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Abstract 

This thesis is written for the Master of Research Program at Macquarie University, the objective of 

this project is to understand the real-time respiratory flow in a human upper airway. Airflow in the 

human upper airway is of paramount importance given its role in the delivery of particles to the human 

lungs. The structure of the human upper airway plays a critical role in understanding airflow dynamics 

along the respiratory tracts. Currently, even basic information on how differences in the upper airway 

geometry effect regional airflow dynamics along the human upper airway is limited. This project aims 

to study how the epiglottis structure affects the respiratory flow by performing computational fluid 

dynamics analysis on 3D human upper airway models reconstructed from MRI, and the changes in 

airflow pattern as a function of epiglottis position and structure will be investigated. This thesis 

concludes with a discussion of how the position and structure of the epiglottis contributed to the 

airflow behaviours in the human upper airway, decrease in airway diameter at the level of epiglottis 

increase velocity significantly which also appears to influence the spatial pressure distribution 

extensively such that it covers a large region of the upper airway. Emphasis was also given to address 

the simulation conditions that should be used when performing transient flow simulations in the 

human upper airway.These results imply a potential change in particles fluidization dynamics in the 

upper airway given a small change in anatomical structure although further studies need to be 

performed to understand this is detail. 
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CHAPTER 1 

INTRODUCTION 

1.1 Significance 

 

Respiration is one of the essential biological processes in the human body. The primary function of 

respiration is to supply oxygen from ambient air and remove carbon dioxide from the human body. 

During respiration, harmful particles may be inhaled into human bodies, and the particles may lead 

to a wide range of respiratory diseases, such as common cold, nasal cancer, and asthma exacerbations. 

In the United States alone, more than one billion people suffer from common cold each year, and 

there are approximately fifteen million asthmatic patients exist. In addition, according to the records, 

around 2% to 4%, and more than 10% of the population has been estimated to suffer from OSA and 

sinusitis respectively (Kaliner et al., 1997, Mannino et al., 1998, Mygind and Dahl, 1998, Young et 

al., 1993). There are more than 64 million people who are currently suffering from COPD worldwide 

(N. L. Phuong et al., 2015). Despite the fact that the afore-mentioned problems are related to the 

disruption of normal airflow in the human respiratory tracts, necessary information of how airflow 

dynamics is influenced by the complex structure of the human upper airway and nasal cavity remains 

unclear. More specifically, there is a complete lack of understanding of how airflow pattern is affected 

at critical regions of the human upper airway, such as the epiglottal region, and how the structure of 

the epiglottis may affect the airflow pattern in the lower airway downstream. Therefore, it is crucial 

to advance our understanding in this area by providing new insights into how airflow changes as a 

function of the position and structure of epiglottis in the human upper.  

 

1.2 Human Upper Airway Anatomy and Mechanical Properties 

 

The human upper airway has a very complex structure and varies widely among individuals. A 

comprehensive understanding of the anatomy and properties of the human upper airway is essential 

to study the airflow pattern in the human upper airway.  

 

The structure of the human upper airway plays a vital role in particle deposition as airflow, and the 

particles are guided by its geometry. Many processes take place as air enters the airway, which are 
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essential respiratory functions that include basic air transportation, gas exchange, air warming, air 

filtration and humidification. (G. Mylavarupu, 2013; C. Li et al., 2017).  

  

Figure 1.1 Anatomical landmarks of the human upper airway (R. Pearce et al., 1999). 

 

Figure 1.1 shows a typical human upper airway and the fundamental structures that belong or form 

the part of the passageway. They are the nasal cavity, the tongue, the epiglottis and the lower airway 

lumen. Conventionally, the upper airway has also been sectioned and described as four distinct 

regions, which are: 

 

1. Nasopharynx (NP): from nostrils to posterior end of the hard plate. 

2. Retropalatal pharynx (RP): behind the soft plate. 

3. Retroglossal pharynx (RG): behind the tongue. 

4. Hypopharynx (HP): from the tongue to the larynx (G. Mylavarapu et al., 2013).  

 

The nasal cavity has two separate passageways with irregular shapes connected by the nasal septum, 

which is located in the middle of the two passageways. The nostrils which are at the anterior section 

of the nasal cavity is connected to the main pharynx by the choanae. The vestibule of the nasal cavity 

is only 30-40 mm2 known as the narrowest region in the human upper airway (Proctor and Andersen, 

1982). The entire pharyngeal airway is covered by soft tissues, cartilages, bones and muscles (Fouke 

et al., 1986). The retropalatal airway is also known as the velum connects the choanae to the soft 

palate. The retroglossal airway is the section of the upper airway that is located caudal to the velum 

which extends to the epiglottis. The epiglottis is made up of cartilages and epiglottis acts as a valve 

that enables human’s breathing and swallowing. The diameter of the epiglottis has the smallest value 

in the upper airway as shown in Figure 1.2. 
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Figure 1.2: Variation of upper airway diameters as a function of distance in the anterior-posterior 

direction from the mouth inlet (J. Huang et al., 2013). 

 

1.3 Functions of Tissues within Human Upper Airway. 

 

The human upper airway is covered with different types of the mucosa, which have critical functions 

during normal respiration. Firstly, as the first physical barrier against bacteria and viruses in the air, 

the mucosa traps unwanted particles before they enter the lungs. Secondly, the epithelial mucosa 

provides purification, warming and humidification liked to an air processor. The submucosal vascular 

system is widely found in the nasal cavity, and the feather of the submucosal vascular network 

determines the calibre of the nasal passageway significantly. Another tissue type that is important to 

maintain the effective function of the human upper airway is the cartilage. In fact, the cartilage ring 

is one of the most important tissues that supports and protects the pharyngeal wall while other tissues 

such as vascular network and muscles help to determine the geometry and structure of the upper 

airway (T. Lai, 2011).  

 

1.4 Background 

1.4.1 Dynamic Motion of the Human Upper Airway.  

 

A full respiratory cycle consists of the inspiratory phase and the expiratory phase. During regular 

inspiration, airway muscles enlarge the airway volume and the air into the lung is a result of the 

negative alveolar pressure caused by the simultaneous action of diaphragm contraction and rib cage 

expansion (J. Huang et al., 2013). The average breathing rate in a healthy adult is between 7 to14 

L/min（G. Mylavarapu et al., 2013), and there are several vital parameters have been commonly used 

to describe characteristics of airflow profile, such as the peak inspiration flow rate, respiration 

frequency (f), breathing period (Tb), and total inspiration volume (V). Figure 1.3 and Figure 1.4 
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illustrate a sine wave which is commonly used to represent an ideal respiratory cycle profile and an 

actual respiratory cycle profile respectively (G. Mylavarapu et al., 2013). 

 

Figure 1.3: Respiratory flow. 

 

Figure 1.4: A typical respiratory flow profile at nostrils of a human breathing pattern at rest (G. 

Mylavarapu et al., 2013). 

 

1.4.2 Treatment Using Inhaler Device 

 

The respiratory inhaler is a well-established method to deliver drug particles to the pulmonary system. 

About 4000 years ago, inhalers were applied to treat respiratory diseases in India (J. Grossman 1994).  

In the 19th and 20th century, inhaler technology made considerable progress with the industrial 

revolution. Inhalers have since become the most widely used medical device to treat respiratory 

diseases, such as asthma, bronchitis, and pneumonia, due to their advantages of inexpensive, easy to 

use, non-invasive and effective in delivering drugs.  
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Nevertheless, there are some inherent and existing drawbacks of inhalers that require improvements 

in innovation given the fact that current devices are not personalized. Indeed, current practices entail 

that the same inhaler may be prescribed to patients regardless of their gender, age and disease 

severities. Hence, this implicates several of problems that may aggravate the state of illness of the 

patients who are suffering from respiratory diseases. For example, differences in the upper airway 

structure as a function of age and disease severity is likely to affect the airflow rate, and airflow rate 

will inevitably change drug dosage, drug loss and deposition in the human airway.  Based on a recent 

review, some suggestions for inhalers improvements are summarized as follows (A. Briggs et al., 

2012): 

 

1. Reduce the drug deposition in the upper airway, optimize lung deposition. 

2. Easy to clean and can be reused. 

3. Universal to all particle sizes and shapes. 

 

Hence, inhaler devices and the drug delivery process can be improved in many ways, and it is essential 

to have a thorough understanding of factors that may affect the airflow pattern in the human upper 

airway.   

 

1.4.3 Application of CFD to Biological Systems Modelling 

 

CFD could provide details of fluid velocities, pressures, particle concentrations and temperatures by 

using numerical methods and analyse to solve and analyse the flow-governing equations (Navier-

Stokes equations) (Cheng et al., 2014, Mihaescu et al., 2008). 

 

CFD is not an inexpensive tool. Given the fact that it is difficult to obtain accurate flow field 

measurements in a biological system even with the use of invasive instruments, and fills the 

knowledge gap as a non-invasive and precise approach to study flow phenomena when certain 

boundary conditions are prescribed. (Y. Fan et al., 2011). To date, much biomedical research has been 

undertaken using CFD, and the work includes and is not limited to aerosol drug delivery, blood pumps, 

artificial heart valves, blood oxygenators’ filtration devices, needles and catheters, tubing and 

diagnostic equipment (T. Lai, 2011).  
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1.5 Objectives and Aims 

 

In this research project, the airflow in a 3D model of the human upper airway will be investigated 

using CFD. The methodologies that have been taken and described as follows:  

 

1. A 3D human upper airway model reconstruction. 

2. Modify the position and structure of the epiglottis (changing the distance between epiglottis tip 

and the back of the pharyngeal wall) to achieve another five models.  

3. Investigate the airflow dynamics in six human upper airway models using CFD, and monitor how 

the positon and structure of the epiglottis affect airflow behaviours. 

4. Provide an accurate simulation of local velocity and pressure distribution based on a realistic 

respiratory flow profile.  

5. Compare changes in local velocity, pressure and other airflow behaviours of the human upper 

airway and to determine the influence of airflow changes as a function of epiglottis positions and 

structures. 

6. The summarized limitation will be given and make recommendations for our future research. 

 

The hypothesis here is that airflow behaviour is affected by the position and structure of epiglottis 

related to the back pharyngeal wall, and upper airway diameter at the epiglottis level has a significant 

effect on flow downstream in the lower respiratory tracts.  

 

1.6 Perceived Contributions of the Research 

 

This research project is expected to provide new information on how airflow behaviours may be 

affected by the position and structure of the epiglottis. Based on existing MRI studies, the structure 

of the epiglottis and the lumen size at the level of the human upper airway vary widely among 

individuals even when they have the same BMI and basic upper airway dimensions, such as the upper 

airway length. Given that the upper airway diameter at the level of the epiglottis is narrow and is the 

critical entry point before air transcends downstream to the tracheal and lower respiratory tracts, it is 

hence imperative to study how this critical section of the airway affects the flow dynamics. This will 

pave the way to improve the understanding of drug deposition and dosage as they travel pass the 

epiglottis.  
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1.7 Thesis Structure 

 

This thesis is composed of five chapters. The content of each chapter is summarized as follows: 

 

 Chapter 1. Introduction. This chapter will provide the background and information on the 

significance of this research. A detailed description of upper airway anatomy and tissues will 

be delivered. A brief introduction of CFD applications together with other basic information 

of this thesis, such as the project outline, perceived contribution of the project and thesis 

structure will be presented. 

 Chapter 2. Literature review. A literature review of existing studies on the human upper 

airway will be involved in this chapter. The literature review covers some of the research 

methods were applied in previous studies.  

 Chapter 3. Methodology. This chapter will provide detailed information about the 

methodologies were used in this project. Details of 3D models reconstruction, and the result 

of mesh independence tests are included in this chapter.  

 Chapter 4. Result. This chapter will explain the numerical results of fluid flow in human 

upper airway simulated using CFD, and the results include velocity distribution, pressure 

distribution, and cross-sectional analysis. 

 Chapter 5. Conclusion. This section will summarize and discuss the findings and discoveries 

made in this research project. Discussion, limitations and proposed goals for further research 

will be established.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Lingmeng Li                                                                                                                             19 

 

CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

 

The following chapter will review the detailed research methods and results in previous studies of 

upper airway flow dynamics research. These studies have been performed to understand how 

turbulence, boundary conditions, upper airway shapes and other factors affect the airflow behaviours 

in the human upper airway.  

 

 

2.2 Review of Previous Studies 

 

 

 

Figure 2.1: Velocity vectors and the 2D pressure contours in the middle vertical plane of the airway 

for Responder. Before: before MAS treatment. After: after MAS treatment (M. Zhao et al., 2013). 

 

In 2013, M. Zhao et al. demonstrated that Mandibular Advancement Splints (MAS) is an effective 

treatment method for OSA by enlarging the airway space to prevent upper airway collapse (M. Zhao 

et al., 2013). The objective of the study was to investigate the potential of using CFD to predict the 

treatment response of OSA patients to MAS treatment. In this study, anatomically accurate upper 
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airway models were reconstructed from MRI data. Results from this study show that CFD can be 

indeed used as a useful tool to predict the treatment outcome of OSA patients using MAS (M. Zhao 

et al., 2013).  

 

 

Figure 2.2: Comparison of pressure drop between current numerical simulations and previous 

experimental measurements at various flow rates. The grey shaded area represents the range of 

measured pressure drop by (Sullivan and Chang, 1991) in human subjects. The black dots indicate 

the experimental measurements in nasal cavity model (Hahn et al., 1993) (C. Li et al., 2017). 

 

A recent study by C. Li et al. in 2017, is notable as this study was based on a 3-dimensional model of 

the human of the nasal cavity (C. Li et al., 2017). This study applied the basic laminar model, four 

RANS models, LES model and direct numerical simulation (DNS), The results showed that the 

laminar model gave a good agreement with the experimental results when the inlet velocity is 180 

ml/s (Under rest breathing situation). RANS model performed better when the inlet flow rate is higher 

than 180 ml/s. LES and DNS have the most accurate result among all numerical models under all 

selected flow rates due to their calculating theory (C. Li et al., 2017). This study provides insights 

into the choice of a suitable CFD numerical scheme for airflow modelling.  
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Figure 2.3: Profiles of normalized scalar velocity under Nasal Breathing Condition (Left: 7.5 L/min, 

Centre: 15 L/min, Right: 30 L/min) (N. L. Phuong et al., 2015). 

 

In 2015, N. L. Phuong et al. used four RANS turbulence models (two low-Reynolds number type k- 

E turbulence models, RNG k- E model and SST k- w  model）to predict the airflow characteristics in 

a reconstructed human upper airway (N. L. Phuong et al., 2015). In this study, the LR-ANK k-E 

turbulence model has the best agreement with the experimental data.  
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Figure 2.4: Comparison of area-averaged pressure for the laminar base-case and four different 

turbulence models (E. Aasgrav et al., 2017). 

 

E. Aasgrav et al. presented a paper during the 12th International Conference on CFD in Oil & Gas, 

Metallurgical and Process Industries in 2017 (E. Aasgrav et al., 2017). In this paper, four different 

standard RANS turbulence models and a laminar flow model were used to investigate airflow 

characteristics during inspiration. The authors compared five different models using a constant flow 

rate of 250 ml/s. The author concluded that difference in the turbulence schemes does not influence 

the results of CFD simulation at least for the chosen patient’s upper airway. A limitation of this study 

is that only a single flow rate has been used and more flow rates need to be investigated in the future 

(E. Aasgrav et al., 2017). 
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Figure 2.5: Velocity contour of cross-sectional areas in the hypopharynx, epiglottis, glottis, and 

trachea in different positions. (I) Closed-mouth situation and (II) open-mouth situation in the (A) 

neutral position, (B) extension position, and(C) sniffing position (W. Wei et al., 2017). 

 

 

Figure 2.6: Pressure contour of cross-sectional areas in the hypopharynx, epiglottis, glottis, and 

trachea in different positions. (I) Closed-mouth and (II) open-mouth ventilation in the (A) neutral, (B) 

extension, and (C) sniffing positions (W. Wei et al., 2017). 

 

In the paper published by W. Wei et al. in 2017, the effects of different head and neck positions on 

airflow patterns were simulated using CFD (W. Wei et al., 2017). The authors concluded that airway 

could be enlarged from head and neck positioning which allows for higher airflow. According to the 

study, changes in the geometry of the airway may influence the airflow profiles at different levels of 

the airway significantly (W. Wei et al., 2017). 
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Figure 2.7: Visualization of the anatomic shape and pressure gradient of 3 patients from different 

AHI groups by CFD simulations. The pressure gradient across the whole airway is smoother in patient 

4, and her nasal passage carries most of the pressure drop. The magnitude of the pressure drop in 

Amin is much more than through the nasal passage in patients 19 and 32. This phenomenon is even 

more obvious in patient 32 than in patient 19 (C. Yu et al., 2012). 

 

In 2012, C. Yu et al. performed studies on the inspiratory phase using 3D models of the human upper 

airway with severe OSA (C. Yu et al., 2012). The study demonstrated a strong relationship between 

the pressure drop across the upper airway CFD models and the patient’s apnea-hypopnea index (C. 

Yu et al., 2012). Also, the narrow airways as commonly observed in OSA patients increase the 

turbulence kinetic energy of airflow significantly (C. Yu et al., 2012). This work is coherent with the 

research of M. Mihaescu et al. in 2008, who showed that flow velocity and wall shear stress are high 

in regions of the upper airway with small a cross-sectional area.  According to that study, 

understanding wall shear stress and their effects on the human airway wall may be important to 

improve current understanding of the pathophysiology of OSA (Mihaescu et al., 2008).  
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2.3 Imaging Datasets and 3D Slicer 

 

The development of radiological techniques provides a practical approach to obtain accurate datasets 

of human anatomical structures. 3D models are usually reconstructed using images obtained from 

computed tomography (CT) scan or Magnetic Resonance Imaging (MRI) (C. C. Yu et al., 2012; M. 

Rahiminejad et al., 2016; Allen et al., 2004; Sung et al., 2007).  

 

MRI data post-processing software includes 3-Matic, MIMICS and 3D Slicer (J. Tan et al. 2013). 

While these programs have their strengths and weaknesses, 3D Slicer has been chosen for this project 

as it is a free and open source software. Furthermore, 3D Slicer offers a wide range of features for 

visualization, exploration and quantitative analysis of imaging data (A. Fedorov et al., 2012). 

 

2.4 Application of CFD in respiratory airways 

 

In recent years, Computational Fluid Dynamics (CFD) simulations in different parts of the human 

respiratory tract have been studied by several researchers (Kleinstreuer and Zhang, 2010; Park and 

Wexler, 2008; Wang et al., 2009). Besides using the CFD models to understand basic flow field in a 

patient-specific airway, other aspects of the flow field, such as the laminar-to-turbulence transition, 

skewed velocity profiles in the lower respiratory tracts, complex recirculation and secondary flow 

have also been investigated. All these flow behaviour are likely to have an impact on particle transport 

and deposition (J. Huang et al., 2013), although the field in simulating laden particle flow remains 

primitive due to the lack of experimental data to validate the models and the inherent superfluous 

assumptions embedded in the computational codes. CFD applies numerical methods and algorithms 

to analyse problems involving fluid flow, and the computationally expensive procedure is often 

assisted by using high-end computers (C. C Yu et al., 2012).  

 

The core of CFD calculation is the computational grid, which is used to divide the solution domain 

into c in which the problem variables are computed and stored (M. K. Gokcan et al., 2016). In recent 

studies, mesh generation in the 3D models has been commonly created using ANSYS ICEM CFD 

(C. C. Yu et al., 2012; V. Goodarzi-Ardakani et al., 2016), mesh generator Gambit 2.2 (Fluent Inc., 

Lebanon, New Hampshire) (Mihaescu et al.) and ANSYS Meshing (ANASYS, 2017).   
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2.5 Turbulence 

 

Although different turbulence models are currently available in commercial CFD packages (G. 

Mylavarapu et al., 2009) (e.g. standard k-w, transient flow k-w, SST k-w, low-Reynolds k-E and k-E 

with enhances wall treatment), it is important to be reminded that accuracy of a turbulence model is 

dependent on the type of application, and experimental data would be ideal to support the results 

generated from the simulations (M. Rahiminejad et al. 2016). While the standard k-w turbulence 

model has been demonstrated to be a better predictor of flow with wall static pressure (G. Mylavarapu 

et al., 2009) and has good agreement with experimental results, the standard k-E model proposed by 

Launder and Spalding (B. E. Launder et al., 1972) is the most widely used model in conventional 

engineering applications. The RNG model is excellent for simulating rapidly strained and swirled 

flows and has been demonstrated to be more accurate and reliable for a broader type of flows (Y. 

Wang et al., 2017) compared to other models. The realizable model has been proven to have superior 

performance for flows with strong streamline curvature, vortices and rotation. Compared to standard 

k-E model, the realizable model has a modified transport equation for the dissipation rate and contains 

an alternative formulation for the turbulent viscosity (Y. Wang et al., 2017).  

  

2.6 Airflow Rate 

 

Most of the existing studies on the CFD modelling of human respiratory flow have used constant inlet 

flow rate, which is unrealistic as the transient and time-dependent effects of realistic respiratory flow 

are ignored. Air is defined as incompressible in existing studies (V. Goodarzi-Ardakani et al., 2016) 

and the constant flow rates that have been used to simulate inhalation in the literature vary widely 

among published studies. For example, while Y. Fan et al. used a constant volume flow rate of 0.3 

L/s, M. Mihaescu et al.’s used four different flow rates (3L/min, 5 L/min, 10 L/min, and 15 L/min) 

that are distinctively higher. It is important to note that the airflow rate for adults can range between 

5-12L/min for light breathing and 12-40 L/min during exertion and heavy exercise (V. Goodarzi-

Ardakani et al., 2016). To get accurate results, ideally, peak airflow rates (5-40 L/min) and pulsatile 

flow ought to be considered (Jeong S. J. et al. 2007). The numerical results for fluid flow and particle 

deposition have been reported by (Zhang et al., 2010), but these studies have used a constant flow 

rate, and hence, the particles were injected at a constant rate. Therefore, while the study provided 

some insights into particle transport in the airway, the models are unlikely to have successfully 

replicated the actual particle transport process in an airway. Indeed, it is important to study how the 

transient effects on particle deposition based on a realistic pulsatile flow.  
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2.7 Boundary Conditions 

 

In the majority of the existing studies on the computational modelling of airway flow, the fluid inhaled 

was considered to be normal air. The density and dynamic viscosity were usually defined as 

1.1614kg/m3 and 1.846*10-5kg/m*s respectively (e.g., C. C. Yu et al., 2012). Also, the inlet boundary 

and outlet boundary were defined as 1 ATM (standard atmospheric pressure), the walls of the domain 

were assumed rigid, and no-slip boundary conditions have been prescribed (V. Goodarzi-Ardakani et 

al., 2016; C. C Yu et al., 2012). Turbulence intensity of 5% and turbulent viscosity ratio of 10 (E. 

Aasgrav et al., 2017; G. Mylavarapu et al., 2009) were also commonly prescribed in the models. The 

parameters mentioned above will be utilized in this project, and other important physiological flow 

conditions also will be listed in section 3.5 and 3.6. 

 

2.8 Conclusion and Research Directions 

 

While there are a handful of studies on the computational modeling of airway flow, knowledge on 

how some distinctive anatomical structures of the airway affect the flow is limited and more studies 

in this area are needed, this knowledge is a significant knowledge gap to fill since it is essential to 

consider the variation in some of these airway structures as they are likely to affect the airflow and 

particle transport and deposition. In this project, information such as how cross-sectional velocity 

distribution, pressure distribution and streamlines are affected by the epiglottis in human upper airway 

will be presented.  
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CHAPTER 3 

METHODOLOGY 

3.1 Geometry Creation 

 

In order to have an accurate upper airway model, high-resolution axial MRI datasets (Pixel resolution 

0.25mm * 0.25mm* 0.25mm) of the mechanical upper airway model were acquired from the open 

source program 3D slicer. CFD simulations were conducted to investigate the airflow profiles at 

various sections of the model. Figure 3.1 shows the full geometry of the reconstructed upper airway. 

 

  

Figure 3.1: Screen capture of model reconstructed using 3D Slicer. 

 

3.2 Numerical Methodologies 

3.2.1 Flow regimes 

 

Turbulent flow is ubiquitous in many biological flows and engineering applications. Based on 

existing turbulence models, majority of them enables a mean flow to be obtained, and there are 

inherent limitations in obtaining a description of the detailed time-resolved flow field due to the 

turbulent fluctuations. Hence there is a need to develop turbulence models that are both accurate and 

computationally efficient for broad applicability in airway studies (Y. Wang et al., 2017).  
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Laminar, transitional and turbulent are three different flow regimes that are represented by different 

sets of Reynolds number which is a dimensionless number, 

 

 Laminar when Re < 2300 

 Transitional when 2300 < Re < 4000 

 Turbulent when Re > 4000 

 

𝑅𝑒 = 𝜌𝑈𝐷/𝑣 

 

Where: 

 𝜌 is the density (kg/m3) 

 U is the mean velocity of the flow (m/s) 

 D is the hydraulic diameter (m) 

 𝑣 is the kinematic viscosity (Viscosity is another factor may affect the fluid flow. There are 

two types of viscosity: dynamic viscosity and kinematic viscosity. Kinematic viscosity is the 

customarily measured one.) 

 

3.2.2 Navier-Stokes Equation 

 

CFD applies numerical methods to solve the fluid flow governing equations, the Navier-Stoke 

Equations are known as the conservation law for Newtonian fluids, the equations for mass, 

momentum and energy conservations (G. Mylavarapu et al., 2009): 

 

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
[𝜌𝑢𝑗] = 0 

𝜕

𝜕𝑡
(𝜌𝑢𝑖) +

𝜕

𝜕𝑥𝑗
[𝜌𝑢𝑖𝑢𝑗 + 𝑝𝛿𝑖𝑗 − 𝜏𝑖𝑗] = 0, 𝑖 = 1, 2, 3  

𝜕

𝜕𝑡
(𝜌𝑒0) +

𝜕

𝜕𝑥𝑗
[𝜌𝑢𝑗𝑒0 + 𝑢𝑗𝑝 + 𝑞𝑗 − 𝑢𝑖𝜏𝑖𝑗] = 0 
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3.2.3 Governing Equation of Fluid Flow in the Human Upper Airway 

 

There are three main methods to discretize the governing differential equations into algebraic forms, such 

as Finite Element Method, Finite differencing and Finite Volume Method. The Finite Volume Method 

(FVM) is based on integral conservation law. In CFD, FVM is used to discretize the governing equations. 

The advantage of FVM is that it can be utilized in both structured and non-structure mesh. 

 

In this project, all calculations were performed in ANSYS-CFX, which is based on the Finite Volume 

Method (FVM), which is used to solve the Navier-Stokes equations to achieve the details of fluid flow. The 

governing equations of fluid flow are reconstructions of the conservation of mass of the fluid and the 

conservation of momentum. The equations are shown as follows: 

 

Firstly, for a compressible fluid, the mass conservation equation (continuity equation) is presented as: 
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Secondly, for an incompressible fluid: 
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The momentum equations are presented as: 
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Where: 

 𝜌 is the density (kg/m3) 

 u is  velocity vector 

 p is pressure (Pa) 

  is stress component 

These equations govern fluid flow inside the human airway. 
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3.3 Meshing and Geometrical Modification 
 

The mesh was set up using the MeshingTM in ANSYS Workbench version 18.2, the adequacy of mesh 

density is determined by verifying the results based on a steady-state flow rate, and conducted by 

investigating changes in velocity and pressure at the monitoring point.  

 

 

 

Figure 3.2: Location of the monitoring point. 

 

This project aimed to model and simulate the airflow through the human upper airway. A monitoring 

point was prescribed in the middle of the larynx to track the changes in pressure and flow behaviours, 

and this location was chosen because the preliminary work showed that there were very little 

differences in simulated results as a function of the location of monitoring points in the vicinity of 

the monitoring point used in the study, the monitoring point provides insights into how flow 

downstream may be affected by the subtle differences in the location of the epiglottis relative to the 

back pharyngeal wall.  

 

Mesh independence analysis was performed to ensure that the results were insensitive to the density 

of mesh. There were four different meshes involved in the mesh independence study. Table 1 shows 

the summary of the four different mesh configurations. Mesh independence tests were performed 

using a constant flow rate of 5.0 L/s (T. Lai, 2011), which is the peak flow rate during respiration.  

As the Reynolds Number exceeds 2800 at the inlet boundary (the two nostrils), a turbulence model 

was used for the transient simulation. ANSYS has at least 16 turbulence models, and BSL Reynolds 

Stress model was used to predict the airflow behaviours within the human upper airway (T. Lai, 2011). 
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Figure 3.3: Detailed mesh illustration of the computational model. Mesh overall at the epiglottis (a), 

cross-sectional view of the nasal cavity (b), mesh detail with inflations at the walls (c). 

 

Table 1: Summary and results of the mesh independence study. 

Grid          Cells Number         Velocity (m/s)       Difference        Pressure (Pa)     Difference            

1   3500k                            25.3                 0.00% 2670                 0.00% 

2   5500k                            35.4                 39.92% 2617                 1.98% 

3   7500k                            38.7                 9.32% 2633                 0.61% 

4                    9500k                            37.5                 2.07% 2630                 0.11% 

 

Results of the mesh independence study show that there is an exponential decrease in the change in 

velocity and pressure as a function of the cell number. When the number of cells exceeds 7500k, there 

is less than 3% change in velocity and pressure at the monitoring point, which suggests that grid 

option 3 is a reasonable mesh density used for the simulations.  

 

The distance between epiglottis tip and the back pharyngeal wall is 6.00mm in the original model, 

and five models have been reconstructed (modified from the original model) by varying the distance 

between the epiglottis tip and the back pharyngeal wall. The models are defined as Model 1, Model 

2, Model 3, Model 4 and Model 5 for discussion purposes with the last model having the least distance 

between the epiglottis tip and the back pharyngeal wall. 
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Figure 3.4: Cross-sectional view and mid-sagittal view of the upper airway model at the epiglottis 

level to show the difference in distances between the epiglottis tip and the back of the pharyngeal 

wall. 

 

 

Figure 3.5: The cross-sectional view after the modification in six different models. 

 

 

 

 

6mm 6mm 
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Table 2: Distance between epiglottis tip and the back of the pharyngeal wall. 

                                             Models                                             D (mm) 

                                             Original                                            D0=6.00 

Model 1                                       D1=5.00 

Model 2                                       D2=4.00 

Model 3                                       D3=3.00 

Model 4                                       D4=2.00 

Model 5                                       D5=1.00 

 

3.4 Steady-state Simulations 

 

Commercial ANSYS-CFX (v18.2, ANSYS Inc., Canonsburg, USA) was used to solve the airway 

flow governing equations. The second order finite volume schemes were applied to discretize the 

flow governing equations. All the physical specifications of the model are presented as follows: 

 

1. State: Steady-state 

2. Turbulence model: BSL Reynolds Stress model 

3. Material: The fluid considered here was incompressible air at 25℃ 

4. Normal air density: 1.29 kg/m3 

5. Viscosity：1.846e-10-5 kg/ms 

6. Time steps per run: 100 

6. 1 ATM（atmospheric pressure at inlet boundaries） 

7. No-slip boundary conditions were applied to all airway walls 

8. Turbulence intensity: 5% 

9. Turbulence viscosity ratio: 10 

10. Inlet boundary: two nostrils 

11. Inflation: maximum five layers at the walls 
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3.5 Transient Simulations 
 

For transient flow simulations, as the flow varies with time, the input flow was defined using a time 

step, t =0.625s for a total respiratory cycle of 5s. As the transient flow simulations were run using 

the same mesh density as the steady-state model and are precede and continued from a steady-state 

analysis, time independence of the solution is unlikely to affect the results. A sinusoidal waveform to 

represent the flow profile as shown in Figure 1.4 was used: 𝑣 = 2 sin (
2𝜋𝑡

5
)  𝐿/𝑠. Other details of the 

analysis and boundary conditions for the transient state simulation are similar to those applied for the 

steady state run and are reiterated as follows to provide clarity.  

 

1. Flow type: Transient 

2. Turbulence model: BSL Reynolds Stress model 

3. Time steps: 0.625s 

4. Time steps per run: 8 (One ideal respiratory cycle is 5.000s) 

5. 1 ATM（atmospheric pressure at inlet boundaries）. 

6. No-slip boundary conditions were applied to all airway walls 

7. Turbulence intensity: 5% 

8. Turbulence viscosity ratio: 10 

9. Inlet boundary: two nostrils 

10. Outlet boundary: larynx 

11. Inflation: 5 layers at the walls 

12. Normal air density: 1.29 kg/m3 

 

The conservation law of mass and momentum are showing as below: 

Continuity equation: 

∇ ∙ (ρU) = 0 

Momentum equation: 

(U ∙ ∇)U = −
1

𝜌
∇𝑝 + ∇ ∙ [𝑣(∇𝑈 + (∇𝑈)𝑇)] 

Where 

 ρ is density 

 p is pressure 

 U is the mean velocity of the flow 

 v is kinematic viscosity 



 

 

Lingmeng Li                                                                                                                             36 

 

CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Steady-state Simulation Results 

 

In this section, the simulation results for the airflow velocity and pressure distributions during a steady 

state inlet airflow rate of 5.0 L/s will be discussed.  

 

4.1.1 Velocity Distribution 

 

 

 

Original Model                                       Model 1                                            Model 2 

 

Model 3                                               Model 4                                           Model 5 

 

Figure 4.1: Velocity magnitude contours of the models along the middle-sagittal plane under a 

constant inlet flow rate of 5.0 L/s. 
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Figure 4.1 shows the contours of the velocity magnitude distribution at the middle-sagittal plane. The 

maximum velocity is found in the epiglottis region for all the models, and the velocity exceeds 90m/s 

in models 3, 4 and 5, which may be due to the small cross-sectional area. In addition, results from the 

figure also demonstrate that the reduction of the airway diameter at the epiglottis appears to change 

the velocity distribution field more distinctively downstream compared to the top region of the 

epiglottis. This fact is evident in Figure 4.2, which presents the mean values of velocity at the 

epiglottis level for all the models. The relationship shown in the figure appears to observe a linear 

trend, and slight discrepancies are likely related to the different node selected in the models due to 

mesh differences in the six models (including the original).   

 

 

 (a) (b) 

 

Figure 4.2: The position of the epiglottis level (a) and the plots of the mean velocity magnitude at 

this level for all the models (b). 
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4.1.2 Pressure Distribution 

 

 

 

       Original Model                                       Model 1                                            Model 2 

 

           Model 3                                               Model 4                                           Model 5 

 

Figure 4.3: Pressure contours of the models along the middle-sagittal plane under a constant inlet 

flow rate of 5.0 L/s. 

 

Figure 4.3 presents the pressure distribution at the middle-sagittal plane. It is obvious that the 

pressure magnitude drops from the nasal cavity to the trachea in all the six models with a distinctive 

pressure drop at the epiglottis level due to the constriction of the airway tract. By decreasing the 

distance between the epiglottis tip and the back of the pharyngeal wall, the pressure at regions rostral 

to the epiglottis increases rapidly, from roughly 4000Pa in the Original Model to 10000Pa in Model 

5. In addition, in the original Model, Model 1, Model 2 and Model 3, there is no significant difference 

in pressure at regions caudal to the epiglottis. However, in Model 4, the pressure decrease 

dramatically in the larynx lumen where the pressure drops from 3000Pa in Model 3 to 1000Pa in 

Model 4. Interestingly, the pressure increases again to 4000Pa in Model 5. In conclusion, the location 

of the epiglottis position affects the pressure distribution and further studies to understand the 

implications of this for various diseases will be of great importance. 
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4.2 Transient Simulation Results 

 

In this section, the simulation results for the airflow velocity and pressure distributions for a transient 

inlet airflow rate of 𝑣 = 2 sin (
2𝜋𝑡

5
)  𝐿/𝑠 will be discussed.  The flow was resolved using a time-step 

of 0.625s over the duration of the 5.0s respiratory cycle. 

 

4.2.1 Velocity Results 

 

  

Figure 4.4: Velocity plots at the monitoring point over a full respiratory cycle. 

 

As noted in previous chapters, airflow velocity magnitude and pressure for the full respiratory cycle 

are investigated in the present research project, and this is a highlight given that majority of existing 

studies in the literature uses constant flow rate as the inlet flow condition. Figure 4.4 displays the 

time history of the velocity at the monitoring point for the different models during a full respiratory 

cycle. During the inspiratory phase (0 - 2.5s), all the models have similar velocity profiles, and the 

peak velocity occurs at t = 1.25s. During the expiratory phase, while the Original Model and Model 

2 velocity profile has a similar shape, they are different from Models 1, 3, 4 and 5. How the 

aforementioned observations are related to the structure and position of the epiglottis are unclear and 

will require further investigations. Last but not least, the time where the peak expiratory flow occurs 

also appears to have shifted from the original model in Models 1 and 3.  
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4.2.2 Velocity Distribution 

 
Original Model                                Model 1                                    Model 2 

 
Model 3                                             Model 4                                      Model 5 

  

Figure 4.5: Velocity magnitude contours of the models along the middle-sagittal plane at 1.25s. 

 
Original Model                                Model 1                                    Model 2 

 
Model 3                                             Model 4                                      Model 5 

 

Figure 4.6: Velocity magnitude contours of the models along the middle-sagittal plane at 3.75s. 
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Figure 4.5 and Figure 4.6 demonstrate the velocity magnitude contours at the mid-sagittal plane for 

the six models at t = 1.25s and 3.75s. The figure shows that there are significant differences in the 

velocity field distribution pattern between the models at t = 1.25s and 3.75s.  By comparing the 

transient and steady-state solutions, distinctive differences can also be observed, and this is expected 

since the inlet airflow rate varies with time in the transient simulations, which may have affected the 

velocity field distribution pattern in the model.   

 

4.2.3 Pressure Distribution 
 

 

Original Model                                Model 1                                    Model 2 

 

Model 3                                             Model 4                                    Model 5 

 

Figure 4.7: Pressure contours (Pa) of the models along the middle-sagittal plane at 1.25s. 
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Original Model                                Model 1                                    Model 2 

 

Model 3                                             Model 4                                    Model 5 

 

Figure 4.8: Pressure contours (Pa) of the models along the middle-sagittal plane at 3.75s. 

 

The pressure contours of the models at t = 1.25s and t = 3.75s are presented in Figure 4.7 and Figure 

4.8 respectively. The pressure magnitude drops from the nasal cavity to the larynx in the Original 

model at both t = 1.25s and t = 3.75s.  

 

At t = 1.25s, a noticeable change in the overall pressure can be observed in Model 1. In Model 3, the 

pressure changes significantly in the nasal cavity, and the pressure drops from 50Pa to -350Pa at the 

nasal cavity. However, similar observations are not made in the other models which suggest that the 

decreased in airway diameter at the epiglottis level changes pressure upstream of the epiglottis 

variably.  

 

At t = 3.75s, the main difference between the original model and Model 2 is that the overall pressure 

drops from 30Pa to -150Pa, with an apparent change in pressure at the nasal cavity. Similar pressure 

distributions are shown in the Original Model, Model 2 and 5. The pressure in Model 3 appears to 

increase drastically and exceeds 200Pa in many regions of the airway.   
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4.2.4 Cross-sectional analysis 
 

 

 

Original Model                                  Model 1                                      Model 2 

 

Model 3                                             Model 4                                        Model 5 

 

Figure 4.9: Cross-sectional velocity contours at the models at 1.25s. 
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Original Model                                  Model 1                                        Model 2 

 

Model 3                                             Model 4                                        Model 5 

 

Figure 4.10: Cross-sectional velocity contours at the models at 3.75s. 

 

To achieve a realistic prediction of airflow in the human upper airway, nine cross-sectional planes 

have been chosen for analysis, six planes were defined in the nasal cavity, and three planes were 

defined across the airway at the epiglottis level. Figures 4.9 and 4.10 show the cross-sectional 

velocity distribution pattern at t = 1.25s and t = 3.75s. Comparison of the velocity contours in the 

models with different levels of constriction demonstrates notable differences in the airflow pattern 

both through the nasal cavity and epiglottis cross-sectional area. Hence, the diameter of the airway at 

the epiglottis level not only affects the velocity of air passing through the region and the pressure in 

the airway but also the velocity distribution pattern across the airway cross-sections. For practical 

reasons and to enable a meaningful discussion, change in flow conditions in the nasal cavity at a 

specific plane (plane 3) is chosen and discussed as it is on the middle of the nasal passageway. Results 

from the study show that constriction at the epiglottis affects the location of the maximum velocity 

such that it shifts between the left and right nasal passageway. Consistent with the results presented 

in Figure 4.9 and 4.10, overall velocity appears to be the highest in model 3 at both t = 1.25s and t = 

3.75s. It can also be readily observed that maximum velocity in the nasal cavity of model 3 matches 

with the velocity behind the epiglottis. The reason for the sharp increase in velocity and pressure from 

model 2 to model 3 and why it decreases with further constriction of the upper airway diameter behind 
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the epiglottis is unclear but may suggest the importance of an airway diameter threshold range such 

that it will affect flow in the upper airway drastically when it is exceeded.  

 

4.3 Summary 

 

In this chapter, CFD simulations were applied to investigate the airflow pattern in six upper airway 

models under both steady-state and transient flow rates. The velocity and pressure profiles for various 

diameter at the epiglottis level were presented and discussed. The simulation results show that the 

position and structure of epiglottis is an important factor that can change the velocity and pressure in 

the human upper airway variably.  
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CHAPTER 5  

CONCLUSION 

5.1 Conclusion 

 

In conclusion, CFD simulations of airflow in the human upper airway were performed to study the 

effects of epiglottis positions and structures on flow characteristics. Six realistic models were 

successfully created and simulated using CFD. Also, mesh independence studies were conducted to 

ensure that accurate results can be obtained, and transient simulation was preceded by a constant flow 

rate steady state analysis. In the results and discussion section, the velocity and pressure field 

distributions were presented and discussed, along with velocity distribution pattern at the airway 

cross-sections.  

 

This research study suggests that the position and structure of epiglottis may be a dominant factor in 

influencing airflow pattern in the human upper airway and distance between the epiglottis tip and the 

back of the pharyngeal wall could potentially affect the airflow characteristics. Results also suggest 

that structure of the airway has influenced over the flow characteristic and velocity distribution 

pattern at the nasal cavity. While results from the steady-state study are highly coherent with existing 

work in the literature and demonstrate a systematic and progressive change in velocity and pressure 

with the change in airway dimensions at the epiglottis level, such changes are a lot more variable in 

the transient models. The reasons for this is unclear and is currently under investigations, but it is 

likely related to the choice of large time-steps used in the study. Although the general pressure in the 

steady state models is higher than some of those presented in the literature (e.g., Figure 2.7), it is 

important to note that the inlet flow used in this study is many folds higher, but still within the 

physiological limits and hence is realistic. In the transient models, the velocity magnitude monitored 

at a location caudal to the epiglottis showed variable differences in velocity as a function of the 

distance between the epiglottis tip and back pharyngeal wall. In addition, the pattern of the velocity 

distribution profile is also changed distinctively albeit variably with the decrease in upper airway 

diameter, and this may provide some insights into how distribution of fine particles may be affected. 

Interestingly, airway diameter at the epiglottis also appears to have the effect of changing the timing 

of flow reversal at the nasal cavity in the transient models. The findings from both the steady-state 

and transient simulations suggest that it is important to consider the specific differences in upper 



 

 

Lingmeng Li                                                                                                                             47 

 

airway anatomical features as this has wide implications from optimizing lung deposition for inhaler-

based medicine to the detailed study of mechanisms that underpins the development and treatment of 

respiratory diseases such as sleep apnea.  

 

5.2 Limitation 

 

There are several limitations in this project that need to be considered when interpreting the data 

produced from the simulations.  

 

Firstly, the project is entirely based on computational fluid dynamics, and there is no experimental 

data yet to verify the results. However, the results produced by the model presented in this research 

matches (in the same order of magnitude) with existing published studies with similar inlet flow and 

boundary conditions (T. Lai, 2011). Also, given the time frame that has been defined for this work (8 

months including literature review), experimental data to validate the results is not feasible but an 

experiment to provide validation for the simulation presented in this study is currently in progress. 

 

Secondly, although 3D Slicer is capable of producing geometries with high accuracies, the positions 

of the epiglottis and their structures were modified manually and it has been suspected that this may 

cause small regional changes in the airway geometry and structure that is adjacent to the epiglottis. 

Such differences albeit small may cause significant differences in the results given the small diameter 

of the airway at the epiglottal region. However, further analysis on the airway geometries by 

comparing the cross-sections of the airway between the models (with different distance between the 

epiglottis tip and back pharyngeal wall) show that such differences are not presented.  

 

Thirdly, even though the distance between the epiglottis tip and back pharyngeal wall has been 

accurately defined, there are subtle differences in the structure of the epiglottis among models such 

that it is slightly bigger in some models. The effect of this on air flow characteristics is unclear since 

they do not form a critical component along the pathway of the airway lumen and further studies 

would be required to determine this.  

 

Another limitation is that the flow rate chosen in this study was very high for inhalation simulation 

with the objective to study the extreme cases of deep inhalation which is relevant when using dry 

powder inhalers. Also, it is important to note that the velocity, though high is common during 
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moderate exercise condition (T. Lai, 2011). Further study to understand how lower rate affects the 

flow field in the upper airway flow is currently underway 

 

Finally, due to time limitations, a course time-step has been used to simulate the models, and detailed 

discussion on the change in both velocity and pressure is hence not possible here, and this will be 

refined in future studies. In addition, existing ongoing work to validate the accuracy of the models 

using other turbulence numerical scheme are also in progress. For example, LES (Large Eddy 

Simulation) is currently used to re-simulate the models, and it is expected that this will shed light on 

the variable change in velocity and pressure as a function of the distance between the epiglottis top 

and back pharyngeal wall.  

 

5.3 Future Work 

 

This project has been undertaken within a limited time frame of approximately eight months including 

the literature review and works to refine the model and repeated studies and analysis to resolve some 

of the limitations explained above are currently ongoing. This project forms part of a more significant 

project for a Ph.D. program where the objective is to understand airflow in patient-specific airways 

and the implications in particle transport and deposition. Firstly, this project only investigated airflow 

within the human upper airway and hence a comprehensive understanding of particle deposition in 

the lungs will require the inclusion of the lower respiratory airway, which will be an improvement 

that will be incorporated in the presented model. Secondly, although this study forms the basis of 

understanding particle deposition in the airways, particle simulation has not been investigated, but 

this is currently in progress in a separate project. Finally, as mentioned, experimental data to validate 

the simulations is important, and the experiment is currently undertaken through the development of 

a particle imaging velocimetry system.  
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