota et al. 2020). However, a constant velocity is given at 

the inlet boundary of each section instead of an unsteady inhalation profile in order to testify 

the effectiveness of the current cutting method without the influence of the velocity variation. 
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The airway wall was considered stationary, and the wall surfaces of airways was treated as no-

slip walls (Rahimi-Gorji et al. 2016, Farghadan et al. 2020, Rahman et al. 2020).  

If the inhaled air flow rate is considered to be evenly distributed among all the 2𝑛 

bifurcations of generation G-n, the inlet air flow rate of each bifurcation of G-n is 𝑄𝑒
𝑛 = 𝑄/2𝑛, 

where 𝑄 is the inlet flow rate at G0. Therefore, the inlet velocity of each section starting from 

G-n is calculated by: 

                                                               𝑢 = 𝑄𝑒
𝑛/𝐴𝑛  (4.3) 

where 𝐴𝑛 is the cross-sectional area of the inlet.    

4.4.2 Particle Transport and Deposition Model 

The current model is a one-way coupling model that consider the particle transportation 

in air flow without considering the effect of the particles on the airflow. When the volume 

concentration of the particles is greater than 15%, two-way models that considers particle–

particle interaction are required. However, the volume concentration is much less than 15% in 

all the drug delivery applications (Islam et al. 2019). To simulate transportation of dilute, 

suspended particles in the human lung, collision-free condition can be implemented, or particle–

particle interaction can be ignored (Tsuji 2007). Most of the published literature did not consider 

particle-particle interaction because direct particle-particle interactions can be ignored if the 

particle suspension entering the tracheobronchial airway is dilute (Islam, Saha et al. 2019). In 

this paper, the interaction of the continuous and discrete phases has been accomplished by the 

Discrete Phase Model (DPM) model.   

The Lagrangian approach is applied to determine the particle TD in human lung airways. 

The force balance equation of each individual particle is represented as: 

 
𝑑�⃗⃗� 𝑝

𝑑𝑡
= 𝐹𝐷 (�⃗� − �⃗� 𝑝) +

𝑔 ⃗⃗  ⃗

𝜌𝑝
(𝜌𝑝 − 𝜌)  (4.4) 

where �⃗�  and �⃗� 𝑝 are the fluid and particle velocities, respectively, 𝑔 ⃗⃗  ⃗ is the gravitational 

acceleration, 𝜌𝑃 is the particle density, which is 1100 kg/m3 (Moskal and Sosnowski 2009, 
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Islam et al. 2020).  𝐹𝐷 (�⃗� − �⃗� 𝑝)  is the drag force per unit particle mass, and the coefficient 𝐹𝐷 

is calculated by:  

 𝐹𝐷 =
18𝜇

𝜌𝑝𝑑𝑝
2 𝐶𝐷

𝑅𝑒𝑃

24
  (4.5) 

where 𝐶𝐷 is the drag coefficient calculated by (Morsi and Alexander 1972):  

𝐶𝐷 = 𝑎1 +
𝑎2

 𝑅𝑒𝑃
+

𝑎3

 𝑅𝑒𝑃
2    (4.6) 

The particle Reynolds number ( ReP ) is defined as: 

  𝑅𝑒𝑃 = 𝜌𝑑𝑃|�⃗� 𝑝 − �⃗� |/𝜇.  (4.7) 

and a1, a2, a3 are functions of the Reynolds number  𝑅𝑒𝑃 given by:  

a1, a2, a3 =

{
 
 
 

 
 
 
0, 24, 0                              0 < 𝑅𝑒 < 0.1
3.690, 22.73, 0.0903     0.1 < 𝑅𝑒 < 1
1.222,    29.17, 3.89                1 < 𝑅𝑒 < 10
0.617, 46.50,−116.67              10 < 𝑅𝑒 < 100
0.364,98.33,− 2778            100 < 𝑅𝑒 < 1000
0.357, 148.62,−47500       1000 < 𝑅𝑒 < 5000
0.46,−490.546,578700  5000 < 𝑅𝑒 < 10000
0.519,−1662.5, 5416700        𝑅𝑒 > 10000

 

The maximum Reynolds numbers based on the airway diameter at G0 are 5480, 6052 

and 6855 for 50-,60- and 70-year ages, respectively. For particle deposition purposes, a trap 

condition is considered on the lung airways wall and an escape condition is considered at all 

outlets (Islam et al. 2018, Zhang et al. 2020). Specifically, if a particle collides with the inner 

wall of an airway, it will be trapped by the wall surface (i.e. the coefficient of restitution is 

zero).  

4.4.3 Deposition Efficiency calculation 

The local deposition efficiency of the n-th generation is defined as the percentages of 

the particles absorbed (trapped) in this generation of airways out of the particles released at the 

inlet boundary of each section, and it is represented by 𝜂𝐿,𝑛, where the subscript n stands for n-

th generation. In the simulations, 79800 spherical particles with a uniform diameter were 



Chapter 4: Aging Effects on Airflow Distribution and Micron-Particle Transport and 

Deposition in a Human Lung Using CFD-DPM Approach 

93 

injected randomly from the inlet surface at one time at the inlet of each section. The deposited 

particle numbers are then converted by the local deposition efficiency using Eq. (4.8).  

 η
L, n

=
Number of particles are trapped in a  lung airways

Total number of particles released at the inlet of this section 
 (4.8) 

In a lung, G0-G14 are divided into five sections, and the number of particles at the inlet 

boundary of each section is smaller than the previous section because of the absorption of 

particles in the previous section. As a result, the global deposition efficiency (𝜂𝑛) of the n-th 

section is calculated by: 

 𝜂𝑛=𝜂𝐿,𝑛 × (1 − ∑ 𝜂𝑖
𝐾
𝑖=1 )  (4.9) 

where 𝐾 stands for the number of generations in all the previous sections. The percentage of 

particles that escape from all the outlets of each generation and enter the deeper lung is defined 

as particle escaping rate. The formula for calculating the particle escaping rate of generation n 

(𝛼𝑛) is: 

 𝛼𝑛=1 − ∑ 𝜂𝑖
𝑛
𝑖=1    (4.10) 

 Grid Dependency Study and Model Validation 

4.5.1 Grid Dependency Test 

The grid dependency test is performed by conducting numerical simulations of G3-G6 

at 𝑑𝑝 = 10 𝜇𝑚 using six meshes with the same mesh structure but different mesh densities. The 

smallest grid sizes next to the wall of Mesh 1 and Mesh 6 are 0.8 mm and 0.235 mm, 

respectively. The node numbers of Meshes 1 to 6 range from 172726 to 865461. Figure 4.2 (b) 

shows the mesh near one bifurcation of generation G4. Ten-layers of smooth inflation are 

implemented near the wall to accurately predict the wall boundary flow inside the lung airway, 

as seen in Figure 4.2 (a). The mesh structure of all other generations is similar to that shown in 

Figure 4.2.  
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Figure 4.2. Computational mesh for the section of G4 (a) Refined inflation mesh near the 

airway wall (b) The mesh resolution on the airway wall. 

 

(a) 

  

(b) 

Figure  4.3. Velocity distributions along the two lines indicated in Figure 4.(b) from six 

meshes for G3-G6 model, 50-year of age, particle diameter of 𝑑𝑝 = 10 𝜇𝑚 and inlet flow rate 

of 60 𝑙/min.  (a) Line-1 (b) Line-2. 

The velocity distributions along two lines indicated in Figure 4.1 (b) calculated from the 

six meshes are shown in Figure 4.3. The velocity distribution of all the meshes follow the same 
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trend and very small differences can be observed between different meshes.  Particularly, the 

maximum velocity difference between Mesh 5 and Mesh 6 is 0.0174%.  

  

Figure 4.4. Comparison of local deposition efficiency as functions of the grid number for G3-

G6 of the 50-year age model, particle diameter of 𝑑𝑝 = 10 𝜇𝑚 and inlet flow rate of 

60 𝑙/min. 

The variations of the local deposition efficiency with the element numbers of the mesh 

are presented in Figure 4.4. The local deposition efficiencies nearly remain unchanged as the 

mesh density is higher than Mesh-4 with about 0.56 million elements. In the rest of the paper, 

we used the density of Mesh-5 with 0.68 million elements to do all the numerical simulations.  

4.5.2 Model Validation 

The present CFD method is validated against available published data of airflow and 

particle TD in G3-G5 at Re=1000 and 2000 (Kim and Fisher 1999, Chen et al. 2012, Feng and 

Kleinstreuer 2014). The inhalation flow rates 3.87  𝑙/min (𝑅𝑒 = 1000)  and 7.78 𝑙/

min (𝑅𝑒 = 2000)are calculated based on the inlet diameter of G3. Simulations are conducted 

for particle diameters of dp=1µm, 3µm, 5µm, 6µm, 7µm, 8µm and 10µm. Figure 4.5 (a) and 

(b) shows the comparison of the total deposition efficiency of G3 and G4 against the Stokes 

number, respectively. The Stokes number is defined as:  
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St =
𝜌𝑝𝑑𝑝

2𝑢

18𝜇𝐷
 

where 𝐷 represents the hydraulic diameter, which is the same as the inlet diameter of G3; 𝑢 is 

the flow velocity at the inlet of G3. The one-way and two-way coupling models result in similar 

results in Figure 4.5, because the concentration of particles in the air in drug delivery is so small 

that the airflow is not affected by the particle motion. It can be found that the deposition 

efficiency increases with the increase of the Stokes number. The variation trend of the 

deposition efficiency with the Stokes number is in good agreement with other numerical results 

and the experimental data, demonstrating that the present model is accurate to calculate the 

particle TD in the tracheobronchial airways of a lung. In Figure 4.5, the deposition efficiencies 

of Re=1000 and 2000 do not differ from each other, indicating the deposition efficiency is 

mainly controlled by St.  

 
 

(a) (b) 

Figure 4.5. Comparison between present simulation results of deposition efficiency of G3-G5 

and results from literature (Kim and Fisher 1999, Chen et al. 2012, Feng and Kleinstreuer 

2014): (a) Generation G3; (b) Generation G4. 
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 Results and Discussion 

In the present study, the inhalation flow airflow rate of 𝑄 = 60 l/min at G0 (Hickey et 

al. 1996, Kleinstreuer and Zhang 2003) is considered for different ages and the inlet velocities 

of the five sections and three ages are listed in Table 4.2. However, the inhalation velocity 

profile affects the calculation of particle deposition in human lung airways. Kadota, Inoue et al. 

(2020) studied the constant and inhalation flow pattern to calculate particles deposition in a 

realistic human airway. The results showed that vortex generation employing an inhalation flow 

pattern aided particle deposition in the airways. Ahookhosh et al. (2019) investigated an 

experimental for particles deposition in a realistic lung model of generations mouth to four (G4) 

considering three constant flow rates. The results showed that the deposition density increased 

with an increased flow rate.  The inhalation route ( mouth and nasal) has influence particle 

deposition in upper and tracheobronchial lung airways (Lizal et al. 2020). However, the results 

showed that the inhaling route had no effect on the distribution of deposited particles 

downstream of the trachea.  

Hence, the inlet velocity changes with changes in the lung geometry for different ages 

of people. Aging has been associated with progressive decline in lung function and depends on 

the breathing parameters such as tidal volume and breathing frequency. The breathing 

frequency for 50-year, 60-year, and 70-year are 13.65(min-1), 13.19(min-1), and 12.92 (min-1) 

respectively. Moreover, the tidal volumes are 500 ml, 403 ml and 179 ml for 50-year, 60-year, 

and 70-year respectively (Hofmann 1982).  

Table 4.2. Inlet airflow velocities for the five sets of models 

Generations  50-Years  60-Years  70-Years  

G0-G3 4.591 5.667 7.173 

G3-G6 5.079 6.271 7.937 

G6-G9 2.536 3.131 3.963 

G9-G12 1.048 1.295 1.639 

G12-G15 0.344 0.425 0.538 
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4.6.1 Airflow Characteristics 

The air density and viscosity are 1.225 kg/m3 and 1.79×10-5 kg/m·s respectively. 

Simulations are conducted for three particle diameters of dp=5 μm, 10 μm and 20 μm and three 

ages in Table 4.2. Figure 4.6 shows the airflow velocity contours on the symmetric plane within 

the lung generations G3-G6 of the three ages. The variation of velocity inside other sections are 

qualitatively similar to that of section G3-G6. The velocity decreases as air goes into the deep 

lung because the total cross-sectional area increases. For a constant flow rate, the 70-year-old 

lung model in Figure 4.6 has the maximum velocity because it has the smallest lung diameter. 

The velocity varies significantly in each bifurcation area in the lung airways. After the air passes 

through the splitting point of each bifurcation, the velocity increases locally as the result of the 

streamline contraction. The local increase of the velocity and the sudden change of the velocity 

direction at the bifurcation point enhances the potential of particle deposition due to impaction 

mechanism.  

 

 

   

(a) (b) (c) 

Figure 4.6. Airflow velocity contours for generation G3-G6 at a flow rate of 60 l/min. (a) 50-

years-old (b) 60-years-old, and (c) 70-years-old model. 
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(a) (b) (c) 

Figure 4.7. Wall shear stress for generations G3-G6. (a) 50-years-old (b) 60-years-old, and (c) 

70-years-old models. 

Figure 4.7 shows the distributions of airflow-induced wall shear stress along the inner 

wall of G3-G6 lung airways for the three ages. The localised velocity increase at the splitting 

point of each generation shown in Figure 4.6 leads to the local increase in the wall shear. The 

motion of the fluid and particles near the wall can be understood by observing the wall shear 

stress, which is proportional to the velocity in the boundary layer flow next to the wall. The 

wall shear stress changes significantly in each lung airway generation because the flow 

resistance happens at complex lung geometry. At each sharp edge, the wall shear stress is 

increased significantly because of the flow contraction. The maximum wall shear stress occurs 

in the splitting point of each bifurcation. Figure 4.8 quantitatively shows the maximum area-

weighted average wall shear stress on five sectional planes indicated in Figure 4.1(b). With a 

contact inhaled air flow rate, the wall shear stress increases with the increase in age, as shown 

in Figure 4.8. 
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Figure 4.8. Area-weighted average wall shear stress at different planes of the three ages’ lung 

models for generation G3-G6 at a flow rate of 60 𝑙/min; see Figure 4.1(b) for plane numbers. 

The maximum area-weighted average static pressures at different positions in the 

section G3-G6 lung airways are shown in Figure 4.9. The maximum pressure is observed at 

plane-1 (Fig.-1b) for all ages. In addition to the decrease in velocity as shown in Figure 4.6, the 

pressure also decreases gradually when the airflow goes into the deep lung. The flow energy 

reduces as the airflow goes into deep lung because of the friction from the inner wall of the 

airways. The high velocity at 70-year-old lung shown in Figure 4.6 requires high pressure at the 

inlet to drive the flow. Figure 4.9 shows a 72.38% pressure increase for 70-year-old people 

compared to the 50-year-old in the lung airways.  Therefore, breathing air into the lung for a 

70-year-old is more complicated than for a 50-year-old. A significant pressure at Plane 5 is 

decreased compared with that at plane 1, mainly because of the volume flow rate decrease. 

Hence, the decrease in velocity led to the low-pressure drop-in plane 5. 
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Figure 4.9. Pressure at different planes of 50-70-year-old ages’ model for generations G3-G6 

at a flow rate of 60 𝑙/min; see Figure 4.1(b) for plane numbers. 

4.6.2 Particle Deposition 

Figure 4.10 shows the visualisation of local particle distribution of different sized 

particles at generation G3-G6 of 50-year age. The calculated local total particle deposition 

efficiencies of G3-G6 are 90.83%, 62.93% and 10.45% for of 20 µm, of 10 µm and 5 µm 

particles, respectively. The 5-µm particles have much smaller deposition efficiency than 20 µm 

particles at Generation G3-G6, because the impaction mechanism becomes weak as particle 

diameter decreases. Moreover, the 5-µm particles are more evenly distributed in each 

bifurcation lung area compared to the larger particles. When particle size is small, the inertia 

mechanism becomes weak. When the flow direction changes, small particles can change 

direction and follow the flow easily and as a result, they can spread, and deposition occurs at 

different areas. When the particle size is large, the inertia effect makes particles hit the wall at 

the first and second bifurcations. Even if the flow direction bends, large particles change their 

direction slowly and do not follow the flow direction easily. This reduces the chance of large 

particle deposition in other places.  
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(a) ds=5 µm 

 

(b) ds=10 µm 

 

 

(c) ds=20 µm 

Figure 4.10. Local Particle Deposition for the 50 years age for generation G3-G6 (a) 5 µm 

particles, (b) 10 µm particles, and (c) 20 µm particles at flow rate of 60 𝑙/min 

Figure 4.11 shows the effects of the age on the global particle deposition efficiency in 

lung airway generations G0-G14. When the particle size is 5 µm, more particles can go deeper 

into the lung and the deposition efficiency in upper lung airways reduces significantly, 

compared with 10 µm and 20 µm. Around 0.61%, 0.28% and 0.11% of 5 µm particles are 

deposited at the generation G14 for 70-years, 60-years and 50-years of age, respectively (Figure 

4.11a). The maximum deposition efficiency of 10 µm particles is found at generation G4, G2 

and G2 for the 50-, 60- and 70-year ages, respectively. With a constant inhaled flow rate, the 

decrease in the diameter of the G0 lung airway (as the result of aging) causes an increase in the 

velocity and higher Stokes number. It has been reported that the higher Stokes number causes 

higher deposition efficiency in the upper generations, as shown in Figure 4.5. As the age 

increases, the increase of the flow velocity causes large deposition efficiency at early 

generations. In a younger age, the deposition efficiencies of early generations are small, 

allowing more particles to pass upper generations and deposit in the deeper lung. Unlike 20 µm 

particles that are all trapped before G8, very small amount of 10 µm particles (0.09% for a 50-

year-old) can reach G14.  
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The position of the maximum deposition efficiency is found to move towards the deep 

lung as the particle diameter decreases. The maximum deposition rate of 20 µm particles occurs 

at G0 and the majority of the 20 µm particles are deposited in the upper lung airways up to G4 

because of the strong impaction mechanism at large particles. No 20 µm particles can pass 

through G8, resulting in zero deposition efficiency in all the generations after G8, as shown in 

Figure 4.11 (c). More 20 µm particles are deposited at G0 than all other generations for all the 

three ages in Figure 4.11 (c). The deposition efficiency of 20 µm particles in G0 for 70-years, 

60-years, and 50-years of age people, are 50.83%, 38.62%, and 29.69%, respectively. The 

deposition efficiency increases in upper generations and decreases in lower generations with 

the increase in age. All the 20 µm particles are deposited between G0 to G8 generations for 

those of 50-70 years old, leaving no deposition after G9 (Figure 4.11c). The deposition 

efficiency in the deeper lung airways for a 5 μm particle is better than 10 μm and 20 μm. Hence, 

the results suggest that the capacity for particle absorption in the deep lung airway generation 

(G14) for 50-year-olds is better than 70-year-olds.  

The escaping rate from generations G0-G14 for 50-, 60- and 70-year ages are 

represented in Figure 4.12. The escape rate at G14 are the percentage of particles that can pass 

G14 and enter generations after G15. The effects of the age and particle size on the escaping 

rate is opposite to their effects on the deposition rate. An increase in the deposition rate makes 

the escaping rate decrease with the increase in age (Figure 4.12a). The escaping rates at G14 of 

20-µm particles are zero for all the ages. Only 0.64%, 0.09% of 20-µm particles pass G6 and 

go into the deeper lung for 50-years, 60-years age lung models, respectively. The 20-μm 

particles cannot pass G5 of a 70-years age lung because all particles are deposited in the upper 

lung airways.  

The escaping rates of 5-μm particles at every generation is significantly increased 

compared with 20-μm. Percentages of 66.65%, 53.51%, and 39.59% of 5-μm particles can pass 
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G14 and go into the deeper lung airways for 50-year, 60-year, and 70-year-olds, respectively 

(Figure 4.12(a)). The escaping rates of 10-μm particles at G14 of all the three ages are not zero 

but much smaller than those of 5-μm particles (Figure 4.12b); 3.12% of 10-μm particles pass 

G14 and enter G15 for the 50-year age, while only 0.12% of particles can enter G15 for the 70-

year age.   

 (a) 5 µm particles  
(b) 10 µm particles 

 

(c) 20 µm particles 

Figure 4.11. Effects of age on the global particle deposition efficiency in airway lung 

generation G0-G14 for: (a) 5 µm particles, (b) 10 µm particles, and (c) 20 µm particles. 
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(a) 5 µm particles 

 

(b) 10 µm particles 

 

 

(c) 20 µm particles 

Figure 4.12. Particle escaping through rate (𝛼𝑛  ) for ages 50-70 years at a flow rate of 

60 𝑙/min: (a) 5 µm particles, (b) 10 µm particles, and (c) 20 µm particles. 

 Conclusions 

The microparticles TD in the Tracheobronchial lung airway generations G0-G14 for 50-

, 60- and 70-year-old lung models are investigated numerically. We have developed a cutting 
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method to enable the airflow and particle TD in generations from G0 to G14 of a lung to be 

simulated using computational fluid dynamics. The effects of age and particle diameter on the 

airflow and particle TD are discussed in detail and the conclusions are summarised as follows. 

 The airflow velocity in the airways increased with increase of age due to the reduction 

of airway diameters. The local increase in wall shear stress is observed in each 

bifurcation lung airway because the flow resistance happens in that area. If the gauged 

pressure is zero at the exit at G15, the pressure in the lung airways increases with the 

increase of age. The pressure of G3 to G6 of a 70-year-old lung is 27.62% higher than 

that of a 50-year-old lung.  

 Different sized particles are deposited in different positions of the lung. For a 50-year-

old lung, 5-μm, 10-μm and 20-μm particles are mostly deposited in G6, G5 and G0, 

respectively. However, as the age increases to that of a 70-year-old, the maximum 

deposition rates of 5-μm, 10-μm and 20-μm particles occur at G5, G2 and G0, 

respectively.  

 When the particle size is 20 μm, a high percentage of the particles (over 85%) are 

deposited in the upper lung airways (G0-G4). As the particle size is decreased to 5 μm, 

52% of the particles are deposited in the lung airways, allowing over 48% of particles 

to enter the deep lung after G14. The above finding indicates that particles must have a 

small diameter to treat diseases in the deep lung.  

 The numerical study showed that deposition efficiency is affected by ages. Most of the 

particles are deposited in 70-year-olds rather than 50-year-olds in the upper generations. 

The capacity for the particles to escape each generation decreases with the increase of 

age. The results suggest that to increase the number of particles deposited into deep lung 

airways, the particle size needs to be reduced. Therefore, our results indicate that the 
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particles as targeted drug delivery should be provided based on the appropriate age 

(Labiris and Dolovich 2003, Newman 2017).  

There are some limitations in this study that should be addressed in future studies. First, 

only an inhalation condition was considered in the simulation of particle TD. We will consider 

the inhalation as well as the exhalation process for both deposition and clearance of particles in 

the forthcoming studies. Second, we considered the micron-size (5μm ≤ dp ≤ 20 μm) particle 

deposition in the G0-G14. The PD of nanoparticle in airways is mainly governed by the 

Brownian diffusion mechanism. We will investigate nanoscale particles in future studies. Third, 

we considered symmetric and planner lung airways, instead of real lungs due to unavailability 

of the lung geometry. Nonetheless, the symmetric and planner lung airways model can predict 

the particle deposition pattern correctly (Kleinstreuer et al. 2008, Deng et al. 2019). Even 

considering the above limitations, the airflow characteristic and particle deposition pattern in 

our present study are valid, based on the published literature.  
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 Abstract 

Understanding nano-particle inhalation in human lung airways helps targeted drug delivery for 

treating lung diseases. A wide range of numerical models have been developed to analyse nano-

particle transport and deposition (TD) in different parts of airways. However, a precise 

understanding of nano-particle TD in large-scale airways is still unavailable in the literature. 

This study developed an efficient one-path numerical model for simulating nano-particle TD in 

large-scale lung airway models. This first-ever one-path numerical approach simulates airflow 

and nano-particle TD in generations 0-11 of the human lung, accounting for 93% of the whole 

airway length. The one-path model enables the simulation of particle TD in many generations 

of airways with an affordable time. The particle TD of 5-nm, 10-nm and 20-nm particles is 

simulated at inhalation flow rates for two different physical activities: resting and moderate 

activity. It is found that particle deposition efficiency of 5-nm particles is 28.94% higher than 

20-nm particles because of the higher dispersion capacity. It is further proved that the diffusion 

mechanism dominates the particle TD in generations 0-11. The deposition efficiency decreases 

with the increase of generation number irrespective of the flow rate and particle size. The effects 
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of the particle size and flow rate on the escaping rate of each generation are opposite to the 

corresponding effects on the deposition rate. The quantified deposition and escaping rates at 

generations 0-11 provide valuable guidelines for drug delivery in human lungs. 

Keywords:  Airflow Dynamics (AD), Heterogeneous vasculature tree, Particle transport and 

deposition (TD), Cutting/Truncated path model, Drug delivery, boundary condition. 

 Introduction 

 Nanoparticles have been successfully used as multipurpose carrier frameworks for the 

therapeutic delivery of drugs for treating respiratory illnesses such as lung cancer, cystic 

fibrosis, and asthma (Sung et al. 2007, Willis et al. 2012).  Targeted distribution of drugs 

reduces the overall dose and the number of adverse effects associated with high levels of 

systemic drug treatment (Azarmi et al. 2008). As a result, the study of particle transportation 

and deposition (TD) in human pulmonary airways is essential to the effectiveness of drugs 

delivered by the aerosol inhalation (Nahar et al. 2013, Mangal et al. 2017, Koullapis et al. 2018, 

Valiulin et al. 2021). 

For the treatment of respiratory illnesses, many nanomedicines and drug delivery 

systems have been developed. Intravenous injection and inhalational delivery are the most 

popular methods to deliver therapeutic or diagnostic materials to the lungs (Babu et al. 2013, 

Lee et al. 2015, Scherließ et al. 2022). Significant research has been done on nanoparticle 

transport during inhalational delivery (Azarmi et al. 2008, Ruge et al. 2013). However, little 

investigation has been done on nanoparticle transport in the pulmonary circulation (Sohrabi et 

al. 2017). Thus, developing an efficient technique for evaluating nanoparticle delivery in human 

lungs is essential. To achieve this, a detailed investigation of nanoparticle TD in a human lung 

model, taking into consideration as many as the lung airways as possible, is necessary.  
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The factors influencing drug carrier distribution in a heterogeneous vasculature tree 

include particle size, particle density, inhalation flow conditions, and lung geometry (Kim and 

Iglesias 1989). Nanoparticles are solid colloidal particles made up of macromolecular material 

with diameters ranging from 1 to 1000-nm (Kaur et al. 2008). Dissolving, entrapping, or 

encapsulating the active material can be accomplished with nanoparticles as drug carriers 

(Singh and Lillard Jr 2009). Nanoparticles have been explored as drug carriers for a variety of 

illnesses, including cancer and tuberculosis (TB) (Sung et al. 2007, Yhee et al. 2016). They are 

also employed in cancer treatment to target tumour cells, which play a significant role in 

inflammation and house germs that cause bacterial infections (Alexiou et al. 2006, Barani et al. 

2021). 

Nanoparticle TD in the extrathoracic area (nasal, oral and pharynx airways) and 

tracheobronchial lung airways have been investigated through Computational Fluid Dynamics 

(CFD) (Xi et al. 2012, Zhao et al. 2020). Yu et al. (1996) used a computer model to simulate 

the deposition of nanoparticles in a single bifurcation airway. They concluded that the inlet 

condition significantly impacts concentration and flow pattern. Comer et al. (1999) simulated 

airflow and particle TD in generations 3 to 5 (G3-G5) of a double bifurcation lung geometry 

based on Weibel’s model (Weibel, 1963). Zhang and Kleinstreuer (2004) investigated airflow 

and nanoparticle (1≤nm≤150) deposition in G0 to G3 of a human upper airway model 

numerically and concluded that turbulence has negligible effects on nanoparticle deposition in 

the lung model. Islam et al. (2021) studied polydisperse aerosol particle deposition in the upper 

airways up to G5 through CFD. The results showed that the diameter of the lung airway 

reduction significantly affects the particle deposition in the upper lung airway. CFD has been 

proved a reliable and accurate methodology for estimating the efficiency of local particle 

deposition in the human lung airways (Ghalati et al. 2012, Rahimi-Gorji et al. 2016, Vachhani 

and Kleinstreuer 2021). Using simplified lung models in CFD studies can find fundamental 
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mechanisms of particle TD through reasonable computational time. However, all the studies 

mentioned above only investigate a limited number of generations. Rahman et al. (2021) 

developed an efficient numerical method to study the deposition of microscale aerosol particles 

in the symmetric lung model over 14 generations. In the model by Rahman et al. (2021), the G0 

to G14 lung model was cut into a number of sections. The particle mass and flow rates satisfy 

continuity conditions at the interfaces between sections but not the fluid momentum. The results 

indicated that the microscale aerosol particle deposition also increased when particle size or 

flow rate increased.  

Some researchers have studied particle TD in realistic lung models, which is more 

complicated than the symmetric lung model (Huang et al. 2021). Russo et al. (2018) conducted 

CFD simulations of magnetic nanoparticle drug delivery in a patient-specific realistic lung 

model of G0 to G3. They found that despite the produced magnetic field intensity, only a tiny 

percentage of the particles reached the respiratory airways. Through CFD simulations, Rahman, 

Zhao et al. (2021) found that 10% of 5-nm particles are deposited in the mouth to G3 airways, 

allowing over 90% to reach the deeper lung. Dong et al. (2021)  recently investigated 

nanoparticle TD in realistic human airways generation up to G3. They found Brownian 

diffusion is a dominating particle deposition mechanism for particles below 10-nm. However, 

the deposition efficiency dropped substantially when the particle size was increased to 100-nm.  

Sosnowski (2018) found that particle flow and deposition in the respiratory tract are 

influenced by particle coagulation, hygroscopic growth, and dry powder inhalation. Kadota et 

al. (2022) found that the particle deposition is influenced by airway geometry. They also found 

that small particles are deposited in the lower bronchial tree and large particles are deposited in 

the upper airways generations (G2-G6). Ahookhosh et al. (2021) studied the micron-sized 

particle transport and deposition in human lung airways based on various inhalation flow rates 

using pressurized metered-dose inhalers drug delivery devices. It was found that the particle 
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deposition rate in the right lung is greater than in the left lung. Ahookhosh et al. (2020) studied 

the airflow and micron-size particle deposition in realistic human tracheobronchial airways with 

varying inhalation flow rates. The results showed that more particles are deposited in the extra-

thoracic region, and inertial impaction is the dominant deposition mechanism.  

Longest and Holbrook (2012) conducted a review on aerosol transport in the respiratory 

tract. The review indicated that more accurate models need to be developed through 

contemporaneous experimental and CFD methods. Longest and Xi (2007) investigated 

nanoparticle deposition in the upper airways using three models: a straight tubular flow field, a 

90° tubular bend, and an idealised human oral airway reproduction. The results show that the 

oral airway model, which combines a Lagrangian model with a user-defined Brownian motion 

model and a near-wall interpolation approach, is suitable for nanoparticle deposition in the 

respiratory tract with diameters ranging from 1 to 120 nanometers. Tian et al. (2011) developed 

an individual stochastic path (SIP) model that considers transient and steady-state conditions to 

predict aerosol dry powder inhalation from the mouth-throat to the tracheobronchial (TB) 

airways. The findings show that steady-state simulations produced an excellent view of the 

overall, regional, and local deposition. At the same time, the transient conditions had little effect 

on deposition in the TB region, starting with the fourth bifurcation. Tian et al. (2011) 

investigated an enhanced condensational growth strategy for aerosol particle delivery in a single 

path bifurcation model from the mouth to the tracheobronchial zone. The findings show that 

large aerosol droplets (aerodynamic diameters of 2.4–3.3 m) enhance the tracheobronchial B5 

region under ECG delivery settings. 

All numerical simulations for realistic geometry only consider limited generations to 

keep computing costs low (Sohrabi al. 2014). The complexity of realistic lungs make CFD 

simulation of whole airways completely impossible (Zhang et al. 2008, Sohrabi et al. 2017, 

Ahookhosh et al. 2020). Therefore, symmetric lung based on theoretic models have been 
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constructed to represent the lung trees to predict the particle deposition (Kolanjiyil and 

Kleinstreuer 2019).  

Considering simulating airflow through the G0-G11 airway using CFD, the total number 

of bifurcations of only G11 is 211=2048. Detailed CFD simulation for such a significant number 

of airway bifurcations is impossible. This study aims to develop an efficient numerical model 

to simulate particle deposition in many generations of human lung airways. Instead of predicting 

all the bifurcations, only two representative bifurcations of each generation is simulated in the 

numerical model to predict the airflow and particle TD. The deposition efficiency of these two 

representative bifurcations of each generation is then converted to the deposition efficiency of 

all the bifurcations of this generation. The continuity of the airflow mass, airflow momentum 

and the particle numbers are ensured in the numerical model. The details of the numerical 

method will be presented in section 3. Using the newly developed numerical method, we 

investigated the effect of particle size and inhalation airflow rates on the distribution of 

deposited particles in G0 to G11 airways. The parameters used in the numerical simulations are 

summarized in Table 5.1.   

Table 5.1. Numerical parameters and simulation conditions. 

Parameters Value  

Fluid density (kg/m3) 1.225  

Viscosity of fluid (kg/m.s)  1.7894 × 10−5  

Inhalation flow rates (L/min) 15 and 30 

Aerosol particle density (kg/m3) 1100 

Particle diameter (nm) 5, 10 and 20 

Total number of injected particles  97200 
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 Numerical Methods 

5.3.1 Geometry of the Lung Model 

The simplified (all called theoretical) geometry developed by Xu and Yu (1986) is used to 

create the three-dimensional (3D) lung model with symmetric and planner lung airways from 

generation G0 to G13. The bifurcation angle of lung airways is 70 . The rotation angle is 

considered because the lung airways are assumed to be symmetric and planar (Deng, Ou et al. 

2018). The extra-thoracic airways are not considered because they are not available in the 

theoretical lung models (Poorbahrami and Oakes 2019). Considering the extra-thoracic airways 

will reduce the number of particles entering lung airways (Xi et al. 2012). Table 5.2 lists 

geometric parameters of the theoretical lung airways from G0 to G13. We implemented an 

efficient truncating method to construct an efficient theoretical lung model to explore the 

fundamental mechanisms of particle TD in a lung model with many generations. A whole 

human lung has G0 to G23 generations of airways. We simulated G0 to G13 using CFD and 

analysed the nanoparticle particle TD in G0 to G11 airways. The airway length from G0 to G11 

is 93% of the whole lung from G0 to G23. In an airway tree, the number of airway branches of 

a generation increases with the increase of generation number exponentially. Because of this, 

G0 to G11 takes 93% of the airway route length but only about 20% of the whole airway 

volume.  
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Table 5. 2. Geometric parameters of lung airways were calculated using Xu and Yu (1986) 

Generation 

(G) 

Generation 

number,  

n (Z) 

Diameter (cm) Length (cm) 

0 
1 1.665 

12.286 

1 
2 1.220 

4.284 

2 
4 0.830 

1.896 

3 
8 0.560 

0.759 

4 
16 0.450 

1.268 

5 
32 0.350 

1.071 

6 
64 0.280 

0.901 

7 
128 0.230 

0.759 

8 
256 0.186 

0.639 

9 
512 0.154 

0.538 

10 
1024 0.130 

0.460 

11 
2048 0.109 

0.390 

12 
4096 0.095 

0.330 

13 
8192 0.082 

0.271 

   

Figure 5.1. depicts the 3D heterogeneous pulmonary vascular symmetric lung tree of 

adults up to generation G11 used in this study. In the complete lung tree, n-th generation has 2n 

bifurcations of the lung airways. Simulating the airflow of all generations from G0 to G11 using 

CFD without any simplification would be prohibitively unaffordable in terms of computing 

time. Therefore, we only choose two representative bifurcations for each generation to make it 

affordable to simulate G0 to G11 using CFD, as shown in Figure 5.1. The simplification results 

in a single path lung up to G11 but does not lose geometric features of the human lung.   
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Figure 5.1. A model of the adult lung's tracheobronchial airways (G0-G13). When the results 

are given, the sections indicated in the Figure will be referred to. 

5.3.2 Airflow Model 

The airflow and particle TD in the lung airways are solved using the ANSYS FLUENT  

software. The Reynolds-averaged Navier-Stokes (RANS) equations are the governing 

equations for calculating the flow: 

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(ρ𝑢𝑖) = 0                                                                                                        (5.1) 

𝜕

𝜕𝑡
(ρ𝑢𝑖) +

𝜕

𝜕𝑥𝑗
(ρ𝑢𝑖𝑢𝑗) = −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)] +

𝜕

𝜕𝑥𝑗
(−𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ )                        (5.2) 

where t is time, xi (i=1,2 and 3) are the Cartesian coordinates,  is the air density,  ui is the fluid 

velocity in the xi-direction, p is the fluid pressure, 𝜇 is the molecular viscosity. On the right-

hand side of equation (2), 𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅   represents the Reynolds stresses of turbulence. 
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The realisable k-ε turbulence model is used to simulate the turbulence and calculate the 

Reynolds stresses. Realisable k-ε turbulence performs better than the standard k-ε turbulence 

model, including boundary-free shear flows, channel and flat boundary layer flow with and 

without pressure gradients, rotating homogeneous shear flows, and backwards-facing step flow 

(Shih et al. 1995). In addition, the realisable k-ε model can correctly calculate the flow of 

complex lung geometries without the need for a near-wall correction (Tash et al. 2019, Fletcher, 

Chaugule et al. 2021, Massarotti et al. 2021, Rahman et al. 2021). 

5.3.3 Boundary Conditions  

The RANS equations are solved using the second-order upwind and pressure-velocity 

coupling schemes. In some investigations (Bahmanzadeh et al. 2016, Gu et al. 2019), the effects 

of an unsteady inhalation profile on particle TD were investigated. In the present one path 

model, only two bifurcations of each generation are retained. Out of these two bifurcations, one 

is followed by lower generations and one is truncated at the next generation. As a result, there 

are two exits each truncated bifurcation. In Figure 5.1, exit Gn is the cutting position where n-

th generation and following generations are cut off. To ensure the conservation of airflow mass, 

the airflow rate is assumed to be evenly distributed among all the 2n bifurcations of the n-th 

generation. As a result, the airflow rate of exit Gn is given as 𝑄𝑒
𝑛 = 𝑄𝑖𝑛/2

𝑛, where Qin is the 

inlet flow rate at G0. In the numerical simulations, the velocity on each exit is given as: 

                                                               𝑢𝑛 = 𝑄𝑒
𝑛/𝐴𝑛                                                             (5.3)  

where 𝐴𝑛 is the cross-sectional area of exit Gn. A reference pressure is specified on the inlet of 

G0. The airway wall was assumed to be stationary, and the airway wall surfaces were regarded 

as no-slip surfaces (Rahimi-Gorji et al. 2016, Farghadan et al. 2020). 

A trap condition is implemented on the Discrete Phase Model (DPM) airway walls for 

particle deposition (Inthavong et al. 2011, Rahman et al. 2022). In the trap condition, particles 

colliding with the inner surface of the lung airways are trapped. This trap condition is 
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appropriate as the airway walls contain very sticky mucus (Islam et al. 2021). The escape 

condition is used in the outlet section for DPM so that the particles can pass through the 

truncated boundary without being reflected. 

5.3.4 Particle Transport Model 

The current particle TD model is a one-way coupling model that takes into account 

particle movement driven by airflow but ignores particle impacts on the airflow (Lintermann 

and Schröder 2017, Chen et al. 2021). Agglomeration between the particle and water may occur 

due to external forces such as van der Waals, electrostatic, and capillary forces. The interaction 

of particles with water is also influenced by air humidity. In this study, agglomeration and air 

humidity are not considered. However, collision-free conditions can be utilised to simulate 

particle transport if the density of the particles is low (Tsuji 2007). Direct particle collision is 

ignored in this paper because the particles entering the tracheobronchial airway is sufficiently 

diluted (Feng and Kleinstreuer 2014, Kadota et al. 2022). Therefore, the dynamics of the 

particles, such as collision, growth, and aggregation during the particle transportation and 

deposition into the human lung, were not considered (Deng et al. 2019). The Lagrangian 

approach is used to describe particle TD in the lung airways. The equation of motion of each 

particle is expressed as (Inthavong et al. 2011, Rahman et al. 2021): 

𝑑𝒖𝒊
𝒑

𝑑𝑡
= 𝑭𝐷𝑖 + 𝑭𝑔𝑖 + 𝑭𝐵𝑖 + 𝑭𝐿𝑖             (5.4) 

where ui
p
 is particle velocity in the xi-direction, 𝑭Di, 𝐅gi, 𝑭Bi and 𝑭Li are the drag force, 

gravitational force, Brownian force, and Saffman’s lift force per unit mass. The following 

formula determines the gravitational force:  

𝑭𝑔𝑖 = (
𝜌𝑝−𝜌

𝜌
)𝒈               (5.5) 

where 𝒈 denotes gravitational acceleration and 𝜌𝑝denotes particle density. The drag force is 

calculated using the following formula: 
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𝑭𝐷𝑖 =
18𝜇

𝜌𝑝𝑑𝑝
2 𝐶𝐷

𝑅𝑒𝑝

24
(𝒖𝑖 − 𝒖𝑖

𝑝
)               (5.6)  

where  𝑅𝑒𝑝 = 𝜌𝑑𝑝|𝒖𝑖
𝑝
− 𝒖𝑖|/𝜇 and the drag coefficient CD for the spherical particles is 

calculated by  

𝐶𝐷 = 𝑎1 +
𝑎2

 𝑅𝑒𝑝
+

𝑎3

𝑅𝑒𝑝
2  for  0 < 𝑅𝑒𝑝 < 10 (Morsi and Alexander 1972),  where a1, a2, a3 are 

functions of the Reynolds number  𝑅𝑒𝑃 given by:  

a1, a2, a3 =

{
 
 
 

 
 
 
0, 24, 0                              0 < 𝑅𝑒 < 0.1
3.690, 22.73, 0.0903     0.1 < 𝑅𝑒 < 1
1.222,    29.17, 3.89                1 < 𝑅𝑒 < 10
0.617, 46.50,−116.67              10 < 𝑅𝑒 < 100
0.364,98.33,− 2778            100 < 𝑅𝑒 < 1000
0.357, 148.62,−47500       1000 < 𝑅𝑒 < 5000
0.46,−490.546,578700  5000 < 𝑅𝑒 < 10000
0.519,−1662.5, 5416700        𝑅𝑒 > 10000

 

When particles interact with a fluid, Brownian motion describes particles’ random, 

uncontrolled movement (Grassia et al. 1995). It is prominent when small size particles are in a 

fluid with small viscosity and high temperature (Jang and Choi, 2004). If the particle size is 

more than 1 μm, Brownian motion in the air is undetectable (Hou et al. 1990). The Brownian 

force is calculated by:   

 𝑭𝐵𝑖 = 𝑮𝑖√
𝜋𝑆0

∆𝑡
                                                   (5.7) 

where 𝐺𝑖 is a Gaussian random number with unit variance and zero mean, ∆𝑡 is the particle time 

step, and 𝑆0 is the spectral intensity function associated with the diffusion coefficient by: 

𝑆0 =
216𝜈𝑘𝐵𝑇

𝜋2𝜌𝑝𝑑𝑝
2(
𝜌𝑝

𝜌
)
2
𝐶𝑐

                      (5.8) 

where, ν is the kinematic viscosity, 𝐾𝐵 = 1.380649 × 10
−23 J/K is the Boltzmann 

constant,𝑇 = 300𝐾 is the absolute fluid temperature, and 𝐶𝑐 is the Stokes-Cunningham slip 

correction coefficient as defined by: 
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𝐶𝑐 = 1 +
2𝜆

𝑑𝑝
(1.257 + 0.4𝑒

−(
1.1𝑑𝑝

2𝜆
)
)             (5.9) 

where, the gas molecule mean free path (λ) is 65 nm (Xi, Berlinski et al. 2012). The lift force 

of Saffman is calculated using the following formula: 

    𝑭𝐿𝑖 =
2𝐾𝜈

1
2𝜌𝑑𝑖𝑗

𝜌𝑝𝑑𝑝(𝑑𝑙𝑘𝑑𝑘𝑙)
1
4

(𝒖𝑗 − 𝒖𝑗
𝑝
)            (5.10) 

where, 𝐾 = 2.594 is the constant coefficient of Saffman’s lift force and 𝑑𝑖𝑗 = (𝜕𝑢𝑖/𝜕𝑥𝑗 −

𝜕𝑢𝑗/𝜕𝑥𝑖)/2 is the deformation tensor of the flow velocity. 

5.3.5  Deposition Efficiency Calculation 

The deposition efficiency of n-th generation is defined as the proportion of particles 

absorbed (trapped) in this generation of airways out of the particles released at the inlet 

boundary and is denoted by 𝜂𝑛 where the subscript n stands for n-th generation. 

                         𝜂𝑛=
2𝑛𝑁𝑛

N
                                                                     (5.11) 

where 𝑁𝑛 is the number of particles deposited at each bifurcation of n-th generation and N is 

the total number of particles released on the inlet of G0. In Figure 5.1, each generation has two 

bifurcations, and 𝑁𝑛 is the averaged numbers of deposited particles deposited at these two 

bifurcations. The particle escaping rate at the n-th generation is defined as the percentage of 

particles that enter deeper lung at all the bifurcations of this generation, and it is calculated as: 

                                  𝑒𝑛=1 − ∑ 𝜂𝑖
𝑛
𝑖=1                        (5.12) 

 

 Grid Dependency Study and Model Validation 

5.4.1 Grid Dependency Study 

The computational mesh of the symmetric lung airways is shown in Figure 5.2. Ten-

layer smooth inflation was implemented near the walls to ensure that the boundary layer flow 
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was correctly represented (Figure 5.2a). In addition, the denser mesh is used at carinal angles 

for the proper resolution of complicated flows. 

 

   

                                          (a)                                                                            (b) 

Figure 5.2. Computational mesh; (a) Refined mesh near the airway wall; (b) Mesh resolution 

on the inner wall of G7 to G11 airways 

The grid independence test is conducted by performing numerical simulations with six 

meshes, Mesh-1 to Mesh-6, whose element numbers range from 338349 to 1908633. While the 

mesh size is inversely proportional to the element number, the densest mesh has the smallest grid 

size of 0.11 mm. In that situation, asymmetric flow distributions appear when the flow passes 

in the truncated branch. To ensure the continuity of the airflow rate, we use the mass flow rate 

at each truncated outlet to guarantee that the velocity is distributed uniformly. The air is sucked 

in the lung through the inlet by the low pressure of the lung. As a result, the velocity follows a 

naturally developed velocity profile as shown in Figure 5.3 (b). It can be found that the velocity 
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profile at the inlet face is nearly parabolic, with an increase in the element number shown in 

Figure 5.3 (b).  Line 1 and 2 in Figure 5.3 (a) are near the end of the flow path and chosen 

because the flow at these two lines is sensitive to any numerical errors along the air flow route. 

Therefore, velocities on section-7 and lines 1 and 2 indicated in Figure 5.3 (a) are evaluated. 

Figure 5.3 (e) show the average velocity at section 7, and Figure 5.3 (c) and (d) shows the 

velocity distribution along two lines 1 and 2, where X denotes the direction along the line. As 

shown, increasing the node number has a negligible effect on the velocity if the mesh density 

exceeds Mesh-4. The maximum velocity difference between Mesh-5 and Mesh-6 is 0.011 %. As 

a result, the velocity at Mesh-5 is used for all the simulations. 

The non-dimensional wall unit (𝑦+) is defined inside the boundary layer as 

𝑦+ =
𝜌𝑈𝜏𝑦

𝜇
                      (5.13)           

where 𝑈𝜏 (= √
𝜏𝑤

𝜌
) is the friction velocity, y is the distance the first layer of mesh to the wall, 

and 𝜏𝑤 is the shear stress on the wall, the value of y and y+ for Mesh-5 are 0.117 mm and 1.48, 

respectively. 
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Figure 5.4 (a) depicts the effect of mesh element number on deposition efficiency. The 

deposition efficiency remains nearly unchanged after increasing the mesh density above Mesh-

4 (1.07 million elements). All numerical simulations in this investigation employed Mesh-5, 

which has 1.43 million elements. To show that sufficiently large number of particles have been 

released, simulations are repeatedly conducted by releasing different numbers of particles on 

the inlet. Figure 5.4 (b) demonstrates how the G0-G11 lung model’s deposition efficiency varies 

with the number of particles released at the inlet. If the number of particles released exceeds 64 

000, the deposition efficiency is unaffected by the particle number. Figure 5.4 (b) proves that 

the particle number of 97,200 used in this paper is large enough to produce converged results. 

 

 
 

(a) (b) 

Figure 5. 4. shows (a) Deposition efficiency as a function of grid number, (b) Deposition 

efficiency as a function of released particles number, at generations G0 to G11 at the flow rate 

of 30 L/min and aerosol particle diameter of 20-nm. 

5.4.2 Model Validation 

In our previous study (Rahman et al. 2021), we have already conducted the validation of 

particle TD of nanoparticles in human lung airways with the limited number of generations G3-
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G5. To further validate the proposed one path model in the simulation of TD of nanoparticles, 

we simulated the flow and particle TD in G6 to G7 using the completed G6-G7 model in Figure 

5.5 (a) and one path G6-G7 model in Figure 5.5 (b). Two bifurcations of G8 have been cut off 

in Figure 5.5 (b). The details of the deposition efficiencies for the whole G6-G7 model and one 

path G6-G7 model are compared with each other in Table 5.3. It can be found that the present 

CFD results of the one-path model are very similar to the whole model, with a maximum 

difference of 0.681% occurring at G7 and dp=20-nm. Assuming this maximum error of 0.681% 

at each generation, simulating particle deposition with G0 to G11 will have a maximum error 

of about 0.681%×11=7.5%. With this maximum error, the proposed one-path model enables 

the simulation of particle TD in many generations to be performed.  

 

 

Figure 5.5. Comparison of the deposition efficiency results for the current simulation cutting 

method with the whole G6-G8 model. 
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Table 5.3. Local particle deposition efficiency comparison  

Particle 

size 

Local Particle Deposition Efficiency, 𝜂𝐿 (%) 

 Whole part model (G6-

G9) 

Cutting part model (G6-

G9) 

Difference (%) 

G6 G6 G6 G6 G6 G8 G6 G7 G8 

5-nm 47.986 18.653 7.027 47.831 18.531 7.013 0.323 0.654 0.209 

10-nm 33.153 10.639 4.806 33.047 10.584 4.798 0.320 0.514 0.168 

20-nm 17.486 5.833 2.847 17.456 5.794 2.839 0.171 0.681 0.276 

 

 Results and Discussion 

The airflow dynamics and particle deposition are analysed under two flow conditions: low-

level breathing (Qin =15 L/min) at rest and moderate activity breathing (Qin =30 L/min) during 

walking (Zhang and Kleinstreuer 2003, Gorji et al. 2013). The sizes of medicine particles are 

generally in the range of 1 nm ≤dp≤1000 µm (Singhal et al. 2016). Solid colloidal particles with 

a diameter between 1 and 1000 nm are the most typical definition of nanoparticles used for drug 

delivery (Kreuter 1991, Dailey et al. 2006, Sung et al. 2007, De Jong and Borm 2008). However, 

some researchers argued that nanoparticles in the 50 - 500 nm (Uchechi et al. 2014)  and 1-200 

nm (Mansour et al. 2009) are suitable for drug delivery. Moreover, most existing studies 

considered nanoparticles as a drug delivery range of 1nm ≤dp≤100 nm (Bahrami et al. 2017, 

Kong et al. 2017, Sun et al. 2021). Therefore, nanoparticles TD of particles with diameters in 

the range of 5 nm ≤ 𝑑𝑝 ≤ 20 nm are considered in this study. 

5.5.1  Airflow Characteristics 

Figure 5.6 depicts airflow velocity profiles on the symmetric plane within the lung 

generations up to G13. In the numerical simulations, the conservation of mass is ensured by 

specifying flow rates at all the exits.  Figure 5.6 shows very uneven velocity distribution near 

each bifurcation. After air passes through each bifurcation, its velocity accelerates locally on 
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The airflow distribution in airways is further explored using velocity profiles at various 

sections in the upper airway regions in Figure 5.7. The averaged velocity at the inlet u0 is used 

for non-dimensional velocity. Because of the difference in the Reynolds number, the non-

dimensional velocity distributions along each line in Figure 5.7 of two flow rates follow a 

similar pattern but are not identical. The non-dimensional velocity profile on aaʹ line in the 

upper airway is symmetrical before the air enters the first bifurcation. After G1, however, 

velocities varied significantly because of the complexity of airway geometry. The velocity on 

one side of 𝑏𝑏’ is significantly higher than the other side. In addition, the velocity distribution 

in the lung airways of different generations are very different from each other. For example, 

the velocity of G1 (𝑏𝑏’) are very different from that of G5 (𝑐𝑐’). The most unevenness of the 

velocity is found to be at section bb'. 
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(a) (b) 

(c) (d) 

  

Figure 5.7. Velocity profiles at various flow rates, (a) Line aaʹ, (b) Line bbʹ, (c) Line ccʹ, and 

(d) Line ddʹ (Figure 1 illustrates the locations of these lines). 

5.5.2 Wall Shear Stress 

It is understandable that the shear stress increase with the increase in flow rate. Because 

different flow rates have different Reynolds number, the shear stress will not be linearly 

proportional to the square of the velocity. The non-dimensional shear stress defined by 

(𝜏/(𝜌𝑢0
2)) can easily quantify the shear stress relative to the incoming flow velocity. Figure 5.8 

shows the averaged non-dimensional shear stress (𝜏/(𝜌𝑢0
2)) at six sections indicated in Figure 
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Figure 5.9. Pressure drop at two distinct flow rates in a different section of the lung model; the 

section numbers are shown in Figure 5.1. 

5.5.3 Particle Deposition  

The effects of flow rate and particle size on global particle deposition efficiency in lung 

airway generations G0-G11 are depicted in Figure 5.10. The deposition efficiencies of all three 

particle sizes decrease with increased flow rates at every generation in Figure 5.10 because the 

diffusion mechanism weakens. The deposition efficiency of 5-nm particles in each generation 

is significantly higher than those of 10-nm and 20-nm particles. At Qin=15 L/min, 24.92%, 

12.50% and 4.10% of 5-nm, 10-nm and 20-nm particles are deposited at G0, respectively, in 

Figure 5.10 (a). When the flow rate is increased to 30 L/min, the deposition efficiencies of 5-

nm, 10-nm and 20-nm at generation G0 are reduced to 17.21%, 7.29% and 1.67%, respectively, 

compared with the flow rate of 15 L/min. Moreover, 9.58% of 5-nm, 4.93% of 10-nm and 

2.09% of 20-nm particles are deposited at the generation G11 at flow rate Qin=15 L/min, while 
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8.44% of 5-nm, 4.75% of 10-nm and 1.72% of 20-nm particles are deposited at the same 

generation at Qin=30L/min.  

It has been proved that the deposition of nanoparticles in human lungs are mainly 

dominated by the Brownian diffusion and Saffman lift force (Kleinstreuer et al. 2008, 

Inthavong et al. 2011). The combined Brownian diffusion and Saffman lift force are called 

diffusion mechanisms in this paper since they contribute to particle motion in the crossflow 

direction. The diffusion mechanism weakens with the increase of particle size and flow rate 

(Dong et al. 2019, Islam et al. 2021). The contribution of the impaction mechanism to the 

deposition of nanoparticles is weak because drag forces on particles are strong. Without 

diffusion mechanism strong drag forces make particles follow to the outlet and cause no 

deposition. Figure 5.10 indicates that a drop in flow rate increases the deposition efficiency of 

nanoparticles because reduced flow velocity provides particles a longer time to travel in the 

crossflow direction towards the wall (Darquenne 2020).  

The difference between the deposition efficiencies at 30 L/min and 15 L/m decreases 

with increasing particle size. In Figure 5.10 (c), the ratio 𝜂d,30 L/min/𝜂d,15 L/min further 

illustrates the effect of the flow rate on the deposition rate. When the particle size is 20-nm, 

𝜂d,30 L/min/𝜂d,15 L/min is 0.97, indicating that the flow rate has very weak effect on the 

deposition efficiency. The effects of flow rate decrease with decreasing particle size. The 

variation of the deposition efficiency with the generation number in Figure 5.10 follows similar 

trend that was reported by Sohrabi et al. (2017), who used a single route model to increase the 

efficiency of the numerical simulations.  
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`   (a) (b) 

 

(c) 

Figure 5.10.  Particle deposition efficiency in airway lung generation: (a) Qin=15 L/min; (b) 

Qin=30 L/min; (c) Ratio of the deposition rates at the two flow rates 

5.5.4 Visualisation of Particle Deposition   

Figure 5.11 shows the visualisation of the local particle distribution of different sized 

particles at generation G0-G11 at the flow rate of 15 L/min. The calculated total deposition 

efficiency of G0 to G11 of 5-nm, 10-nm and-20 nm particles are 36.88%, 18.73% and 7.94%, 

respectively. Because of the higher dispersion capacity, the 5-nm particles have much higher 

deposition efficiency than 20-nm particles at Generation G0-G11. As a result, the deposited 5-

nm particles are much more evenly distributed in all the airways than 20-nm particles, as shown 
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in Figures 5.11 (a) and 11 (b). In addition to stronger Brownian diffusion mechanism, smaller 

particles also receive a stronger lift force than bigger particles, which contributes to the particle 

motion in the crossflow direction. As a result, particles can move in the crossflow direction and 

reach the inner airway wall even if the airway is vertically straight at G0.  

It has been proved that the diffusion of microscale particles is dominated by the 

impaction mechanism (Shi et al. 2007). Under the impaction mechanism, particles are deposited 

in the wall surface where the velocity is amplified (Rahman et al. 2021); as a result, the velocity 

distribution is significantly correlated to the deposited particle distribution along the lung 

airway wall. However, it can be seen that the distribution pattern in the airway in Figure 5.11 is 

not correlated to the velocity. For example, the area where the velocity is high in Figure 5.6 

does not necessarily have large deposition in Figure 5.11. It appears that, the deposited particles 

are evenly distributed along the circumference on each section of an airway. This further prove 

that deposition of nanoparticles are dominated by diffusion instead of impaction.  
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(a) dp=5-nm (b) dp=10-nm  (c) dp=20-nm  

Figure 5.11. shows the distribution of deposited particles in human lung airways at flow rates 

of 15 L/min: (a) 5-nm particles, (b) 10-nm particles, and (c) 20-nm particles. 

5.5.5 Particle Escaping Rate   

The percentage of particles that escape from the outlets each generation and enter the 

deep lung is known as the escaping rate (defined as en). The rate of escape from all exits of a 

generation is equal to 1 − ηn, where ηn represent the deposition efficiency of all bifurcation of 

this generation. The percentage of particles that can escape G11 and reach generations after 

G12 is known as the escape rate at G11. Particle size has the opposite impact on escape rate as 

it has on deposition rate. Figure 5.11 quantifies the escape rate at generations G0-G11 for two 

flow rates. The escape rate reduces as the generation increases because of particle deposition 

on the upper lungs. At both flow rates, the escape rate of 5-nm particles at every generation is 

much lower than that of 20-nm particles.17.68% and 39.77% of 5-nm particles can pass G11 
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and go into the deeper lung airways for flow rates 15 L/min and 30 L/min, respectively (Figure 

5.12). At 15 L/min, the escaping rates of 10-nm and 20-nm particles at G11 are 59.15% and 

81.42%, respectively. As the flow rate is increased to 30L/min, the escaping rates of 10-nm and 

20-nm particles at generation are increased to 66.60% and 85.62%, respectively. Hence, the 

particle escape rate increases with the increase of the flow rate.    

 

(a) (b) 

Figure 5.12.  Escape rates (en) for 5 nm ≤ dp ≤ 20 nm particles at different flow rate: (a) 

Qin=15 L/min; (b) Qin=30 L/min    

 Conclusions 

This paper presents a new one path numerical model for simulating particle deposition 

in human lungs with a reasonable computational effort and investigates the deposition in 

generations G0 to G11 using the method. We develop a correlation to convert local deposition 

efficiency to global deposition efficiency for all the generations. Furthermore, the effects of the 

particle size and the inhaled air flow rate on the deposition efficiency are studied. The key 

conclusions are summarized below.  

 Non-dimensional velocity distributions in lung of the two flow rates follow a similar trend, 

but not the same because of the difference in the Reynolds number. 
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 More pressure drop is observed at the flow rate of 30 L/min compared to 15 L/min. It was 

observed that average pressure drops of 38.32% at a flow rate of 30 L/min compared to a 

flow rate of 15 L/min because the volume flow rate decreases. 

 The particle size affects the distribution of the deposited particles in different generations 

of the lung. However, the majority of nanoparticles are deposited in the G0 generation. 

 5-nm particle is more evenly distributed than 20-nm particles (Figure 5.11) because the 

diffusion effect increases with the reduction in the particle size and is not affected by the 

geometry of the airways. Therefore, the diffusion is strong when the particle size is small. 

 Particles with a small diameter and small flow rate are more deposited in the upper lung 

airways. 

 The total particle deposition efficiency of 5-nm and 20-nm at flow rate Qin=15 L/min is 

36.88% and 7.94%, respectively. Therefore, the 5-nm particles have much higher 

deposition efficiency than 20-nm because of the higher dispersion capacity.   

 The analysis of the escaping rates for nanoparticles shows that more particles enter the 

deep lung with a high flow rate. Therefore, the findings are crucial for treating lung diseases 

that affect the deep lung airways. 
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 Abstract 

The transport and deposition (TD) of inhaled aerosol particles in airways of human lungs 

are important for therapeutically targeted drug delivery in respiratory tracts. The airflow and 

particle TD depend on various aspects, including breathing pattern, geometry of lungs, particle 

properties and deposition mechanisms. In this paper, a computational fluid dynamics (CFD) 

study is conducted to understand the flow behaviour and PD of both nanoparticles and 

microparticles (particle diameter = 5 nm, 100 nm, 500 nm, 1 μm, 5 μm and 10 μm) in airways 

of mouth–throat and tracheobronchial of a human lung under the effect of stenosis. The 

contribution of impaction and diffusion mechanisms to the TD of particles with different 

diameters in human lung models with and without stenosis are investigated through numerical 

simulations using ANSYS FLUENT solver. The study was conducted under two flow rates of 

15 L/min and 60 L/min. The stenosis at the right primary bronchi reduces the airway sectional 

by 75%. It is found that the pressure drop of the stenosis model increases by 83% compared to 

the healthy model. Over 75% of 10 μm particles are deposited in the mouth–throat and 

tracheobronchial airways. As the particle size is decreased to 5 nm, less than 10% of the 

particles are deposited in the airways, allowing over 90% particles to enter deeper part of the 
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lung. The results suggest that the particle deposition efficiency in airways of mouth–throat and 

tracheobronchial increases with increasing the flow rate as well as the particle diameter because 

of the inertia impaction mechanism. The contribution of the diffusion mechanism is 

significantly decreased with the increase of either particle size or flow rate. The predicted 

particle deposition patterns in the airway with stenosis model would be useful to optimise a 

patient's treatment for drug delivery in the stenosis airway.  

 

Keywords: Airflow Dynamics (AD), Stenosis Airway, Aerosol particle transport and 

deposition (TD), Inhalation, Drug delivery. 

 

 Introduction 

Airflow dynamics and particle TD in lung airways are attracting increasing attention of 

researchers in biomedical engineering because of its practical application in real life. However, 

numerical modelling of the human lung through CFD simulations is still a challenge because of 

the complexity of lung geometry. To treat lung diseases in the respiratory tract, aerosol particle 

inhalation as drug delivery is cost-effective and has smaller side effects compared to aggressive 

drugs (Kuzmov and Minko 2015). The delivery of the aerosol particles through the mouth-

throat, nasal and pulmonary region has been developed as non-invasive alternative routes 

(Longest et al. 2011, Karakosta et al. 2015). The key target of aerosol drug delivery is to 

maximize the particle deposition inside human lungs. To ensure the effectiveness of aerosol 

particle inhalation and delivery of drugs into the targeted area of respiratory airways, 

understanding the mechanisms of particle TD in 3D realistic anatomical lung models is 

essential. CFD simulations are efficient methods to ensure inhaled aerosol particles to be 

deposited in targeted areas of human lungs. 
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Studying particle inhalation and TD into human lungs is also useful to detect the cause 

of lung diseases like asthma, lung cancer and chronic obstructive pulmonary disease (COPD) 

caused by particulate matter (PM) air pollution. PM comes from different sources, e.g. industrial 

pollutants, burning fuels of vehicles, coal combustion and pesticide (Davidson et al. 2005, 

Kampa and Castanas 2008) and is often hazardous to public health. Moreover, some particles 

absorbed by the epithelium cells may cause respiratory diseases (Hussain, Laumbach et al. 

2012), and some carcinoma and toxic particles may cause different levels of health damages 

depending on their residence time in the lung.  

Therefore, the realistic in-vivo lung models reconstructed from computed tomography 

(CT)-scan data  (Xiong et al. 2012, Koullapis et al. 2018, Asgari et al. 2019, Hosseini and 

Golshahi 2019),  non-realistic in-silico lung models (Zhang et al. 2002, Rahimi-Gorji et al. 

2016, Chen et al. 2018, Feng et al. 2018), and experimental (Ahookhosh et al. 2019, Farkas et 

al. 2019) models have been used to examine  aerosol particle TD in human respiratory airways. 

The experimental data is normally used for validating numerical models to ensure they can be 

reliably used to investigating fundamental mechanisms of aerodynamics and particle TD in 

lungs. Many researchers have developed different types of non-realistic lung geometries, either 

symmetric or asymmetric, to analyze the airflow pattern (Kim and Fisher 1999, Kleinstreuer et 

al. 2008, Russo et al. 2008). Kleinstreuer et al. (2008) simulated airflow in a 16 generation (the 

number of division of trachea is called cell generation) triple bifurcation non-realistic lung 

model using the LRN k–ɷ model to investigate laminar to turbulent flow behavior in the lung. 

Islam et al. (2017) developed a realistic lung model with 17 generations using CT-scan data. 

Many studies have described the airflow dynamic and particles deposition in the deep lung 

airways and a few studies have investigated radioactive aerosol particles TD in the mouth-throat 

airway (Stahlhofen et al. 1980, Jayaraju et al. 2008, Inthavong et al. 2011, Ma et al. 2020, Zhao 

et al. 2020).  
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The tracheobronchial stenosis happens when the lung airways don't grow properly 

during fetal development. For patients who suffer from airway stenosis, the inhalation ability 

of air into deep lung reduces (Noppen 2004). Stenosis in airways can be diagnosed by 

bronchoscope techniques such as the laser and electrocautery (Bolliger et al. 2006). Tracheal 

stenosis causes not only breathing difficulty but also trachea injury. Serious stenosis can cause 

life threating diseases like pneumonia and collagen diseases (Cebral and Summers 2004). 

Tsuboi et al. (2019) studied the effects of airway obstruction of the trachea wall caused by 

stenosis on the flow velocity and pressure losses. The result shows that the pressure changes 

dramatically in the stenosis section. Recently, Malvè et al. (2020) studied the healthy and 

stented tracheobronchial airways model  based on the non-realistic (Weibel symmetric model) 

and realistic (CT-based) lung model to determine the particle deposition. Rajaraman et al. 

(2020) studied the hygroscopic particles transport and deposition with and without airway 

narrowing. The results show that the deposition fractions in constricted airways with narrowing 

are increased compared to the airways without narrowing. 

Because breathing air is correlated into the pressure in human lungs, it is crucial to 

accurately predict the change of local pressure drop of the airways caused by stenosis, and CFD 

has been proved an effective and efficient method. Limited studies have been conducted to 

analyse airflow in tracheal stenosis airways based on non-realistic airway models (Brouns et al. 

2007, Luo et al. 2007). However, CT-scan-based realistic lung models are necessary to fully 

understand particle TD in the mouth and tracheal branches. The airflow and particle TD in the 

upper part of lung airways especially mouth–throat and tracheobronchial airways has a crucial 

effect on particles entering deep lung airways. This study is aimed to understand the flow 

characteristics, pressure drop and particle deposition efficiency in CT-scanned, realistic mouth–

throat and tracheobronchial airways through CFD simulations. The effect of stenosis in the right 

trachea branch of the lung was quantified. The contribution of diffusion and impaction 
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6.3.2  Airflow Model 

The air flow in the airways of the above-mentioned lung model is solved using the 

software ANSYS FLUENT. The fluid flow is simulated by solving the Reynolds-averaged 

Navier-Stokes (RANS) equations: 

 
𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(ρ𝑢𝑖) = 0 (6.1) 
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[𝜇 (
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𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)] +

𝜕

𝜕𝑥𝑗
(−𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ ) (6.2) 

where t is time, xi (i=1,2 and 3) are the Cartesian coordinates, ui is the fluid velocity in the xi-

direction, 𝜇 is the molecular viscosity,  is the air density, p is the static fluid pressure. The 

term  𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅   on the right-hand side of the equation (6.2) is the Reynolds stresses of turbulence.  

In the present study, we have adopted the realisable k-ε turbulence model, which was 

proved to perform better than the standard k-ε model in various flow conditions including: 

rotating homogeneous shear flows; boundary-free shear flows; channel and flat boundary layer 

flows with and without pressure gradients; and backward facing step flows (Shih et al. 1995). 

To overcome the overprediction of turbulent energy near the wall by the k-ω turbulent model, 

a damping function can be used to modify the turbulence kinetic energy for the near-wall cells 

(Chen et al. 2016). The realisable k-ε model was proved to be able to accurately predict the 

mean flow rate of complex lung geometries without near-wall modification near (Tian et al. 

2007, Ball et al. 2008, Isa et al. 2014, Abolhassantash et al. 2020, Rahman et al. 2021). 

The second-order upwind and the pressure-velocity coupling scheme are used to solve 

the RANS equations. A uniform distributed velocity is specified at the inlet and zero gauged 

pressure condition is considered for all the outlets of the lung model. The airway wall was 

considered stationary, and the wall surface was recognised as 'no-slip' (Islam et al. 2020).  
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6.3.3 Particle Transport and Deposition Model 

The Lagrangian approach is applied to simulate the particle transport in human lung 

airways. The force balance equation of each particle motion can be represented as (Inthavong 

et al. 2011): 

 
𝑑𝑢𝑖

𝑝

𝑑𝑡
= 𝐹𝐷𝑖 + 𝐹𝑔𝑖 + 𝐹𝐵𝑖 + 𝐹𝐿𝑖  (6.3) 

where 𝑢𝑖
𝑝
 is particle velocity in the xi-direction, 𝐹𝐷𝑖, 𝐹𝑔𝑖, 𝐹𝐵𝑖 and 𝐹𝐿𝑖 are the drag force, 

gravitational force, Brownian force and Saffman’s lift force, respectively. The gravitational 

force is calculated by 

 𝐹𝑔𝑖 = (
𝜌𝑝−𝜌

𝜌
)𝑔𝑖 (6.4) 

where 𝑔𝑖 is the gravitational acceleration and 𝜌𝑝 is the density of particles. The drag force is 

calculated by 

 𝐹𝐷𝑖 =
18𝜇

𝜌𝑝𝑑𝑝
2 𝐶𝐷

𝑅𝑒𝑃

24
(𝑢𝑖 − 𝑢𝑖

𝑝
) (6.5) 

where 𝑅𝑒𝑝 = 𝜌𝑑𝑝|𝑢𝑖
𝑝
− 𝑢𝑖|/𝜇 and the drag coefficient 𝐶𝐷 for the spherical particles is 

calculated by:  

𝐶𝐷 = 𝑎1 +
𝑎2

 𝑅𝑒𝑃
+

𝑎3

 𝑅𝑒𝑃
2  for  0 < 𝑅𝑒𝑝 < 10. The Brownian force due to Brownian motion of the 

fluid is defined as  

 𝐹𝐵𝑖 = 𝐺𝑖√
𝜋𝑆0

∆𝑡
  (6.6) 

where, 𝐺𝑖  is zero mean, unit-variance independent Gaussian random number, ∆𝑡 is the particle 

time step, and 𝑆0 is the spectral intensity function which is related to the diffusion coefficient 

by: 

 𝑆0 =
216𝜈𝑘𝐵𝑇

𝜋2𝜌𝑝𝑑𝑝
2(
𝜌𝑝

𝜌
)
2
𝐶𝑐

 (6.7) 
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where, 𝑇 = 300𝐾 is the absolute fluid temperature, 𝐾𝐵 = 1.380649 × 10
−23 J/K is the 

Boltzmann constant, ν is the kinematic viscosity and the Stokes-Cunningham slip correction 

coefficient 𝐶𝑐 is defined as 

 𝐶𝑐 = 1 +
2𝜆

𝑑𝑝
(1.257 + 0.4𝑒

−(
1.1𝑑𝑝

2𝜆
)
 ) (6.8) 

where, 𝜆 = 65 nm is the mean free path of the gas molecules. The Saffman's lift force is 

calculated by: 

 𝐹𝐿𝑖 =
2𝐾𝜈

1
2𝜌𝑑𝑖𝑗

𝜌𝑝𝑑𝑝(𝑑𝑙𝑘𝑑𝑘𝑙)
1
4

(𝑢𝑗 − 𝑢𝑗
𝑝
) (6.9) 

where, 𝐾 = 2.594 is the constant coefficient of Saffman’s lift force and 𝑑𝑖𝑗 = (𝑢𝑖,𝑗 − 𝑢𝑗,𝑖)/2 

is the deformation tensor. 

In the simulations, 81480 spherical particles with a uniform diameter were injected 

randomly from the inlet boundary at one time. The particles density is 1100 kg/m3 (Islam et al. 

2020). A ‘trap’ condition is implemented on the airway walls for particles deposition and an 

escape condition is implemented at the outlets (Deng et al. 2018, Islam et al. 2018, Ghosh et al. 

2020). The escape condition allows the particles go through the outlet boundary without any 

reflection. More specifically, the particles are trapped and stay on the surface when they touch 

the lung airways inner surface, instead of bouncing back. 

The deposition efficiency (ηd) is defined as the percentages of the particles absorbed 

(trapped) on the inner surfaces of the human lung airways. It is calculated by: 

 𝜂d=
Number of deposited particles in a specific region

Number of particles entering the lung through mouth
 

 Grid Dependency Study and Model Validation 

6.4.1 Grid Dependency Study 

Figure 6.2 shows the computational mesh near the asymmetric mouth-throat region, 

tracheobronchial region and the stenosis part of the lung airways. Ten-layer smooth inflation 
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was used near the wall to ensure the boundary layer flow is simulated properly. Dense mesh 

elements are used at the carinal angle for better resolution of near the airways wall.  

 (a)                                                                     (b)                                          (c) 

 
 

Figure 6.2. An overview mesh generation for realistic lung model, (a) Inflation layer in an 

airway, (b) the mouth–throat part, and (c) the mesh near the stenosis. 

The grid independency test is conducted by conducting numerical simulations using 6 

meshes whose cell numbers are 2056464 (Mesh-1), 2569134 (Mesh-2), 3006447 (Mesh-3), 

3270843 (Mesh-4), 3809718 (Mesh-5) and 4511589 (Mesh-6), respectively. The smallest grid 

size of the densest mesh is 0.143mm next to the wall, and the mesh size is inversely proportional 

the number of elements. The results of the average velocity magnitude and the pressure on the 

position indicated by a circle in Figure 6.3 (a) are shown in Figure 6.3 (b) and (c), respectively, 

where Y is the direction along the diameter of the section. It can be seen that after mesh is denser 

than Mesh-3, an increase in the grid number makes little change on the velocity. Specifically, 

the velocity difference between mesh-5 and mesh-6 is about 0.01%. The velocity and total 

pressure converge at Mesh-5 with 3.81 million elements. Therefore, we used Mesh-5 to do all 
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the numerical simulations. The non-dimensional wall unit (𝑦+) inside the boundary layer is 

defined as 

 𝑦+ =
𝜌𝑈𝜏𝑦

𝜇
 (6.10) 

where 𝑈𝜏 (= √
𝜏𝑤

𝜌
) is the friction velocity, 𝜏𝑤 is the wall shear stress, y (=0.143 mm) is the 

distance of the first layer of mesh point from the boundary. Pan et al. (2019) showed that when 

the y+ value was 3.5, their solution of the RANS and LES methods for structured and 

unstructured meshes agreed with the experimental data. The maximum y+ of Mesh-5 in our 

simulation is about 3.4 and the mesh dependency shows the solution converges at study this 

value of y+. 

  



Chapter 6 Numerical Study of Nanoscale and Microscale Particle Transport in Realistic 

Lung Models With and Without Stenosis 

 

171 

                               

                                  (a)                                             (b) 

  

                                                                (c) 

 

Figure 6.3. (b) Grid refinement/mesh-independent test for velocity distribution as functions of 

grid number α= 75% model (average velocity calculated at the selected plane in Figure 6.3 (a) 

of the right-side stenosis section), (c) total pressure as functions of grid number at the flow 

rate 60 L/min. 

To demonstrate the number of particles is sufficiently large that it does not affect the 

deposition efficiency. Figure 6.4 shows the variation of efficiency of deposition of the whole 

lung model with the number of particles released at the inlet. The released particle number does 
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not affect the efficiency if it is above 60000. Figure 6.3 demonstrates that the particle number 

used in this paper (81480) is sufficiently large for converged results.  

 

Figure 6.4. Deposition efficiency of the whole model as a function of released particles 

number at the flow rate of 60 L/min. The diameter of particles is 10 μm. 

6.4.2 Model Validation 

The present CFD method is validated against the published experimental and numerical 

data of particle deposition only in the mouth-throat part of a lung system, since no data are 

available inside realistic lung models. The calculated deposition efficiency versus particle 

diameter for nanoparticle simulation is shown in Figure 6.5 (b). Moreover, the particle 

deposition efficiency as a function of impaction parameter, 𝑑𝑝
2Qin (μm2·L/min) for 

microparticles is presented in Figure 6.5 (c), where Qin is the volume flow rate, are compared 

with the theoretical results (Emmett et al. 1982), the experimental data (Chan and Lippmann 

1980, Stahlhofen et al. 1980, Stahlhofen et al. 1983, Cheng et al. 1993, Cheng et al. 1997, Cheng 

et al. 1999) and the numerical results (Kleinstreuer et al. 2008, Xi and Longest 2008). It is 

interesting that the deposition efficiency of the nanoparticles decreases with the particle size, 

while that of the microparticles increases. In Figure 6.5 (c), the increasing trend of the 

deposition efficiency of the microparticle with the impaction parameter are in good agreement 

of with those in other studies, but the data from different studies are scattered. Figure 6.5 (b) 
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and (c) demonstrates that the present model can accurately calculate the particle TD in a realistic 

3D mouth-throat and the tracheobronchial airways of a lung for both micro and nano particles. 

 

 

(a) Mouth-throat part of the lung 

 

                                (b) Nanoparticles  

 

                                          (c) Microparticles (1 μm ≤ 𝑑𝑝 ≤ 13 μm) 

Figure 6.5. Comparison between present simulations of the deposition of nanoparticles and 

microparticles in the mouth-throat part and results from literature (Lippmann and Albert 1969, 

Foord et al. 1978, Chan and Lippmann 1980, Stahlhofen et al. 1980, Emmett et al. 1982, 

Stahlhofen et al. 1983, Bowes III and Swift 1989, Cheng et al. 1999, Kleinstreuer et al. 2008, 

Xi and Longest 2008). 
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 Results and Discussion 

In the present study, the airflow dynamics and particles deposition is considered under 

three different flow conditions: low-level breathing (Qin=15 L/min) under rest condition, light 

activity breathing (Qin=30 L/min) under walk condition, intense breathing (Qin=60 L/min) 

during excise (Kleinstreuer and Zhang 2003, Zhou and Cheng 2005). 

6.5.1 Airflow Characteristics 

Figure 6.6 (a) shows the velocity streamlines and the contours of velocity magnitude in 

the right lung with stenosis. The streamlines are found to be very irregular in the bifurcation 

areas because of the complex geometry of the airways. In addition, the streamline contraction 

in the stenosis area amplifies the velocity significantly in Figure 6.6 (a). The blockage effect of 

the air flow by the stenosis causes the velocity in narrowed down airway to increase by 72%. 

After the air flows through the stenosis area, the strong variation of the pressure causes some 

rotational streamlines in Figure 6.6 (a). Weak streamline contractions are also observed near 

the bifurcation areas, where one airway is divided into two. It is found later that the velocity 

near bifurcation areas are increased because of the streamline contraction.  

 
 

(a) 
 (b) 

Figure 6.6. Velocity streamline at the stenosis section of 10 µm particles at flow rate 60 

L/min: (a) Stenosis model, and (b) Healthy lung model. 
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flow rates are nearly uniform at the central part. After flow goes through the contracted area, it 

becomes turbulent because of sudden expansion. However, the velocity profile is an asymmetric 

parabolic profile, shown in Figure 6.7 (c). It can be seen in Figure 6.7 (d) that the velocity 

distribution in each branch becomes very non-uniform after the air goes through a bifurcation, 

especially at a high flow rate.   

The pressures at different locations in the airways are quantified in Figure 6.8. The 

pressure generally decreases when air goes into the deep lune because of the energy loss, except 

at the stenosis section. The pressure at Section 3 is increased compared with that at section 2 

mainly because of the increase of the airway diameter. Based on the Bernoulli's principle, a 

reduction of velocity (due to the increase of airway diameter) will cause an increase in the 

pressure without considering energy loss. A significant drop of pressure in the stenosis area is 

correlated to a big increase in the flow velocity. The pressure decreases significantly as air flows 

from section 1 to section 2 because the airway surface complicity between these two sections 

causes significant wall shear and energy loss. In the stenosis area, the pressure reduction for the 

stenosis model is 83% more than that of the healthy model. In addition, the pressure at all the 

sections (except section 5) are increased by the stenosis. Therefore, breathing air into a lung 

with stenosis is more difficult than a healthy lung.  

 
Figure 6.8. Pressure drop at different section of the two models at a flow rate 60 L/min; see 

Figure 6.1 for section numbers. 



Chapter 6 Numerical Study of Nanoscale and Microscale Particle Transport in Realistic 

Lung Models With and Without Stenosis 

 

177 

6.5.2 Particle Deposition  

Deposition mechanisms of inhaled particles of human lungs is complicated because of 

the complex lung structure (Kumar et al. 2009, Islam et al. 2017, Islam, Saha et al. 2017). 

Particle deposition in human lung airways is mainly affected by the breathing pattern as well as 

particle size (Hofmann 2011). In case of slow breathing (sleeping or resting activity), the main 

deposition mechanism is sedimentation for large particles in micro-scale and Brownian 

diffusion and Saffman's lift force for nanoscale particles. It has been reported that the 

contribution of Saffman's lift force and Brownian diffusion is insignificant when the particle 

size is in the microscale (Schlesinger 1985, Darquenne 2020). As a result, some studies of 

microparticle TD in human lungs only consider impaction mechanism (Dehbi 2008, Naseri et 

al. 2017). The impaction deposition mechanism weakens if the breathing becomes slow or the 

particle size reduces as shown in Figure 6.5.  

This study quantifies the contribution of impaction, Brownian diffusion and Saffman's 

lift force by conducting numerical simulations in two scenarios: (1) only impaction term is 

included in the particle motion equation and (2) all the impaction, diffusion and Saffman's terms 

are considered. Because both Brownian diffusion and Saffman’s lift consider particle transport 

in the crossflow directions, the sum of them are referred to as diffusion term. As a result, 

scenarios (1) and (2) are referred to as impaction only and impaction+diffusion, respectively, 

in the following discussion. To find out the contribution of each mechanism under various 

particle sizes, both nano and micron-scale particles in the range of 5 nm ≤ 𝑑𝑝 ≤ 10 μm are 

used in the simulations.  

The particle deposition efficiency in the lung model and stenosis part of the lung at the 

flow rate of 𝑄𝑖𝑛 = 15 L/min, and  60 L/min  are shown in Figure 6.9. The total deposition 

efficiency is defined as the percentage of the particles that are deposited in the whole lung 
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model. The total deposition efficiency (ηd) in Figure 6.9 (a) and (b) are significantly affected 

by both the particle diameter and the flow rate.  

When the flow rate is 15 L/min and at dp=5 nm, the particle deposition efficiency of 

stenosis and healthy lung models are 15.71% and 15.67%, respectively. The deposition 

efficiency decreases with the increase of dp to its minimum value at dp=500 nm. In the micro-

scale (dp>1μm), the deposition efficiency increases with the increase of particle diameter. At 

Qin=15 L/min and dp=10 μm, the deposition efficiency for stenosis and healthy lung models 

are 29.35% and 28.26%, respectively (Figure 6.9a).  The particle deposition efficiency is low 

when the particle size is between 5nm and 500nm because both diffusion and impaction 

mechanisms are weak. The variation of the deposition efficiency with the particle size in Figure 

6.9 is consistent with that in the validation case shown in Figure 6.5. The impaction and 

diffusion mechanisms are significantly affected by the combination nano-size particles and low 

flow rate (Zhang and Kleinstreuer 2004). If the particles are in nanoscale, the strong drag force 

makes them follow the streamlines and it is difficult for them to reach the airway wall. However, 

the Brownian and Saffman’s lift forces increases with the decrease of the particle diameter and 

these forces could be in the crossflow direction and make the particle travel towards the airway 

wall. As a result, the deposition rate increases with the decrease of particle size in the nanoscale. 

Comparing Figure 6.9 (b) with (a), one can see that an increase in the flow rate reduces ηd in 

the nanoscale because diffusion becomes weaker and increases ηd in the micro-scale because 

impaction becomes stronger.  

The deposition efficiencies of the particles with dp=5 nm and 100 nm at Qin=60 L/min 

is significantly decreased compared with those at Qin=15 L/min because strong airflow velocity 

forces small particles to follow the flow direction and weakens the diffusion effect (Lu Phuong 

et al. 2018). Without strong crossflow diffusion, the deposition efficiency is reduced. However, 

the deposition efficiency of large particles (5 μm and 10 μm) at Qin=60 L/min is increased 
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significantly compared to those at Qin=15 L/min, because strong inertia effect. At locations 

where large-velocity streamlines changes their directions, strong inertial effect makes large 

particles remain its original tracks and hit the airway wall, instead of following the streamlines. 

This mechanism of deposition is the typical impaction mechanism. The variation trend of total 

deposition efficiency with particle diameter in Figure 6.9 (b) is in good agreement with that 

found in the literature (Darquenne et al. 1997, Koullapis et al. 2016, Ou et al. 2017). 

To quantify the contribution of diffusion and impaction mechanisms to the particle TD, 

the ratio of the deposition efficiency calculated by considering impaction only in Eq. (6.3), 

which is defined as 𝜂d,I to the total diffusion efficiency (ηd when both impaction and diffusion 

are considered) is shown in Figure 6.9 (c). The ratio 𝜂d,I/𝜂d is above 0.9 when dp is greater than 

1000 nm, indicating strong impaction mechanism and weak influence from diffusion. At dp=5 

nm and 100 nm, the contribution of the impaction was reduced to less than 60% and 70%, 

respectively.  

How the stenosis affects deposition rates at different parts of the lung can be examined 

by the bar charts of deposition rates in parts A – J shown in Figure 6.10. The locations of 

different parts are defined in Figure 6.1.  Most of the particles are deposited in mouth-throat 

part A. The effect of the stenosis on the deposition of microparticles with dp=10 μm is found to 

be much stronger than that on the nanoparticles with dp=5 nm in many the parts of the lung 

model, especially when both the particle size and flow rates are small (Figure 6.10 d). Particles 

are mainly deposited before and after at D-region (stenosis area ) of the stenosis model due to 

diffusion+ impaction and impaction only mechanism (Taherian et al. 2018).  The deposition 

rates of both sides of the lung with stenosis is increased compared with the health lung because 

the narrow airway's diameter increases the flow velocities. At 𝑄 = 60 L/min, the deposition 

efficiency for the stenosis and healthy lung models is very similar for nanoscale particles (5nm 

≤ dp ≤ 500nm) with the effect of the diffusion+ impaction and impaction only mechanism 
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because the small particles follow the fluid flow streamline (Figure 6.10). For the stenosis 

model, the flow velocity is high throughout airway D. Therefore, it has the capacity to convey 

particles to F, and as a result, more particles are deposited at F and E region at stenosis model.  

However, the flow velocity is distributed uniformly at the D region in the Healthy lung model; 

therefore, some particles are deposited at D-region. Hence the total deposition efficiency at the 

right side (C+D+E+F) stenosis region is increased with increasing particle size. 
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(a) (b) 

 

(c) 

Figure 6.9. Particle deposition efficiency in the lung model. (a) Total deposition at flow rate 

15 L/min; (b) Total deposition at a flow rate 60 L/min (c) Ratio of impaction only to 

impaction+diffusion. 
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tracheobronchial walls than 10 µm particle, because the sedimentation effect of 5 nm particles 

is weaker.  However, the reversal flow may be happening in the stenosis area during the 

inhalation that would be effective for particles deposition pattern. The finding that different 

sized particles are deposited in the different stenosis models would help develop a targeted 

aerosol drug delivery method. Because very weak impaction mechanisms due to inertia effect, 

small particles tend to follow the curved streamlines when flow changes its direction. That is 

the reason why the trajectories of 5 nm particles in Figure 6.11 (e) are more curved than those 

of 10 μm particles in Figure 6.11 (f). A reduction in particle size increases the ability of particles 

to follow curved streamlines where an airway bends, bifurcates or changes its geometry, instead 

of hitting the inner wall of airway due to inertia mechanism. This cause reduces the change of 

particles depositing on the inner airway wall. 
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(a) Stenosis, dp=10 µm (b) Stenosis, dp=5 nm (c) Healthy, dp=10 µm 

 

  

(d) Healthy, dp=5 nm (e) Healthy, dp=10 µm (f) Healthy, dp=5 nm 

 

Figure 6.11. (a) – (d), Particles deposition of 10 µm particles and 5 nm particles for healthy 

and Stenosis lungs. (e) and (f) the trajectories of 10 µm particles and 5 nm particles for the 

health lung. The flow rate is 60 L/min. 
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The percentage of particles that escape from the outlet of the model and enters the deep 

lung is defined as escaping rate (defined as ηe), and it is important for the treatment of lung 

diseases, which usually happen in the deep lung airways. The escaping rates from the four 

exiting regions (each region has two outlets as indicated in Figure 6.1) are represented in Figure 

6.12. In Figure 6.12 (d), the escaping rates of the small exit in region H (shown in the right 

picture of Figure 6.1) and region J are combined. Due to the stenosis the escaping rate at exiting 

region F is reduced to one-third of that of a healthy lung. The escaping rate for the stenosis 

model are significantly different from that for the healthy lung model in Figure 6.12 (a). The 

contraction of stenosis makes the flow rate towards F-region reduces and the flow rates towards 

G, I and H+J regions increases. As a result, the effect of stenosis on the escaping rate of exit G, 

I and J is opposite to that of exist F. This is because that it is difficult for the particles to go 

through the contraction. At nanoscale (𝑑𝑝 ≤ 1000 nm), the effect of the stenosis on the 

escaping rate is smaller in region I but higher in region H+J. The stenosis affects the escaping 

rate in region I differently from in region H+J because the significant difference between the 

geometries of these two regions. From Figure 6.12 it can been seen that to increase the number 

of escaping particles that go into deep lung, the particle size needs to be reduced. 
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(a) (b) 

  

(c) (d) 

Figure 6.12. Escape rate (ηe) for 5nm ≤ dp ≤ 10 μm particles at a flow rate 60 L/min: (a) F 

region, (b) G region, (c) I region, and (d) H+J region (see the region definition in Figure 6.1). 

 Conclusions 

We investigated nano-and micro-particle TD in the mouth-throat and the 

tracheobronchial airways through numerical simulations. The effects of stenosis on the 

deposition efficiency of different particle diameters in the range of 5nm ≤ dp ≤ 10 μm are 
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examined. We have considered CT scan based on two different realistic lung models. The 

contribution of the impaction and diffusion mechanisms is quantified by simulating the 

deposition considering impaction only and considering both impaction and diffusion. The 

knowledge of the particle TD in airways with stenosis obtained in this paper will be useful for 

targeted drug delivery in the clinical process. The conclusions of the study are summarized as 

follows.   

 The streamline contraction in the stenosis area considerably amplifies the velocity in the 

stenosis airway increases by 72%, which is significant for assessing respiratory health 

risk. It is found that the pressure drop of the stenosis model increases by 83% compared 

to the healthy model.  

 With the increase of the particle diameter, the particle deposition efficiency in the lung 

model increases for microparticles and decreases for the nanoparticles.  When the flow 

rate is low (15 L/min), ultrafine particles smaller than 500nm can be significantly 

affected by the diffusion mechanism which has positive effect on deposition. 

 At dp=10 μm, very large percentage of the particles (over 75%) are deposited in the 

mouth–throat and tracheobronchial airways, resulting in a very small escaping rate. As 

the particle size is decreased to 5 nm, less than 10% of the particles are deposited in the 

airway, allowing over 90% particles to enter deeper part of the lung. The increase of the 

deposition rate with the increase of particle diameter in the upper lung indicates that 

particles must have small diameter if they are used to treat diseases in deep lung. 

 The contribution of the diffusion mechanism increases with the decrease of either 

particle size or flow rate. The contribution of the diffusion mechanism is less than 10% 

as dp=1 μm and 10 μm and Qin=15 and 60 L/min. However, when the particle size is 5 

nm and Qin=15 L/min, the diffusion mechanism for both stenosis and healthy lung 

models contributes more than 60% of the total deposition.  
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 At Qin=60 L/min, stenosis affects the deposition efficiency of different size particles 

differently. It reduces the deposition efficiency of nano particles and increase the 

deposition efficiency of microparticles. The effect of the stenosis on the total deposition 

efficiency is very small when the flow rate is 15 L/min.  
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 Abstract 

For respiratory health risk assessment, it is essential to evaluate the transportation and 

deposition (TD) of pollutant particles in human lung airways, which are responsible for lung 

diseases. Studies to date improved the knowledge of the particle TD in airways. However, the 

understanding of the TD of different pollutant particles in realistic airways has not been fully 

understood. This study investigates TD of three types of pollutant particles: traffic, smoke and 

dust, with various sizes ranging from nano- to micro-scales in the mouth–throat and 

tracheobronchial lung airways of a human lung using computational fluid dynamics (CFD). 

Three different physical activities are considered: sleeping, resting, and intense breathing, 

corresponding to inhalation flow rates of Qin= 15, 30 and 60 L/min, respectively. Nearly 99.8% 

of 10-μm traffic particles are deposited in the upper lung airways considered here. However, 

the TD efficiency of 10-µm dust particles is reduced to 64.28% due to the reduction in particle 

density. Nanoparticles have a much smaller deposition efficiency than microparticles because 

impaction effect of microparticles is stronger. Only less than 10% of 5-nm traffic particles are 

deposited in the airways for all three flow rates, allowing over 90% of particles to reach the 

deep lung. An important finding is that the effects of density on the particle TD of nanoparticles 
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are much weaker than that of microparticles. At 15 L/min flow rate, the difference between the 

deposition efficiencies of the heaviest traffic particles and the lightest dust particles is only 

3.5%. The effects of particle density on the deposition efficiencies of nano- and micro-particles 

are different from each other because impaction and diffusion dominate the TD of nano- and 

micro-particles, respectively. Density only affects impaction significantly but has little effect 

on diffusion.   

 

Keywords: Airflow, Traffic particle, Smoke particle, Dust particle, Human Lungs, Drug 

delivery, Physical activity, Deposition mechanism 

 

 Introduction 

Pollutant particles or Particulate matter (PM) of varying sizes, coming from diverse 

sources, inhaled into human lungs, affect respiratory health globally (Pražnikar and Pražnikar 

2012, Kim et al. 2015). PM is a complex mixture of solid and liquid particles suspended in the 

air that can be carried far distances by the wind. Hazardous PM damages human health after it 

is inhaled into the human lungs and further enters the blood circulation system (Anderson et al. 

2012, Patra et al. 2016). Some of the particles absorbed by epithelial cells can induce respiratory 

diseases such as asthma, lung cancer, and chronic obstructive pulmonary disease (Borghardt et 

al. 2018, Tahery et al. 2021). According to the global burden of disease, air pollution is 

responsible for 3.1 million premature deaths and 3.2 % of worldwide disability-adjusted life 

each year (Olaniyan et al. 2015, Collaborators and Ärnlöv 2020). Since 1990, ambient PM has 

been placed 6th among 79 risk factors in the worldwide burden of human diseases (Cohen et al. 

2017). 

Because of its huge hazard to human health, pollutant-related particle emission has been 

a significant source of worry in recent years (Manisalidis et al. 2020). The risk is dependent on 
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the size of pollutant particles. Fine particles may pose a significant threat to people because of 

their potential to penetrate deep into the lungs and lung cell membranes (Albrecht et al. 2006, 

Schraufnagel 2020), and affect the entire organ system, including the brain (Donaldson, Li et 

al. 1998, Gao and Sang 2020). Fine particles have been demonstrated to be more hazardous 

than larger particles (Oberdörster 2000, Schraufnagel 2020).  

Large/coarse pollutant particles (2.5-10 µm) produced by crustal material may cause 

morbidity and mortality (Peng et al. 2008, Diao, Holloway et al. 2019). However, they have not 

been shown to have any substantial negative health impacts in several epidemiological research 

(Donaldson et al. 2001, Englert 2004). However, other studies have discovered that the damage 

of large pollutant particles on health is much more serious than or at least as powerful as fine 

pollutants (Brunekreef and Forsberg 2005, Charron and Harrison 2005).  

Diesel and compressed natural gas (CNG) engines create the most ultrafine traffic 

particles (Hammond et al. 2007). Most diesel particles are in the 1 nm to 1 µm range (de Sarabia 

et al. 2003). The large surface area of diesel particles allows them to absorb a wide range of 

hazardous, genetic, and carcinogenic substances (Zhao and Castranova 2011). Diesel particle 

exposure can lead to coughs, itchy or burning eyes, and neuropsychiatric symptoms such as 

headache, vomiting, nausea, complicated breathing, chest tightness, and wheezing. (Ritchie et 

al. 2003). On the other hand, biomass burning due to bushfire smoke and smoke from planned 

burns releases a large amount of PM that is very hazardous to human health (Johnston et al. 

2019). These microscopic particles can spread throughout the distal lung areas, causing illnesses 

at chronic cardio pulmonary. Long-term exposure to such fine particles has been associated 

with higher mortality risk. In addition, human lungs are severely harmed by cigarette smoke 

particles (CSP) (Ravindra et al. 2001). Usage of Tobacco emits 5.2 million tonnes of methane 

and 2.6 million tonnes of CO2 into the environment (Buchanan and Honey 1994). Around 7000 

compounds have been found in cigarettes and other tobacco products, 250 of which are harmful 



Chapter 7 Numerical Study of Nano and Micro Pollutant Particle Transport and 

Deposition in Realistic Human Lung Airways 

 

203 

to people and 70 of which are carcinogenic to humans (Drummond and Upson 2014). This is 

because of inducing epithelial cell mutagenesis and so biologically caused cancers. Smoking is 

still a significant cause of mortality and disability worldwide (Ferrucci et al. 1999).  

Coarse dust particles (>10 µm) usually lodge in the upper respiratory tract after being 

inhaled. Toxic dust particles pose a health risk regardless of where they lodge in the respiratory 

system. The dust particle (<10 µm) may stay suspended in the environment for weeks, and they 

can penetrate the deep lung airways (Derbyshire 2007). The finer (≤4 µm) dust particles are 

inhaled and eventually deposit in the pulmonary alveoli, causing chronic lung disease. Particles 

appear to be rapidly absorbed and deposited in the lung alveolar region (Bakand et al. 2012). 

The deposition of inhaled particles in human lungs is influenced by several parameters, 

including exposure concentration and particle parameters such as size, density, shape, and 

individual breathing conditions (Stuart 1984). Particle deposition in the lungs is usually 

governed by inertial impaction, gravity sedimentation, and diffusion mechanism (Choi and Kim 

2007). In addition, particle size grows, and hygroscopic growth influences particle deposition, 

causing particles to deposit in the respiratory tract (Asgharian 2004). 

Inhalation of aerosol particles is an efficient medicine delivery system in the treatment 

of lung illnesses (Azarmi et al. 2008, Nassimi et al. 2010). As a result, the dynamics of particle 

deposition in human lung airways are essential for human health to assess the efficacy of inhaled 

medicine therapy and the health implications of air pollution (Deng et al. 2018). Therefore, 

many researchers have attempted to characterise particle deposition in the human lung, from 

total to local depositions (Balásházy et al. 2003, Chen et al. 2012) and with findings ranging 

from empirical to numerical models (Hofmann 2011, Chen et al. 2018, Bui et al. 2020). Particles 

coming from various sources have a variety of sizes and chemical compositions (Leoni et al. 

2018). Several studies on the impact of particle size on deposition have found that finer particles 
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are more likely to be deposited in the deep lung airways (Asgharian and Price 2007, Moller et 

al. 2008). However, few studies have considered pollutant particles with different densities.  

This study aims to quantify the deposition of particles with various densities and various 

sizes in human lungs under different breath conditions so that health risks related to particle 

exposure from various sources may be assessed. Airflow and particle deposition in a human 

lung are simulated numerically by CFD. We investigated the effects of both size and density of 

particles for calculating the deposition efficiency (DE) in a realistic human lung airway. 

Especially, we analyse three typical forms of pollutant particles: traffic, smoke, and dust, and 

analyse which particles are deposited in which part of lung airways. We also separated the 

contributions of inertial impaction and Brownian diffusion from each other to find out the 

fundamental mechanisms of particle deposition. The outcomes of this study will provide 

quantitative knowledge of how pollutant particle TD in the human lung airways is affected by 

particle size, density, and physical activity. 

Nomenclatures 

p Fluid pressure   Air density 

T Fluid temperature 𝜌𝑝 Particle density 

D Hydraulic diameter 𝜇  Molecular viscosity 

St Stokes number  ∆𝑡 Particle time step 

Qin Flow rate 𝐺𝑖 Gaussian random number 

ui
p
  Particle velocity 𝑆0  Spectral intensity function 

dp Particle diameter ν  kinematic viscosity 

ui  Fluid velocity  𝐾𝐵 Boltzmann constant 

𝑅𝑒𝑃 Particle Reynolds number  𝐶𝑐  Stokes-Cunningham 

𝐹Di Drag force λ Gas molecules' mean free 

path  

Fgi Gravitational force 𝑑𝑖𝑗 Deformation tensor  

𝐹Bi Brownian force ηd Deposition efficiency  

𝐹Li Saffman's lift force 𝑈𝜏 Friction velocity 

CD Drag coefficient  𝜏𝑤 Wall shear stress 

𝑢0  Fluid inlet velocity  ηe  Escaping rate  
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 Numerical Method 

The breathing pattern, particle shape, and particle size are the key factors that influence 

particle deposition in human lung airways (Yousefi et al. 2017, Ou et al. 2020, Xu et al. 2020). 

Diffusion and sedimentation are the primary deposition mechanisms for nanoscale particles 

during slow breathing (resting activity). When the particle size is in the nanoscale, the 

contribution of Saffman’s lift force and Brownian diffusion has been observed to be significant 

(Dang Khoa et al. 2020, Rahman et al. 2021). In the study by Rahman et al. (2021), Saffman’s 

lift force and Brownian diffusion's combined mechanism is defined as diffusion. At intense 

breathing (exercise mode), the inertial impaction mechanism for microscale particle deposition 

contributes to particle TD more than diffusion. As a result, several investigations on 

microparticle TD in human lungs focus only on impaction mechanisms (Chen et al. 2018, 

Huang et al. 2021). However, when the particle size is in between nano- and micro-scales, both 

impaction and diffusion should be considered if their contributions to particle TD do not differ 

from each other. In this study, a numerical model that considers all the particle TD mechanisms 

including diffusion, sedimentation, impaction and Saffman’s lift forces are used to simulate TD 

of a variety of particles.  

7.3.1 Reconstructed Anatomical Model  

The three-dimensional (3D) anatomical model, including the mouth-throat area and the 

tracheobronchial upper lung airways shown in Figure 7.1, was generated using digitised CT 

scans of a 50-year-old person. For the convenience of discussion of Particle TD in different 

areas, the lung model is divided into Parts A-I as seen in Figure 7.1. 
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Figure 7.1. Reconstruction of realistic mouth–throat and tracheobronchial lung airways. The 

portions shown in the Figure 7.1 will be referred to when the findings are presented. 

7.3.2 Airflow Model 

ANSYS FLUENT (version 19.2) software is used to solve the airflow and particle TD 

in the lung airways. The governing equations for simulating the flow are the Reynolds-averaged 

Navier-Stokes (RANS) equations: 

 
𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(ρ𝑢𝑖) = 0 (7.1) 

 
𝜕

𝜕𝑡
(ρ𝑢𝑖) +

𝜕

𝜕𝑥𝑗
(ρ𝑢𝑖𝑢𝑗) = −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)] +

𝜕

𝜕𝑥𝑗
(−𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ )  (7.2) 

where t is time, xi (i=1,2 and 3) are the Cartesian coordinates, ui is the fluid velocity in the xi-

direction, p is the fluid pressure,  is the air density, 𝜇 is the molecular viscosity. The Reynolds 

stresses of turbulence are represented by 𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅  on the right-hand side of equation (7.2). 
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In this study, the realisable k-ε turbulence model is used for simulating the governing 

equations. It performs better than the standard k-ε turbulence model in a variety of complex 

flow conditions, including rotating homogeneous shear flows, boundary-free shear flows, 

channel and flat boundary layer flow with and without pressure gradients, and backwards-facing 

step flow (Shih et al. 1995). It has been demonstrated that the realisable k-ε model can 

accurately predict the flow of complicated lung geometries without the requirement for near-

wall adjustment (Isa et al. 2014, Abolhassantash et al. 2020, Rahman et al. 2021). 

The RANS equations are solved using the second-order upwind and pressure-velocity 

coupling schemes in FLUENT. The inlet of the lung model has a uniformly distributed velocity, 

and all its exits have zero gauged pressure. The boundary conditions at the outlets strongly 

influence the airflow partitions. As a result, Luo and Liu (2008) have tested zero pressure at the 

outlet and outflow boundary conditions (i.e., a zero normal gradient for all flow variables except 

pressure). As a result, they observed that the airflow rate is identical to each outlet given the 

outflow boundary condition. Therefore, they conclude that zero pressure's outlet boundary 

condition is more acceptable than the outflow boundary condition. The airway wall was 

considered stationary and smooth with a non-slip boundary condition (Singh et al. 2020, Islam 

et al. 2021, Rahman et al. 2021).  

7.3.3 Particle Transport Model 

The current particle TD model is a one-way coupling model that considers particle 

movement due to airflow but ignores particle effects on airflow (Inthavong et al. 2011, 

Lintermann and Schröder 2017). When the particle volume concentration is larger than 15%, 

two-way models that account for particle–particle interaction are needed. However, in all drug 

delivery applications, the volume concentration is less than 15% (Islam et al. 2019). Therefore, 

collision-free conditions can be used to simulate the transport of dilute, suspended particles in 

the human lung, or particle-particle interaction can be eliminated (Tsuji 2007). Because direct 
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particle-particle interactions may be neglected if the particle suspension entering the 

tracheobronchial airway is dilute (Islam et al. 2019, Chen et al. 2021). As a result, most of the 

published studies did not include particle-particle interactions (Feng and Kleinstreuer 2014). 

Particle TD in lung airways is modelled using the Lagrangian approach. The equation of motion 

of each individual particle is expressed as (Inthavong et al. 2011, Rahman et al. 2021): 

 
𝑑𝒖𝒊

𝒑

𝑑𝑡
= 𝑭𝐷𝑖 + 𝑭𝑔𝑖 + 𝑭𝐵𝑖 + 𝑭𝐿𝑖  (7.3) 

where ui
p
 is particle velocity in the xi-direction, 𝑭Di, 𝑭gi, 𝑭Bi and 𝑭Li are, respectively, the drag 

force, gravitational force, Brownian force, and Saffman’s lift force per unit mass. The following 

formula determines the gravitational force:  

 𝑭𝑔𝑖 = (
𝜌𝑝−𝜌

𝜌
)𝒈 (7.4) 

where 𝒈 denotes gravitational acceleration and 𝜌𝑝denotes particle density. The drag force is 

calculated using the following formula: 

 𝑭𝐷𝑖 =
18𝜇

𝜌𝑝𝑑𝑝
2 𝐶𝐷

𝑅𝑒𝑝

24
(𝒖𝑖 − 𝒖𝑖

𝑝
) (7.5) 

where  𝑅𝑒𝑝 = 𝜌𝑑𝑝|𝒖𝑖
𝑝
− 𝒖𝑖|/𝜇 and the drag coefficient CD for the spherical particles is 

calculated by (Morsi and Alexander 1972):  

𝐶𝐷 = 𝑎1 +
𝑎2

 𝑅𝑒𝑝
+

𝑎3

𝑅𝑒𝑝
2  for  0 < 𝑅𝑒𝑝 < 10. 

where a1, a2, a3 are functions of the Reynolds number  𝑅𝑒𝑃 given by:  

a1, a2, a3 =

{
 
 
 
 

 
 
 
 
0, 24, 0                              0 < 𝑅𝑒𝑝 < 0.1

3.690, 22.73, 0.0903     0.1 < 𝑅𝑒𝑝 < 1

1.222,    29.17, 3.89                1 < 𝑅𝑒𝑝 < 10

0.617,46.50,−116.67              10 < 𝑅𝑒𝑝 < 100

0.364,98.33,− 2778            100 < 𝑅𝑒𝑝 < 1000

0.357, 148.62,−47500       1000 < 𝑅𝑒𝑝 < 5000

0.46,−490.546,578700  5000 < 𝑅𝑒𝑝 < 10000

0.519,−1662.5, 5416700        𝑅𝑒𝑝 > 10000
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Brownian motion describes the random, uncontrollable movement of particles in a fluid when 

molecules interact with each other (Torrens and Castellano 2018). It is strong in a less viscous 

fluid at a higher temperature with smaller particles (Jang and Choi 2004). Brownian motion in 

the air is unnoticeable if the particle size is bigger than 1 µm (Franosch et al. 2011). Brownian 

force that causes Brownian motion is defined as: 

 𝑭𝐵𝑖 = 𝑮𝑖√
𝜋𝑆0

∆𝑡
 (7.6) 

where 𝐺𝑖 is a Gaussian random number with unit variance and zero mean, ∆𝑡 is the particle time 

step, and 𝑆0 is the spectral intensity function associated with the diffusion coefficient by: 

 𝑆0 =
216𝜈𝑘𝐵𝑇

𝜋2𝜌𝑝𝑑𝑝
2(
𝜌𝑝

𝜌
)
2
𝐶𝑐

 (7.7) 

where, ν is the kinematic viscosity, 𝐾𝐵 = 1.380649 × 10
−23 J/K is the Boltzmann 

constant,𝑇 = 300𝐾 is the absolute fluid temperature, and 𝐶𝑐 is the Stokes-Cunningham slip 

correction coefficient as 

 𝐶𝑐 = 1 +
2𝜆

𝑑𝑝
(1.257 + 0.4𝑒

−(
1.1𝑑𝑝

2𝜆
)
 ) (7.8) 

where, the gas molecules' mean free path (λ) is 65 nm (Xi, Berlinski et al. 2012). The lift force 

of Saffman is calculated using the following formula: 

 𝑭𝐿𝑖 =
2𝐾𝜈

1
2𝜌𝑑𝑖𝑗

𝜌𝑝𝑑𝑝(𝑑𝑙𝑘𝑑𝑘𝑙)
1
4

(𝒖𝑗 − 𝒖𝑗
𝑝
) (7.9) 

where, 𝐾 = 2.594 is the constant coefficient of Saffman’s lift force and 𝑑𝑖𝑗 = (𝜕𝑢𝑖/𝜕𝑥𝑗 −

𝜕𝑢𝑗/𝜕𝑥𝑖)/2 is the deformation tensor of the flow velocity. 

In the simulations, 81000 spherical particles were released randomly at one time from 

the inlet boundary. A ‘trap’ condition is implemented on the airway walls for particle 

deposition, and an ‘escape’ condition is implemented at the outlets (Gu et al. 2019, Islam et al. 

2021, Wu et al. 2022). In the escape condition, the particles can pass through the output 
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boundary without being reflected back. In the trap condition, particles colliding with the inner 

surface of the lung airways are trapped. This “trap” condition seems appropriate as the airway 

walls contain mucus which is very sticky (Islam et al. 2018, Ghosh et al. 2020). 

7.3.4 Particle Deposition Efficiency Calculation 

The percentages of particles absorbed (trapped) on the inner surfaces of the human lung 

airways are referred to as deposition efficiency (ηd) and it is calculated by: 

𝜂d(%)=
The number of particles deposited in a given area

Total number of particles inhaled through the mouth
× 100 

 Grid Dependency Study and Model Validation 

7.4.1 Grid Dependency Study 

Figure 7.2 (a) to (c) show the computational mesh near the asymmetric mouth-throat 

area, bronchioles section, and part of the lung airways, respectively. Near the walls, ten-layer 

smooth inflation was used to guarantee that the boundary layer flow was accurately simulated 

(Figure 7.2c). At carinal angles, denser mesh is used for accurate resolution of complex flows. 

 

 

 

 

(a) (b) (c) 

Figure 7.2. Mesh generation for (a) the mouth–throat portion, (b) the bronchioles portion, and 

(c) the inflation layer in an airway in a realistic lung model. 
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The grid independence test is performed using six mesh sizes with cell numbers of 

632006 (Mesh-1), 1300952 (Mesh-2), 2557333 (Mesh-3), 3053482 (Mesh-4), 3870593 (Mesh-

5) and 4568314 (Mesh-6), respectively. The densest mesh has a grid size of 0.1 mm near the 

wall, and the mesh size is inversely proportional to the number of elements. The pressure and 

average velocity magnitude are shown in Figure 7.3 (b), (c), and (d) for the three sections 

indicated in Figure 7.3 (a), where X is the direction along the section diameter. Increasing the 

grid number does not influence pressure and velocity if the mesh density exceeds Mesh-4 as 

can be demonstrated. The maximum difference between the velocities from Mesh-5 and mesh-

6 is about 0.01%. The velocity and pressure converge at Mesh-5 also. The non-dimensional 

wall unit (𝑦+) is defined inside the boundary layer as 

 𝑦+ =
𝜌𝑈𝜏𝑦

𝜇
 (7.10)  

where 𝑈𝜏 (= √
𝜏𝑤

𝜌
) is the friction velocity, y (=0.143 mm for Mesh-5) is the distance between 

the first layer of mesh points and the boundary, and 𝜏𝑤 is the wall shear stress. The maximum 

y+ of Mesh-5 in our simulation is 3.2. Pan et al. (2019) found RANS and LES solutions for 

structured and unstructured meshes agreed with experimental data when the y+ value was 3.5. 
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(a) (b) 

(c) 
 

(d) 

Figure 7.3. Grid refinement/mesh-independent test at the flow rate 60 L/min for realistic lung 

model, (b) average pressure as functions of grid number (average pressure calculated at the 

selected section-8 in Figure 7.3a); (c) velocity distribution at the Line-1; (d) velocity 

distribution at the Line-2 (average velocity calculated at the selected line in Figure 7.3a). 

Figure 7.4 shows the variation of the calculated deposition efficiency with a mesh 

element number. The deposition efficiency remains virtually unchanged after the mesh density 

is higher than Mesh-4 with 3.05 million elements. The Mesh-5 with 3.87 million elements was 

used in all the numerical simulations in this study.  
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Figure 7.4. Deposition efficiency as a function of the grid number at the flow rate of 60 

L/min. The diameter of traffic particles is 10 μm. 

7.4.2 Model Validation 

The validation of micro and nano-particles has already been conducted in our previous 

studies (Rahman et al. 2021a, Rahman et al. 2021b). To further validate the numerical method 

for nanoparticles, the present CFD results are compared to experimental data (Cheng et al. 1993, 

Cheng et al. 1999) and numerical predictions (Kleinstreuer et al. 2008, Xi and Longest 2008) 

of particle deposition in the mouth-throat area of a realistic lung. For a nanoparticle simulation, 

Figure 7. 5 (a) shows the predicted deposition efficiency as a function of particle diameter for 

a constant of flow rate of 4 L/min. In addition, Figure 7.5 (b) shows the particle deposition 

efficiency as a function of Stokes number defined as  St = 𝜌𝑝𝑑𝑝
2𝑢0/18𝜇D for microparticles 

simulation, where 𝑢0 denotes the inlet velocity at the boundary, and D (=0.0124 m) denotes the 

hydraulic diameter. In Figure 7.5 (a) the deposition efficiency of nanoparticles decreases with 

the increase of particle size. According to the linear relationship between particle size and Stokes 

number, it can be further deduced that the deposition efficiency of nanoparticles decreases with 

the increase of the Stokes number. However, the deposition efficiency of microparticles 
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selected cross-sections (indicated in Figure 7.1) are shown in Figure 7.6. The velocity is 

nondimensionalised by the inlet velocity of the whole lung model u0. Non-dimensional velocity 

distributions of different flow rates follow a similar trend, but they are not the same because of 

the difference in the Reynolds number. The velocity on each section is very asymmetric because 

of the complexity of the lung geometry. The mouth-throat area (jjʹ) had the maximum non-

dimensional velocity in all selected regions, whereas the bronchioles (llʹ) had the lowest 

velocity. Velocities changed largely at the mouth-throat region with complex airway structure. 

The velocity is reduced at 𝑘𝑘’ because of the increase in the cross-sectional area. In addition to 

the effect of airway geometry complexity, the velocity distribution in each branch becomes very 

non-uniform once the air passes through a bifurcation. However, as illustrated in Figure 7.6 (d), 

the velocity profile (mmʹ section) is symmetrical parabolic in the lower airway. The difference 

velocity distributions of different flow rates are found to be the maximum at the lowest section 

𝑚𝑚′.  



Chapter 7 Numerical Study of Nano and Micro Pollutant Particle Transport and 

Deposition in Realistic Human Lung Airways 

 

216 

 

Figure 7.6. Velocity profiles under different flow rates, (a) Line jjʹ, (b) Line kkʹ, (c) Line llʹ, 

and (d) Line mmʹ (Figure 7.1 illustrates the lines). 

7.5.2 Wall Shear Stress 

Figure 7.7 quantitatively depicts the averaged non-dimensional shear stress (𝜏/(𝜌𝑢0
2)) 

along the inner wall of the lung as a function of flow rate in the upper lung airway model on 

seven sections defined in Figure 7.1, where wall shear stress τ is defined as the tangential force 

per unit area exerted by the flowing fluid on the wall surface. The wall shear stress distributions 

in the seven sections for different flow rates follow a similar trend but not the same.  The wall 

shear stress varies considerably with each section at the lung airway because of the flow rate 

variation caused by complicated lung geometry.  
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To quantify the contributions of impaction (𝑭Di and 𝑭gi), Brownian diffusion (𝑭𝐵𝑖), and 

Saffman’s lift force (𝑭𝐿𝑖) using numerical simulations in two scenarios: (1) only the impaction 

term is included in the particle motion equation, and (2) all impaction, Brownian diffusion, and 

Saffman's terms are taken into consideration. Because both Brownian diffusion and Saffman’s 

lift contribute to the motion of particles in crossflow directions, they are combined together and 

referred to as diffusion in this study (Rahman et al. 2021). As a result, situations (1) and (2) are 

referred to as impaction only and impaction+diffusion, respectively, in the discussion. The 

simulations of nano- to micron-scale particles in the range of  5 nm ≤ 𝑑𝑝 ≤ 10 μm and the 

particle densities of 2000 kg/m3, 1120 kg/m3 and 400 kg/m3  are performed to determine the 

contribution of each mechanism at various particle sizes and densities. In the discussion, the 

particles with densities of 2000 kg/m3, 1120 kg/m3 and 400 kg/m3 are referred to as traffic, 

smoke and dust, respectively.  

Figure 7.9 (a), (b) and (c) depict the variation of particle deposition efficiency in the 

whole lung model with particle diameter for three types of pollutants and three flow rates Qin=15 

L/min, 30 L/min, and 60 L/min. Simulations with impaction only (diffusion terms switched off 

in the equations) are also conducted, and the results with impaction only are denoted by ηd,I, as 

presented in Figure 7.10.  Table 7.1 lists the particle deposition rates at the largest and smallest 

particle diameters dp=10 μm, and 5 nm. It can be found that the same size particle, dp=10 μm 

but different density pollutant particles have significant different deposition efficiencies. The 

largest flow rate Qin=60 L/min and largest particle diameter dp=10 μm have the maximum total 

particle deposition efficiencies for traffic, smoke, and dust particle in Figure 7.9 (a) and Table 

7.1. The deposition rate at dp=10 μm decreases with the decrease of flow rate.  
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Table 7.1. Particle deposition rates at the largest and smallest particle diameters 

Particl

e size 

Particle 

type 

ρd 

(kg/m3) 

ηd (%) ηd,I/ηd 

60 L/min 30 L/min 15 L/min 60 L/min 30 L/min 15 L/min 

10 μm 

Traffic 2000 99.82  80.19  40.41 0.996 0.987 0.995 

Smoke 1120 79.01  46.94 30.31 0.975 0.979 0.976 

Dust 400 35.72 24.98 17.92 0.970 0.964 0.965 

5 nm 

Traffic 2000 8.88 11.63 15.92 0.892 0.785 0.562 

Smoke 1120 9.01 11.68 15.94 0.900 0.787 0.579 

Dust 400 9.09 11.76 16.04 0.901 0.814 0.581 

 

The effects of the particle density and flow rate on the deposition of 5-nm particles are 

different from that of 10-μm particles in the following aspect. First, the density has a very weak 

effect on the deposition rate of 5-nm particles, while an increase of the density from 400 kg/m3 

to 2000 kg/m3 causes a significant increase of the deposition rate of 10-μm particles, for 

example by around three times for all the flow rates. Second, the particle deposition rate of 5 

nm particles increases but that of 10 μm decreases with the flow rate increase. The increase of 

the deposition rate with the increase in density of 10-μm particles affects the distribution 

particles in the present lung model.  The smallest deposition rate of 10-μm dust indicates the 

largest amount of 10-μm dust goes into the deeper lung (Deng et al. 2019).  

Nanoscale particles follow streamlines due to the strong drag force, making it difficult 

for them to reach the airway wall only from the impaction mechanism (Zhang and Kleinstreuer 

2004, Rahman et al. 2021). However, the Brownian and Saffman lift forces on nanoparticles 

increase with the decrease of the particle size. These forces in the crossflow direction enable 

particles to move towards the airway wall. As a result, the deposition rate rises in the nanoscale 

as particle size decreases. However, the deposition rate of the smallest nanoparticles caused by 

the diffusion effect is much smaller than that of the largest microparticles by impaction in Figure 

7.9. Figure 7.9 also shows that an decrease in the flow rate increases ηd of nanoparticles because 
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smaller flow velocity gives particles more time to move in the crossflow direction towards the 

wall due to diffusion (Islam et al. 2019, Darquenne 2020). It can be seen in Table 7.1 that the 

deposition efficiencies of 5-nm particles at Qin=60 L/min is nearly half of that at Qin=15 L/min. 

The deposition efficiencies of 5-nm to 500-nm particles are small because both diffusion and 

impaction mechanisms are weak.  

The reason why the deposition rate of microparticles increases with increasing particle 

size or flow rate can be explained by the inertial effect. When flow goes through curved airways, 

flow velocity follows the curved airway, but large particles tend to stay on their original tracks 

due to the initial mechanism and hit the airway wall. This type of deposition mechanism is 

known as impaction (Chen et al. 2012, Islam et al. 2019, Farghadan et al. 2020, Huang et al. 

2021).   

To quantify the contribution of impaction and diffusion to the particle deposition rate, 

the ratio of the deposition efficiency calculated using only impaction in Eq. (7.3), which is 

defined as 𝜂d,I to the total diffusion efficiency 𝜂d, when both impaction and diffusion are 

considered, for flow rates of 60 L/min, 30 L/min, and 15 L/min are presented in Figure 7.10 (a), 

(b) and (c), respectively.  

The ratio 𝜂d,I/𝜂d of particles larger than 1000 nm is greater than 0.9 for all the three 

flow rates, suggesting a predominant contribution of impaction and negligible contribution from 

diffusion. In addition, the contribution of the impaction appears to be nearly independent on the 

particle size if the latter is greater than 1000 nm. The value of 𝜂d,I/𝜂d is found to be greater 

than 50% at the smallest particle size of 5 nm, indicating the effect of impaction is still 

comparable to the diffusion at this particle size. When the flow rate decreases from 60 L/min to 

15 L/min, the impaction contribution of 5-nm particles is reduced from 88% to 57%.  
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`  

(a)          (b) 

 
(c) 

Figure 7.9. Particle deposition efficiency in the lung model for (a) Qin=60 L/min; (b) Qin=30 

L/min and (c) Qin=15 L/min. 

  



Chapter 7 Numerical Study of Nano and Micro Pollutant Particle Transport and 

Deposition in Realistic Human Lung Airways 

 

223 

 
(a)               (b) 

 
(c) 

Figure 7.10. Contribution of the impaction mechanism on the deposition efficiency in the lung 

model for (a) Qin=60 L/min; (b) Qin=30 L/min and (c) Qin=15 L/min. 

The lung model is divided into parts A to I in Figure 7.1 and the distribution of the 10-

μm particles among different parts is demonstrated by the bar charts in Figure 7.11. The type 

of the 10-μm particles significantly affects the deposition efficiency. At 60 L/min, the 

deposition efficiency in the mouth-throat part A is 98.7% for 10-μm heaviest traffic particles 

and it decreases to 22.0% for 10-μm lightest dust. For a specific particle type with dp=10 μm, 

the highest flow rate of 60 L/min has the largest deposition efficiency because of its strongest 
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impact mechanism. At the smallest flow rate of 15 L/min, 28.71% of traffic, 21.51% of smoke, 

and 14.73% of dust particles are deposited at region A. Because 10-μm traffic particles are 

mostly deposited (98.7%) at part A at 60 L/min, the deposition efficiencies at parts B to I are 

much smaller than those of smoke and dust as seen in Figure 7.11 (d). The deposition efficiency 

due to impaction increases with the increase of particle density. When the flow rate is reduced 

from 60L/min to 15 L/min, the number of 10-μm traffic particles passing through Part A 

increases, so the deposition efficiency of traffic particles is higher than those of smoke and dust 

particles as seen in Figure 7.11 (f). Impaction mechanism causes deposition where an airway 

bends, contracts, or bifurcates. Some deposition efficiencies are zero at part B in Figure 7.11 

because part B is a vertical straight airway without bending or bifurcation. 
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The effect of particle density on other parts and other flow rates are also similarly weak. At Part 

A, the deposition efficiency of 5-nm particles is significantly smaller than that of the deposition 

efficiency of 10-μm particles.  

7.5.4 Visualisation of Particle Deposition 

Figure 7.13 depicts the distribution of deposited particles in the human lung at a flow 

rate of 60 L/min. The deposition efficiencies of microparticles are much higher than those of 

nanoparticles but seemly more nanoparticles are deposited in the airways than microparticles in 

Figure 7.13. Under impaction mechanisms, particles are only deposited in the area where the 

airway bends, bifurcates or changes its diameter. A large number of 10-μm particles are found 

to be repeatedly deposited in the mouth-throat area where the airway is curved and rough and 

the bifurcation area. Repetitive deposition of many particles in the same areas makes the number 

of 10-μm particles look smaller than that of 5-nm particles in Figure 7.13 but not. Very small 

10-μm particles are deposited in the long vertical straight airway (Part B) because impaction is 

weak in straight airways. About 98.72% of 10-μm traffic particles are deposited in the mouth-

throat area (Part A), leaving nearly no particles passing this area. The reduced deposition 

efficiency of 10-μm dust particles in the mouth-throat area allows rest particles to either be 

deposited in the bifurcation areas or escape and enter the deep lung.  

The deposited 5-nm particles are found to be much more evenly distributed in all the 

airways than 10-μm particles as shown in Figure 7.13 (d) -(f). Under the diffusion mechanism, 

the particles move in the crossflow direction, regardless of the shape of the airway. Even along 

the straight vertical airway (Part B), particles can also move in the crossflow direction through 

diffusion and reach the inner airway wall. The diffusion is strong only when the particle size is 

in the nanoscale. However, the diffusion does not make 10-μm particles move in the crossflow 

direction because it is negligibly weaker than the impaction mechanism.  
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Figure 7.13. Distribution of deposited 10-μm and 5-nm particles in the human lung model at a 

flow rate of 60 L/min. 
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7.5.5 Particle Escaping Rate 

The escaping rate (defined as ηe) is defined as the percentage of particles that escape 

from the model’s outlet and enter the deep lung. The escaping rate from all the exits equals to 

1 − 𝜂𝑑. To understand the distribution of the escaped particles among different exits, the escape 

rates from the four exit regions for Qin=60 L/min are represented in Figure 7.14. Each region 

has two exits, as shown in Figure 7.1, except region G+I where there are three exits. The 

escaping rate of the traffic particle in the regions E, F, H and I+G is nearly zero because most 

of the 10-µm traffic particles are deposited in the upper part at 60 L/min. The escape rate of 10-

μm particles increases as the particles changes from traffic to dust. The escaping rate of 10-µm 

dust particles that escape from the right side (regions E & F) and left side (regions H and I+G) 

are 28.76% and 37.79%, respectively. Therefore, more dust particles escape from the four exit 

regions compared to smoke and traffic particles.  

The escaping rate of Region H is smaller than other regions because of the complex lung 

structure. The small dust particle can follow the fluid streamline and pass through the exit 

quickly because of the low inertial impaction effect. As a result, low-density dust particles 

sharply escape than high-density particles (Figure 7.14c) because the small exit in the lung 

model is present before H-region.  

The significant effects of the density on the escaping rates of the three pollutant particles 

can be seen in Figure 7.14. The escaping rate of impaction only mechanism is a little bit higher 

than the rate of diffusion+ impaction mechanism because of the diffusion effect weakness. In 

every region (E, F, H, I+G-region), the influence of a high flow rate on the escape rate is greater 

than that of a micron-sized particle at the nanoscale (𝑑𝑝 ≤ 1000 nm). As a result, particle size 

must be reduced to enhance the number of escaping particles that reach the deep lung. 
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(a) (b) 

(c) (d) 

Figure 7.14. Escape rate (ηe) for 5 nm ≤ dp ≤ 10 μm particles at a flow rate 60 L/min: (a) E 

region, (b) F region, (c) H region, and (d) I+G region (Figure 7.1 shows the description of a 

region). 

 Conclusions 

Numerical simulations were used to analyse TD of nano- and micro-sized pollutant 

particles in the mouth-throat and tracheobronchial lung airways of a human lung. The effects 

of particle density, particle size and flow rate on deposition efficiency were investigated. The 

simulations include three particle densities, three flow rates and five particle sizes in micro and 
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nanoscales. The contributions of the impaction and diffusion mechanisms were evaluated. The 

key findings of the numerical study are listed below; 

 The strong impaction mechanism makes most of the 10-μm particles deposited in the 

human lung airway model, leaving an extremely small number of particles entering the 

deep lung. The contribution of impaction on the deposition efficiencies of 500-nm to 

10-μm particles is over 97.6% when the flow rate is between 15 L/min to 60 L/min. The 

contribution of impaction on the deposition of the smallest 5-nm particles and the lowest 

flow rate of 15 L/min is reduced to about 57.4%. 

  The deposition efficiencies of nanoparticles with dp=5 nm on all the parts of the lung 

model is only affected by the flow rate and is nearly independent of the particle density 

(Figure 7.12). However, the deposition efficiency of 10-μm particles in the human lung 

is significantly affected by particle density. It increases with the increase of particle 

density. 

  The deposited nanoparticles are found to be more evenly distributed in airways than the 

deposited microparticles (Figure 7.12). This is because the airway geometry affects the 

impaction mechanism, but the diffusion mechanism is not. As proved in Figure 7.13 (a) 

and (b), impaction induced deposition only happens wherever the airway bends, 

bifurcates or change diameter, while diffusion occurs everywhere if it is strong. 

 The analysis of the escaping rates shows that more particles enter the left side than the 

right side of the lung, regardless of particle size, particle density or flow rate. This 

uneven distribution of escaping rate is mainly due to the asymmetry of the geometry of 

the lung.  

 It can be concluded that particles with large diameter, large density and large flow rate 

deposit at the upper lung, while particles with small diameter, small density and small 
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flow rate enter the deep lung. If the particle diameter is extremely small (i.e. 5 nm), the 

density does not have a sensible influence on the particle deposition. 

 It was found that not only small particles enter into the deep lungs, large (10 µm) dust 

particles with low density (400 kg/m3) can also be able enter the deep airways. It is 

estimated that 64.28% of the particles can go into the deep lung. 

Pollutant particles and their possible health consequences are a major concern because 

they cause pulmonary diseases. Through this study, it was found that different mechanisms 

make different particles deposited in different area of human lungs. This conclusion help design 

strategies of protecting human lungs from different kinds of pollutant. If particles are 

electrically charged, a improved model need to be developed in the future to consider the 

interparticle interaction, which enhances with the increase of electrical charge.  
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Chapter 8: Conclusions and Future Work 

Airflow dynamics and particle TD in the human lung were studied extensively in this 

research through CFD simulations. The outcomes have been published in four highly 

prestigious journals, and one additional journal article is currently in review for publication. 

The thesis includes these papers as Chapters 3–7. 

 Conclusions 

In Chapter 3, the effects of age on particle TD in human lungs are analysed 

systematically. Human lung airway diameter and breathing capacity increases with age up to 

30 years. However, after the age of 50 years, lung airway diameters reduce by around 10% 

every decade. Therefore, TD of nanoparticles and microparticles in the upper and lower lung 

airways of infants (9 months), children (6 years), adults (30 years) and the elderly (50–70 years) 

were examined in this thesis to understand the effect of airflow dynamic and particle deposition 

in human lung airways. 

A comprehensive analysis of nanoparticle TD in the upper (G0–G3) and lower (G12–

G15) airways is performed on infants to adults. Particle deposition is predicted for various 

airway geometry and breathing airflow rates. The decrease in lung airway diameters due to 

aging significantly affects particle deposition. When comparing lower to upper generation 

airways, more particles are deposited in the 30-year-old lung than the 9-month-old lung. In 

addition, a large percentage (>95%) of nanoparticles (5 nm) can enter G12, yet only 3% of 

particles enter G12 when particle size increases to 500 nm. 

In Chapter 4, a novel numerical cutting method is developed and applied in the first-

ever approach to the study of particle deposition in a symmetric lung model. A wide range of 

microparticle TD in tracheobronchial lung airway generations up to G14 are extensively 
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investigated for elderly people. Numerical results show that airflow velocity in the airways 

increases with age. Wall shear stress may also be observed at each bifurcation of the lung airway 

because flow resistance occurs there. With increasing age, a particle’s ability to escape each 

generation decreases. Findings from the developed numerical model of particle TD will help 

improve the therapeutic efficiency of targeted drug delivery for elderly people. 

In Chapter 5, the first-ever one-path numerical model to simulate airflow and 

nanoparticle TD in human lung G0–G11 airways is established. Compared with the cutting 

method in Chapter 4, this one-path model ensures the conservation of momentum throughout 

the airflow path. Because there are 211=2,048 bifurcations between G0 and G11, a full CFD 

simulation by generation for many airway generations is infeasible. With reasonable 

computational effort, the current research examines particle TD in the human lung up to 

generation G11. Because of the difference in the Reynolds number, non-dimensional velocity 

distributions of different flow rates—depending on the degree of physical activity—follow a 

similar trend, but are not identical. The examination of nanoparticle escape rates indicates that 

more particles enter the deep lung when the flow rate is high. Thus, the findings are critical in 

the treatment of lung diseases affecting deep lung airways. 

In Chapters 4 and 5, simplified airway models are used because realistic models for 

many generations are not available. In Chapter 6, nano- and microparticle TD in the first three 

generations of a realistic lung model are analysed, and the effects of stenosis on particle TD are 

examined. Velocity in a stenosis airway increases by 72% due to streamlined contraction in the 

stenosis zone, which is important for determining respiratory health risk. It is also found that 

the pressure drop of the stenosis model is 83% higher than in the healthy model. Further, the 

role of impaction and diffusion processes in particle TD in stenosis lung models is investigated. 

The research shows that the contribution of the diffusion mechanism increases with a decrease 

in either particle size or flow rate. 
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Studying particle TD is important not only in drug delivery but also in evaluating the 

negative effects of pollutant particles on health. Different types of pollutant particles have 

different densities and particle sizes. In Chapter 7, TD for different types of pollutant particle 

in a CT scan based on realistic lung airways is studied. The pollutant particles cover traffic, 

smoke and dust and their sizes range from nano- to microscales. The contribution of impaction 

to deposition efficiencies for 500-nm to 10-μm particles is over 97.6% when the flow rate is 

15–60 L/min. The contribution of impaction to deposition of the smallest (5-nm) particles, with 

the lowest flow rate of 15 L/min declines to approximately 57.4%. Nanoparticles are observed 

to be more uniformly dispersed than are microparticles in airways. This is because the impaction 

process is influenced by airway geometry, whereas the diffusion mechanism is not. 

Particulate pollution and its potential health consequences are a major issue as they 

promote pulmonary disease. This study finds that different mechanisms cause different particles 

to be deposited in different areas of the human lung. It was observed that microscopic particles 

and large (10 µm) dust particles with low density (400 kg/m3) might reach the deep lungs. 

Almost two-thirds (64.3%) are estimated to enter the deep lung. This result will assist in 

development of strategies to protect human lungs from various types of pollution. 

To summarise, a human airway model is used in this thesis to conduct a complete 

nanoscale and microscale particle TD investigation. The numerical model developed for 

particle TD research shows that different diameter particles are deposited in different sections 

of the lung airways. This research on new boundary condition development is important in 

proving that aerosol nanoparticles are deposited in the terminal lung airways. The finding of 

nanoparticles in the deep lung has implications for pharmaceutical aerosol manufacturing and 

drug delivery. Further, these extensive nanoparticle TD studies will enable researchers to better 

understand how drug aerosols are delivered to treat obstructive lung diseases like asthma and 

COPD. 
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 Limitations and Future Study 

This study has some limitations that should be addressed in future studies. 

 The study exclusively examined one-way inhalation to predict particle TD in pulmonary 

airways. Two-way inhalation and exhalation effects may enhance particle TD 

comprehension. This study considered no breath-hold effects on deposition for different 

flow rates. 

 This study used symmetric and planner lung airways models because of the lack of high-

resolution CT images for age-specific realistic lung geometry. However, CT images 

based on realistic lung geometry up to the third generation were considered. More 

branches of realistic lung airway models are required to better estimate particle TD in 

human lung airways. 

 The current study did not include any hygroscopic particles to estimate particle TD. 

Some particles may absorb water and expand somewhat in size. 

 A static airway model was used to estimate particle TD in this study. For the purposes 

of this investigation, no airway deformation was considered. 

 In reality, the airway branching pattern is different regardless of age and sex. Therefore, 

reconstructing an age-specific realistic lung model is necessary for future studies.  

 

 




