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Abstract 

The recent popularity of E-cigarettes (ECs) is concerning, as the long-term health impacts of 

regular use are unknown. Recent evidence has associated EC use with biological 

consequences, such as inflammation, often a precursor for diseases. It is essential to 

understand EC particle deposition to characterise the health impacts of usage. In this study, 

CFD and 1D models were utilised to describe EC particle transport and deposition in the 

airways and the impact of particle size and vaping flow rate on global and regional deposition 

and deposition patterns. Based on commonly reported values, six mean particle sizes (range: 

0.147 – 6.0 µm) and three flow rates were investigated (1.1, 1.7 and 2.4 L/min). The CFD 

simulation modelled the upper airways and the tracheobronchial tree (to the 5th generation), 

utilising realistic EC particle properties. The 1D model simulated particle transport and 

deposition in a full anatomically correct airway tree. Global particle deposition was low (< 

0.5%) and increased with increasing flow rates. Deposition was highest in the upper airways, 

followed by the tracheobronchial and alveolar regions. The CFD model highlighted that the 

most deposition occurred in the left lower lobe while the least was in the right upper lobe. It 

showed clear deposition hot spots in the base of the mouth, back of the throat, and regions 

of curvature and bifurcations. The 1D model indicated that the deposition in the alveoli was 

very low except with large particles and high flow rates since all deposition occurred through 

sedimentation. Brownian motion was the key deposition mechanism for small particles (<1.0 

µm), while sedimentation became dominant for larger particles (>2.5 µm). Impaction-related 

deposition remained low for all particle sizes. The 1D model appeared to underestimate 

deposition compared to the 3D model, likely because the 1D model simplified fluid flow and 

neglected secondary flows. Mathematical models were formulated, prescribing particle 

deposition as a function of size and vaping flow rate, which indicated a polynomial 

relationship between deposition and particle size. The outcome of this study may be helpful 

for future in vitro and in vivo investigations looking at the biological effects of EC aerosol dose. 
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1. Introduction 

E-cigarettes (ECs or 'vapes') are becoming increasingly popular in New Zealand (Ministry 

of Health, 2020) and worldwide (Merecz-Sadowska et al., 2020), drawing the attention of 

media, researchers, health professionals, policymakers and society. The product's 

popularity has been heightened by the uprising culture of 'vaping' and advancements in 

EC devices, making ECs more compact, advanced and user friendly. However, the safety 

and impact of EC use on health are still largely unknown.  

 

1.1 Introduction to e-cigarettes (ECs) 

Years of mounting evidence support the deadly health implications of cigarette smoking. 

The immediate, intermediate, and long-term health effects are responsible for more than 

8 million deaths worldwide each year (Merecz-Sadowska et al., 2020). As a response to 

this, ECs have gained popularity, originally created as a smoking cessation tool. The EC 

industry has recently undergone rapid growth, now worth billions of dollars (Merecz-

Sadowska et al., 2020). ECs have become the leading alternative to conventional 

cigarettes worldwide (Kaur et al., 2018). EC use is higher amongst youth and continues to 

accelerate (Gottlieb, 2019). ECs have been regarded as a safer alternative to smoking. 

Some studies have regarded ECs as an effective smoking cessation tool (Ghosh & 

Drummond, 2017); however, the short and long-term health implications to EC aerosol 

exposure have not been extensively studied.   

 

1.1.1 The working principle behind EC devices 

ECs are battery-powered, often rechargeable, hand-held devices with a power source, 

heating element and a prefilled or refillable liquid-containing cartridge. A metal resistance 

coil called the atomiser vaporises the e-liquid (Gotts et al., 2019). The e-liquid is conducted 

from the tank to the heating coil via a wick (typically made out of cotton, ceramic or silica), 

and the electric current through the coil is activated by the user either through inspiring, 

activating a button or a combination of both actions (Gotts et al., 2019). Figure 1 highlights 

the different parts of the typical EC and how these components are connected to generate 

the aerosol. The e-liquid is transformed into a vapour via the heating process, which the 

user inhales. The main constituents of this resulting vapour are propylene glycol (PG), 
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vegetable glycerine (VG), nicotine and flavourings, in varying amounts. Comparatively, 

conventional cigarette smoke has been found to contain over 7000 chemicals, including 

carcinogenic compounds (Rodgman & Perfetti, 2013). New developments in EC 

manufacturing technology have created devices that allow greater user control over e-

liquid composition, nicotine concentrations and vaporisation characteristics (Gotts et al., 

2019).  

 

Figure 1: Components of a typical EC. Original figure retrieved from: Dunworth, J. How To Vape – E-Cigarette Basics. 

https://www.ecigarettedirect.co.uk/ashtray-blog/2017/08/how-to-vape-e-cigarette-basics.html. 

 

 

1.1.2 Types of ECs 

EC devices are differentiated into four generations – first-generation products (often 

termed 'cigalikes'), second-generation products (often termed 'vape pens' or 'eGos'), 

third-generation products (including 'mods' or 'tanks') (Edwards et al., 2016), and the 

newest fourth generation 'pod devices' (Ball et al., 2021). Figure 2 demonstrates the four 

different types of ECs available in the marketplace. First-generation products are 

characterised as disposable with non-refillable liquid supplies and non-rechargeable 

batteries. They are similar to conventional cigarettes in size and appearance (Mathur & 

Dempsey, 2018). Second-generation devices are typically larger, contain rechargeable 

batteries, replaceable liquid containing prefilled cartridges, and are compatible with 

various atomisers (Mathur & Dempsey, 2018). These devices closely resemble a laser 

pointer or pen. Third generation devices are more sophisticated, containing rechargeable 

https://www.ecigarettedirect.co.uk/ashtray-blog/2017/08/how-to-vape-e-cigarette-basics.html
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batteries, refillable liquid tanks, controllable device settings such as power level, voltage 

and temperature, and various atomiser options. These devices are larger than the first 

and second-generation products, and the product's appearance can differ across types 

and brands. Based on small variations in the design, the EC can be termed as atomiser, 

cartomiser and clearomiser type devices. The final category of devices is the newest, 

becoming widely available in the NZ marketplace only in late 2018 (Ball et al., 2021). These 

'pod' styles are more compact and sleeker in design and offer ease of use. Such devices 

typically contain nicotine salt technology, allowing for more efficient nicotine uptake by 

the user and higher concentrations in the aerosol (Ball et al., 2021). The NZ market is 

dominated by second and third-generation products (Edwards et al., 2016).  

 

 

Figure 2: Different types of ECs available on the market, demonstrating the four generations of devices. Original figure 

obtained from: (Mathur & Dempsey, 2018). 

 

1.1.3 EC usage in New Zealand 

EC use has been steadily growing in New Zealand. In 2019/2020, it was reported that 24% 

of adults in NZ had tried an EC, showing a rise from 21.2% in 2018/2019, 18.5% in 

2017/2018 and 16.2% in 2015/2016 (Ministry of Health, 2020). It has been found that the 

young adult and Māori population in NZ are more likely to attempt EC use than other 
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demographic groups. In fact, Māori are twice as likely as non-Māori to have tried an EC 

(Ministry of Health, 2021). A study in 2018 revealed that 92% of a randomly selected group 

of 18–24-year-olds had used an EC at least once (Guiney et al., 2019). EC use is also 

becoming more popular amongst younger youth, with studies indicating that 22% of 13–

14-year-olds had reported EC use at least once (Ball et al., 2021). In 2019, 10% of 

secondary school students were reported to be vaping regularly, with most students using 

nicotine-based ECs (Ball et al., 2021). More than 80% of high school students that had 

tried ECs never previously smoked a conventional cigarette.   

 

Despite the primary marketing of ECs as a smoking cessation tool, 47% of people within a 

studied group (NZ Smoking Monitor) did not use it to quit smoking altogether; instead 

they primarily used it as a supplementary product with smoking (Guiney et al., 2019). 

Approximately a third of all individuals who attempted to quit smoking vaped regularly 

(Ministry of Health, 2021). Tank-style ECs are the preferred device type in NZ, followed by 

prefilled replaceable cartridge-style devices. Flavoured e-liquids are more popular than 

unflavoured ones, and over 75% of EC consumers use nicotine-based e-liquids (Guiney et 

al., 2019). Many EC users are unsure of the harm associated with usage (Merry & Bullen, 

2018), especially due to the lack of information available on the long-term health impacts 

of EC use.  
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1.2 Project motivation  

There is little information about the long-term health implications of ECs, simply because 

ECs have not occupied significant market space, nor has widespread consumption 

occurred for long enough  (Ball et al., 2021). It has been anecdotally accepted that ECs are 

safer than conventional cigarettes (Burrowes et al., 2020) because the aerosol contains 

less dangerous chemicals compared to cigarette smoke. However, extensive studies have 

not been carried out to support this claim. Furthermore, the degree of safety is also 

thought to be subjective to e-liquid and device types. Recent evidence and research are 

starting to draw firm conclusions that EC usage is not harmless – reported risks have 

included acute lung injury and chronic risks to respiratory health, cardiovascular health 

and even oral health (Ball et al., 2021).  

 

While ECs seem promising for smoking cessation with some reported success (Bullen et 

al., 2013; Hajek et al., 2019; Walker et al., 2019), there is a growing concern with the 

uptake of ECs by youth and other populations who do not have a smoking history. 

Aerosolised e-liquids have also been found to contain toxic compounds, including heavy 

metals and carcinogenic substances (Burstyn, 2014; Chen et al., 2017; Farsalinos & 

Gillman, 2017; Kosmider et al., 2014), potentially due to the heating process, as well as 

flavouring chemicals added to the e-liquid.  

 

Recently conducted investigations have shown some evidence of adverse biological 

effects through exposure to EC aerosol (Garcia-Arcos et al., 2016; Hiemstra & Bals, 2016; 

NASEM, 2018), even leading to implications such as cancer (Tang et al., 2019) and 

emphysema (Ghosh et al., 2019). A recent study has identified that health implications 

may be dose-dependent (Ganapathy et al., 2017). Here DNA damage detection assay and 

ELISA-based in vitro methods analysed lung epithelial cells post exposure to EC aerosol. 

Investigations revealed that genotoxicity and DNA damage from the aerosol occurred in 

a dose-dependent manner. Thus, computational models that can quantify the 

concentration of EC particles transported and deposited in different regions of the airway 

tree could inform future dosimetry studies.  
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There is significant variation in the particle size distribution (PSD) and chemical profile 

between e-liquids due to the variety of brands and flavours available in the marketplace, 

including over 400 brands and 8000 different flavours (Hsu et al., 2018). These differences 

are also affected by vaping topography (e.g., flow rate, puff duration and frequency) and 

EC device type and device setting (such as power level). There is a strong likelihood that 

there is deposition through the lung and airway tree, however more analysis is needed to 

characterise the deposition patterns. To address this, 1D computational mathematical 

models that can model particle transport and deposition in the entire airway tree utilising 

anatomically correct airway geometries (Tawhai et al., 2012) can be modified for EC 

particles to understand transport and deposition phenomena of EC aerosol. Furthermore, 

particle transport and deposition are very subjective to the PSD of EC aerosol, and as such 

PSD is a key parameter to investigate. In particular, PSD is thought to affect the regional 

deposition of inhaled particles (Sosnowski & Odziomek, 2018), which is essential when 

considering the interactions of inhaled aerosol with airway tissue. It seems likely that the 

deposition is not uniform throughout the airway tree due to factors such as the non-

uniform distribution of inhaled air and variability in EC PSD and vaping flow rate. However, 

there are still many unknown factors in this subject area. 

 

While studies have been more widely conducted looking at the particle deposition of 

conventional cigarette particles in the airways, the inherent properties of cigarette smoke 

differ from EC aerosol types (Sosnowski & Odziomek, 2018). Smoke particles in traditional 

cigarettes are composed of semi-volatile components in the solid-state contained within 

air, while EC particles are liquid droplets suspended in vapour and air. As a result, the 

aerosol dynamics within the respiratory system are significantly different between the 

two product types (Sosnowski & Odziomek, 2018). Additionally, EC particles and 

conventional cigarette particulates have different internal resistances to airflow and 

vaping requires more respiratory effort than smoking (Trtchounian et al., 2010) – both 

factors contribute to particle transport and deposition dynamics in the airways. 

Therefore, particle transport and deposition studies from conventional cigarettes cannot 

simply be taken as solutions for understanding EC particle transport and deposition.  
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1.3 Project scope and objectives 

Overall, this project intended to assess the impact of EC PSD on aerosol transport and 

deposition in the airways. It aimed to develop an experimental method to measure the 

particle size distribution (PSD) of the EC aerosol under different vaping topography (flow 

rate, puff duration) and device parameters (power setting). Alongside this, 3D 

computational fluid dynamics (CFD) based models and 1D transport models were used to 

understand the transport and deposition of EC aerosol particles in the human airways. 

Additionally, the influence of EC particle size and vaping flow rate on particle transport 

and deposition was investigated. Regional particle transport and deposition was 

characterised and presented per lobe of the lung.  

 

The key objectives of this project are: 

• Developing an experimental method to measure the PSD of EC aerosol using the 

Malvern Spraytec laser diffraction unit.  

• Simulating particle transport and deposition in a 3D airway model using CFD 

methods to understand the transport and deposition of EC particles in the upper 

region of the airway tree (mouth to bronchi) and characterisation on a lobar basis. 

• Simulating particle transport and deposition in an existing 1D particle transport 

and deposition model to determine the deposition efficiency of particles and 

concentration of EC particles reaching different parts of the airway tree. 

• Investigating the impact of varying vaping flow rate, mean particle size and PSD on 

particle transport and deposition in the airways. 

• Developing simple mathematical models to predict the concentration of aerosol 

deposited in the various regions of the airway tree based on particle size that can 

be used for future in vitro studies. 
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1.4 Thesis outline 

This thesis is split-up into five chapters that follow this introductory chapter. Chapter 2 

presents a literature review on the known health effects of EC use, EC particle transport 

and deposition in the airways and reported measurements of EC particle sizes. Chapter 3 

details the process of developing a method to measure the PSD of EC particles using the 

Malvern Spaytec laser diffractometer and the recommended future work to measure EC 

particle sizes successfully. Chapter 4 focuses on the CFD modelling of transport and 

deposition of EC particles in the upper airways and first five generations of the 

tracheobronchial tree. Chapter 5 discusses the 1D particle transport and deposition model 

that encapsulates the entire airway tree and applies this to EC particles. Chapter 6 

presents the overall conclusions from the combined research work.  
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2. Literature Review 

2.1 A brief overview of e-liquids 

Although the components in e-liquids are generally recognised as safe by the Food and 

Drug Administration, heating and inhaling these components may lead to hazards to 

human health, particularly lung health. The main component of e-liquids is PG and/or VG, 

which comprises approximately 90% of the e-liquid composition (Merecz-Sadowska et al., 

2020). Other ingredients typically include flavourings and nicotine in the concentration 

range from 0 mg (i.e., nicotine-free) to 26 mg/mL (Davis et al., 2015). PG creates the 

'clouds' of vapour as the user exhales (Elhefny et al., 2016), mimicking the concept of 

smoking. The PG/VG ratio can differ between e-liquids and often are targeted to user-

based preferences.  

 

While PG and VG are 'generally recognised as safe' as food additives (in certain 

concentrations), the inhalation safety of these compounds need more investigation (Gotts 

et al.; NASEM, 2018). Short-term occupational exposure to PG has been found to cause 

irritation and potentially mild objective impacts on pulmonary function (Scott et al., 2018). 

Consequently, there is a likelihood that PG is a sensory irritant. There is limited knowledge 

about the influence of components like PG and VG on pulmonary function and immune 

cells; hence more research is needed in this area (Gotts et al., 2019).  

 

E-liquids are susceptible to forming degradation products when heated to high 

temperatures, such as carbonyl compounds (NASEM, 2018). Importantly, these have been 

found to cause irritation and acute inhalation toxicity. Carbonyl compounds are significant 

sources of formaldehyde, acetaldehyde, and acrolein, which all have adverse health 

implications (Wang et al., 2017). The detection of glycidol and acetol as intermediate 

products through the degradation process suggests that the carbonyl compounds are 

potentially formed through oxidation of heated PG and VG (Sleiman et al., 2016). 

Formaldehyde has adverse effects on the respiratory system (Mathur & Rastogi, 2007), 

acetaldehyde indirectly affects genome function (Chen et al., 2018), and acrolein leads to 

pulmonary inflammation and reactive oxygen species (ROS) production (Merecz-

Sadowska et al., 2020). Additionally, risk factors are associated with intravenous PG 
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consumption, such as acute renal and central nervous system toxicity (Yaucher et al., 

2003).   

 

E-liquids come in many flavours, common ones being menthanol, tobacco, mint, fruit-

based flavourings, cinnamon and chocolate (Gotts et al., 2019). These flavouring additives 

include aldehydes (e.g. vanillin, benzaldehyde, tobacco, cinnamaldehyde) and minty 

compounds such as menthanol and menthone (Gotts et al., 2019). Such chemicals, 

alongside other flavouring chemicals combine and create hundreds of flavoured e-liquids 

in the market. While many of the used flavourings are common food additives, the harm 

associated with the inhalation of compounds at the concentration levels present in the e-

liquids is unknown (Klager et al., 2017). Measurements of aldehydes present in the EC 

aerosol indicated the presence of certain compounds flagged on the Food and Drug 

Administration Harmful and Potentially Harmful Constituents list (Klager et al., 2017). 

Some examples include acetaldehyde, benzaldehyde and isobutyraldehyde. Studies have 

also shown a positive correlation between in vitro toxicity and the number of flavouring 

additives in an e-liquid (Sassano et al., 2018). Additionally, aldehyde flavourings can 

partake in chemical reactions with both PG and VG when mixed (Gotts et al., 2019). Hence 

e-liquids are complex compounds with chemical instability and ability to cause respiratory 

toxicological effects.  

 

2.2 Health implications of EC use 

Exposure to EC vapour may have negative implications on lung health – it has the potential 

to trigger inflammation in the airways, which is a risk factor for the development of lung 

cancer and chronic obstructive pulmonary disease (COPD). Oxidative stress-related 

inflammation is a key underlying factor of lung cancer and COPD (Merecz-Sadowska et al., 

2020). Exposure to nicotine through either EC or conventional cigarette use has been 

found to have negative health ramifications, such as increasing the risk of adverse 

cardiovascular events (Merecz-Sadowska et al., 2020). These include the release of 

catecholamine, leading to elevated blood pressure and impacts on the vascular smooth 

muscle cells to induce vascular relaxation or contraction, which alters cardiovascular 

function. However, it has been reported that these cardiovascular risks posed through 

nicotine consumption are lower for ECs than conventional cigarettes, especially in the 
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short-term with healthy users (Benowitz & Burbank, 2016). This supports the initial 

consensus that EC usage is comparatively safer than traditional cigarettes. However, more 

research is required in this subject area since the risks to cardiovascular health from 

nicotine in ECs are still concerning (Crotty Alexander et al., 2015).   

 

EC vapour is often contaminated by a range of metals, including aluminium, arsenic, 

cadmium, chromium, copper, iron, manganese, nickel, lead and zinc, which negatively 

impact health (NASEM, 2018). However, the metal concentration levels in EC aerosol 

samples are generally two to four orders of magnitude lower than that found in 

conventional cigarettes (Mishra et al., 2017). This supports the preliminary conclusions 

suggesting that ECs are less harmful than conventional cigarettes. Furthermore, studies 

have found that such metals lead to the predisposition of conditions such as diffuse 

parenchymal lung disease, impaired lung function, lung cancer, chronic lung inflammation 

and injury, pulmonary inflammation, occupational asthma, respiratory tract cancer and 

higher frequency of respiratory symptoms (Merecz-Sadowska et al., 2020). Trace metals 

may also be released into the vapour from the atomiser (metal heating coil), battery 

component of the device, or even the metal soldering material used to construct the 

device. This is especially likely at high device operational temperatures (Gaur & Agnihotri, 

2019). Investigations comparing lead and zinc concentration between the original e-liquid 

and inhaled aerosol showed an increase of more than 2000% in the aerosol. Similarly, the 

concentration of chromium, nickel and tin increased by 600% in the aerosol, compared to 

the e-liquid source (Olmedo et al., 2018). This supports the idea that components of the 

device leach metal into the aerosol.  

 

Population-based studies that focus on patient outcomes have reported that EC users 

experience irritation and other negative symptoms in the nose, mouth, throat and airways 

(Hua et al., 2013). These include increased incidences of chronic coughing (Wang et al., 

2016) and heightened chronic bronchitis symptoms (McConnell et al., 2017) in 

adolescents who started using ECs. Some in vivo studies conducted with EC vapour 

exposure on humans have concluded that vapour exposure can exert harmful 

physiological effects on the respiratory system, similar to that found through exposure to 

conventional cigarette smoke in healthy smokers (Vardavas et al., 2012). These include 
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impaired lung function compared to non-smoker control groups (Meo et al., 2019), 

elevated levels of oxidative stress, alongside increased inflammation (Chatterjee et al., 

2019) and higher risk of adverse cardiac events (Moheimani, Bhetraratana, Peters, et al., 

2017; Moheimani, Bhetraratana, Yin, et al., 2017). However, this field of study is limited 

and incredibly challenging, with difficulty differentiating health implications from past 

conventional cigarette use and EC use in some study groups (Merecz-Sadowska et al., 

2020). This is because ECs were originally intended to be a cessation tool that can protect 

ex-smokers from the more detrimental effects of cigarette smoke rather than a 

recreational tool for non-smokers.  

 

Investigations of EC use from a smoking cessation point-of-view has some favourable 

conclusions supporting the use of ECs in this application. Investigations with ex-smokers 

have shown decreased biomarkers for toxicity and improvements in clinical parameters 

and measurements when replacing conventional cigarettes with ECs (Walele et al., 2018; 

Wei et al., 2018). Additionally, ECs are showing promise in slowing down the rate of 

respiratory deterioration (compared to traditional smoking) in studied asthma patients 

that used ECs as a smoking alternative (Polosa et al., 2016). Evidence even shows 

improvements in lung function in the studied group of patients (Polosa et al., 2016). 

Despite the reduced harm with EC use, there is a lack of information regarding long-term 

use and resulting consequences. Therefore, further research is needed in this subject 

area.  

 

The increasing popularity of ECs and the limited regulations around EC manufacture and 

use give rise to potential dangers. One example is the diagnosis of a new condition termed 

electronic or vaping product use-associated lung injury (EVALI) (Smith et al., 2021), as 

concluded by the Centre for Disease Control and Prevention in the USA in 2019. This was 

found to be an issue with inhalation of e-liquid containing vitamin E acetate (VEA) (Blount 

et al., 2019), which was found to be added to bootleg e-liquids containing 

tetrahydrocannabinol (THC) to increase the yield and impact of the THC (Smith et al., 

2021). VEA undergoes decomposition into toxic ketone gas upon heating in the EC device, 

which has concerning effects on the lungs and thus is thought to be the chemical 

responsible for EVALI (Alexander et al., 2020; Bhat et al., 2020). EVALI is a severe 
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respiratory illness that can cause acute respiratory distress syndrome (Smith et al., 2021). 

The EVALI diagnosis was based on respiratory and gastrointestinal symptoms post-EC 

usage (Smith et al., 2021), which included coughing, shortness of breath, abdominal pain, 

diarrhoea, fatigue and fever (Crotty Alexander et al., 2020; Kligerman et al., 2020). 

Evidence of EVALI can be confirmed through the presence of bilateral infiltrates on chest 

imaging scans (Smith et al., 2021). Imaging of EVALI patients has commonly shown acute 

lung injury and organising pneumonia. In general, little is known about the diagnosis, with 

most evidence and findings coming from case studies. Likewise, the optimal treatment for 

EVALI remains unknown due to the novelty of the disease and the lack of large-scale 

treatment-related trials and studies (Smith et al., 2021). Undoubtedly, long-term studies 

will be required to confirm the long-term implications for EVALI.  

 

2.3 Influence of flavourings on EC health implications 

Various flavours are added to e-liquids and these can cause individualised and heightened 

health-based responses to EC use. The addition of flavourings in e-liquids influences the 

absorption rate of nicotine by altering the pH (St.Helen et al., 2017). Additionally, some 

flavouring additives such as diacetyl, dimethylpyrazine, cinnamaldehyde, eucalyptol, 

eugenol, isoamylacetate, menthol and vanillin can cause dysfunction in cultured 

endothelial and epithelial cells (Wölkart et al., 2019). However, it should be noted that 

these findings have not been concluded from EC aerosol exposure studies instead have 

used isolated flavouring chemicals. Contact with such flavouring agents increases ROS 

production (Blount et al.; Zhao et al., 2018), as well as excessive secretion of IL-8 in airway 

epithelium cells, which results in cell cytotoxicity and eventual inflammatory responses in 

lung cells (Kaur et al., 2018). Diacetyl increases the risk of bronchiolitis obliterans (Merecz-

Sadowska et al., 2020), a severe and irreversible disease.   

 

2.4 EC aerosol transport and deposition in the human airways 

With the growing evidence regarding the potential toxicity of EC aerosol, it is imperative 

to understand how EC aerosol is transported, translocated and accumulated in the human 

body. Deposition of particles within the respiratory tract allows a better understanding of 

the biological dosing of the aerosol (Garcia-Arcos et al., 2016; Hiemstra & Bals, 2016; 
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NASEM, 2018). The final inhalation dose a user receives is dependent on the deposition 

of particles in the airways.  

 

Deposition of particles is an essential consideration for understanding the health impacts 

of EC use. The respiratory wall is considered a sink, with potentially complete absorption 

of chemicals into the systematic region (Haghnegahdar et al., 2018). EC particle deposition 

is particularly important as several studies have indicated higher deposition quantities 

with EC particles compared to conventional cigarettes (Li et al., 2021; Manigrasso et al., 

2015). Manigrasso et al. reported that this was seen in the upper airways, 

tracheobronchial, and pulmonary regions.  

 

Limited information is available regarding high-quality and high accuracy dosimetry 

profiles in the human airways (Haghnegahdar et al., 2018). This is primarily caused by the 

limitations associated with imaging resolution and the invasive nature of any clinical and 

experimental studies (Haghnegahdar et al., 2018). Hence, there is a need to employ in 

silico techniques using numerical methods, such as CFD based models. These approaches 

provide public health information by using a simulation over a short timeframe to 

understand the impact of chronic or long-term use (Haghnegahdar et al., 2018).  

 

EC particle deposition occurs through mechanisms such as direct impaction, Brownian 

motion, secondary flows, gravitational sedimentation and recirculating flows with 

enhanced residence times (Feng et al., 2016; Haghnegahdar et al., 2018). Diffusion is the 

primary deposition mechanism for conventional cigarette particles in the human airways. 

However, inertial impaction is the primary cause of deposition in the proximal bronchial 

airways for EC particles, while sedimentation plays a key role in the peripheral airways 

(Pichelstorfer et al., 2016). Figure 3 provides an overview of some particle deposition 

mechanisms in the mouth to upper trachea portion of the airways. This figure describes 

the specific deposition mechanisms responsible for different stages of EC particle 

transport – the inhalation stage, the mouth-hold stage and the subsequent movement of 

particles into the lower airways caused by mechanical action.  
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Figure 3: Mechanisms that cause particle deposition in the different stages of particle transport in the upper airways, 

with a single 'puff' of EC aerosol. Original figure retrieved from (Sosnowski & Odziomek, 2018).  

 

2.4.1 Brief overview on the airway anatomy 

The human airways consist of the upper and lower airways – the upper airways contain 

the oral cavity, sinus regions and pharynx, while the lower airways consist of the trachea, 

bronchi, bronchioles and alveolar ducts (Elliott et al., 2020). The tracheobronchial (TB) 

tree undergoes dichotomous branching for approximately 23 generations. The right 

bronchus has a more vertical orientation and has a larger diameter than the left bronchus. 

The lower airways can be divided into the conducting airways and acinar airways. The 

conducting airways consist of the trachea, bronchi, and bronchioles, down to the tertiary 

bronchioles. The acinar airways contain the respiratory bronchioles, alveolar ducts and 

alveolar sacs. The alveolar ducts are the end ducts of the branching airways and connect 

the respiratory bronchioles to the alveolar sacs that contain the alveoli (location of gas 

exchange). The transition from conducting to acinar airways occurs at approximately 

generation 16. The lungs, which encapsulate the bronchioles and alveolar levels of the 

airways, are divided into five lobes. The left lung is split into two lobes only, the left upper 

lobe (LUL) and left lower lobe (LLL). The right lung is split into three lobes – the right upper 

(superior) lobe (RUL), the right middle lobe (RML) and right lower (inferior) lobe (RLL). The 

right lung is larger in volume than the left lobe. The airway tree structure contributes to 

determining both airflow and particle deposition (Elliott et al., 2020). The anatomy of the 

airways can be summarised in Figure 4.  
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Figure 4: Overview of the key components of the human airway anatomy. Original figure obtained from: (Britannica, 

2021). 

 

2.4.2 CFD modelling to describe EC transport and deposition in the airways 

CFD modelling is comparatively cost-effective and time-efficient and is non-invasive 

compared to in vivo and in vitro investigations, making it especially useful for prediction-

based studies. It has the key advantage of having control over all parameters and input 

variables. It allows the relationship between vaping topography (e.g. aerosol flow rate, 

puff duration, puff volume, exhalation period) and aerosol transport and deposition to be 

understood. Transport and translocation dynamics of EC particles differ largely based on 

the specific EC product and puffing behaviours. CFD models can be utilised to deliver 

individualised health assessments (Haghnegahdar et al., 2018), via subject-specific airway 

geometries. These models can also provide local information about particle deposition 

and translocation with changing puffing behaviours.  

 

The Euler-Lagrange scheme can model the transportation behaviour of multi-component 

EC aerosol in idealised human airways (Feng et al., 2016; Haghnegahdar et al., 2018). It is 

a popular approach for CFD particle transport studies in the airways (Rahimi-Gorji et al., 

2015). Here, the particle trajectory is computed via solving the equations of motion for 
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each particle through the Lagrangian approach (Rahimi-Gorji et al., 2015). CFD-based 

approaches are based on first principles of physics, without significant reliance on 

empirical relationships (Feng et al., 2016), therefore potentially increasing the accuracy 

of the model. However, there are challenges associated with this method. These include 

polydisperse multi-component droplets, the varying droplet-vapour-air interactions, 

dynamic particle sizes and nonuniformity of any generalised or subject-specific airway 

models (Feng et al., 2016).  

 

Boundary conditions with a sufficient level of accuracy are required for developing and 

solving CFD models. Inlet volumetric or mass flow rates are a standard and robust 

selection for this application (Haghnegahdar et al., 2018; Rahimi-Gorji et al., 2015). 

Additionally, a no-slip wall condition and uniform pressure are other common boundary 

conditions to represent EC particle transport systems (Feng et al., 2016). The inhaled air 

is typically considered an incompressible Newtonian fluid, with a constant viscosity, 

density and static fluid pressure (Rahimi-Gorji et al., 2015). Particle transport studies often 

consider the particle inlet velocity to be the same as the inhaled fluid (e.g. air) suspending 

the particles (Rahimi-Gorji et al., 2015). Meshes are critical for CFD modelling of particle 

transport and must contain sufficiently high local mesh resolutions to accurately calculate 

near-wall derivative values, such as deposition fluxes (Feng et al., 2016). The CFD 

modelling approach deployed by Haghnegahdar et al. disregarded the effects of 

coagulation of particles and condensation and evaporation amongst the different phases 

– it presented a more simplified approach to modelling this problem. Despite the 

simplifications, it provided sufficient detail regarding particle transport and deposition 

behaviour.  

 

Current studies using CFD approaches have often looked at simplified airway geometries 

up to the third generation (G3) (Feng et al., 2016; Haghnegahdar et al., 2018). Hence, no 

understanding exists for particles travelling further into the bronchioles of the airways. 

Often these geometries are anatomically simplified and symmetric, as presented in Figure 

5. While these models are suitable for providing a preliminary understanding of particle 

transport and deposition, they neglect the influence of the geometrical features of the 

airway on deposition. These geometries do not present the natural irregularities present 
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in the human airways. Additionally, these studies do not present deposition information 

per lobe of the lung, as the geometries used do not provide enough detail for this. 

Understanding the lobar distribution would be useful for assessing the health and 

dosimetry impacts of aerosol exposure in added detail.  

 

 

2.4.3 Trends in particle transport and deposition 

A recent study focused on the influence of vaping topography on deposition behaviour 

and efficiencies (Haghnegahdar et al., 2018). It was found that the majority of the 

deposition occurred in the mouth to glottis regions for all puffing volumes investigated. 

The average puff flow rate underpinned the airflow regime, which strongly influenced the 

local particle deposition patterns. The study also highlighted that any particles entering 

the recirculation stream of the fluid flow have a greater tendency to deposit. This 

increases the residence time for the particles in the system and increases the likelihood 

of deposition occurring by Brownian motion. Local deposition efficiencies are higher at 

the lower palate, pharynx, and bifurcating points due to factors such as inertial impaction 

and gravitational sedimentation (Haghnegahdar et al., 2018).  

 

Figure 5: Common simplified airways geometries used in EC aerosol transport and deposition studies using CFD 
methods: (left) retrieved from (Feng et al., 2016) and (right) retrieved from (Haghnegahdar et al., 2018). 
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Another study concluded that deposition fraction in the oral cavity, oropharynx and 

trachea increase with increasing inlet flow rates due to direct impaction and secondary 

flows (Feng et al., 2016). However, the overall or total deposition fraction does not appear 

to correlate to puff volume significantly. Drawing a larger volume in the same duration 

results in more evenly distributed deposition from the mouth to the third generation of 

the airway (Feng et al., 2016). Both studies highlighted that the holding time increased 

particle deposition due to Brownian motion and gravitational sedimentation effects (Feng 

et al., 2016; Haghnegahdar et al., 2018). Similarly, a longer, deeper inhalation with breath-

hold will likely increase deposition in the pulmonary regions, potentially due to stronger 

diffusive effects (Sosnowski & Kramek-Romanowska, 2016).  

 

The influence of particle size has also been a focal point in a reported study, looking at 

influence of mean particle size on deposition (Sosnowski & Kramek-Romanowska, 2016). 

These results were obtained using the Multiple Path Particle Dosimetry Model (MPPD), 

which calculates the particle deposition in all airways of the lung using theoretically 

calculated efficiencies for deposition by sedimentation, impaction and diffusion (RIVM, 

2002). It was found that increasing size increased deposition in the upper airways, 

however deposition in the tracheobronchial (TB) regions and pulmonary regions were not 

affected by particle size. However, these deposition studies were conducted using 

simplified symmetrical airway models rather than anatomically correct geometries, hence 

these deposition results may differ to real-world applications.  

 

Ultrafine particles have a greater tendency to deposit in the lower airways, compared to 

the oral-throat region, due to the influence of Brownian motion (Su et al., 2021). This was 

found through laboratory-based experimental techniques consisting of a realistic oral-to-

throat airway replica, a TB airway replica down to the 11th generation and a representative 

alveolar section model (Su et al., 2021). It was found that as particle size decreased, the 

deposition in the TB region increased relative to the mouth-throat region. Similarly, 

decreasing particle size increased the particle deposition fraction in the alveolar section 

of the airways (Su et al., 2021). With ultrafine particles (particle diameter of less than 100 

nm), the deposition in the alveolar regions was up to 2.3 times greater than deposition 

from the mouth to the TB regions (Su et al., 2021). The large surface area of the alveolar 
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region likely contributes to the high local deposition rates (Su et al., 2021). Moreover, 

fractional deposition has been reported to be the greatest in the 16th to 23rd generation 

of the airway trees, which contain the alveoli (Manigrasso et al., 2015), based on findings 

obtained from the MPPD model.  

 

2.5 Particle size distribution of EC aerosol 

Particles contained in EC aerosol are generally submicron-sized (Sosnowski & Odziomek, 

2018). The PSD of EC aerosol has been found to vary between the EC make and type, the 

power level of the device, the coil type, the resistance of the coil and e-liquid type and 

composition. Additionally, vaping topography such as flow rate, puff duration and puff 

volume influence the EC aerosol PSD (Lalo et al., 2020). Factors such as coil type and 

resistance, and power level can affect the temperature of the atomiser region, which 

influences the vaporisation behaviour of the e-liquid (Lalo et al., 2020). While direct 

correlations have been found between aerosol mass concentration and EC device power, 

the influence of the device power setting on the PSD of the EC aerosol has not yet been 

fully characterised (Floyd et al., 2018).  

 

Understanding PSD and changes to PSD with user-based vaping topography conditions 

are crucial in understanding how these particles travel and where they travel to in the 

airways. The PSD and mean particle size influence regional lung deposition, deposition 

hot spots and total deposition (Belka et al., 2017; Lalo et al., 2020; Li et al., 2021). Thus, 

accurate particle size information and measurements must be available to predict the 

deposition of particles in the respiratory tract. Furthermore, PSD of the EC aerosol also 

affects the bioavailability of inhaled nicotine (Mulder et al., 2019).   

 

2.5.1 Challenges in EC particle size measurements  

Measuring the EC particles size has some challenges due to the high concentration of the 

aerosol and high volatility of the particles (Belka et al., 2017). This means that phenomena 

such as coagulation in the measuring instrument may occur before successful particle size 

measurements, overestimating the measurement. Additionally, factors such as 

deposition of particles onto the walls of the measurement chamber may affect the 
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measured PSD (Belka et al., 2017). Measuring technique and instrument are influential on 

the recorded size of EC particles (Sosnowski & Odziomek, 2018). Studies were performed 

comparing a differential mobility particle sizer and gravimetric method for PSD 

measurements – it was found that the measured size of particles was magnitudes lower 

when using the gravimetric method (Ingebrethsen et al., 2012). This suggests that the 

dilution of the aerosol may affect the accuracy of the measurement and cause 

discrepancies between methods (Sosnowski & Odziomek, 2018).  

 

The most common measurement technique for aerosol nanoparticles is based on size-

dependent mobility in an electrostatic field (Sosnowski & Odziomek, 2018). This is 

achieved using a differential mobility analyser (DMA) embedded in a differential mobility 

particle sizer. Using the DMA, particles within a given diameter range can be extracted 

from the aerosol through an applied voltage that deflects the particle towards a particle 

counter. Next, a condensation particle counter grows the particle using an organic solvent 

until it can be optically detected. By varying the voltage of the DMA, particles of different 

sizes can be extracted and counted, allowing the establishment of the final PSD 

(Sosnowski & Odziomek, 2018). While this method is commonly used, it has key 

limitations for EC particle applications (Sosnowski & Odziomek, 2018). These include the 

long residence time of particles in the device, which may cause the size of the particle to 

change during measurements (due to thermodynamic effects) and dilution of aerosol in 

the DMA through the addition of a stream of fresh air into the instrument. Other 

limitations include the need to generate multiple puffs to establish the full PSD range, 

which makes reproducibility more difficult. Additionally, the time-averaged nature of the 

results disregards the dynamics of puff release (Sosnowski & Odziomek, 2018).  

 

Alternative measurement techniques that use devices such as impactors that rely on 

inertial principles to characterise aerosol particles may contain a large pressure drop in 

the device, and cause measurement errors (Sosnowski & Odziomek, 2018). Similarly, the 

electrostatic low-pressure impactor used to measure nano-sized particles may cause 

particle evaporation with EC particles (due to the low operating pressure). This leads to 

an underestimation of measured diameter (Sosnowski & Odziomek, 2018).. Measuring 

devices that rely on optical systems (aerosol spectrometers) have the key advantage of 
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providing real-time particle size information, however they typically cannot detect 

particles smaller than 100-200 nm (Sosnowski & Odziomek, 2018). Hence these 

instruments cannot capture the full EC PSD.  

   

2.5.2 Reported PSD measurements at different conditions 

Many factors affect the PSD of EC aerosol. Additionally, the advantages and limitations of 

different measuring techniques (including experimental or technical/device-based 

limitations) may influence the measured PSD. The focal point of PSD measurement 

experiments involves making measurements at pre-determined vaping conditions and 

device settings to investigate the influence of either factor on measurements. Table 1 

summarises key details from studies found in the literature focusing on measuring the 

PSD of EC aerosol.  

 

Table 1: Measurements of EC particle sizes collated from literature sources. 

Literature 

source 

Measurement 

technique 

EC type & measuring 

conditions or 

parameters of 

interest 

Measured particle 

size distribution 

Measured mean 

particle size 

(Sosnowski & 

Kramek-

Romanowska, 

2016) 

Laser diffraction – 

Malvern Spraytec 

Clearomiser type 

refillable devices 

405- 420 nm 410 nm count 

median diameter 

(CMD) 

(Ingebrethsen 

et al., 2012) 

Spectral transmission 

procedure & 

electrical mobility 

analyser (post-

dilution) 

 

Note: electrical 

mobility analyser was 

found to have caused 

particle evaporation 

and yielded 

artificially smaller 

PSD. 

Brand A: 

rechargeable model 

Cartomiser type 

Brand B: disposable 

model 

Cartomiser type 

 

 

 

 

Not reported 680 nm – Brand A 

800 nm – Brand B 
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(Lalo et al., 

2020) 

Cascade impactor 

 

 

Atomiser type 

devices 

The study focused on 

varying power levels 

and type of coil & 

resistance of the coil. 

1.06 to 1.19 µm (µm) 

for low power (15 – 

25 W) 2.33 to 

2.46 µm for high 

power (50 W) 

Not reported 

(Oldham et 

al., 2018) 

MSP 135-8 Mini 

MOUDI™ impactor 

(gravimetric analyses 

method) 

Cartridge type EC 0.9 to 1.2 μm Not reported 

(Mulder et al., 

2019) 

10 stage micro-orifice 

uniform deposit 

impactor 

 

Atomiser type 

refillable devices 

 

Compared different 

e-liquid glycol 

compositions, coil 

resistances and 

battery voltages. 

0.172 to 1 μm for all 

e-liquid PG/VG 

compositions.   

 

No change in PSD 

with varying coil 

resistance or varying 

battery voltage. 

 

100% PG 

composition mass 

median diameter 

(MMD):  

0.55 ± 0.1 µm 

 

100% VG 

composition MMD: 

0.417 ± 0.046 µm 

 

50/50 PG/VG 

composition MMD: 

0.3389 ± 0.009 µm 

 

(Kane & Li, 

2021) 

Low flow cascade 

impactor 

 

Note: adding a small 

amount of VG to a 

PG-based e-liquid 

decreased MMD. 

 

'Cig-a-like' type EC 

(fixed power, non-

refillable cartridge) 

 

Not reported Puff flow rate of 2 

L/min MMD: 0.5 µm 

 

Puff flow rate of 0.5 

L/min MMD: 1.1 µm 

 

 

(Floyd et al., 

2018) 

Scanning mobility 

particle sizer and 

aerodynamic particle 

sizer 

 

Single coil atomiser-

type refillable devices 

 

Sub-micron EC 

aerosol size 

distributions were 

bimodal, peaking at 

40 and 200 nm. 

 

Not reported 



Assessing the Impact of EC Particle Size on Aerosol Transport and Deposition in the Lungs 

 

 24 

Particle mass 

distribution shifted 

toward micron-sized 

particles with 

increasing device 

power. 

 

(Mikheev et 

al., 2016) 

Aerosol differential 

mobility 

spectrometer 

 

'Cig-a-like' type EC 

(fixed power, non-

refillable cartridge) 

 

Bimodal particle size 

distribution: 

nanoparticles (11–

25nm CMD) and 

submicron particles 

(96–175nm CMD) 

Not reported 

(Belka et al., 

2017) 

TSI scanning mobility 

particle sizer 3936 

Atomiser type 

refillable device 

 CMD EC zero 

nicotine: 147.1 ± 4.5 

nm 

 

CMD EC high 

nicotine: 157.1 ± 3.8 

nm 

(Li et al., 

2021) 

Differential mobility 

spectrometry (DMS) 

 

 

Tested three types of 

devices: 

1) Disposable (#1) 

2) Cartomiser (#2) 

3) Rechargeable (#3) 

Not reported CMD: 

EC #1: 25.4 nm 

EC #2: 22.3 nm 

EC #3: 14.2 nn 

 

The mean EC particle size values presented in the literature and highlighted in the above 

table can be represented in a graphical form (Figure 6) to illustrate occurrences of 

measured particle sizes, as well as the overall range of measured particle sizes.  

 

 

Figure 6: Reported mean EC particle size values (each dot represents one study).  

 

Through Table 1, it can be seen that the mean EC particle size is primarily in the sub-

micron range; smaller sized particles measure around 100 nm and larger EC particles do 
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not exceed 3000 nm. A bimodal PSD has been observed in some studies (Floyd et al., 2018; 

Mikheev et al., 2016); however, this has not been a common feature across the literature. 

Multiple particle size measurement techniques would need to be used with the same 

device and vaping parameters (as used in the studies that presented bimodal 

distributions) to determine if the results are accurate and reproducible with different 

measuring techniques. Similarly, since particle size measurements between studies have 

all been conducted using different measuring techniques, comparisons of inter-study 

trends (e.g., with changes in device setting or vaping topography) are less robust and 

reliable. Instead, trends found in the same study with controlled experimental conditions 

provide a more accurate depiction of the factors that affect particle size.  

 

Through these recorded EC particle size values (Table 1), it can be confirmed that device 

type, device power setting and e-liquid composition influence the mean particle size and 

PSD. Comparing disposable models (first-generation devices) and rechargeable models 

(second to fourth generation devices) show measured differences in particle size. The 

mean particle size appears to increase with increasing device power; however, there is 

contradictory information regarding whether the atomiser coil resistance significantly 

alters particle size. Additionally, the mean particle size changes with changes in e-liquid 

composition. 100% PG-based e-liquid has a larger mean particle size compared to a 100% 

VG based e-liquid, however a 50/50 PG/VG ratio yields the smallest mean particle size. 

Adding a small amount of VG to a PG-based e-liquid caused a decrease in mean particle 

size. E-liquids containing high nicotine concentrations appear to emit particles with a 

larger mean diameter compared to nicotine-free e-liquids. Vaping topography was also 

influential in affecting particle size – a higher aerosol flow rate showed a decrease in mean 

EC particle size.  

 

2.6 Conclusions 

Evidence shows that the health impacts of EC usage are not benign and has risks such as 

oxidative-stress related inflammation, production of ROS and increased risk of 

cardiovascular events and lung cancer. This field is made more complex due to the many 

different types of e-liquids available in the marketplace (containing flavourings that often 
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have unknown inhalation safety), each having unique and varying levels of health impacts. 

Additionally, the degradation products formed and metal leached from the device at 

higher operational temperatures further heightens the negative health impacts of EC use. 

Therefore, it is critical to develop a complete understanding of the health impacts of EC 

use, conduct long-term studies and even inform the general public and regulatory bodies 

about the risks associated with EC use. This will allow more informed decisions to be 

made, especially with increasing rates of EC use. No long-term human studies have been 

performed that look at the toxicological impact of prolonged EC use, hence no data is 

available to confirm the safety of ECs relative to conventional cigarettes over the lifetime 

of a user.   

 

Previous studies have highlighted that EC particles deposit in the airways and high 

deposition density occurs in the mouth-throat region and at sites of bifurcations. 

Increasing particle size and flow rate generally increased deposition, especially in the 

upper airways. Particle deposition occurs due to Brownian motion, inertial impaction and 

gravitational sedimentation, with different phenomena being the dominant cause of 

deposition in different stages of inhalation. Both PSD and vaping topography affect the 

transport and deposition behaviour of particles, and hence it is important to establish 

relationships between these variables. Understanding the deposition of particles and the 

exposure dosage is essential in understanding the health impact of EC usage, especially at 

the cellular level. Hence, deposition data is essential to acquire and understand. CFD 

approaches are common to study particle transport and deposition as they allow the use 

of subject-specific airways and determination of the influence of various parameters, such 

as particle size, flow rate and puff volume. However, CFD models are limited to only 

capturing the upper and middle airways, neglecting the distal bronchioles and the alveolar 

level due to limitations in computational time and power.  

 

There does not appear to be substantial data available in the literature that characterises 

deposition distribution by the lobes of the lung, even though this regional deposition 

information can be used to inform studies that look at health impacts of EC aerosol 

exposure dose. Dose has been shown to increase inflammatory responses in pulmonary 

cells with cigarette smoke (Kuschner et al., 1996). Similarly, local accumulation of inhaled 
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cigarette particles within the bronchial airway bifurcations is thought to be influential in 

lung cancer induction (Balásházy et al., 2003). Hence understanding the transport, 

concentration and deposition of EC particles at different locations of the airway tree can 

assist in assessing dosimetry-based impacts of EC aerosol exposure to the respiratory 

system and determine if similar trends exist to conventional cigarette smoke exposure.  

 

Particle size measurements are difficult to conduct due to the properties of EC aerosol. 

Similarly, it is challenging to ensure reproducibility, and results often vary with different 

measuring techniques used. Despite this, it is crucial to understand the PSD of EC aerosol 

to understand the transport and deposition of the particles in the airways. It is also an 

essential input for particle transport and deposition simulations. Hence, there is a growing 

body of data concerning particle size measurements in the literature. The PSD of EC 

aerosol is affected by device type, device setting (such as power level), e-liquid 

composition (such as nicotine concentration and PG/VG ratio) and vaping topography 

(such as flow rate) and hence many factors affect EC transport and deposition.  
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3. Development of a Method to Measure EC Aerosol Particle Size 

Distribution 

  

This chapter examines the development of an experimental method to measure the PSD 

of EC aerosol using the Malvern Spraytec (laser diffraction spectrometer). It discusses the 

experimental set-ups investigated for this application, discusses the limitations and 

challenges found in the method that prevented successful measurement of EC particle 

sizes, and outlines future work and recommendations to allow for successful 

measurements.  

 

3.1 Introduction  

PSD is a key determinate of particle transport and deposition – studies in the literature 

have indicated that EC particle size impacts deposition behaviour and efficiency (Feng et 

al., 2016; Haghnegahdar et al., 2018; Sosnowski & Odziomek, 2018). Therefore, 

quantification of the PSD of EC particles is crucial for particle transport and deposition in 

silico models. As discussed in detail in section 2.5.2, studies have reported that the mean 

size of EC particles falls between 14 nm to 2.5 µm, with the most common size range 

between 0.15 – 1.0 µm. These measurements were obtained from techniques such as the 

electrical mobility analyser, differential mobility analyser, gravimetric analyser and the 

cascade impactor.  

 

There is evidence that device type, e-liquid composition and vaping topography affect the 

PSD of EC aerosol (discussed in section 2.5.2). However, studies do not commonly assess 

vaping topography, EC device settings and e-liquid composition using the same measuring 

techniques or experimental conditions. Consequently, there is little understanding 

regarding the synergistic effects between any of these three parameters (e.g., the impact 

of a high power level and high flow rate on the PSD). Such comparisons are not readily 

available in the literature. Moreover, experimentally gathered PSD data with carefully 

controlled vaping topography and device settings link particle transport and deposition in 

the airways and user-based vaping conditions. Hence, this work provides a preliminary 
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understanding of how vaping behaviour influences particle transport and deposition by 

influencing the PSD of EC particles.  

 

The key aim of this experimental investigation was to measure the PSD of EC aerosol 

under different vaping topographies and EC device settings, such as flow rate, puff 

duration, and power level, closely resembling user vaping behaviour. It is hypothesised 

that the vaping topography and device settings will impact the measured PSD. The 

resulting measured EC aerosol PSD and mean particle sizes can inform future CFD and 1D 

modelling techniques (presented in Chapters 4 and 5). This will allow understanding of 

the transport and deposition of EC particles, as well as the influence of particle size on 

both parameters.  

 

Performing in-house PSD measurements allows understanding of the particle size range 

produced from popular EC devices available in the NZ marketplace and with the usage of 

popular, locally available e-liquids. To achieve successful measurements of EC aerosol, 

first a suitable method must be developed to measure the PSD accurately under 

controllable vaping topographies.  

 

3.1.1 Laser diffraction spectroscopy 

While there are many methods to measure the PSD of EC aerosol (discussed in section 

2.5.1), this study will focus on using a laser diffraction spectrometer, as this method has 

many advantages and opportunities. Laser diffraction spectroscopy is a commonly used 

technique to quantify the mean particle size and PSD of fine particles, including solid, 

liquid and gas particles of varying densities and diffraction indices in a range of dispersant 

fluid mediums. This technique does not require diluting of aerosol or suspending the 

particle in a liquid medium, therefore it has the key benefit of being able to be performed 

in situ and on-line, in real-time. As a result, it also allows for effective control and 

manipulation of vaping topography, such as flow rate and puff duration. Aerosol dilution 

has been found to have the disadvantage of causing particulate matter evaporation 

(Ingebrethsen et al., 2012). Major discrepancies have been recorded in PSD 

measurements between studies due to differences in dilution factor of the aerosol with 

fresh air (Oldham et al., 2018 Kane, & Gardner, 2018). Therefore, laser diffraction 
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spectroscopy avoids this limitation and has the potential of being more reproducible. 

Additionally, the Malvern Spraytec can take either single measurements or repeat 

measurements and present the average to increase accuracy and reduce random error 

(Malvern Instruments, 2007).   

 

3.2 Method development process 

The method development process was iterative, including trialling and troubleshooting 

multiple set-ups to achieve a workable method, as well as recommendations for future 

work. 

 

3.2.1 Malvern Spraytec details 

The Malvern Spraytec (Figure 7) is a non-intrusive laser diffraction spectrometer with the 

intended application of measuring drop sizes and PSD for continuous sprays. It provides a 

volume-based PSD measurement for the sample of interest (Triballier et al., 2003). The 

unit was fitted with the 300 nm lenses with the measurable size range of 0.1 –900 µm, 

reflecting the minimum measurable size range of the instrument (Malvern Instruments, 

2007). The unit contains a transmitter module containing the light source, a receiver 

module that measures the intensity of the light source and an optical bench aligning the 

transmitter and receiver. The operation of this instrument is based on the Fraunhofer 

diffraction theory, where collimated Helium-Neon laser beams are scattered by moving 

drops (Triballier et al., 2003). As the parallel light beam interacts with a drop, light is 

diffracted by a quantity dependent on particle size. The scattered light is received by a 

detector array (receiver unit). The detected light is converted into electrical signals 

processed by the software in the receiver. The sample is placed between the transmitter 

and receiver optics. The Malvern Spraytec software package transforms the raw data 

based on scattered light intensity into meaningful PSD information (Malvern Instruments, 

2007). This working principle behind the Malvern Spraytec is summarised in Figure 8. The 

“inhaler and nebuliser accessory” (Figure 7) is designed to measure the PSD of droplets or 

dry powder particles contained by inhalers and nebulisers. It can achieve rapid sampling 

and measurements. The attachment is designed to be connected to a vacuum pump at 

the bottom end, allowing measurements to be made under a range of flow rate conditions 

(Malvern Instruments, 2007).  
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Figure 7: Malvern Spraytec instrument open configuration (left) and inhaler attachment (right): 1, laser emission unit; 

2, optical acquisition unit; 3, optical bench; 4, lenses; 5, measurement zone; 6, inhaler chamber attachment. Original 

image retrieved from Malvern Instruments. 

 

 

 

Figure 8: Working principle behind the Malvern Spraytec laser diffraction spectrometer. Original image retrieved from 

Malvern Instruments. 

 

3.2.2 Other materials 

A third-generation refillable, rechargeable EC with controllable power level and 

adjustable atomiser coil was selected for this study, as presented in Figure 9. This device 

type allowed assessment of the influence of changing e-liquid composition and device 

settings on the measured PSD, as first and second generation devices do not have this 

level of autonomy. The locally available “Ricky R200” open-tank EC from “Lawless Vape” 

was used for this study. The device was fitted with the “Ritzy 4” coil, with an effective 

resistance of 0.3 ohms. NZ made “Alpha” brand e-liquids were purchased from a local, 

1 
2 

3 

4 
6 

5 
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specialist vaping shop in the flavour “rolling tobacco” and nicotine concentrations of 18 

mg/L and 0 mg/L.  

 

 

Figure 9: EC device used in this experimental procedure. Original image retrieved from (Campbell et al., 2021). 

 

3.2.3 Parameters assessed that impact that PSD of EC aerosol 

Table 2 highlights the target conditions and variables used to assess the PSD of EC aerosol. 

The recommended flow rates are based on commonly recorded vaping flow rates from a 

population of users (Korzun et al., 2018). Power levels and VG/PG ratios are based on 

values that have been reported to influence the PSD of EC particles in the literature, as 

discussed in section 2.5.2, and e-liquid flavour and nicotine concentration reflect readily 

available products in the local market. Thus, these parameters reflect commonly used 

vaping conditions.  

 
Table 2: Recommended device configurations, e-liquid compositions and vaping topography to assess the impact of 

such parameters on the measured PSD of EC aerosol. 

Device 

setting 

Vaping topography E-liquid composition 

Power level 

(W) 

Puff duration 

(s) 

Vaping flow 

rate (L/min) 

PG/VG 

ratio 

Nicotine 

Concentration 

(mg/L) 

Flavouring 

10 2.0 1.1 70/30 0 Unflavoured 

40 2.5 1.7 50/50 6 Methanol 

80 3.0 2.4 30/70 18 Tabaco 
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3.2.4 Experimental set-up configurations tested 

The Malvern Spraytec was fitted with the commercially available “inhaler unit” (acquired 

from Malvern Instruments, UK) to make PSD measurements of EC particles suspended in 

an aerosol cloud. The original inhaler unit was modified to decrease the volume of the 

chamber (by removing the top and bottom sections surrounding the measurement zone), 

since the development of the puff over a distance was not targeted in this investigation. 

This configuration is presented in Figure 10, highlighting only the inhaler unit of the 

Spraytec with attached connections. This modification allowed higher concentrations of 

EC aerosol to accumulate more quickly in the measurement zone. The inhaler unit was 

connected to the pump at the bottom end, while the EC was attached at the top end. This 

was configured to draw the aerosol from the EC to the measurement zone, enabling PSD 

measurements. It was important to ensure an airtight, closed system to generate a 

vacuum pressure to activate the EC and generate the aerosol flow. The EC was connected 

to the inlet of the chamber via a silicon tube and an adapter that was designed via CAD 

and fabricated from Aluminium 7075. Similarly, an adapter was designed for the outlet of 

the inhaler chamber to connect to the vacuum system. The CAD design of the inlet and 

outlet adapters are available in Appendix A.  

 

Figure 10: Modified inhaler attachment (Malvern Spraytec) and in-house fabricated adapters. 
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3.2.4.1 Set-up 1 

The first experimental set-up involved an Electronic Cigarette Aerosol Machine (ECAM) 

(Campbell et al., 2021) (Figure 11) to extract aerosol from the EC at controlled, automated 

conditions. This allowed the flow rate, puff duration, inter-puff duration and number of 

puffs to be controlled via a calibrated system containing flowmeters and other control 

systems. This set-up had the key advantage of being automated, accurate, reproducible, 

and user-friendly. It eliminated the potential for human error while controlling the vaping 

topography. The ECAM was connected to the bottom of the modified inhaler unit to draw 

aerosol into the measurement zone at a controlled vaping topography, and the EC was 

connected to the top of the inhaler unit. It was found that the pressure drop across the 

configuration and low maximum flow rate of the vaping device was not sufficient to draw 

enough aerosol into the measurement zone for the Spraytec to detect changes to the 

transmission level. Therefore, this experimental set-up was not feasible for this 

application, despite having the benefits of an automated and controlled system.  

 

 

Figure 11: Labelled ECAM. Original image retrieved from (Campbell et al., 2021). Note: when connecting the ECAM to 
the Spraytec, the device is connected to the modified inhaler unit instead of the EC directly.  

 

3.2.4.2 Set-up 2 

The second experimental set-up deployed involved a similar configuration to Set-up 1, 

however it used a pneumatic pump at the outlet (attached via the adapter and silicon 
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tubing) that could achieve higher flow rates than the ECAM. Two methods to draw aerosol 

into the measurement zone were investigated. The first activated the EC and ran the 

pump simultaneously to encourage flow through the inhaler chamber. The second 

method created a vacuum pressure in the inhaler chamber. This was achieved by using a 

closed valve between the EC and inhaler chamber inlet, allowing the volume of the 

chamber to be evacuated using the pump. The valve was opened once a negative pressure 

was created, allowing the aerosol to flow into the inhaler unit due to the pressure 

differential.  

 

Pneumatic pumps with maximum flow rates of 3.1 L/min and 10 L/min were trialled with 

both of these methods, however, the 3.1 L/min pump did not induce sufficient suction to 

draw any aerosol from the device. The larger pump was more promising for this 

application. It allowed some aerosol to be drawn into the inhaler unit and measuring zone, 

triggering the detector. However, the quantity of aerosol drawn into the inhaler chamber 

was insufficient to successfully measure the PSD by the instrument and yield PSD readings. 

Hence, a higher flow rate pump is required for this experimental method.  

 

Another similar set-up was trialled involving the larger pump, with an additional 

modification to the inhaler unit. Here the volume of the inhaler chamber was decreased 

further by removing a segment of the bottom end and replacing it with another adapter 

to attach the pump more closely to the measuring zone, as seen in Figure 12. The CAD 

design of the adapter is available in Appendix B. The intention was to increase aerosol 

concentration in the detection zone for a fixed puff volume. However, it was found that 

this arrangement did not increase the success of PSD measurements made by the Malvern 

Spraytec, and hence this arrangement was not feasible for this application.   
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Figure 12: Further modified inhaler attachment (Malvern Spraytec) and in-house fabricated adapters. 

 

3.2.4.3 Set-up 3 

The third experimental set-up did not use the inhaler chamber, instead it used the original 

open configuration of the Malvern Spraytec (Figure 7 (left)). Here, the recirculation of 

aerosol from the pneumatic pump was optimised and the aerosol released from the pump 

outlet was targeted towards the measuring zone of the Spraytec by positioning the pump 

under the measuring zone. This allowed understanding of whether measurements could 

be made without the inhaler chamber attachment. This may decrease factors such as 

condensation in the inhaler chamber and allow the aerosol to be emitted closer to the 

measuring zone, allowing less time for thermodynamic and mass transfer effects to take 

place. However, the recirculation of aerosol through the pump also potentially leads to 

some unknown effects on particle-particle interactions that are difficult to quantify. 

Trialling this set-up did not yield successful measurements.   

 

3.2.5 Measurement procedure 

Standard operating procedures (SOPs) on the Malvern Spraytec software interface were 

developed to optimise measurements of EC particle size. Rapid sampling was selected for 

all trials at a sampling interval of 50.0 ms and frequency of 2.5 kHz, aligning with 

recommendations from the Spraytec User Manual for similar measurement targets 

(Malvern Instruments, 2007). The detection of the measurement trigger by the laser 
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acquisition unit was set to “drop in transmission level”. Transmission level measures the 

proportion of light that can transmit through a medium, such as EC aerosol in this 

experiment – the higher the transmission level, the lower the concentration of the 

medium the light travels through. The range from 70% to 98% was investigated – a higher 

value indicates greater sensitivity to aerosol. However, only a set value of 98% (100% 

reflecting the case of no aerosol present in the chamber) triggered the sensor with any of 

the rig set-ups investigated. This occurred since the concentration of aerosol collected in 

the chamber was insufficient to cause higher light obstructions and trigger the sensor at 

the lower set values. As a result, 98% was the value used for all trials and is recommended 

for this application. Repeated sampling was selected, allowing five measurements to be 

made to present averaged results with decreased influence of random error. Five repeat 

measurements optimise accuracy and sampling speed. Taking an even larger number of 

repeat measurements would increase the time period required to record measurements 

– later measurements are more likely to capture particles that have undergone particle 

size change dynamics, such as coalescence or evaporation.  

 

3.2.6 Vaping topography and device settings 

Three power levels were investigated with all three experimental set-ups – 10 W, 40 W 

and 80 W. Changing the power level did not affect the likelihood of a successful PSD 

measurement. The vaping flow rate investigated in Set-up 1 was limited by the safe 

operating flow rate of the ECAM and was limited to 2.8 L/min. The four flow rates 

investigated using the device were 1.1 L/min, 1.7 L/min, 2.4 L/min and 2.8 L/min, 

reflecting a range of realistic vaping flow rates. Set-ups 2 and 3 did not allow quantitation 

of the flow rate of aerosol emitted from the EC as there were no flowmeters in the set-up 

to monitor the flow rate. As such, these set-ups did not allow control or quantification of 

vaping topography.  

 

For Set-up 1, the ECAM automatically controlled the puff duration. The device was initially 

configurated to the ISO standard puff duration of 3.0 s (ISO20768:2018) and was tested 

with increasing puff duration up to 30 s. The inter-puff duration was also decreased to 3.0 

s to produce a higher aerosol concentration in the chamber in a shorter time frame. 

However, the device did not draw enough aerosol from the EC to achieve measurements 
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at any flow rate investigated. Several puff durations were investigated in the range of 2.0 

s – 4.0 s (reflecting realistic puff durations for EC users) for Set-ups 2 and 3. These were 

controlled manually. However, it was found that the puff duration was not sufficient to 

generate enough aerosol in the measurement zone for the laser acquisition unit to make 

detections. Therefore, puff duration had to be increased by a significant margin to 30 s, 

allowing enough aerosol to build up in the measurement zone to trigger the detector.  

 

3.3 Troubleshooting the experimental set-up 

Investigations were performed to decipher the reasons that may have prevented 

successful measurements. One of the major issues faced was generating sufficient aerosol 

in the chamber quickly enough to trigger the Spraytec detector and successfully record 

particle size measurements. It was hypothesised that insufficient vacuum was generated 

in the inhaler unit to rapidly draw the aerosol from the EC, despite the suction provided 

by the pump. Thus, any potential sites of leakage were investigated. This was done using 

a simple test involving the application of a foaming soap to the inner surface of the inhaler 

unit. The soap was focussed on any fitting and connections, and then the system was 

closed, followed by activation of the pump. Any areas where bubbles formed around 

fittings could suggest potential areas of air leakage, which prevent vacuum pressure-

induced suction of the EC aerosol. However, investigations did not reveal any clear areas 

of bubbling, thus there were no apparent sources of air leaks. Hence, no immediate 

improvements could be made to the inhaler unit configuration to increase chances of 

success.  

 

3.3.1 Testing the successful measurement size range of the experimental rig 

Alternative samples were measured to assess the measurable size range of the Malvern 

Spraytec and determine if the experimental configuration and software SOPs were 

suitable for making measurements.  

 

The first test was done using a standard spray bottle and water – the water was sprayed 

through the inhaler unit and the instrument made measurements. The water droplets 

were expected to have a larger diameter than the EC particles and the movement of water 
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droplets through the measuring zone was simple – there was no reliance on a pump as 

the spray trigger propelled the droplets. As such, these conditions were more favourable 

for successful measurements. This process led to successful measurements that were 

repeated several times to assess the reproducibility of the measurements. The 

measurements and experimental process appeared to be reproducible. The resulting 

mean particle size information (averaged from five measurements in each trial) is 

presented in Table 3.  

 

Table 3: Troubleshooting the Malvern Spraytec and assessing successful measurable size range using water spray 

droplets and the resulting mean particle sizes recorded. 

Trial Number Mean particle size (µm) Standard deviation (µm) 

1 135.0 16.6 

2 133.3 18.7 

3 132.8 10.8 

4 129.5 13.6 

 

The mean particle size had acceptable reproducibility with repeat measurements made 

within a trial and between trials. The maximum difference between recorded 

measurements across different trials was ~5%. The mean particle size of the water droplet 

was significantly larger than that of EC particles and did not approximate the minimum 

measurable particle size by the Spraytec lenses. This test confirmed that the Malvern 

Spraytec could successfully and reproducibly measure larger particles around 100 µm, 

approximately 100 times larger than EC particles.  

 

The inhaler unit attachment was then removed, and the standard open configuration was 

utilised to make second-hand EC aerosol PSD measurements. It was expected that second-

hand aerosol has a larger mean particle size due to hygroscopic growth and coagulation 

inside the airways from the user inhaling and exhaling the aerosol (Sosnowski & Kramek-

Romanowska, 2016). Thus, it was hypothesised that measurements might be more 

successful, as the mean particle size is more likely to be greater than the minimum 

measurable size of the instrument, compared to primary aerosol particles. The user 

inhaled using the EC device and then exhaled the aerosol cloud close to the Malvern 

Spraytec measuring zone, which triggered the detector and successful measurements 
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were made. Six repeat trials were performed, but only two trials yielded measurements 

of the mean particle diameter of second-hand aerosol, as presented in Table 4.  

 

This method is only suitable for a preliminary ‘proof-of-concept’ trial. It did not have 

controlled parameters such as inlet aerosol flow rate, inlet puff duration, aerosol mouth-

hold period and exhalation period. These factors can affect PSD and thus must be 

quantified, controlled and held constant between trials. As such, this method was only 

used to perform a preliminary assessment of the capabilities of the instrument. 

Additionally, this method had low reproducibility, with a 33% successful measurement 

rate. The instrument may be less reliable at smaller particle sizes close to the minimum 

particle size limit and hence this may have caused low reproducibility.  

 

Table 4: Troubleshooting the Malvern Spraytec and assessing the successful measurable size range using second-hand 

EC aerosol and the resulting recorded mean particle sizes. 

Trial Number Mean particle size (µm) 

1 2.04 

2 2.51 

 

These readings do not present a standard deviation as they were only based on one 

measurement for each trial rather than several repeat measurements. There is a notable 

difference between the mean particle size between both trials, however this may be due 

to differences in vaping conditions by the user, which was not controlled. The measured 

particle sizes appear to be in a realistic range for EC particles – it is expected that the mean 

particle diameter is larger than that for primary aerosol (sizes highlighted in section 2.5.2), 

however within a similar size range. Additionally, since the Spraytec can only measure 

particles above 0.1 µm and not necessarily the full PSD of EC aerosol, the mean particle 

size is likely overestimated. This experiment confirmed that the instrument can measure 

smaller particles around 2 µm, and thus may be promising for measuring the PSD of the 

primary aerosol at the correct experimental set-up. However, it is still unknown whether 

the device can accurately and reproducibly measure particles with a mean size of 0.1 – 1 

µm contained in a dispersed cloud of aerosol.  
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3.4 Discussion 

Various experimental set-ups were developed to measure the PSD of primary EC aerosol 

with the Malvern Spraytec at controlled vaping topography. The development process 

investigated several experimental set-ups, each with increasing complexity based on 

modifications to the inhaler chamber used to collect and measure EC aerosol PSD. 

Modifications made between trials included decreasing chamber volume, increasing 

pump flow rate and optimising the software interface SOPs in order to increase the 

concentration of the aerosol in the measurement zone to enable detections and 

successful measurements of the aerosol PSD. Several EC device settings (e.g., power level) 

and vaping topography (e.g., puff duration) were attempted to optimise the method and 

find the most favourable conditions for a successful reading. Several troubleshooting 

steps were taken to try and improve the experimental set-up and determine the 

successful measurable size range of the Malvern Spraytec. However, despite these 

detailed investigations, no successful measurements of the EC aerosol PSD were obtained. 

An accurate and reproducible method using the Malvern Spraytec to measure the PSD of 

EC aerosol was unable to be formulated. There were many reasons, including EC device-

based limitations, difficulty in drawing EC aerosol out of the device using a pump and 

vacuum pressure, obtaining sufficient aerosol concentration in the measurement zone to 

offset the trigger and even yielding a successful PSD measurement when aerosol was 

detected. Other limitations include the measuring capabilities of the Malvern Spraytec 

and the limitations of the overall experimental set-up.  

 

The Malvern Spraytec has reportedly been used to measure the PSD of EC aerosol with a 

mean particle size of 0.41 µm published, using a third-generation EC device (Sosnowski & 

Kramek-Romanowska, 2016). This reported study also utilised the inhaler chamber (as 

provided by Malvern Instruments with no in-house modifications), with the EC attached 

to the chamber inlet, a vacuum pump attached to the outlet with a flow rate of 5 L/min 

and the software interface SOPs utilising rapid sampling. Despite the experimental 

conditions being similar to the experimental set-up used here, no results were 

successfully obtained even when using a modified inhaler chamber. These modifications 

theoretically should have increased the likelihood of successful readings by overcoming 

issues such as low aerosol concentration in the measurement zone. Although Sosnowski 
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et al. recorded success using the Malvern Spraytec, this method does not appear to be 

easily reproducible with EC aerosol and may require a very specific experimental set-up 

or vacuum pump to yield success.  

 

3.4.1 Limitations of the Malvern Spraytec for measurement of EC particles 

Laser diffraction spectroscopy requires a minimum aerosol amount in the measurement 

chamber to detect changes in transmission levels and make PSD measurements. Thus, the 

usable EC devices and topography conditions, such as flow rate and puff duration are 

limited by the ability to generate the minimum concentration of aerosol required to make 

accurate and reproducible measurements. For example, a low flow rate coupled with a 

short puff duration may not generate enough aerosol to reach detectable or measurable 

concentrations. Additional challenges of laser diffraction spectroscopy are inherent to 

optical-based measurements, such as incorrect measurements with very high aerosol 

concentrations and dependence on the refractive index of the particle (Oldham et al., 

2018). This is complicated with EC aerosol due to the complex composition of the e-liquid. 

 

The effective, measurable size range is limited to 0.1 – 900 µm with laser diffraction 

spectrometry (Malvern Instruments, 2007), therefore it is unlikely that the full PSD of EC 

aerosol can be captured by this method. Many of the reported measured PSDs of EC 

aerosol involve nano-sized particles, with some studies indicating a mean particle size 

around 100 nm, as discussed in section 2.5.2. This means that the instrument will only 

capture the larger particles in the aerosol and present an overestimated PSD. Despite this, 

it is believed that quantifying the larger particles within the PSD range is most critical 

when looking at particle transport and deposition. This is because the mass fraction of 

nano-scale sized particles that undergo deposition is low compared to the larger, micron-

sized particles in the aerosol cloud (Sosnowski & Kramek-Romanowska, 2016). Therefore, 

this method will still estimate the effective PSD of particles with a higher tendency to 

deposit.  
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3.4.2 Further analysis on the successful measurement size range of the 

experimental rig 

The successfully measured PSDs included water spray bottle droplets and second-hand EC 

aerosol. The water droplets had a more streamlined flow pattern past the measuring 

zone. The water spray develops as a traditional spray, where the droplets disperse out in 

a conical shape, however still maintains distinct streamlines. Whereas EC aerosol does not 

move through the measurement zone in a distinctly streamlined manner; instead, the 

aerosol dispersal is more random and cloud-like. It seems likely that the Spraytec is more 

effective for PSD measurements of particles travelling in streamlined, conically dispersed 

spray patterns rather than particles contained in a ‘cloud’. Additionally, the inhaler unit is 

also designed for more streamlined flows exhibiting the traditional flow development 

profile and is typically used for measuring medical inhaler droplet PSDs (Malvern 

Instruments, 2007).  

 

The successful PSD measurement retrieved of second-hand aerosol was likely successful 

as the mean particle size was larger than the primary aerosol. This is because significant 

particle coagulation occurs during the inhalation cycle (Sosnowski & Kramek-

Romanowska, 2016), which causes a growth in the mean particle size and a shift of the 

PSD to more micron-sized particles. This would potentially shift the PSD closer to the mid-

range of the measurable size range of the lenses, increasing the likelihood of a successful 

measurement (as more particles fall in the measurable range). Additionally, the 

exhalation was closer to the measuring zone and the aerosol did not have to travel 

through the tubing, which may lead to phenomena such as particle coalescence. These 

factors make it more favourable for a successful measurement to be made. However, this 

measurement was not very reproducible, with only a 33% measurement success rate. 

Hence the reliability of this measurement is unknown.  

 

3.4.3 Limitations of the overall experimental set-up 

There were limitations to the maximum puff duration investigated. It was observed that 

as the puff duration exceeded 30 s, non-aerosolised e-liquid leaked from the device and 

the Spraytec was triggered by these drops of e-liquid rather than the aerosolised particles. 

As a result, false measurements were made, and the experiment was terminated. This 
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leakage may be due to factors such as device heating or even the inherent design of the 

device – EC devices are not generally designed for a continuous extraction beyond the 

realistic user-based puff duration range.  

 

An inherent limitation of this experimental procedure is the lack of control over the time-

point any particle size measurements are made. Measurements can only be made when 

the device is triggered through reaching the set threshold (e.g., a drop in transmission 

level) rather than at a time-based input (e.g., 0.5 s after the aerosol is released from the 

device). As such, measurements cannot be made at defined time increments. Likewise, 

no PSD measurements can be made of the initial developing aerosol immediately as the 

EC is activated, as a minimum concentration must accumulate in the inhaler chamber 

before measurements are made. Consequently, this method does not allow effective 

understanding of any transient behaviour over the entire puff duration rather provides 

the average PSD in a small-time frame when the transmission level triggers the sensor.  

 

Another limitation to the experimental procedure is using a narrow 10 mm diameter tube 

to draw aerosol through before it reaches the inlet of the inhaler unit. The aerosol travels 

through a small cross-sectional area before it can further disperse into the larger volume 

of the inhaler unit. The small cross-sectional area will likely increase condensation effects 

and affect particle-particle interactions in a dense aerosol. Interactions such as particle 

coagulation will affect the PSD entering the inhaler unit, and thus the measured PSD will 

not be reflective of the aerosol emitted directly from the device. With a standard EC puff, 

the user inhales the aerosol directly into their mouth, therefore there is no higher 

resistance pathway the aerosol travels through before inhalation that may affect the PSD. 

Additionally, the mouth has a larger volume than the silicon tubing, allowing for greater 

dispersion of particles. Hence it is expected that the particle-particle interaction will be 

different in the silicon tubing and the mouth, thus the experimental set-up cannot 

completely replicate human vaping behaviour.  

 

Even if the investigated experimental set-up did yield successful measurements, these 

results would have limited accuracy and validity since these results would be obtained 

from vaping topography outside of the normal user bounds. For example, in experimental 
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Set-ups 1 and 2, there was no way of quantifying or controlling the aerosol flow rate 

generated from the EC. Since mean particle size appears to decrease with increasing flow 

rate (discussed in section 2.5.2), an arbitrary flow rate could misrepresent the PSD of EC 

particles. Similarly, a continuous 30 s puff exceeds typical vaping puff durations, creating 

more opportunity for mass transfer, heat transfer and thermodynamics events, which 

impacts particle size.  

 

Based on the observed limitations discussed above, the original intention was to replicate 

the three experimental set-ups assessed (discussed in section 3.2.4) with an alternative 

pump with a larger maximum flow rate. This may have potentially generated a larger 

vacuum pressure in the system and allowed for a greater volume of aerosol generation in 

the measurement zone in a single puff. Alongside this, the intent was to incorporate 

silicon tubing and connectors with larger cross-sectional diameters in the set-up to reduce 

the pressure drop in the system and better replicate the particle-particle interactions 

within the mouth. Additionally, an alternative EC device was intended to be trialled with 

the experimental set-ups developed to determine if the issue of non-aerosolised e-liquid 

leakage from the EC device observed was device-dependent. However, this was not 

possible due to the COVID-19 restrictions imposed in Auckland when completing the later 

stages of the experimental method development process – the lockdown meant that 

access into the laboratory was not prohibited (more details available in Appendix C). As 

such, these areas of further investigation had to be withheld.  

 

3.5 Conclusions 

There are several reasons that this experiment did not yield successful measurements, 

including the inherent capabilities of the Malvern Spraytec, limitations of the overall 

experimental set-up and insufficient concentration of EC aerosol in the measuring zone of 

the Spraytec. The successfully measured PSDs included water spray droplets and second-

hand EC aerosol. Both particle types were larger in diameter than the expected size of EC 

particles, which likely caused the successful measurements.  
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The key limitation of the Malvern Spraytec is the measurable size range of the instrument, 

even with the higher sensitivity lenses – the minimum measurable particle size is 0.1 µm. 

With strong evidence present in the literature regarding the impact of PSD on EC particle 

transport and deposition, all in silico methods that utilise PSD to inform transport and 

deposition behaviour must utilise accurate PSD information. Otherwise, outputs of such 

computational models will not be reliable for informing the health impacts of EC usage in 

future studies.  

 

The Spraytec cannot be used to determine the impact of factors such as vaping 

topography or device settings on the PSD, due to the inability of the instrument to 

measure the full expected PSD of EC aerosol. Alternative optical spectrometry methods 

for measuring the PSD of EC aerosol that can capture nano-sized particles and the full 

expected PSD should be investigated for informing particle transport models (discussed 

in detail in section 3.6). These will create outputs with higher accuracy and validity.  

 

3.6 Recommendations for future work 

Despite the inherent limitations of the Malvern Spraytec, it is worthwhile developing a 

method to successfully measure the PSD of the aerosol under a range of conditions. This 

method will unlikely yield results that have sufficient accuracy to be used as input for in 

silico particle transport models. However, the results may be useful to approximate the 

overall impact of factors such as device settings, e-liquid composition or vaping 

topography on the recorded PSD. It was confirmed that the Spraytec could detect aerosol 

with the mean particle size of approximately 2 µm, thus it is expected that at least the 

larger particles within the PSD of primary EC aerosol can be detected. The key challenge 

for this experiment is to capture the aerosol in sufficient concentration and transport it 

to the measurement zone rapidly before mass transfer and thermodynamic effects impact 

the PSD. Additionally, the aerosol should be generated using realistic vaping flow rates. 

Small orifices that the aerosol needs to travel through before reaching the measurement 

zone should be avoided, as this may cause additional condensation. Additionally, the 

experimental set-up should incorporate the quantification and control of the aerosol flow 

rate to understand the vaping topography.  
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The volume of the inhaler unit appears to be too large to draw sufficient aerosol in the 

measuring zone to achieve successful PSD measurements. Also, the 10 mm diameter 

silicon tubing used to transport aerosol from the device to the chamber likely caused 

significant condensation in the tubing. Future work recommends designing an in-house 

‘aerosol chamber’ connected to the measurement zone to mimic the general inhaler unit 

but with a shortened vertical length and direct connections for the EC and ECAM. This 

reduces the pressure drop in all the tubing and connections. The volume of the aerosol 

chamber should be reduced to promote greater aerosol concentration accumulation at 

realistic vaping flow rates and puff durations. This is better suited for dispersed cloud-

style measurements. Figure 13 highlights the location of the recommended aerosol 

chamber, based on the design of the Spraytec. Using the ECAM instead of a pneumatic 

pump will allow for accurate control of vaping topography. The aerosol chamber must not 

interfere with the laser optics and should utilise airtight connections to allow generation 

of vacuum pressure to draw the aerosol into the measuring zone. 

 

Figure 13: Suggested location of the recommended in house designed aerosol collection chamber on the Malvern 

Spraytec. 

 

A more significant recommendation is to employ an alternative technique or instrument 

to measure the PSD of EC aerosol with greater accuracy. Spectrometer-based techniques 

are still advisable. They eliminate issues with aerosol dilution or suspension in a medium 
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that make the measuring process more complex and can cause sources of error through 

effects such as particle evaporation (as discussed in 2.5.1). However, instead of the 

Malvern Spraytec spectrometer, an alternative spectrometer instrument may allow for 

more easily reproducible and accurate readings. One such example includes the linear 

diode array spectrometer (Ingebrethsen et al., 2012).  

 

This instrument works by measuring the wavelength dependence of transmitted light 

intensity through the aerosol. EC aerosol should be drawn through a cell with 

perpendicular emission of light source beams, allowing the spectrometer to measure 

transmitted light intensity. This method does not require a transmission level-based 

trigger to record measurements and hence will be beneficial for low aerosol or particle 

concentrations. This set-up also provides the benefit of a time-dependent profile of the 

PSD of EC aerosol during a puff, as measurements are not trigger dependent. This 

instrument and experimental set-up has successfully measured nano-sized EC particles, 

with a recorded mean particle size in the range of 250 – 450 nm (Ingebrethsen et al., 

2012).  
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4. CFD Model for EC Particle Transport and Deposition 

 

This chapter outlines the methods for developing a 3D EC particle transport and 

deposition model, followed by the key findings with varying vaping flow rates and EC 

particle sizes. Additionally, a discussion is presented to understand the implications of the 

findings, followed by the key conclusions.  

 

4.1 Introduction 

The key focus was to understand the particle transport and deposition behaviour from 

the site of inhalation (i.e. mouth) through the respiratory pathway into the five lobes of 

the lung. Alongside this, the global and regional deposition efficiency of particles and any 

deposition hot spots were important considerations.    

 

CFD is a valuable 3D modelling technique for understanding fluid flow behaviour alongside 

particle transport and deposition in any system. It has been applied to characterise the 

fluid flow in the human airways (Rahimi-Gorji et al., 2015). It allows precise modelling of 

information due to the ability to define specific and explicit boundary conditions in the 

context of the problem modelled. Models can easily be modified with changes in 

boundary conditions and other user-based inputs to understand the impact of changing 

parameters on the overall system behaviour. As a result, this is suitable for understanding 

how changing vaping topography (flow rate) and PSD of EC particles can affect transport 

and deposition behaviour.   

 

CFD allows the fluid flow in complex geometries to be well understood by defining 

geometrical information as a mesh input into the modelling process. Consequently, a 

subject-specific model can also be constructed by using image processing techniques to 

create a mesh based on CT scans. CFD techniques utilise numerical approaches to solve 

the physical system through mathematical models. The solution for fluid flow is based on 

conservation of the physical properties of the fluid, namely the conservation of mass, 

momentum and energy. The Navier-Stokes equations are used to model fluid flow, 

describing the motion of viscous fluids.  
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CFD models allow particles to be tracked via the discrete particle tracking method. This is 

an Euler-Lagrange approach to look at the trajectories of small, neutrally buoyant particles 

suspended in fluid flow. Fluid flow is solved through the continuity and Navier-Stokes 

equations, while the dispersed phase is solved by tracking the motion of particles using a 

Lagrangian approach. CFD approaches have the inherent disadvantage of high 

computational time and power, and reliance on a high-quality mesh. The geometry is 

divided into elements to discretise a domain, and a sufficiently high number of elements 

(i.e., high mesh density) are needed to fully characterise the system and achieve high 

levels of accuracy when describing the fluid flow. As such, large and complex geometries 

require a very large number of elements to fully characterise the domain information 

accurately, which may exceed computational time or power requirements. Consequently, 

CFD models may require simplified or smaller geometries to produce results to an 

acceptable level of accuracy in a realistic computational time. For the case of fluid flow 

through airways, the entire airway cannot be modelled – the geometrical information of 

the full conducing and acinar airways are too complex to characterise into a dense mesh 

of elemental information. As such, the CFD models developed here only consider the 

mouth to the bronchi portion of the airways (up to the 5th generation). While this chapter 

cannot characterise particle transport and deposition at the alveolar level, numerous 

studies in the literature have indicated that the majority of EC particles deposit in the 

upper airways (Feng et al., 2016; Haghnegahdar et al., 2018; Sosnowski & Kramek-

Romanowska, 2016). Thus, the CFD models developed will undoubtedly capture the 

locations with the highest expected deposition.    

 

4.2 CFD model development methodology 

Figure 14 gives an overview of the method followed to obtain a solution. Due to the 

limitations of large mesh sizes and computational power with CFD models, the entire 

upper conducting airways cannot be modelled in a single simulation. Therefore, the 

airway geometry was split into the upper airways (mouth to larynx) and lower airways 

(trachea to bronchi) and CFD models were created from each geometry independently. 

As a result, the particle transport and deposition in the upper and lower airways were 

computed independently, and the final results were manually combined to understand 
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the approximate transport and deposition behaviour in the conducting airways segment 

modelled. Air and particles that exit the upper airways are assumed to enter the lower 

airways – conservation of mass is specified across both airway models.  

 

 

Figure 14: Methodology for developing CFD models for EC particle transport and deposition 

 

The inhaled aerosol consisted of air with suspended liquid EC particles. As such, the vaping 

flow rate related to the airflow rate through the geometry. The (air) fluid flow was solved 

first since the solution was used to inform particle flow using the Lagrangian particle 

tracking approach. The volume fraction occupied by particles was considered negligible in 

the fluid flow calculations. 

 

‘ANSYS CFX (V 11.0)’ was used to create a 3D model of EC aerosol transport through the 

airways due to the capabilities and ease of use of this software. The geometry selection 

was made to balance simulation computational time and understand deposition 

behaviour on a significant portion of the airways. The CFD model was set up and boundary 

conditions were defined on ‘ANSYS CFX Pre’, while ‘ANSYS CFX Solver Manager’ was 

utilised to solve the model and ‘ANSYS CFX Post’ was used to process and understand 

results.  

 

4.2.1 Geometry acquisition 

Pre-existing airway geometry files were used for this study. These geometries were 

obtained from multidetector-row CT (MDCT) imaging procedures from a healthy, non-

smoking male volunteer (Human Lung Atlas subject (Hoffman et al., 2004)). This was 

followed by segmentation of the lungs, lobes, upper airways, and intrathoracic regions, 

based on 3D region growing and 2D mathematical morphology methods (Lin et al., 2009). 

This allowed the airway tree to be retrieved from the CT imaging information. The 

centreline of individual branches and branch-point locations were quantified from the 
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segmented airway tree, followed by determination of the volume and surface area. The 

segmented airway surface geometry was exported as a stereolithography (STL) file to 

generate CFD meshes. The selected geometry allowed understanding of particle flow 

distribution across the lobes of the lung, highlighting the particle transport pathways 

beyond the modelled geometry. Figure 15 showcases the upper and lower airways 

geometries utilised for the CFD models.  

 

 

Figure 15: Labelled upper and lower airways geometry used for CFD models.  

 

4.2.2  Mesh development with Gmsh 

The ‘Gmsh’ (V 4.9.3) software was used to develop, edit and refine the mesh from the 

geometry STL files to create a smooth, hybrid triangular/tetrahedral surface mesh and 

volume grid – this mesh shape can capture the complex respiratory geometry effectively. 
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The physical surface, physical volume, inlets and outlets of the model was defined using 

Gmsh, whereby the geometry information was stored in the mesh elements. The 

characteristic length value was altered (decreased) to improve mesh refinement (number 

of elements). The characteristic length is applied to the geometrical points of the model, 

where the element size of the mesh is computed through the interpolation of the 

characteristic length onto the initial mesh. The exported lower airways mesh for the CFD 

model contained 3,752,221 nodes and 21,266,932 elements. The exported upper airways 

mesh contained 151,354 nodes and 685,019 elements. Figure 16 displays the mesh 

characteristics for the upper and lower airway geometries.  

 

ANSYS Fluent (V 12.0) was used to scale the meshes to the correct dimensions (mm 

reference) to match the subject-specific geometry. The final meshes were imported into 

ANSYS CFX Pre to create the CFD simulation.  
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Figure 16: Close-up view of the mesh in the upper airways (mouth region) (top) and lower mesh (trachea/bronchi 
region) (bottom). 

 

4.2.3 Governing equations 

Several relationships govern fluid flow and mass transfer (ANSYS, 2011). The transport 

equations for viscous flow of Newtonian fluids are governed by the unsteady Navier-

Stokes equations. The following equations reflect mass (1) and momentum (2) 

conservation in a stationary frame (ANSYS, 2011). Often these equations are coupled with 

equations of state for density to form a closed system.  
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Conversation of mass is enforced by the continuity equation: 

 

𝜕𝜌

𝜕𝑡
+  ∇. (𝜌𝑼) = 𝟎, 

(1) 

where 𝜌 is the fluid density and 𝑼 is the fluid velocity vector. The fluid is assumed to be 

incompressible, and hence fluid density is considered a constant term.  

 

 

Momentum equation:  

 

𝜕(𝜌𝑼)

𝜕𝑡
+  ∇. (𝜌𝑼 ⊗ 𝑼) =  −∇𝑝 + ∇. 𝜏 +  𝑆𝑀, 

(2) 

where 𝑆𝑀 is the momentum source, 𝑝 is pressure and 𝜇 is fluid viscosity. 𝜏 is the stress 

sensor and is related to the rate of strain by the following equation (3): 

 

𝜏 =  𝜇( ∇𝑈 + (∇𝑈)𝑇)  

(3) 

 

4.2.4 Fluid flow simulation development 

The fluid flow in both geometries consisted of 100% air at standard pressure, enthalpy 

and a temperature of 310 oK to approximate body temperature. The air density and 

viscosity were defined as 1.138 kg/m3 and 18.9 x 10-6 Pa.S, respectively, based on 

temperature-pressure air property charts. The air was specified to be incompressible and 

isothermal, neglecting heat transfer. Airflow was considered as steady-state, as the 

simulation approximated only the inhalation period of air rather than the entire sinusoidal 

breathing cycle. The airflow through the geometries was driven by pressures chosen to 

get the desired flow partition between lobes (discussed in more detail in section 4.2.4.1). 

 

The inlets and outlets for both geometries were defined on CFX PRE. A single inlet and 

outlet were defined in the upper airways, while in the lower airways, one inlet (trachea) 

and 11 outlets (bronchi) were defined. The outlets in the lower airway geometry were 
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grouped based on the lobe of the lung the individual outlets (location of the bronchi) 

corresponded to. As such, boundary conditions were prescribed for each lobe of the lung.  

 

4.2.4.1 Boundary and initial conditions 

For both the upper and lower airways geometries, the inlet boundary conditions specified 

included the mass flow rate of air and inlet pressure of the air, while the outlet boundary 

conditions were pressure values at each outlet.  

 

The inlet airflow rates were selected to reflect common vaping topography by EC users. 

Studies in the literature measuring vaping topography across populations of EC users 

indicate that common vaping flow rates are within the range of 1.2 L/min – 3.2 L/min, 

with the median flow rate being 1.9 L/min (Korzun et al., 2018). As such, the flow rates of 

1.7 L/min and 2.4 L/min were selected for this study to depict a lower and higher vaping 

flow rate. Additionally, the flow rate of 1.1 L/min was used for this study, based on ISO 

standards (ISO20768:2018, 2018). The CFD models assume conservation of mass across 

both geometries, thus the mass flow rate at the inlet of the mouth (upper airways) and 

trachea (lower airways) are equal. The inlet flow direction was defined normal to the 

airway cross-section. A smooth wall boundary condition was specified since the airway 

wall can be assumed to have negligible surface roughness.  

  

The outlet pressure condition in the upper airways was set to 0.0 Pa to drive fluid from 

the inlet to the outlet. In the lower airway, the airflow rate is not uniform through each 

outlet – each lobe of the lung receives a specific fraction of the total airflow. Therefore, 

the outlet pressure values in the lower airways were selected to ensure anatomically 

correct distribution of air into the five lobes of the lung (Lambert et al., 2011). A trial-and-

error approach was used to determine the correct pressure outlet conditions iteratively – 

arbitrary pressure values were selected and the fraction of airflow to each lobe was 

calculated. These pressure values were corrected to match the reported distribution of 

airflow across the lobes of the lung. This process was repeated until the percentage 

difference between expected airflow fraction through a lobe, and actual airflow was no 

more than 5%. This process was performed for all three inlet vaping flow rates, and Table 
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5 presents the final pressure values (boundary conditions) for each outlet of the lower 

airways model. This table also displays the reported distribution of airflow across the 

lobes of the lung (Lambert et al., 2011).  

 

Table 5: Pressure-based outlet boundary conditions for lower airways geometry to achieve realistic distribution of 
airflow between the five lobes of the lung. 

Airflow rate 

(L/min) 

Lobe Outlet pressure 

boundary 

condition (Pa) 

Outlet mass flow 

rate (kg/s) 

Proportion of 

total mass flow 

rate (%) 

Expected 

proportion of 

total mass flow 

(%) 

1.1 LUL -0.185 3.02 x 10-6 13.9 14.5 

LLL -0.125 7.52 x 10-6 34.6 34.9 

RUL -0.12 2.87 x 10-6 13.2 13.0 

RML -0.185 1.10 x 10-6 5.1 5.3 

RLL -0.235 7.21 x 10-5 33.2 32.4 

1.7 LUL -0.17 4.70 x 10-6 14.0 14.5 

LLL -0.24 1.20 x 10-5 35.7 34.9 

RUL -0.035 4.25 x 10-6 12.7 13.0 

RML -0.16 1.72 x 10-6 5.1 5.3 

RLL -0.25 1.09 x 10-5 32.5 32.4 

2.4 LUL -0.165 6.86 x 10-6 14.5 14.5 

LLL -0.25 1.67 x 10-5 35.1 34.9 

RUL -0.05 5.94 x 10-6 12.5 13.0 

RML -0.15 2.60 x 10-6 5.5 5.3 

RLL -0.28 1.54 x 10-5 32.4 32.4 

 

The average Reynolds number for each flow rate (reported by ANSYS) is presented in 

Table 6, which indicates that the fluid flow can generally be considered laminar.  The fluid 

flows in distinct streamlines without significant intermixing between layers.  
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Table 6: Reynolds number for fluid flow through the airways at each vaping flow rate. 

Geometry Flow rate (L/min) Reynolds number 

Upper airways 1.1 237.1 

1.7 373.1 

2.4 538.1 

Lower airways 1.1 203.2 

1.7 311.5 

2.4 500.9 

 

4.2.4.2 CFX Solver Manager 

High resolution advection scheme was selected for a suitable degree of robustness in the 

solution. Double precision was used to decrease numerical errors with the solver. A 

convergence criterion for the RMS Residuals was set as 1 x 10-4. The model was second-

order accurate for time and space.  

 

4.2.4.3 Mesh convergence test 

Since CFD solutions are dependent on the mesh used, a mesh independence test was 

carried out to assess the influence of the mesh on the fluid flow solution and determine 

if the solution is independent of the mesh refinement. This ensures that all simulation 

outputs are dependent only on the boundary conditions, initial conditions and fluid flow 

properties rather than mesh refinement. This process was carried out independently on 

both the upper and lower airway geometries. A simplified (air) fluid flow model was used 

for both the upper and lower airways, where the inlet airflow was defined by a volumetric 

flow rate of 2.4 L/min and a pressure of 101325 Pa, while the pressure at all outlets was 

defined as 0.0 Pa. The simulations were solved with identical boundary conditions for 

various mesh sizes (i.e., refinements), sequentially increasing mesh refinement between 

iterations. The fluid flow rate at the outlet (larynx) for the upper airways and ‘outlet 4’ 

(displayed in Figure 15) for the lower airways was monitored for each simulation, with 

increasing mesh refinement. This was done to determine when the outlet mass flow rates 

converged to a steady value, independent of the mesh sizes.  

 

Figure 17 indicates that with a coarser mesh (e.g., characteristic length of 0.5 and 0.4), 

the outlet flow rate in the lower airways changed with changing mesh size, indicating that 
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the solution was not independent of the mesh properties. However, with increasing mesh 

refinement, the flow rate tended towards a steady value, highlighting the independence 

of the solution from the mesh size. In the lower airways, a mesh characteristic length value 

of 0.3 and 0.2 yielded an approximately constant flow rate value (with the same boundary 

and initial conditions), indicating mesh independence. Similarly, in the upper airways, the 

outlet flow rate increased with increasing mesh refinement for coarser meshes, however 

the solution reached an approximate steady-state for mesh characteristic length values 

of 0.3 and 0.2. This indicated that the solution was independent of mesh properties. As 

such, the final mesh size corresponding to a characteristic length value of 0.3 was selected 

for the lower airways and 0.2 for the upper airways for subsequent particle transport 

simulations. This selection optimised solution accuracy with computational power and 

ANSYS Solver CPU time for solution convergence. This was important considering the high 

CPU time required for Lagrangian tracking of particles – especially in the lower airways 

geometry where the solution took several hours to converge.   

 

 

Figure 17: Results from mesh independence test for the upper airways (top) and lower airways (bottom). 
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4.2.5 Particle transport  

Particle tracking is a transient process whereby particle paths are integrated through a 

discretised domain (ANSYS, 2011). Particles are injected from the specified location at 

each timestep. Particles are tracked from the release position to the destination, which 

includes being expelled from the domain or deposition on the geometry walls.  

 
Particle transport can be considered a multiphase model, where particles are tracked 

through the flow in a Lagrangian manner. The tracking process involves a set of ODEs in 

time for each particle, containing particle position and velocity information (ANSYS, 2011). 

Integration methods are applied to calculate particle behaviour as it traverses the flow 

domain. Thus, the location and properties of particles at each timestep are described.  

 

Particle motion is dependent on the force balance acting on the particle and the initial 

conditions that underpin the particle release (ANSYS, 2011). Since particle tracking is a 

Lagrangian procedure, both boundary and initial conditions must be specified. Boundary 

conditions define particle-wall interactions, while initial conditions include the particle 

release position, particle properties, particle velocity, number of particles and particle 

size.  For EC particle transport, it was assumed that the airflow was steady-state and one-

way coupling was applied, which describes the situation where fluid flow dictates particle 

flow however particles do not effect fluid flow.  

 

4.2.5.1 Calculation of particle variables 

Particle displacement (𝑥𝑃
𝑛𝑒𝑤) is calculated using forward Euler integration of particle 

velocity over a timestep (𝛿𝑡) (ANSYS, 2011), as given by Equation (4), where 𝑥𝑃
𝑜𝑙𝑑  is the 

old particle displacement value and 𝑈𝑃
𝑜 is the initial particle velocity.  

 

𝑥𝑃
𝑛𝑒𝑤 =  𝑥𝑃

𝑜𝑙𝑑 +  𝑈𝑃
𝑜𝛿𝑡  

(4) 

At the end of a timestep, a new particle velocity is calculated based on the analytical 

solution of the particle momentum equation (ANSYS, 2011), as given by Equation (5), 

where 𝐹𝑡𝑜𝑡𝑎𝑙 is the sum of the total forces acting on the particle, 𝑚𝑃 is the particle mass 
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and 𝑈𝑃 is particle velocity. These forces include drag acting on the particle and buoyancy 

force due to gravity.  

 

𝑚𝑃

𝑑𝑈𝑃

𝑑𝑡
=  𝐹𝑡𝑜𝑡𝑎𝑙  

(5) 

The drag force acting on the particle is given by Equation (6), where 𝐶𝑑  is the drag 

coefficient, and 𝐴𝐹  is the effective particle cross-sectional area and 𝜌𝐹  is the fluid density 

(ANSYS, 2011). This relationship is a function of the slip velocity between the particle 

velocity (𝑈𝑃) and fluid velocity (𝑈𝐹). The Schiller-Naumann drag coefficient was selected 

to model the fluid-particle drag relationship.  

 

 

𝐹𝑑 =  
1

2
 𝐶𝑑𝜌𝐹𝐴𝐹|𝑈𝐹 −  𝑈𝑃|(𝑈𝐹 − 𝑈𝑃) 

(6) 

The buoyancy force acting on the particle is given in Equation (7) and is equal to the weight 

of the displaced fluid, where 𝑔 is the gravity vector, 𝜌𝑃 is particle density and 𝑑𝑃 is the 

particle diameter (ANSYS, 2011).  

 

𝐹𝐵 =  
𝜋

6
𝑑𝑃

3(𝜌𝑃 − 𝜌𝐹)𝑔 

(7) 

 

4.2.6 Particle tracking 

One-way coupling was applied; thus, the EC particles were superimposed onto the solved 

fluid-only models. Consequently, the converged steady-state fluid flow solution 

characterised EC particle transport behaviour, allowing discrete particle tracking methods 

to describe particle transport. No heat or mass transfer between fluid and particles was 

specified in the CFD model.  

 

A timestep of 0.001 s was selected for the simulation to track particle transport and 

deposition with sufficient accuracy when considering the small length-scale of the airway 
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geometry. The Courant number was monitored and remained below 1.0, indicating that 

the timestep was suitable for monitoring the transient solution with sufficient accuracy.  

 

4.2.6.1 Initial and boundary conditions 

The initial condition for particle velocity was defined by a 'no-slip’ condition. The 'uniform 

injection' setting was used to inject the particle into the domain via the cross-sectional 

area of the inlet. The injection time interval was based on a realistic EC puff duration as 

reported through various studies measuring the puff duration of populations of regular 

EC users (Cunningham et al., 2016; Jones et al., 2020; St Helen et al., 2016).   

 

The particle size range investigated in this study is presented in Table 7. Six mean particle 

sizes were investigated, in the range of 0.147 µm to 6.0 µm. These mean particle sizes 

were presented by a normal PSD, which reflects how particle size information is generally 

measured and reported in the literature (discussed in section 2.5.2). The minimum, 

maximum and mean particle size were specified in the simulation, along with the standard 

deviation for the PSD. The size range and PSDs selected reflect commonly measured and 

reported EC particle sizes through various experimental techniques utilising various EC 

devices, e-liquid compositions, device settings and vaping topography, as discussed in 

detail in section 2.5.2 and presented in Figure 6. While 3.5 and 6.0 µm are larger than 

most reported EC particle sizes, it may help indicate particle transport and deposition 

behaviour for larger particles in the case of phenomena such as particle coalescence.  

 

EC particle inlet mass flow rate (𝑚𝐸𝐶̇ ) was calculated according to Equation (8), based on 

the number of EC particles per unit volume of aerosol contained in a puff inhaled by users 

(𝐶𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 ), as well as the volumetric flow rate of aerosol related to vaping topography 

(𝑉𝑎𝑒𝑟𝑠𝑜𝑠𝑜𝑙
̇ ). The number concentration of EC particles was taken as 4.63 x 109 particles/cm3 

as reported in a recent study measuring EC particle concentration from a third generation 

EC device (Belka et al., 2017). It was assumed that the number concentration of EC 

particles per unit volume was constant for all mean particle sizes and vaping flow rates, 

thus the mass flow rate of particles was calculated based on the volume of particles 

(𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) (function of mean particle diameter) and vaping flow rate. Table 7 displays the 
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mass flow rate of EC particles specified for each particle size and vaping flow rate 

combination. Particles were injected at every timestep at the specified mass flow rate for 

the first 2.5 s of the simulation run time and were continuously tracked over the full 5.0 s 

transient run time.  

 

 

𝑚𝐸𝐶̇ (
𝑘𝑔

𝑠
) = 𝐶𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑚3 𝑎𝑒𝑟𝑜𝑠𝑜𝑙
) ×  𝑉𝑎𝑒𝑟𝑠𝑜𝑠𝑜𝑙

̇ (
𝑚3 𝑎𝑒𝑟𝑜𝑠𝑜𝑙

𝑠
) ×  𝜌𝐸𝐶 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (

𝑘𝑔

𝑚3
) 

×  𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒(
𝑚3

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
) 

(8) 

 

 

Table 7: Mass flow rates of EC particles input into the CFD model for the range of PSDs and vaping flow rates 
investigated. 

Flow rate 

(L/min) 

Mean particle 

size (µm) 

Maximum 

particle size 

(µm) 

Minimum 

particle size (µm) 

Standard 

deviation (µm) 

Particle mass 

flow rate (kg/s) 

1.1 0.147 0.168 0.145 0.045 1.70 x 10-7 

0.41 0.42 0.405 0.167 3.68 x 10-6 

1.15 1.19 1.06 0.01 8.1 x 10-5 

2.39 2.46 2.33 0.06 7.29 x 10-4 

3.5 3.8 3.2 0.1 2.29 x 10-3 

6.0 6.8 3.5 0.05 1.15 x 10-2 

1.7 0.147 0.168 0.145 0.045 2.60 x 10-7 

0.41 0.42 0.405 0.167 5.69 x 10-6 

1.15 1.19 1.06 0.01 1.26 x 10-4 

2.39 2.46 2.33 0.06 1.13 x 10-3 

3.5 3.8 3.2 0.1 3.54 x 10-3 

6.0 6.8 3.5 0.05 1.78x 10-2 

2.4 0.147 0.168 0.145 0.045 3.70 x 10-7 

0.41 0.42 0.405 0.167 8.03 x 10-6 

1.15 1.19 1.06 0.01 1.8 x 10-4 

2.39 2.46 2.33 0.06 1.59 x 10-3 

3.5 3.8 3.2 0.1 4.99 x 10-3 

6.0 6.8 3.5 0.05 2.52 x 10-2 
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All particle collisions with the wall were defined to be fully elastic. This describes the 

situation where the particle is deposited and collected on the wall – the corresponding 

mass and energy associated with the particle is removed from the domain (ANSYS, 2011). 

As such, parties deposited on the wall cannot be recirculated back into fluid flow. This is 

a good representation of EC particle deposition as the mucus lining of the airway walls 

and absorption tendencies of EC particles compare well to such a collision.  

 

4.2.6.2 EC particle properties 

The EC particles were specified to be liquid droplets with a composition of 70/30 VG/PG, 

neglecting the addition of flavourings, nicotine and other chemical additives in the 

composition. This simplified composition reflects a popular VG/PG ratio for e-liquid. 

Moreover, since PG and VG are the major constituents in e-liquid by mass, the density of 

the particles can be estimated from the density of the major component of the e-liquid. 

Equation (9) was used to calculate the density of the particles (𝜌𝐸𝐶), based on the mass 

fractions (𝑥𝑖) and densities of the components (𝜌𝑖) that form the composition.  

 

𝜌𝐸𝐶 =  ∑ 𝑥𝑖𝜌𝑖 =  𝑥𝑉𝐺𝜌𝑉𝐺 + 𝑥𝑃𝐺𝜌𝑃𝐺

𝑛

𝑖=1

 

(9) 

 

EC particles were defined as a buoyant phase, whereby the particle transport behaviour 

depended on the density difference between particles and fluid. The model neglected 

particle-to-particle interactions (e.g., particle coagulation etc.) and specified particles as a 

non-reactive species. The temperature of the particles was defined to be 310 oK (i.e., 

average body temperature), and heat transfer between the particles and fluid was 

neglected (i.e., isothermal conditions).  

 

4.2.6.3 CFX Solver Manager 

Initial values were specified based on the converged fluid flow solutions. Double precision 

was used to reduce solution numerical errors and 2nd Order Backwards Euler was selected 

as the transient solver scheme. 
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4.2.7 Processing results on CFX POST 

Fluid flow streamlines and velocity profiles were visualised to interpret the results. 

Particle tracks were used to visualise particle flow through the domain over the simulation 

run time of 5.0 s. The time-integrated particle mass rate entering the inlet and exiting the 

domain outlets was indictive of deposition efficiency, as well as particle transport into 

each lobe of the lung (in the lower airways geometry).  

 

4.2.8 Particle deposition visualisation 

Particle deposition was visualised through exporting particle time information and 

processing results using MATLAB code. This information tracked the location of a particle 

at each timestep throughout the domain with the discrete particle tracking approach. The 

location of a particle at each time interval was exported, and MATLAB code was used to 

compare the particle time between adjacent timesteps – if the particle time did not 

increase, it was assumed that the particle was deposited on the wall. The x, y and z 

coordinates at this particular occurrence were considered the location of particle 

deposition. The MATLAB script extracted the deposition locations into an array form and 

exported the data as a csv file type. This information was imported into CFX Post to 

visualise the deposition patterns by importing the data file as a point cloud. This allowed 

indication of regions of high deposition, as well as the general deposition patterns in the 

upper and lower airways with changing flow rate and PSD.  

 

4.3 Results 

4.3.1 Fluid flow patterns in the upper and lower airways  

The cross-sectional fluid velocity profiles are given by Figure 18, which showcases lower 

velocities closer to the walls and higher velocities at the centre of the geometry diameter.  
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Figure 18: Velocity profiles of fluid flow in the upper airways (left) and the trachea of the lower airways (right), at a 
vaping flow rate of 1.1 L/min. Note, similar velocity profiles were seen with 1.7 L/min and 2.4 L/min. 

 

Examining the overall fluid flow streamlines in the airway models and the resulting global 

variation in velocity through the airways (Figure 19), it was observed that the fluid flow 

behaviour was more complex in regions of curvature in the upper airways. There was no 

recirculation of fluid in any region in the lower airways.  

 

 

Figure 19: Fluid flow streamlines and global velocity contours in the upper airways (left) and lower airways (right) at a 
flow rate of 2.4 L/min. Note: similar trends were found at 1.1 L/min and 1.7 L/min vaping flow rates. 

 

In the upper airways, the fluid velocity was greatest in the back of the lower throat region, 

while the velocity was lowest at areas of air recirculation. In the lower airways, the lower 

lobes of the lung had the highest local air velocities, especially the RLL. The high local 

velocities can be attributed to the higher volumes of airflow into the lower lobes.  
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4.3.2 EC particle transport 

The transport of particles through the domain was governed by the fluid flow – the 

streamlines representing particle flow (Figure 20) closely resembled the streamlines 

associated with the fluid flow in the geometries (Figure 19). 

 

 

Figure 20: Particle flow streamlines in the upper airways (left) and lower airways (right), at a flow rate of 2.4 L/min. 
Note: similar trends were found at 1.1 L/min and 1.7 L/min vaping flow rates. 

 

In the upper airways, the particle transport behaviour is straightforward as there are no 

bifurcations; particles either deposit or exit the larynx. In the lower airways, particle 

transport behaviour is more complex due to the bifurcations present in the 

tracheobronchial (TB) region.  

 

4.3.2.1 Particle transport in the lower airways 

The particle mass is conserved across the bifurcations of the airways as particles are 

transported further downstream into the TB region. Particles are transported to the five 

lobes of the lungs, and the mass fractions of particle flow to the lobes is represented in 

Table 8 and Figure 21. Since the fluid flow mass fractions to the five lobes varied slightly 

across the three flow rates investigated (Table 5), the particle flow across the lobes is 

presented normalised to the expected airflow mass fractions. The difference between the 

particle flow and airflow for each lobe was computed, and this information was combined 

with the expected air flow across the lobe to provide the normalised particle distribution 
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across the lobes. As such, the impact of increasing vaping flow rate on particle transport 

can be examined. 

 

Table 8: % particle flow distribution across the lobes, with respect to total inlet particle mass flow. 

Flow rate (L/min) Mean particle size (µm) LUL LLL RUL RML RLL 

1.1 

0.147 13.33 35.53 12.81 5.12 33.22 

0.41 13.32 35.52 12.83 5.11 33.22 

1.15 13.27 35.57 12.76 5.12 33.28 

2.39 13.11 35.83 12.58 5.08 33.40 

3.5 12.79 36.36 12.22 5.03 33.61 

6.0 11.49 38.11 11.08 4.59 34.73 

1.7 

0.147 14.00 36.20 12.40 5.45 31.95 

0.41 13.62 36.53 12.40 5.06 32.38 

1.15 13.67 36.56 12.33 5.08 32.36 

2.39 13.68 36.65 12.24 5.09 32.34 

3.5 13.48 36.83 12.06 5.09 32.54 

6.0 12.80 37.97 11.37 4.79 33.07 

2.4 

 

0.147 14.09 35.96 12.67 5.49 31.79 

0.41 14.09 35.96 12.67 5.50 31.78 

1.15 14.06 35.97 12.66 5.50 31.81 

2.39 14.01 36.06 12.56 5.51 31.85 

3.5 13.93 36.21 12.44 5.48 31.94 

6.0 13.53 37.01 11.85 5.38 32.23 

 

Table 8 highlights that particle transport is highest to the lower lobes of the lung – 

approximately two-thirds of the total particle mass inhaled travels to the lower lobes. The 

LLL received the highest particle flow, consistent with the fact that the LLL also receives 

the highest airflow. The RML received the least particle flow by a substantial amount. 

Similar amounts of EC particles move into the two upper lobes, although the particle flow 

into the LUL is higher by 1 - 3% at all conditions.  
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Figure 21: Particle flow mass fraction per lobe of the lung. 
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Figure 21 highlights that there is very little effect of particle size on the particle transport 

distribution across the lobes, however increasing particle size from 3.5 to 6.0 µm shows a 

very small increase in particle transport to the lower lobes and the contrary in the upper 

lobes.   

 

The particle transport can also be quantified against the mass fraction of air flowing 

through each lobe – this will indicate whether particles preferentially travel to a particular 

lobe. This information is especially useful in future in vitro studies that may focus on 

factors such as the impact of EC aerosol dosimetry on cells. Figure 22 presents relative 

mass fraction distribution of particles across the lobes, compared to the airflow 

distribution across the lobes and the impact of particle size.  
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Figure 22: Comparison of the particle mass flow and airflow mass fraction per lobe of the lung. 
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Negative values indicate that the particle mass fraction in a particular lobe is higher than 

the airflow mass fraction in the lobe (i.e., path of preferential travel for particles), while 

the opposite is true for positive values. Independent of particle size and flow rate, it was 

observed that particles preferentially travel to the LLL, while the particle transport to the 

LUL is lower than the relative airflow into the lobe. The RUL has low affinity for particle 

flow at lower flow rates, however at 2.4 L/min, smaller particles (sub-3.5 µm) have a high 

tendency to travel to the RUL. The particle flow in the RML is very similar to the relative 

airflow through the lobe, with the exception of 6.0 µm sized particles, where the particle 

flow through the RML is relatively low. Particles preferentially travel to the RLL at a low 

flow rate (1.1 L/min), however the opposite is true at a high flow rate (2.4 L/min). At 1.7 

L/min, the relative particle flow through the RLL is strongly influenced by particle size. The 

difference between the particle flow mass fraction and the airflow mass fraction per lobe 

is not substantial – the largest difference was less than 4%. This indicates that fluid flow 

dictates particle transport.  

 

 

4.3.2.2 Mathematical model for mass fraction of particle flow per lobe 

Two-way ANOVA tests highlighted a statistically significant difference in the mass 

fractions of particles travelling to each lobe, with increasing mean particle size and flow 

rate (P-values were less than 0.05 for size and flow rate for all lobes). This confirmed that 

both EC particle size and vaping topography affect particle transport. Table 9 presents the 

regression models prescribing the mass fraction of particles entering each lobe as a 

function of particle size and flow rate – these models describe polynomial relationships. 

The interaction between size and flow rate affected particle transport. This can be thought 

of as a synergistic effect, where flow rate impacts the effect of increasing particle size and 

vice versa.  
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Table 9: Mathematical model for particle flow mass fraction per lobe as a function of mean particle size and vaping 
flow. 

Lobe Equation ( y = deposition, x1 = size, x2 = flow rate) R2 value 

LUL y = -0.26x1 – 0.03x1
2 + 0.45x2 + 0.16x1x2 + 12.96 0.96 

LLL y = 0.31x1 + 0.05x1
2  + 0.46x2  – 0.2x1x2 + 35.17 0.82 

RUL y = -0.19x1 – 0.04x1
2 – 0.18x2 + 0.12x1x2  + 12.94 0.89 

RML y = -0.08x1 – 0.01x1
2 + 0.25x2 + 0.05x1x2  + 4.85 0.85 

RLL y = 0.23x1 + 0.03x1
2 – 0.98x2 – 0.13x1x2  + 34.08 0.94 

 

The regression models show that in the LUL, RUL and RML, the mass fraction of particles 

entering the lobes decreases with increasing particle size and increases with flow rate, 

with the exception being the RUL which decreases with flow rate. The particle mass 

fraction in the LLL was proportional to both particle size and flow rate. In the RLL, particle 

mass fraction increased with particle size but decreased with flow rate. Hence increasing 

particle size causes more particles to flow into the lower lobes, and increasing flow rate 

decreased particle transport to the RUL and RLL.  

 

4.3.3 EC particle deposition in the airways 

4.3.3.1 Deposition in the upper airways 

EC particles undergo some deposition in the upper airways. Figure 23 highlights the 

percentage of particles deposited in the upper airways in a single puff of aerosol, as a 

fraction of particles inhaled, and the impact of mean particle size and vaping flow rate on 

deposition. Figure 23 indicates that total deposition of particles is low – less than 1% of 

inhaled particles deposit in the upper airways. Deposition increased with particle size at 

all vaping flow rates. This trend was more pronounced with larger particles compared to 

sub-2.39 µm particles, where deposition was steadier with increasing size. For sub-2.39 

µm particles, a lower flow rate yielded lower deposition efficiencies; however, flow rate 

was inversely related to particle deposition fraction with larger particles.   
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Figure 23: Total deposition of EC particles in the upper airways at various vaping flow rates and mean EC particle sizes. 

 

Mathematical model to prescribe deposition in the upper airways  

A two-way ANOVA test revealed that the change in deposition efficiency with particle size 

and vaping flow rate was statistically significant (P-values of 6.4 x 10-10 and 0.003, 

respectively). Table 10 describes the relationship between the expected percentage 

deposition and flow rate (in L/min) and mean particle size (in µm). Deposition is 

proportional to particle size and flow rate, hence increasing either parameter is expected 

to increase deposition.  

 

Table 10: Mathematical model to describe particle deposition in the upper airways. 

Equation ( y = deposition, x1 = size, x2 = flow rate) R2 value 

y = 0.03x1 + 0.001x1
2 + 0.02x2 – 0.01x1x2 + 0.14 0.96 

 

 

Deposition patterns in the upper airways 

Figure 24 showcases the particle deposition patterns in the upper airways and highlights 

the increasing deposition with flow rate and particle size, as well as locations with high 
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particle deposition. Particles preferentially deposit at regions of curvature in the upper 

airways, such as the lower throat and mouth. There is increased deposition on the lower 

surfaces with larger particles – likely due to the impact of increasing diameter on 

sedimentation. For sub-3 µm particles, deposition occurs on both the upper and lower 

surfaces of the mouth and upper throat region, however with larger particles, deposition 

only occurs on the lower surfaces. 

 

 

Figure 24: EC particle deposition in the upper airways and the influence of increasing mean particle size and vaping 
flow rate on deposition. 

 

4.3.3.2 Deposition in the lower airways 

In the lower airways, the deposition can be presented as global or regional deposition 

classified by the trachea, left and right primary bronchi and the lobar bronchi, which are 

further broken down into the LLL, LUL, RUL, RML and RLL.  

 

Global deposition in the lower airways 

The total percentage of particles deposited is presented in Table 11. Deposition in the 

lower airways is notably lower than in the upper airways.  
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Table 11: % total particle deposition in the lower airways at various vaping flow rates and mean EC particle size values. 

Flow rate (L/min) Mean particle size (µm) % Particle deposition in the lower airways 

1.1 

0.147 0.0582 

0.41 0.0579 

1.15 0.0586 

2.39 0.0561 

3.50 0.0556 

6.0 0.0570 

1.7 

0.147 0.0603 

0.41 0.0581 

1.15 0.0589 

2.39 0.0596 

3.5 0.0591 

6.0 0.0572 

2.4 

 

0.147 0.0606 

0.41 0.0606 

1.15 0.0609 

2.39 0.0609 

3.5 0.0594 

6.0 0.0581 

 

 

A two-way ANOVA test revealed that the impact of increasing particle size on deposition 

is not statistically significant (P-value of 0.07), but flow rate affected the deposition 

fraction in a statistically significant manner (P-value of 5.1 x 10-5). An overall mathematical 

model was fitted to predict the percentage global deposition in the lower airways as a 

function of flow rate (Table 12). Increasing vaping flow rate increased deposition. The low 

R2 value of the model suggests that it is less robust for prediction-based analysis. 

 

Table 12: Mathematical model to describe particle deposition in the lower airways. 

Equation ( y = deposition, x1 = size, x2 = flow-rate) R2 value 

y = 0.002x2 + 0.05 0.65 

  

The deposition patterns of the particles in the lower airways with increasing flow rate is 

presented in Figure 25. It was seen that there was a tendency for particles to deposit at 
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the bifurcations of the airways. Deposition was higher in the bronchi compared to the 

trachea.   

 

 

Figure 25: EC particle deposition in the lower airways and the influence of vaping flow rate on deposition. 

 

Distribution of particle deposition by localised areas in the lower airways 

Table 13 presents the percentage of particles that deposit at each region of the lower 

airways, breaking down the global deposition into regional deposition. 
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Table 13: Regional deposition fraction in the lower airways as a % of total deposition and the influence of changing 
mean particle size and vaping flow rate.  

Flow 

rate 

(L/min) 

Mean 

particle 

size (µm) 

Trachea 

(%) 

Left 

primary 

bronchi 

(%) 

Right 

primary 

bronchi 

(%) 

LUL 

(%) 

LLL  

(%) 

RUL 

(%) 

RML 

(%) 

RLL  

(%) 

1.1 

0.147 0.36 1.26 24.24 5.92 21.45 5.12 0.36 1.26 

0.41 0.36 1.34 24.04 5.72 21.54 4.83 0.36 1.34 

1.15 0.45 2.41 25.13 4.99 20.59 6.15 0.45 2.41 

2.39 0.93 4.01 22.16 6.69 20.24 8.14 0.93 4.01 

3.5 2.49 7.04 24.78 8.79 17.95 8.72 2.49 7.04 

6.0 7.45 10.75 18.09 10.17 17.54 7.62 7.45 10.75 

1.7 

0.147 3.26 5.00 26.30 6.42 20.61 5.46 12.90 18.26 

0.41 1.14 4.57 22.96 8.05 21.77 6.81 12.73 20.01 

1.15 1.50 4.91 22.71 7.09 21.57 7.76 13.19 21.92 

2.39 2.46 5.89 22.53 5.89 21.66 6.85 12.93 21.21 

3.5 4.10 6.94 21.58 7.61 21.62 7.30 12.06 21.76 

6.0 6.92 8.48 19.11 9.23 18.58 7.49 11.61 18.77 

2.4 

 

0.147 3.39 5.26 25.50 6.96 19.38 5.77 13.89 19.20 

0.41 3.38 5.35 25.53 6.97 20.12 5.79 13.73 19.12 

1.15 3.80 5.61 25.76 6.79 20.46 5.10 13.90 18.56 

2.39 4.75 5.70 24.12 6.97 20.56 5.99 13.44 18.44 

3.5 5.81 6.34 21.38 7.49 21.25 5.81 13.05 18.84 

6.0 7.62 7.42 19.70 8.87 18.92 6.90 12.30 18.26 

 

Table 13 highlights that more particles deposited on the right primary bronchi (RPB) 

compared to the left primary bronchi (LPB). Deposition on the trachea was higher with 

larger particles. When looking at deposition distribution across the lobes of the lung, the 

LLL had the greatest deposition fraction while the RUL generally had the least, except for 

small particles at a flow rate of 1.1 L/min (where the lowest deposition quantity was in 

the RML). With larger particle sizes, a comparatively higher deposition load is generally 

expected in the upper lobes of the lungs. Similarly, deposition in the RML is expected to 

be higher at higher flow rates.  

 

Figure 26 displays this deposition breakdown, grouping deposition by the trachea, left and 

right primary bronchi and each lobe (based on colour).  
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Figure 26: EC particle deposition broken down into the various sub-regions of the lower airways and the influence of 
increasing vaping flow rate on deposition. Dark green: trachea, purple: LPB, red: RPB, light green: LUL, dark blue: LLL, 

yellow: RUL, light blue: RML, brown: RLL. 

 

4.3.3.3 Total global deposition of particles in the upper lower airways  

Through combining the deposition from both geometries, the global deposition and 

impact of flow rate and particle size on deposition in the entire upper and lower airway 

models is presented in Figure 27. The total deposition fraction was less than 1% at all 

conditions. This highlights that most particles travel deeper into the airways towards the 

alveolar level, where particles may deposit or exit the respiratory system during 

exhalation. Global deposition increases with particle size.  
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Figure 27: Total global deposition of EC particles in the upper and lower airways at various vaping flow rates and mean 
EC particle sizes. 

 

A two-way ANOVA test confirmed that global deposition in the airways is affected by size 

and flow rate in a statistically significant manner (P-value of 4.1 x 10-10 and 0.006, 

respectively). The mathematical model prescribing global deposition percentage as a 

function of particle size and flow rate is presented in Table 14, showing deposition is 

directly proportional to both variables. Additionally, there is a synergistic effect between 

size and flow rate, thus both parameters must be observed together.  

 

Table 14: Mathematical model to describe total global particle deposition from the mouth to bronchi as a function of 
mean particle size and flow rate. 

Equation ( y = deposition, x1 = size, x2 = flow-rate) R2 value 

y = 0.03x1 + 0.001x1
2 + 0.02x2 – 0.01x1x2 + 0.19 0.96 
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4.3.4 Comparing the particle transport and deposition distribution across the lobes 

of the lung  

The key value in comparing particle deposition behaviour with particle transport at the 

lobar level was to determine whether particles preferentially deposit within a particular 

lobe, relative to the particle mass flow travelling through the lobe of interest. Figure 28 

illustrates this concept by comparing the deposition mass fraction of particles in each lobe 

with respect to the particle flow mass fraction travelling through each lobe. The RML has 

a proportionally higher deposition than the particle flow through the lobe (i.e., 10-20% 

higher across all flow rates). In the remaining lobes, the relative deposition fraction was 

less than the relative particle flow fraction into the corresponding lobe. For large particles 

(i.e., 6.0 µm), the upper lobes (at 1.7 and 2.4 L/min) have a higher particle deposition 

affinity compared to the particle mass flow fraction through this lobe.  
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Figure 28: Comparison of effective particle deposition and particle mass flow per lobe and the influence of mean 
particle size. 
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4.4 Discussion 

The implemented CFD simulations assessed transport of EC particles across the lobes of 

the lungs, as well as the global and regional deposition efficiency of particles and 

prominent deposition patterns. The results indicated the airflow regime strongly 

influenced particle transport. The vaping flow rate influenced the airflow regime and 

particle transport and deposition across the lobes. This supported findings from a recent 

study using CFD simulations to model EC particle deposition in a simplified airways 

geometry up to the 3rd generation, indicating that EC particle deposition is affected by the 

airflow regime (Haghnegahdar et al., 2018). The trend of increasing EC particle deposition 

in the upper airways with increasing flow rate observed herein was reported in another 

study using CFD simulations of EC particle transport (Feng et al., 2016). This study 

indicated that the deposition in the oral cavity, oropharynx and trachea increased with 

increasing flow rate.  

 

In the lower airways, deposition was seen at the bifurcations, which has been previously 

reported as high deposition zones due to forces such as inertial impaction and 

gravitational sedimentation (Feng et al., 2016). The higher deposition in the upper airways 

compared to the lower airways observed here aligns with Haghnegahdar et al.’s study, 

indicating that the majority of deposition occurs in the mouth to glottis region of the 

airway tract (Haghnegahdar et al., 2018).   

 

The results indicated that the deposition in the RML was preferentially high (Figure 28) 

compared to the mass flow of particles to this lobe. It is possible that the geometry of this 

lobe increased deposition tendencies, for example, increased inertial forces causing 

higher rates of deposition due to the effect of the bifurcations on fluid flow. Deposition 

hot spots existed at the base of the mouth, back of the throat, areas of curvature and 

regions of bifurcation, which indicate the locations exposed to the highest dose of EC 

particles and are the most susceptible to health impacts. These results align with the 

reported heterogeneity of particle deposition distribution in the airways (Tsuda et al., 

2013). Additionally, particle deposition was found to vary with flow rate (Figure 24 and 

Figure 25), which agrees with the CFD models of EC particle deposition employed by 
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Haghnegahdar et al. that revealed that the average puff flow rate influenced the local 

particle deposition patterns (Haghnegahdar et al., 2018).  

 

While 6.0 and 3.5 µm are typically larger than the average EC particle measured in the 

literature (discussed in detail in section 2.5.2), it could provide some indication of 

deposition behaviour in the case of phenomena such as particle coagulation (currently 

neglected by the simulation) which causes an increase in the effective particle size. 

Several factors that can induce the size of EC particles to change (Sosnowski & Kramek-

Romanowska, 2016). This includes hygroscopic growth from cooling of particles in the 

upper airways that produce condensation centres of water vapour from saturated air and 

coagulation where particle size may increase due to coalescence of particles. Moreover, 

EC particles are thought to have a higher hygroscopic growth rate than smoke particles, 

thus the shift of the PSD to larger diameters is more pronounced (Pichelstorfer et al., 

2016). Based on the trend of increasing global deposition with increasing particle size 

found through this study, particles that undergo such phenomena may have higher 

deposition tendencies. Consequently, the overall deposition may be underestimated.  

 

Quantifying the regional deposition of EC particles alongside global deposition is 

important for understanding the impact of EC use. Studies performed on smokers 

suffering from emphysema have indicated notable variability in the regional distribution 

of the condition, which has differing impacts on lung volume reduction. Emphysema is an 

abnormal enlargement of airspaces distal to terminal bronchioles alongside the 

destruction of alveolar walls (Nemec et al., 2013). Lower lobe predominant emphysema 

(found in approximately two-thirds of individuals affected by emphysema (Sousa et al., 

2019)) has been found to cause higher obstruction in airflow and higher rates of metabolic 

syndrome compared to upper lobe predominant emphysema, as detected through CT 

scanning techniques (Boueiz et al., 2018). As such, both the location and quantity of 

deposition are influential, hence it is important to characterise factors that impact 

regional deposition. Based on current results, larger particles (i.e., 3.5 and 6.0 µm) and 

low vaping flow rates (1.1 L/min) decrease relative deposition in the lower lobes. 

However, the flow rates of 1.7 – 2.4 L/min and particle size range from 0.147 – 2.39 µm 

are more realistic representations of typical vaping topography and EC particles sizes. 
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Within these ranges, size and flow rate do not alter the distribution of deposited particles 

across the lower lobes notably, thus lower lobe prominent diseases may be a real concern 

with EC usage, independent of user vaping behaviour.  

 

The high affinity for EC particles to deposit in the RML (relative to the particle flow through 

the RML), as discussed in section 4.3.3, may make regular EC users susceptible to 

pulmonary langerhans cell histiocytosis, which is a condition associated with cigarette 

use. It is characterised by nodules located predominately in the RML (Sousa et al., 2019). 

Additionally, particle deposition in the bronchial bifurcations of the airways with 

conventional cigarette particles has been shown to induce localised lung cancer 

development (Balásházy et al., 2003). ECs also have similar deposition tendencies, 

although the lower reported toxicity associated with ECs (discussed in section 2.2) may 

reduce the risk of lung cancer development. However, the localised deposition of EC 

particles in the bifurcations can still have physiological consequences due to the 

interactions of the inhaled compounds with the mucus lining and lung surfactant, as well 

as the direct influence on epithelial cells (Sosnowski & Odziomek, 2018). In general, the 

EC regional deposition patterns resemble similar deposition patterns to smoking 

(Sosnowski & Odziomek, 2018). Thus, if long-term studies confirm that prolonged EC use 

has similar health impacts to smoking, the similar deposition patterns between both types 

of particles could lead to similar health implications with smoking and vaping.  

 

4.4.1 CFD model assumptions 

Density was evaluated based on an e-liquid composition of 70/30 VG/PG and no 

flavourings, additivities or nicotine. However, typical e-liquid compositions in the 

marketplace are more complex. There is also variability with composition given the 

number of brands, flavourings and products available. Thus, it was not feasible to capture 

the entire spectrum of e-liquid compositions available and hence consider the impact of 

composition on the EC particle density value, which influences particle transport and 

deposition. However, when looking at an alternative common e-liquid composition of 

50/50 VG/PG, it was found that the density only decreased by 3.5%. Additionally, when 

considering the large difference in the density of air and e-liquid particles (approximately 

1000-fold difference), an increase or decrease by 3.5% for EC particle density can be 
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neglected for the overall density difference between the particle and fluid. However, the 

presented mathematical models are likely to be more accurate with EC particles that have 

a similar density to that used in this study.  

 

Another assumption included in this model was the aerosol inhalation profile, whereby 

the EC aerosol was assumed to be inhaled at a constant flow rate for the puff duration. 

Although studies indicate that ex-smokers often have a mouth-hold period (Sosnowski & 

Kramek-Romanowska, 2016), this was neglected here to simplify simulations and focus 

on the impact of particle size and vaping flow rate on deposition behaviour. Additionally, 

the exhalation period was neglected, therefore it is likely that the deposition was 

underestimated as particles could continue to deposit with expiration and during mouth-

hold. This underestimation quantity is unknown as no studies in the literature have yet 

presented a detailed comparison between the deposition efficiency during the inspiration 

and expiration with EC particles (Sosnowski & Kramek-Romanowska, 2016). Finally, the 

assumption that the inhalation flow rate is steady-state was a simplification utilised to 

decrease computational time. The reported inhalation profile for smoking is described by 

a complex relationship containing three sine terms (Paul et al., 2021), thus a similar profile 

may be expected with EC use.  

 

4.4.2 CFD model limitations 

No information can be inferred for the behaviour of the particles travelling to the alveolar 

region with this current model. The model only examined a single puff with no information 

on particle transport and deposition during the exhalation period. The model neglects any 

changes in the PSD of the EC particles through preferential deposition of specific-sized 

particles, affecting the overall aerosol PSD. An inherent limitation of relying on a subject-

specific geometry is the potential variation in results when applied to populations. As 

such, particle transport and deposition patterns may change slightly with changes in 

airway geometry between users.  

 

Creating two independent models of the upper and lower airways may lead to some 

discrepancy compared to using a single, full geometry model. While care was taken to 

match the boundary conditions to create a “pseudo-connected” geometry, the fluid flow 
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streamlines may differ slightly in the inter-connecting location between both geometries 

(e.g., the inlet of the lower geometry has plug flow rather than a parabolic-like flow 

profile, which would be likely in a single geometry model). However, with CFD simulations, 

mesh size, refinement and computational time must be balanced – with a single mouth-

to-bronchi geometry model, the mesh refinement would need to be lower to balance 

computational power, potentially decreasing the accuracy of the solution.   

 

4.5 Conclusions 

The employed CFD models highlighted that both the transport and deposition of EC 

particle in the upper and lower airways is dependent on the mean particle size and vaping 

flow rate. Particle transport is strongly influenced by fluid flow patterns. Both EC transport 

and deposition are the highest in the lower lobes of the lung (compared to the 

upper/middle lobe(s)). Deposition is higher in the upper airways than the lower airways. 

Deposition increases with increasing particle size and flow rate in the upper airways; 

however, particle size does not impact deposition in the lower airways. Overall global 

deposition in the modelled segment of the airways increases with flow rate and particle 

size. Particles tend to deposit at the bifurcations in the airway tree or regions of curvature 

in the geometry. Particles show preferential deposition in the RML, independent of flow 

rate and particle size. While the overall total global deposition fraction of particles is low 

(less than 1%) for a puff of inhaled aerosol, EC users typically inhale many puffs over the 

course of a day. Understanding the degree and location of deposition of EC particles is 

useful in understanding the potential toxicity associated with its usage.  

 

4.6 Future work 

The CFD simulations could be further developed to model the exhalation of the aerosol 

to assess the contribution of exhalation on particle deposition – current results potentially 

underestimate deposition by not examining this period. Additionally, a multiple puff 

simulation can be employed to determine how deposition is impacted by several 

sequential puffs of EC aerosol, as this is more representative of typical user behaviour. 

This will assess if deposition is additive and if so, whether it is linear or nonlinear over the 

course of multiple puffs. The impact of regular breathing (i.e., fresh air) between puffs on 
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deposition can also be investigated. This is ideal for assessing longer-term health impacts 

of EC use. Even if the impact of EC use is low at low exposure levels, sustained long-term 

exposure through additive deposition may have more harmful impacts. More detailed 

inhalation profiles can also be introduced in the CFD models, such as incorporating a 

period of mouth-hold, which is commonly seen in ex-smokers. Aerosol mouth-hold 

reportedly changes the initial properties of the EC particle due to thermodynamic, and 

mass transfer effects (Behar et al., 2015). 

 

The current CFD models can also be further developed to assess if specific-sized particles 

of the PSD have preferential deposition in a specific region of the airways (e.g., if smaller 

particles deposit in a different location compared to larger particles). This knowledge 

could be useful for assessing the dose of EC particle deposition on specific regions of the 

airways. The deposition of larger particles exposes epithelial cells to a higher mass of e-

liquid constituents per particle. The number concentration of EC particles per unit volume 

of aerosol can also be altered to assess the impact of changing EC device type on particle 

transport and deposition – the concentration of particles used in the simulation was based 

on a reported study utilising a third generation device (discussed in section 4.2.6.1). The 

higher amounts of particle deposition at the lower lobes and bifurcations and high relative 

deposition in the RML could form focus areas for future studies looking at health impacts 

of EC exposure to cells, based on dosage.  

 

The current CFD models can be repeated with a cohort of subject-specific geometries 

(e.g., 10 subjects of different genders) to understand how particle transport and 

deposition change with slight variation in airway geometry, better representing a 

population. This will help in informing the applicability of the particle transport and 

deposition mathematical models presented herein to a wider population.  
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5. 1D Modelling of EC Transport and Deposition in the Airways 

 

This chapter outlines the process of modifying a 1D particle transport and deposition 

model for simulating EC particle transport and deposition behaviour and presents the 

resulting findings for a range of mean particle sizes and vaping flow rates. These findings 

are then discussed and contextualised to draw key conclusions.  

 

5.1 Introduction 

Although CFD methods enable detailed particle transport and deposition mapping, they 

cannot quantify these phenomena in the entire airway tree due to mesh size and 

computational power limitations. This was seen in Chapter 4, where particle transport 

and deposition in the upper airways and lower airways segment had to be simulated 

independently, and the final results were superimposed. Moreover, the lower airway 

geometry did not encapsulate the entire conducting airways – the geometry was limited 

to the first five generations of the TB region. As a result, CFD modelling provided no 

indication of the particle transport and deposition behaviour in smaller bronchioles or 

acinar airways.  

 

1D models simplify the flow field by using the average flow rate at each cross-sectional 

location rather than the full 3D velocity field (Burrowes et al., 2017), thus has a lower 

computational cost. This allows the particle transport and deposition behaviour to be 

quantified for the entire airways, including the alveolar level using realistic, anatomically 

correct airway geometries. It also has a faster computational time than CFD approaches 

and can provide deposition efficiency directly as an output, unlike CFD methods that 

require post-processing of results to calculate deposition efficiency. The 1D transport and 

deposition model used in this study calculates deposition via impaction, sedimentation 

and diffusion (Schmidt, 2011). The model determines overall deposition and regional 

deposition efficiency in the TB and alveolar levels. It maps both the concentration of 

particles and deposition concentrations at different locations of the airway tree. This 1D 

model employs branching generational airways, whereby each airway is represented as a 

one-dimensional element, consisting of one element connected between two nodes. The 
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respiratory tract is considered as a spatially distributed mesh of 1D finite elements. 

Particle transport is governed by convection-diffusion equations and deposition is derived 

from fundamental physical relationships (Schmidt, 2011).  

 

Particle size and density govern deposition behaviour (Geiser & Kreyling, 2010). While 

most inhaled particles are immediately exhaled, both particle size and density impact the  

deposition location for depositing particles. Particles move relative to the surrounding 

fluid via three fundamental phenomena – diffusion, inertia and gravitation (Schmidt, 

2011). Particles are exposed to the effects of gravity, thus particles contained within a 

fluid settle at a constant velocity. This settling velocity increases with particle mass; 

however, decreases with increasing aerodynamic drag. These gravitation effects are 

encapsulated by particle sedimentation. The residence time of particles in any given 

region of the airways also affects deposition behaviour – the faster a particle moves within 

the fluid flow, the lower its tendency to deposit via sedimentation. As a result, 

sedimentation occurs mainly with larger particles and at low fluid velocities. Impaction is 

also related to the mass of the particle and drag forces present in the system. In the case 

of impaction, higher fluid flow velocities increase the particle inertia and increase 

deposition with changes in flow direction (i.e., close to sites of bifurcations). The final 

deposition mechanism, Brownian diffusion typically occurs from collision between 

particles or particles and fluid molecules, inducing random movement of particles through 

the gas. This deposition mechanism is dominant for ultrafine particles, especially in 

regions of low fluid velocity.  

 

5.2 Methods to compute particle transport and deposition 

A more detailed recount of the 1D particle transport and deposition model is available 

(Schmidt, 2011) – this section briefly details the key information and fundamental 

equations behind the model.  

 

This particle transport and deposition model employs the following key steps to 

determine a solution: 

• Create anatomically realistic geometry (section 5.2.1). 
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• Calculate airflow velocity (from a ventilation model) (section 5.2.2).  

• Determine particle velocity based on air velocity (section 5.2.3.1). 

• Solve the convection-diffusion equation for scalar concentrations (section 5.2.3.2). 

• Update the airway volumes and acini volumes (section 5.2.3.5).  

• Estimate deposition quantities for impaction, diffusion, and sedimentation 

(deposition mechanisms) (sections 5.2.3.3 and 5.2.3.4). 

• Determine total deposition volume and fraction by combining deposition from the 

three mechanisms (sections 5.2.3.3 and 5.2.3.4).  

Determination of particle velocity and all subsequent steps repeat for every timestep. The 

following sections provide more details about the key steps outlined above.  

 

5.2.1 Geometry information for 1D airway model 

The 1D ventilation and particle transport models were applied within subject-based 

structural models for the lung and conducting airways (Swan et al., 2012). MDCT imaging 

of the lungs of a healthy male volunteer (Human Lung Atlas subject (Hoffman et al., 2004)) 

was obtained at 90% of vital capacity, which is assumed to be close to the total lung 

capacity (TLC). The lung volume shape and central airways were segmented from the 

MDCT scans. A volume filling branching algorithm was used to fill the lung-shaped 

volumetric mesh to generate additional airways from the segmented central airways 

(Tawhai et al., 2004). In the algorithm, the central airways were used as the initial 

conditions to the model and the lung shape was the boundary condition, allowing the 

volume filling tree geometry to be grown. The TLC model (obtained in the supine position) 

was scaled to the subject’s functional residual capacity (FRC) volume (obtained in a seated 

position). The proportion of measured lung volume that resided in the conducting airways 

and respiratory airways was calculated to construct models of airway function. The 

subject’s FRC tracheal radius (9.0 mm) and the Horsfield diameter ratio (1.17) was used 

to assign the conducting airway radii.  
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5.2.2 Summary of the ventilation model 

A previously published ventilation model was applied in this study (Swan et al., 2012). A 

brief summary of the ventilation model is presented here, as the particle transport model 

utilised the solved ventilation distribution for airflow.   

 

The ventilation model contains three key components – tissue mechanics, conductive 

airway flow and acinar airflow. The model presents a time-averaged ventilation 

distribution of airflow in the conducting airways. This airflow is coupled to lumped 

representations of compliant terminal acinar units, alongside the impact of tissue 

mechanics. The model is built on several assumptions, including mass conservation of flow 

at bifurcations, Poiseuille flow behaviour in the conducting airways, negligible inertial 

terms and isotropic acini expansion. Other assumptions include the free movement of the 

lungs within a rigid pleural cavity under gravitational loading and specifying the lungs and 

airways as compressible, homogenous and isotropic materials with a strain energy density 

function. The model dictates that the initial flow is zero and that pleural pressure varies 

sinusoidally over time and is equal at all locations. It also assumes that the pressure at the 

trachea inlet equals the atmospheric pressure. The resulting ventilation distribution is 

based on local tissue density, elastic recoil pressure and both airway resistance and acinar 

compliance. 

 

The model calculates the compliance of the lung tissue alongside the elastic recoil 

pressures. Equation (10) calculates the elastic recoil pressure (𝑃𝑒), based on a 3D stain 

energy density relationship. 𝜆 refers to isotropic strain, while 𝜉, 𝑎 and 𝑏 are constant 

values (2500 Pa, 0.433 and -0.611, respectively) based on estimates of strain energy 

density function values.  

 

𝑃𝑒 =  
𝜉𝑒𝛾

2𝜆
 (3𝑎 + 𝑏)(𝜆2 − 1) 

(10) 

 

Equation (11) presents the tissue compliance of the acini (ℂ𝐴).    
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ℂ𝐴 = [
𝜉𝑒𝛾

6𝑉0
 (

3(3𝑎 + 𝑏)2(𝜆2 − 1)2

𝜆2
+  

3(3𝑎 + 𝑏)(𝜆2 − 1)

𝜆4
 )]

−1

 

(11) 

 

Both Equation (10) and (11) are functions of the isotropic strain (𝜆), based on the current 

acinus volume (𝑉) and the undeformed value (𝑉0). 𝛾 is a constant and is given the 

expression 𝛾 =  
3

4
(3𝑎 + 𝑏)2(𝜆2 − 1)2.  

 

The relationship for airflow (𝑄) in the conducting airways is given by Equation (12)  

 

𝑃𝑎𝑤2
− 𝑃𝑎𝑤1

=  𝑍𝑃𝑒𝑅𝑃𝑄 =  𝑍𝑃𝑒

8𝑙𝜇

𝜋𝑟4
𝑄, 

(12) 

where 𝑃𝑎𝑤2
 and 𝑃𝑎𝑤1

 are the air pressures at the proximal and distal ends of the airway 

segment, 𝑟 and 𝑙 refer to the radius and length of the airway, respectively and 𝑍𝑃𝑒 is a 

correction term representing the ratio of the resistance of any tube (e.g., airway) to the 

Poiseuille resistance (𝑅𝑃) in that tube.   

 

The average terminal flow (�̅�) in the acinar unit is given by Equation (13)  

 

�̅� =  ℂ𝐴(𝑣 + 𝛽) + (𝑄𝑛 − ℂ𝐴(𝑣 + 𝛽))exp (
−𝑡𝑛−1

𝑅𝑎𝑤ℂ𝐴
), 

(13) 

where 𝑅𝑎𝑤  is the resistance in the terminal bronchiole, and 𝑣 and 𝛽 refer to the change 

in pressure in the terminal bronchiole and the local pressure acting to expand the unit, 

respectively and 𝑄𝑛  is the terminal flow in the acinar unit at the current timestep.  

 

5.2.3 Summary of the particle transport model 

The mechanisms of particle deposition in the conducting airways and acinar airways are 

determined independently before being combined to present the total and regional 

deposition fractions (Schmidt, 2011). The morphology of the conducting airways can be 

modelled as a spatially distributed mesh of branching generations of a tube (as discussed 

in section 5.2.1), while the acinar airways can be represented by the single path trumpet 
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model for each acinus (Paiva, 1973). The flow in conductive airways is presented in 

Equation (12) and flow in the acinar unit is presented in Equation (13) (i.e. from the 

Ventilation model). 

 

5.2.3.1 Particle velocity 

The computation of particle velocity assumes that particles can be represented by perfect 

spheres. One-way coupling applies in this model; hence, particle motion and velocity are 

assumed to have a negligible impact on the fluid flow properties of the system. Particle 

velocity (𝑣𝑝) is given by Equation (14), which considers the impact of gravity (𝑔 = 9.81
𝑚

𝑠2) 

on the particle and hence factors in settlement velocity (𝑣𝑠), which is given as 𝑣𝑠 =

 
𝜌𝑃𝑔𝑑𝑃

2 𝑐

18𝜇
. 𝜌𝑃 and 𝑑𝑝 are the density and diameter of the particle, respectively, while 𝜇 refers 

to the viscosity of the fluid. 𝛼 refers to the angle between the local flow vector and the 

direction of gravity. 𝑣𝑓 refers to fluid velocity, 𝑐 refers to the Cunningham coefficient, 𝑣𝑝0 

is the initial particle velocity and 𝑅𝑒𝑃 is the particle Reynolds number.  

 

𝑣𝑝 =  𝑣𝑓 − 𝑣𝑠 cos 𝛼 + (𝑣𝑝0 − 𝑣𝑓 + 𝑣𝑠 cos 𝛼) exp
−18𝜇𝑡

𝑐𝜌𝑃𝑑𝑝
2

(1 + 0.15𝑅𝑒𝑝
0.687)  

(14) 

 

5.2.3.2 Advection-diffusion equation 

The advection-diffusion equation is simplified by assuming a constant diffusivity (𝐷) and 

incompressible flow, and no creation or destruction of particles. The resulting 1D 

advection-diffusion equation is presented in Equation (15). The first term on the right-

hand side is related to diffusion, while the second term is related to convection. 𝐶 refers 

to mass concentration and 𝑢 refers to the velocity of the particle.   

 

𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2
− 𝑢

𝜕𝐶

𝜕𝑥
 

(15) 

 

The advection-diffusion equation is modelled separately in the conducting and acinar 

airways. In the conducting airways, it is assumed that mass flux only applies in the axial 
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direction, neglecting all flows in the circumferential and radial directions. The resulting 

equation is given in Equation (16). 𝐴 refers to cross-sectional area (of a control volume) 

and 𝑠 refers to the loss in mass.  

 

𝜕(𝐴𝐶)

𝜕𝑡
+ 

𝜕(𝐴𝐶𝑢)

𝜕𝑥
 =  

𝜕

𝜕𝑥
(𝐷𝐴

𝜕𝐶

𝜕𝑥
) − 𝑠 

(16) 

 

In the acinar region, the secondary flow is neglected in the ducts and alveoli and there is 

uniformity in concentration in the axial direction, which causes the equation to be 

simplified to Equation (17). 𝐴𝑑  refers to the sum of the cross-sectional areas across the 

ducts, while 𝐴𝑡 refers to the total cross-sectional area including the alveolar area.  

 
𝜕(𝐴𝑡𝐶)

𝜕𝑡
+ 

𝜕(𝐴𝑑𝐶𝑢)

𝜕𝑥
 =  

𝜕

𝜕𝑥
(𝐷𝐴𝑑

𝜕𝐶

𝜕𝑥
) − 𝑠 

(17) 

 

 

5.2.3.3 Deposition mechanisms in the conducting airways 

Sedimentation describes particle movement influenced by gravitational acceleration. This 

phenomenon is more common with larger particles and sedimentation tends to occur in 

close proximity to the bifurcations of the conducting airways. Particles are assumed to 

maintain a constant settling velocity, and inertial forces are neglected. The volume of 

particles that undergo sedimentation is derived from considering Stoke’s Law and the 

particle settling velocity, assuming negligible radial flow. It is also dependent on airway 

geometrical properties, such as airway diameter and length. The sedimentation volume 

(Δ𝑉𝑠) is given by Equation (18), where Δℎ𝑠 =  𝑣𝑠∆𝑡 (settlement height) and 𝑑𝑡 and 𝑙𝑡 refer 

to the diameter and length of the airway, respectively.  

 

Δ𝑉𝑠 =  Δℎ𝑠𝑑𝑡𝑙𝑡 =  
sin (𝛼)𝜌𝑝𝑔𝑑𝑝

2∆𝑡𝑙𝑡𝑑𝑡

18𝜇
 

(18) 

 



Assessing the Impact of EC Particle Size on Aerosol Transport and Deposition in the Lungs 

 

 96 

Impaction is assumed to occur due to the change in the flow direction of air and particles 

at bifurcations and bends. Deposition by impaction increases with increasing particle mass 

or flow rate. The equation that determines the quantity of particles deposited by 

impaction assumes fully developed laminar flow and no radial flow. Maximum particle 

velocity is assumed to occur at the apex of the bifurcation. The current model neglects 

the influence of secondary flows; thus, impaction is caused by changes in the flow 

direction at the bifurcations. The volume of particles deposited by impaction (∆𝑉𝐼) within 

an infinitesimal time slice (dt) is presented by Equation (19).   

 

∆𝑉𝐼 =  𝑣𝑝̅̅ ̅∆𝑡𝑙𝑡𝑑𝑡 

(19) 

 

The final deposition mechanism, Brownian diffusion encompasses particle motion that 

occurs due to the random bombardment of fluid particles and is proportional to the 

Brownian diffusion coefficient. The following equation for deposition volume by Brownian 

motion (∆𝑉𝐵) (Equation (20)) assumes a planar airway and small spherical particles with 

low Reynolds numbers. ℎ𝑑
̅̅ ̅ represents the average distance that a particle moves towards 

the wall.  

 

∆𝑉𝐵 =  
𝜋𝑙𝑡∆𝑡

4𝑡𝑡
(𝑑𝑡

2 − (𝑑𝑡 −  ℎ𝑑
̅̅ ̅)2) =  𝜋𝑣𝑓ℎ𝑑

̅̅ ̅(𝑑𝑡 −  ℎ𝑑
̅̅ ̅ )∆𝑡 

(20) 

 

All three deposition mechanisms contribute to the overall deposition simultaneously, 

however a simple summation of deposition by all three means would lead to 

overestimating the overall deposition efficiency. Deposition in regions with relatively low 

particle velocity is dominated by sedimentation and Brownian motion. The combined 

deposition volume from both mechanisms (∆𝑉𝑆𝐵) is presented by Equation (21).  

 

∆𝑉𝑆𝐵 =  
∆𝑉𝐵

2
+ ∆𝑉𝑆 + max (

∆𝑉𝐵

2
− ∆𝑉𝑆 , 0)  

(21) 
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Factoring in the deposition by impaction, the final volume of deposited particles (∆𝑉𝑇𝑜𝑡) 

is given by Equation (22), where 𝑉𝑡𝑜𝑡𝑎𝑙 is the total volume in the duct.  

 

∆𝑉𝑇𝑜𝑡 = ∆𝑉𝐼 + ∆𝑉𝑆𝐵 − 
∆𝑉𝐼∆𝑉𝑆𝐵

𝑉𝑡𝑜𝑡𝑎𝑙
   

(22) 

The mass of deposited particles (∆𝑚𝑖) from this volume information can be calculated via 

Equation (23), which incorporates the local concentration of particles. ∆𝑉𝑖 refers to the 

deposition volume from each mechanism, or total volume of deposited particles.  

 

∆𝑚𝑖 = 𝐶∆𝑉𝑖 

(23) 

 

5.2.3.4 Deposition mechanisms in the alveolar region 

Alveolar deposition behaviour assumes that deposition occurs only in the alveoli due to 

the large surface area of this region and that each alveolus can be approximated as a 

sphere. The influence of impaction in the alveolar level is neglected due to the very small 

particle velocities in this region.  

 

Sedimentation in the alveolar region is modelled using the same approach as in the 

conducting airways. This sedimentation volume fraction equation takes into account the 

geometry of the region (𝑙𝑑  and 𝑟𝑑 are the length and radius of the acinar duct) and the 

generation of the alveoli. Equation (24) represents deposition volume by sedimentation 

(𝑉𝑆𝑎
), where 𝑘 is the acinar generation number and 𝜆 is the mean free path of the fluid. 

 

𝑉𝑆𝑎
=  ∑ 2𝑘+1

𝜆𝑙𝑑𝑟𝑑

9𝜋𝜇
𝜌𝑝𝑔𝑑𝑝

2∆𝑡

𝑘

𝑘=1

 

(24) 

 

The volume of particles depositing from Brownian motion (𝑉𝐵𝑎
) is given by Equation (25), 

where ℎ is a function of the diffusion coefficient (𝐷𝐵) and is given by: ℎ =  
2√4𝐷𝐵𝑡𝑡

3𝜋
, where 

𝑡𝑡 is the time a particle spends in a duct.  
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𝑉𝐵𝑎
=  ∑ 2𝑘𝜋ℎ𝑑(2𝑟𝑑 − ℎ)𝑣𝑓∆𝑡

𝑘

𝑘=1

 

(25) 

This equation is based on an analytical equation that considers the diffusion of matter in 

and out of a sphere and assumes no air mixing in the alveolus. It also factors the residence 

time of particles in the alveolus. Particles that enter the alveolus are initially located at 

the centre and move towards the alveolar wall due to the driving force of concentration 

differences until eventually particles make contact with the wall and are assumed to be 

deposited.  

 

5.2.3.5 Lung geometrical changes during respiration 

The lung geometry undergoes geometrical changes, even during normal breathing. To 

simulate in vivo particle transport and deposition, the geometries (airway diameters (𝑑𝑡) 

and lengths (𝑙𝑡)) were scaled down to the volume and breathing conditions at each 

timestep. In the conducting airways, the airway cross-sectional area changes over the 

stages of breathing. Equations (26) and (27) are incorporated into the particle transport 

models for changes in lung geometry (i.e., length and diameter) based on Horsfield 

diameters and lengths. These equations relate the dimensions of the airways at FRC to 

TLC. It has been found that the airway length increases as lung volume decreases (i.e., 

when volume changes from the TLC to the FRC) (Habib et al., 1994).   

 

𝑙𝑡,𝐹𝑅𝐶 = 1.07𝑙𝑡,𝑇𝐿𝐶 

(26) 

𝑑𝑡,𝐹𝑅𝐶 =  
1.51

1 + (
𝑑𝑡,𝑇𝐿𝐶 

2[𝑚𝑚]
)−0.422

𝑑𝑡,𝑇𝐿𝐶  

(27) 

 

In the alveolar airways, the volume change of each acinus is dictated by the inflow or 

outflow of air from this region and hence is determined via the ventilation model. 

Equation (28) displays the final diameter of the alveolar duct at distance 𝑥𝑎 on the 
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pathway from the compartment inlet. 𝑑𝑎,0
∗  refers to the diameter at acinar inlet, 𝑑𝑡𝑏 refers 

to the diameter at the terminal bronchiole, 𝑑𝑎
∗  refers to the diameter of the duct at the 

specified acinar generation and 𝑙𝑎 is the total length of the acinus.  

 

𝑑𝑎 =  𝑑𝑎
∗ + (𝑑𝑡𝑏 − 𝑑𝑎,0

∗  )
𝑙𝑎 − 𝑥𝑎

𝑙𝑎
 

(28) 

 

5.2.4 Implementation of the particle transport model 

The finite element method formulation to numerically solve partial differential equations 

has been utilised to model particle transport in the conductive airways. In the acinar 

region, a finite difference formulation has been applied as an alternative to minimise 

computational effort. The equations that describe deposition mechanisms are applied to 

the simulation at each timestep.  

 

5.2.4.1 Finite element methods 

The concentration profiles in the conducting airways are solved independently of the 

acinar airways. The Galerkin method is applied to model the transport of particles in a 

single duct. This is used to compute the concentration profiles of particles. The cross-

sectional area of a single airway duct was assumed to be constant between two 

bifurcations. Additionally, the Lagrange-Galerkin method has been implemented to solve 

steep gradients (e.g., discontinuous initial conditions). This method calculated particle 

concentration distribution by first assuming that the system is purely in advection and 

then considering pure diffusion-based concentration distributions. This numerical 

method does not guarantee full mass conservation; thus, it is considered a nearly-

conservative method. Equation (29) displays the final integral formulation for the 

diffusion equation using this scheme. 𝜙𝑗 refers to the weight function for the Galerkin 

method of weighted residuals, 𝐶∗̅̅ ̅ refers to the intermediate particle distribution obtained 

from the first step and �̅� is the mass concentration per unit length.  
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∫ 𝜙𝑗

𝐶𝑡+1̅̅ ̅̅ ̅̅ −  𝐶∗̅̅ ̅ 

∆𝑡

𝐿

0

 𝑑𝑥 −  ∫ 𝜙𝑗

𝐿

0

𝜕

𝜕𝑥
(𝐷

𝜕�̅�

𝜕𝑥
) = 0 

(29) 

Both volumetric and mass flow rates are conserved between the parent and daughter 

branches at bifurcations in the airways. Additionally, by assuming a homogeneous mixture 

of particles and gas, as well as a constant initial concentration between all branches, it 

can be assumed that the concentration between the parent and both daughter branches 

is constant at each bifurcation.  

 

A single-path trumpet model describes the particle transport in each acinar unit and the 

finite difference method provides a computationally efficient method to solve the 

convection-diffusion equation. The differential equation for concentration distribution 

can be solved by considering the advection and diffusion components of the transport 

equation independently. Convective transport can be given as Equation (30), with the 

output of intermediate concentration (𝐶𝑖
∗) or Equation (31), where the output is the 

velocity of the flow field. The pure diffusion equation is given in Equation (32) and is solved 

using the central finite difference method. 𝐴𝑑  is the accumulated cross-sectional area of 

the ducts, 𝑢 is the bulk velocity of air and 𝑖 is an index for the acinar generation number 

(𝑖 − 1 is the adjacent generation supplying air).  

 

𝐶𝑖
∗ =  

𝐶𝑖
𝑡−1𝑉𝑖

𝑡−1

𝑉𝑖
𝑡 + 

∆𝑡

𝑉𝑖
𝑡  (𝐶𝑖−1

𝑡−1𝐴𝑑,𝑖−1
𝑡 𝑢𝑖−1

𝑡 − 𝐶𝑖
𝑡−1𝐴𝑑,𝑖

𝑡 𝑢𝑖
𝑡  

(30) 

 

𝑢𝑖 =  
𝑢𝑖−1𝐴𝑑,𝑖−1

𝐴𝑑,𝑖
−

∆𝑉𝑖

𝐴𝑑,𝑖∆𝑡
 

(31) 

 

𝜕(𝐴𝑡𝐶)

𝜕𝑡
=

𝑉

𝑙𝑑

𝜕𝐶

𝜕𝑡
=  

𝜕

𝜕𝑥
(𝐷𝐴𝑑

𝜕𝐶

𝜕𝑥
) = 𝐷(

𝜕𝐴𝑑

𝜕𝑥

𝜕𝐶

𝜕𝑥
+ 𝐴𝑑

𝜕2𝐶

𝜕𝑥2
)  

(32) 
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5.2.5 Boundary conditions and model inputs 

The 1D particle transport and deposition model utilised specific inputs and boundary 

conditions to simulate EC particle transport and deposition. This involved defining particle 

specific properties based on EC particles and defining air inhalation-related properties by 

vaping topography. Table 15 presents model inputs related to the properties of EC 

particles, as well as other model parameters that are constant variables in this application. 

Many of the EC particles properties and constant variables are the same as those utilised 

in Chapter 4 (CFD model). This allows the results to be comparable between both 

methods. All EC particle properties and fixed variables relating to vaping topography (e.g., 

puff duration) were derived from realistic conditions, as discussed in section 4.2.6.2. 

Equation (33) (Grunberg-Nissan correlation) was used to calculate viscosity (𝜇𝐸𝐶) based 

on a simplified e-liquid condition composition (similar assumptions to calculating EC 

particle density, as discussed in section 4.2.6.2). 

 

𝑙𝑛 𝜇𝐸𝐶 =  ∑ 𝑥𝑖𝑙𝑛 𝜇𝑖 =  𝑥𝑉𝐺𝑙𝑛 𝜋𝑉𝐺 + 𝑥𝑃𝐺𝑙𝑛 𝜇𝑃𝐺

𝑛

𝑖=1

 

(33) 

 

 
Table 15: Input parameters into the 1D particle transport and deposition model to simulate EC particle behaviour. 

Parameter Value (unit) 

EC particle density 1.202 x 10-3 g/mm3 

EC particle diffusivity 0.312 Pa.S 

Inhalation period 2.5 s 

Exhalation period 2.0 s 

Number of breaths 1 

 

To assess the impact of particle size and vaping flow rate on EC particle transport and 

deposition, the same particle size and flow rate values were utilised as with Chapter 4, 

however the 1D model was based on a mean particle size input rather than a PSD. The 

inlet particle concentration (with respect to aerosol flow rate) was calculated for each 

particle size. This assumed that the number concentration of EC particles was constant 

per unit volume of aerosol and independent of particle size (as discussed in more detail 
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in section 4.2). Table 16 presents the particle size and inlet particle concentrations used 

to assess EC particle transport and deposition. Three vaping flow rates were also 

investigated – 1.1 L/min, 1.7 L/min and 2.4 L/min. Each particle size and inlet particle 

concentration combination were assessed at each flow rate. As a result, 18 simulations 

were run to assess EC particle transport and deposition with three flow rates and six 

particle sizes.  

 

Table 16: Particle size and inlet particle concentration information assessed in 1D particle transport model. 

Particle size (µm) Inlet particle concentration 

(g/mm3) 

0.147 9.2563 x 10-9 

0.41 2.0083 x 10-7 

1.15 4.4318 x 10-6 

2.39 3.9781 x 10-5 

3.5 1.2494 x 10-4 

6.0 6.2942 x 10-4 

 

 

5.3 Results 

5.3.1 Deposition efficiency 

Overall, the deposition efficiency for EC particles is low for all flow rates and particle sizes 

investigated – less than 0.1% of EC particles inhaled from a single puff of EC aerosol 

undergo deposition on the airway walls (based on particle mass). Most particles are 

exhaled from the system. The overall efficiency of particle deposition as a function of 

particle size (in µm) at the investigated vaping flow rates is presented in Figure 29. This 

highlights the mass fraction of particles (as a percentage) that deposit in the full airway 

tree. The deposition range was between 0.0061% - 0.064%. When considering the most 

commonly reported EC size range being 0.15 – 1 µm, (as discussed in section 2.5.2 and 

presented in Table 1, total reported size range is 14 nm – 2.46 µm) and realistic vaping 

flow rates in the range 1.7 – 1.4 L/min, the deposition range was between 0.024 – 0.064%.  

 

Figure 29 indicates that increasing particle size affects the deposition efficiency in a 

nonlinear manner. Deposition is lowest for moderate-sized particles (1 – 3.5 µm). The 
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same trend between particle size and deposition exists between all three aerosol flow 

rates investigated. Additionally, the flow rate also affects deposition efficiency – 

increasing flow rate increases the deposition efficiency at all particle sizes investigated. 

For all three flow rates, maximum deposition occurred at the smallest investigated 

particle size of 0.147 µm, while the minimum was at 2.39 µm. The change in deposition 

with changing particle size is less apparent in the particle size range of 1.15 – 3.5 µm. The 

increase in deposition with increasing flow rate is most noticeable at the smallest 

investigated particle size of 0.147 µm.  

 

 

Figure 29: Overall deposition fraction of EC particles in the full airway tree and the impact of increasing particle size at 
various vaping flow rates (LPM refers to L/min).  

 

A multiple regression mathematical model was fitted to predict the overall deposition 

efficiency as a function of both vaping flow rate and mean particle size, as presented in 

Table 17. From this model, it was determined that both flow rate and particle size affect 

the deposition efficiency in a statistically significant manner (P-values of 0.001 and 

0.000046 respectively found through a two-way ANOVA test). This polynomial model 

highlights that deposition increases with increasing flow rate, however the effect of 

particle size on deposition is more complex due to the cubic and quadratic terms present. 



Assessing the Impact of EC Particle Size on Aerosol Transport and Deposition in the Lungs 

 

 104 

Flow rate and particle size have independent effects on deposition efficiency – no 

synergistic effects exist between the variables.  

  

 

Table 17: Mathematical model to describe overall particle deposition in the full airways as a function of particle size 
and vaping flow rate. 

Equation ( y = deposition, x1 = size, x2 = flow rate) R2 value 

y = -0.04043x1 + 0.01294x1
2 – 0.00112x1

3 + 0.01222x2 + 0.02318 0.831 

 

 

5.3.1.1 Breakdown of deposition efficiency 

The overall deposition can be broken down into the TB region (conducting airways) and 

the alveolar region (acinar airways). Figure 30 presents the impact of increasing particle 

size on the TB region deposition at the investigated flow rates. The trend between 

increasing particle size or flow rate and deposition efficiency in this region is very similar 

to that of the overall deposition. The highest observed TB deposition occurred at the 

particle size of 0.147 µm, while the lowest deposition occurred at a particle size of 2.39 

µm.  

 

 

Figure 30: Tracheobronchial deposition fraction of EC particles in the airways and the impact of increasing particle size 

at various vaping flow rates.  
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In the alveolar region, the deposition of EC particles is very low, as displayed in Figure 31. 

Most particles either deposit in the conducting airways or are simply exhaled from the 

airways. With sub-1-micron particles, no deposition occurs at the alveolar region (except 

a very small amount of deposition occurring for a flow rate of 2.4 L/min and particle size 

of 0.41 µm). Deposition in the acinar airways increases with both increasing particle size 

and flow rate in a statistically significant manner (P-values of 0.0012 and 0.000006 

respectively, found through a two-way ANOVA test). Despite this, alveolar deposition 

remains very low for all particles under 2.39 µm.   

   

 

Figure 31: Alveolar deposition fraction of EC particles in the airways and the impact of increasing particle size at 

various vaping flow rates.  

 

Multiple regression models were fit to the TB and alveoli deposition datasets to predict 

regional deposition efficiency as a function of particle size and flow rate (Table 18). The 

R2 value for the alveolar deposition model is high, making it robust for prediction studies. 

In the acinar airways, the percentage deposition efficiency is impacted by vaping flow rate 

and particle size synergistically. As such, combinations of particle size and flow rate may 

influence deposition behaviour in a manner that differs from either variable 
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independently. Hence, the deposition efficiency in the alveolar region is complex and is 

sensitive to changes in vaping topography and particle size.  

 

 

Table 18: Mathematical models to describe particle deposition in the tracheobronchial and alveolar regions as a 
function of particle size and vaping flow rate. 

Location Equation ( y = deposition, x1 = size, x2 = flow rate) R2 value 

Tracheobronchial y = -0.04045x1 + 0.01282x1
2 – 0.00112x1

3 + 0.01071x2 + 0.02318 0.813 

Alveolar region y = -0.00167x1 + 0.00012x1
2 – 0.0007x2 + 0.00097x1x2 0.971 

 

Table 19 presents the fraction of particles deposited in the TB and alveolar regions (based 

on global deposition) at each particle size and vaping flow rate. Evidently, the majority of 

EC particle deposition occurs in the conducting airways – less than 2% of depositing 

particles under 1.15 µm undergo deposition in the alveolar region. At least 5.0% of 

deposited particles undergo deposition in the acinar airways (at all vaping flow rates) for 

particles that exceed 3.0 µm in diameter. Alveoli deposition was considerably higher for 

larger particle sizes and high vaping flow rates (as seen with 2.4 and 1.7 L/min flow rate 

and particle sizes between 3.5 – 6.0 µm). As a result, deposition quantification in both the 

conducting and acinar airways is important for higher flow rates and larger particles. In 

contrast, deposition in the conducting airway is most critical for small particle sizes and 

low vaping flow rates.  
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Table 19: Breakdown of the total particle deposition between the conducting and acinar airways. 

Flow rate 

(L/min) 

Particle size 

(µm) 

Proportion of total deposition occurring 

in the tracheobronchial region (%) 

Proportion of total deposition 

occurring in the alveolar region (%) 

1.1 0.147 100.0 0.0 

0.41 100.0 0.0 

1.15 98.9 1.1 

2.39 96.7 3.3 

3.5 94.8 5.2 

6 93.1 6.9 

1.7 0.147 100.0 0.0 

0.41 100.0 0.0 

1.15 99.2 0.8 

2.39 93.5 6.5 

3.5 88.0 12.0 

6 84.6 15.4 

2.4 

 

 

 

 

0.147 100.0 0.0 

0.41 99.7 0.3 

1.15 97.7 1.7 

2.39 90.2 10.6 

3.5 80.0 20.0 

6 73.6 26.1 

 

 

5.3.2 Deposition mechanisms 

Figure 32 displays the dominant mechanisms of particle deposition in the conducting 

airways at each particle size and flow rate. Sedimentation and impaction increase with 

increasing particle size, while Brownian motion-related deposition decreases with 

increasing particle size. Impaction related deposition remains low at all particle sizes and 

flow rates, and sedimentation related deposition is low for sub-2.5-micron particles. 

Brownian motion is the dominant cause of deposition for fine particles, while 

sedimentation is the dominant deposition mechanism for large particles. As a result, fine 

particles (0.147 – 0.5 µm) and coarse particles (> 3.5 µm) have higher deposition rates. In 

contrast, moderate-sized parties (1.0 – 3.5 µm) have lower deposition as both Brownian 

motion and sedimentation related deposition are comparatively low in this size-range. 
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Sedimentation decreases with increasing flow rates due to the decreased residence time 

of particles in the system, while higher flow rates lead to increased Brownian motion and 

impaction related deposition. The increased Brownian motion and impaction related 

deposition at higher flow rates is sufficient to surpass the decrease in sedimentation 

related deposition, which yields the increased overall deposition with increasing flow rate 

observed in this study.  

 

 

Figure 32: Dominant deposition mechanism with increasing particle size at the flow rates of 1.1 L/min (dashed line), 
1.7 L/min (solid line) and 2.4 L/min (dotted line). 

 

There was no diffusion-related deposition in the acinar airways – all deposition was 

induced by sedimentation.  

  

5.3.3 Deposition patterns 

Figure 33 displays the locations of high particle deposition concentration in the airways 

for 3.5 µm particles and the influence of increasing flow rate on the deposition patterns. 

It can be seen that the particles have the greatest tendency to deposit in the upper 

trachea at all three flow rates. Deposition in the alveoli is low, and there are no distinct 

deposition hot spots in the acinar airways.  
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Figure 33: Deposition patterns in the airway tree and impact of increasing flow rate. Red is high deposition 

concentration (1 x 10-5 g/mm3) and dark blue is zero deposition.  

Despite the changes in the quantity of deposited particles with increasing particle size, 

the deposition patterns and locations of high particle deposition do not change. However, 

flow rate has a notable impact on deposition patterns. At low flow rates, deposition is 

concentrated in the trachea, with some deposition in the primary bronchi and upper 

bronchioles. With higher vaping flow rates, a greater proportion of deposition occurs in 

the primary bronchi, as well as more noticeable deposition occurring at locations of 

bifurcations. At the flow rate of 2.4 L/min, the LPB has a more consistent deposition 

spread, however the RPB has a deposition hot spot close to the location of the first 

bifurcation.  

 

5.3.4 Particle transport 

Particle transport can be understood from the concentration of particles reaching 

different parts of the airways. Figure 34 displays the concentration profiles of EC particles 

in the airways at the flow rates investigated. The transport of particles and the 

approximate concentration of particles at each location in the airway tree did not change 

with increasing particle size. Additionally, the overall deposition for all conditions tested 

was too low (less than 0.1%) for there to be a noticeable impact of deposition on the 

apparent particle concentration reaching different locations of the airway tree. 
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Concentration is highest in the upper trachea, which is close to the inlet for inhaled EC 

particles. Since there is only a singular pathway from the mouth to trachea region of the 

airways, the relative particle concentration is high in this region. As particles are 

transported to different locations in the airways, the relative concentration at each region 

decreases due to the many pathways within the TB region that particle mass is conserved 

across. With higher flow rates, more particles travel further downstream to the tertiary 

bronchioles and respiratory airways. In contrast, particles are more concentrated in the 

trachea and primary bronchi at low flow rates.  

 

 

 

Figure 34: Particle concentration profile across the airway tree and the impact of increasing flow rate on particle 
transport. Red is maximum concentration (1.25 x 10-4 g/mm3) and dark blue is minimum concentration (0.0 g/mm3). 

 

Figure 34 also shows that particles have a greater tendency to travel to the upper lobes 

of the lung (compared to the lower lobes), especially with higher vaping flow rates. The 

lowest particle concentration appears to occur in the alveolar region of the LUL, and this 

is seen most prominently at a flow rate of 2.4 L/min.  

 

5.4 Discussion 

The results obtained from the 1D model provided insight regarding EC particle and 

deposition behaviour. The transport of particles in the airways and deposition patterns 

were not affected by particle size, however, were influenced by the flow rate. Overall 
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deposition, as well as the regional deposition in the TB and alveolar regions were 

dependent on both vaping flow rate and EC particle size. Deposition was higher in the 

conducting airways compared to the acinar airways for all particle sizes assessed.  

 

5.4.1 Particle transport 

The particle transport patterns across the lobes of the lung in the bronchiole region were 

relatively unchanged with vaping flow rate. The concentration of particles in the 

bronchioles and alveolar regions increased with increasing flow rate since more particles 

travelled downstream at higher flow rates. Despite this, the distribution of particles across 

the five lobes was very similar across investigated flow rates and particle sizes. Particle 

transport is primarily affected by the ventilation distribution of airflow across the lobes of 

the lung, which was similar across the flow rates investigated in this study. Particles travel 

through to the acinar airways, even though particle concentration and deposition in this 

region is very low. Particles have an affinity to travel to the upper lobes of the lung, 

especially at the flow rates of 1.7 and 2.4 L/min, which reflect realistic vaping flow rates 

for EC users.  

 

5.4.1.1 Implications of high particle transport to upper lobes 

While Chapter 4 discussed the potential susceptibility to lower lobe predominant 

emphysema with EC use, the results from the 1D model employed in this chapter indicate 

higher particle transport to the upper lobes. However, this is also concerning, as cigarette 

smoking has also been reported to be associated with centrilobular emphysema, which is 

characterised by an upper lobe predominance (Nemec et al., 2013). With centrilobular 

emphysema, the upper lobes have areas of low attenuation as characterised by CT 

detections. Consequently, it is hypothesised that a higher quantity of EC particles 

transported to the upper lobes of the lung can put users at risk of centrilobular 

emphysema, similar to what is seen with conventional cigarette use. 

 

5.4.2 Particle deposition 

Deposition of EC particles was found to be low – less than 0.1% of inhaled particles (by 

mass) and the resulting chemical constituents are predicted to be taken up by cells. There 
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was a clear correlation between particle size and deposition, with higher deposition for 

small and large particles, and lower deposition for moderate-sized particles (1.0 – 3.5 µm). 

Increasing flow rate increased deposition in both the TB and alveolar regions, which was 

also reported in a recent study (Son et al., 2020). This reported study implemented the 

MPPD 1D model (discussed in section 2.4.3) that is based on theoretically derived 

deposition efficiency and utilises a symmetrical airway geometry. The current study 

extends Son et al.’s findings by using an anatomically realistic airway geometry with 

theoretically derived deposition efficiencies for impaction, diffusion and sedimentation. 

Additionally, Son et al. reported low alveolar deposition and comparatively high TB 

deposition, which aligns with the results of the current study.  

 

The relationship between particle size and TB deposition efficiency found here does not 

align with Sosnowski et al.’s study using the MPPD 1D model (Sosnowski & Kramek-

Romanowska, 2016), where no relationship between the TB deposition efficiency and EC 

particle size was observed. In contrast, the in silico findings herein revealed a clear 

relationship between these parameters. This is hypothesised to be due to the symmetrical 

airway geometry used in the MPPD model, since particle deposition is influenced by the 

anatomy of the respiratory tract (Yeh et al., 1976). Additionally, the reported study only 

assessed particle sizes within a small range of 0.5 µm, which may have underestimated 

the impact that particle size has on TB deposition. The results presented herein indicated 

that the TB deposition efficiency did not change notably between the size range of 1.15 

µm and 3.5 µm (Figure 30), therefore using a small particle size range can underestimate 

the relationship between size and TB deposition. The results presented in this chapter 

have the key advantage of being obtained from a 1D model that factors anatomically 

correct airway geometry.  

 

5.4.2.1 Deposition mechanisms 

The increase of deposition with larger particle sizes (> 2.5 µm) in the conducting airways 

is due to an increase in deposition by sedimentation, as sedimentation is proportional to 

diameter. Impaction-based deposition increases with flow rate due to increased particle 

inertia from higher particle velocity. Thus, larger particles at higher vaping flow rates have 

high deposition due to increase in both sedimentation and impaction-based deposition. 
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For the small particles investigated, Brownian motion was the dominant cause of 

deposition and caused high deposition efficiencies, especially for sub-1-micron particles.   

 

A finding of interest was the deposition in the alveolar region – for fine particles, there 

was no deposition in the alveolar region and only at moderately large particle size (i.e., at 

least 2.39 µm) and moderately high flow rates (at least 1.7 L/min) was the alveolar 

deposition notable (i.e., more than 5% of the total deposition). Alveolar deposition made 

up a substantial portion of the overall deposition for large EC particles at a high vaping 

flow rate (i.e., approximately 20 – 25% of total deposition). This observation is explained 

by the deposition mechanisms in the alveolar airways – the dominant cause of deposition 

in the alveolar region is sedimentation (Pichelstorfer et al., 2016), which was also 

observed in this study. Sedimentation is proportional to particle size – doubling particle 

size would increase the volume of particles deposited through sedimentation by a factor 

of four. As such, large particle sizes increased alveoli deposition by a notable amount 

(seen in Figure 31 ), while there was no deposition in the acinar airways for small particles. 

 

5.4.3 Validation of deposition results and the 1D particle transport and deposition 

model  

Laboratory-based experimental techniques have been employed for assessing the impact 

of particle size on deposition efficiency in the past (Heyder et al., 1986; Kim & Jaques, 

2000; Kim & Hu, 1998). Kim et al. investigated deposition of ultrafine particles (50 – 100 

nm) and coarser particles (1 – 5 µm) (Kim & Jaques, 2000; Kim & Hu, 1998). The study 

observed decreasing deposition with increasing particle size for fine particles, however a 

proportional relationship between particle size and deposition for coarse particles. This 

approximates the trends between particle size and deposition observed in this study 

herein. Similarly, Heyder et al. observed that deposition decreased with particle size in 

the range of 0.1 – 1.0 µm to (minimum deposition around 1.0 µm), before it slowly 

increased with further increases in particle sizes, where notable deposition increase 

occurred when particle size surpassed 3.0 µm (Heyder et al., 1986). These reported trends 

between particle size and deposition are similar to that observed in the current study, 

with higher deposition with finer and coarser particles and little deposition for particles 

around 1.0 µm. As such, there is satisfactory agreement with previously reported trends 
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between particle size and deposition efficiency and the trends observed through the 1D 

model applied herein.  

 

5.4.4 Areas of high local deposition 

Although EC particle size affects the deposition efficiency and the mechanisms behind 

particle transport, it does not impact deposition patterns. However, vaping flow rate 

influenced the local particle deposition patterns by influencing the airflow regime, as seen 

in Figure 33. Deposition efficiency is critical for determining the health impacts of EC usage 

using both in vivo and in vitro methods. Without quantifying the mass of EC particles that 

deposit in the airways and therefore, the dose of particles being absorbed by cells, no 

accurate analysis can be undertaken to determine the toxicity of this exposure. Epithelial 

cells are directly exposed to deposited EC particles (Davis et al., 2022), and studies have 

indicated inflammatory signals in epithelial cells with increased release of IL-6, IL-8 and 

MCP-1 (Garcia-Arcos et al., 2016). A deposition hot spot was found on the RPB at high 

vaping flow rates. Consequently, this region of the airways is exposed to a higher dose of 

EC particles. Users that vape at a higher flow rate may be more affected by any adverse 

side effects associated with this issue, such as increased regional inflammatory responses. 

Additionally, this identifies a location of interest for future in vivo work, looking at health 

impacts of EC usage. By examining the impact of EC exposure in the airway location that 

receives the highest dose, the full ramifications of EC use can be quantified.  

 

5.4.5 1D particle transport and deposition model limitations 

The current model focuses on modelling convection-driven particle transport in the 

trachea and diffusion-driven particle transport in the alveolar region to map particle 

transport and deposition in the entire geometry. This is achieved by simplifying 

assumptions. The 1D model neglects secondary flows, radial concentration gradients and 

flow profiles, and the impacts these phenomena may have on particle deposition. 

However, secondary flows are reported to be prominent at bifurcations due to the change 

in flow direction from parent to daughter ducts (Tsuda et al., 2013). This increases 

impaction-based deposition, especially during exhalation, where secondary flows have 

been found to have a dominating impact on particle deposition at bifurcations (Soni & 
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Thompson, 2012). However, the current 1D model neglects this deposition. The influence 

of secondary flows on deposition could be more pronounced with larger particles, which 

naturally have higher impaction tendencies. Consequently, it is hypothesised that 

neglecting secondary flows causes an underestimation of deposition efficiency.  

 

Some simplifications were also incorporated in the geometry by assuming spherical 

alveoli and cylindrical ducts. The current 1D model was derived for particle transport 

cylindrical shapes, hence cannot accurately represent the complex geometry of the upper 

airways. The acinar region in this model is simplified and does not correctly simulate the 

branching pattern and radial transport since the large number of acini in the human lungs 

would exceed computation power without simplifications.   

 

5.4.6 Limitations of applying the 1D particle transport and deposition model for EC 

particles 

Particle transport and deposition findings are based on the mean particle size rather than 

the PSD of EC aerosol. EC particle sizes are better represented by size distributions 

compared to a uniform size value, as discussed in section 2.5.2. Current results have 

indicated that size impacts the deposition tendency of particles; hence, it can be assumed 

that all particles within a PSD have differing deposition tendencies based on size. By 

simplifying this parameter of the model, the current deposition output may be slightly 

underestimated for 1 – 2.5 µm sized particles. This is because the smaller and larger 

particles in the PSD will likely have higher deposition tendencies than the mean particle 

size. This is expected based on the overall polynomial trend between deposition and size 

found in this chapter.  

 

The current model also neglects heat transfer, particle size dynamics or thermodynamic 

effects that may occur within particles and increase or decrease particle size, as discussed 

in more detail in section 4.4. These phenomena will impact the deposition tendencies of 

particles since results have indicated that deposition is a function of particle size. The 

results of this 1D model were dependent on the selected particle density through the 

relationships that defined the deposition mechanisms. Thus, the deposition efficiency or 

deposition patterns may change by a small degree with changing e-liquid composition. 



Assessing the Impact of EC Particle Size on Aerosol Transport and Deposition in the Lungs 

 

 116 

While these results present a good overview of the deposition characteristics and trends, 

more accurate particle properties may be needed for developing in-depth, clinical-based 

knowledge for informing health outcomes. The implemented model does not have the 

capability to examine the deposition in the upper airways (i.e., the oral cavity, pharynx 

and larynx). As a result, the overall deposition is very likely underestimated as significant 

deposition occurs in the upper airways (Feng et al., 2016; Haghnegahdar et al., 2018).   

 

5.5 Conclusions 

This study utilised a 1D anatomically realistic model of the airways to predict particle 

transport and deposition from the trachea to the alveolar region. Particle transport was 

shown to be dictated by the airflow distribution in the airways and particle size does not 

impact the particle concentration distribution in the airways. Increasing flow rate 

increased the concentration of particles in the bronchioles and alveolar regions of the 

lungs but did not significantly impact the distribution of particles across the lobes of the 

lung. Particle deposition fraction of EC particles in the airways was very low (<0.1%), and 

the majority of deposition occurred in the TB region. Alveoli deposition was only 

significant at high vaping flow rates and with large particle sizes. Deposition increased 

with increasing flow rate and had a polynomial relationship with particle size. Maximum 

deposition was found at a particle size of 0.147 µm. Deposition is expected to decrease 

with increasing EC particle size, when considering the most commonly reported EC 

particle size range of 0.15 – 1 µm. The trend between deposition efficiency and particle 

size observed through the current 1D models has reasonable agreement to reported 

studies using experimental techniques.  

 

The deposition patterns did not change with particle size, despite the changes in the 

deposition efficiency. With increasing flow rate, deposition increased on the primary 

bronchi and formed a deposition hot spot on the RPB. This information may be useful in 

future studies for understanding the impact of localised high EC particle dosimetry on 

respiratory health. Sedimentation induced deposition increased with increasing particle 

size, while Brownian motion induced deposition decreased with increasing particle size. 

Impaction related deposition remained relatively low at all particle sizes and flow rates. 

Brownian motion is the dominant deposition mechanism in the typical EC size range. 
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5.6 Future work 

A recommendation for future work is to employ the 1D model to investigate the impact 

of multiple puffs of EC aerosol, as discussed in more detail in section 4.6 – this is a more 

realistic representation of user behaviour. The 1D particle transport and deposition model 

could be further developed to include PSD as an input and even factor in particle size 

dynamics. This allows the impact of factors such as particle coagulation or evaporation 

and the resulting changes this induces to the PSD to be accounted for in the model. 

Information from the literature, experimental techniques or in silico models could be 

employed to determine the proportion of particles that undergo size changes and by what 

degree, which could be incorporated into the current 1D model. For example, particle size 

can be defined as a time-based function to incorporate the size change dynamics of the 

EC particles.  

 

Deposition in the upper airways have been reported to be substantial from CFD based-

studies (Feng et al., 2016; Haghnegahdar et al., 2018), however the extrathoracic region 

cannot be represented through the 1D model. Therefore, it is recommended that a 

coupled 3D-1D model should be employed to simulate EC particle transport and 

deposition in both the upper and lower airways. This has been implemented for gas flow 

in a subject-specific airway model through novel 3D and 1D coupled mesh generation and 

3D and 1D simulation techniques (Lin et al., 2009). In this coupling process, the region of 

interest to be studied in more detail can be generated as a 3D mesh, while the remainder 

of the domain can be computed as the original 1D tree, in a single model. Subsequentially, 

both 3D (based on the Navier-Stoked equations) and 1D (based on the integrated energy 

and continuity equations) CFD techniques are applied to the multiscale simulations (Lin et 

al., 2009).  
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6. Conclusions 

With the growing popularity of ECs, especially within the youth population with no prior 

smoking history, it is critical to understand the biological and health-related consequences 

of long-term EC usage. To understand the consequences of EC use, it is essential to first 

understand the transport and deposition behaviour of particles in the human airways, as 

this underpins the effective exposure dosage. Furthermore, the impact of particle size and 

vaping topography on particle transport and deposition is also a critical factor to explore. 

As such, in silico CFD and 1D models were employed to characterise EC particle transport 

and deposition in the airways (in a single puff of aerosol), which utilised PSD information 

as input based on reported values from the literature. These models confirmed that non-

uniform particle deposition occurs in the airways, where the PSD of EC aerosol underpins 

deposition quantity and influences deposition patterns to an extent.  

 

Overall, there is evidence of negative health implications associated with EC use, such as 

inflammation, increased oxidative stress and ROS production (Merecz-Sadowska et al., 

2020). These have been linked as precursors for conditions such as COPD, lung cancer and 

emphysema and increased risk of cardiovascular events (Merecz-Sadowska et al., 2020). 

Deposited EC particles are absorbed by epithelial cells, making users susceptible to health 

implications based on exposure dose (Ganapathy et al., 2017).  

 

Many factors affect the PSD of EC particles, such as device type, power levels, vaping 

topography and e-liquid composition, all of which vary between users based on 

preference and availability. While measurements of EC aerosol PSD were unsuccessful in 

this work, previous studies have presented mean EC particle sizes in the range of 14 nm – 

2.5 µm. Through the in silico models employed in Chapter 4 and Chapter 5, a clear link 

was found between particle size and deposition efficiency and mathematical models were 

formed to describe this relationship. As such, it is hypothesised that the health impacts of 

EC use may vary, depending on the user’s vaping topography and preferences, which 

inform deposition amounts and patterns. Particle deposition is important as it informs the 

cellular dose of EC exposure for a user, hence this study can inform future studies looking 

at dose-based biological impacts of exposure.  
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Both the CFD and 1D models indicated that particle size affects the overall EC particle 

deposition, with a polynomial relationship between deposition and particle size. 

Simulations showed that the particle deposition fraction was less than 0.5% for a single 

puff. Combining the deposition results from the CFD and 1D model, it was observed that 

deposition is greatest in the upper airways and lowest in the alveoli, which aligns with 

previously reported studies (Haghnegahdar et al., 2018; Son et al., 2020; Sosnowski & 

Kramek-Romanowska, 2016).  

 

Comparing the CFD and 1D model results, the CFD model indicated approximately 10-fold 

higher deposition efficiencies for the same simulation conditions. Several factors 

influence this finding. The CFD model encapsulated the upper airways, which have been 

reported to have a higher deposition efficiency than the lower airways. In contrast, the 

1D model only contains the lower airways and acinar airways and will inherently 

underestimate total deposition. Even though the CFD model only contained the first five 

generations of the airway tree and neglected alveolar regions, the deposition in the upper 

airways surpassed the deposition in these regions from the 1D model. The higher 

deposition efficiency from the CFD models may have also been observed since fluid flow 

and particle transport are computed from the full 3D fluid velocity field, while the 1D 

model simplified the fluid field and neglected secondary flows. Secondary flows have been 

reported to increase impaction-related deposition (which was the least influential 

deposition mechanism in the 1D model), hence neglecting secondary flows could 

underestimate deposition.  

 

The CFD model indicated that particle size impacted deposition in the upper airways, but 

not in a statistically significant manner in the lower airways. In contrast, in the 1D model, 

particle size affected TB deposition. Additionally, in the 3D model, the overall deposition 

generally increased with increasing particle size, while in the 1D model, increasing particle 

size only increased deposition for the coarser particles. However, this may have been due 

to the geometrical limitations in the CFD model. It is possible that if the geometry 

encapsulated the entire TB tree, a similar relationship between particle size and 

deposition may be found as with the 1D model. For example, smaller particles may have 



Assessing the Impact of EC Particle Size on Aerosol Transport and Deposition in the Lungs 

 

 120 

higher deposition in the lower generations of the TB tree, which is not reported in the 

current CFD results.  

 

Both in silico models indicate a strong relationship between particle deposition and vaping 

flow rate – both global and regional deposition (upper airways, TB region, alveolar region) 

increase with increasing flow rate. Therefore, it can be concluded that users that vape at 

a higher flow rate receive a higher dose of EC particles per puff – a higher flow rate means 

both higher supply and increased deposition, hence exposure increases nonlinearly. It is 

hypothesised that EC users with a high use frequency and high vaping flow rate are 

exposed to the highest levels of EC use related harm.   

 

Particle size impacts deposition patterns only in the upper airways. Flow rate impacts the 

deposition patterns in the upper airways (in the CFD model) and TB tree (CFD and 1D 

model). The deposition across the TB airways and lobes of the lung are not unform, 

therefore the dose of EC exposure should be specified regionally rather than globally 

when looking at health impacts of exposure. The 3D model indicated deposition hot spots 

at the base of the mouth, back of the lower throat and at locations of bifurcations. The 

1D model revealed deposition hot spots in the upper trachea and bronchi, especially in 

the right primary bronchi. These regions of high deposition should be focal points for 

future in vivo dosimetry studies, as these regions exposed to high dosages are most 

susceptible to EC use-related harm.  

 

It has been reported that regions of high smoke particle deposition such as at the airway 

bifurcations can potentially induce localised lung cancer (Balásházy et al., 2003). These 

results indicate that the deposition patterns (e.g., deposition hot spots in the bifurcations) 

are similar to conventional smoke particles, which has also been reported (Sosnowski & 

Odziomek, 2018). Hence, there may be similar disease development patterns with EC and 

conventional cigarette use. However, dosimetry studies will be required to confirm the 

relative harm of the exposure dose compared to conventional cigarette particles.   

 

The CFD models indicate a higher affinity for particles to travel to the lower lobes of the 

lung, while the 1D model indicates that more particles travel to the upper lobes. There is 
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not yet a full assessment of EC particle transport distribution between the upper and 

lower lobes of the lung in the literature, thus this discrepancy is difficult to characterise 

fully. However, it is most likely because the 1D model relies on simplified fluid flow profiles 

for particle flow while the 3D model incorporates the full 3D fluid field. Additionally, the 

terminal boundary conditions utilised in the models may also be a contributing factor – 

the 1D model has higher ventilation in the upper lung, whereas the airflow distribution 

across the lobes of the lung in the CFD model was based on the reported values (Lambert 

et al., 2011). Regardless of the pathway of higher particle transport, high amounts of 

particle transport to either the upper or lower lobes have potential health consequences. 

Emphysema is a disease associated with smoking and can have either upper lobe 

predominance or lower lobe predominance (Nemec et al., 2013; Sousa et al., 2019), thus 

high particle transport to either location is a potential risk factor.  

 

6.1 Advantages and limitations of 3D and 1D models 

Both 1D and 3D models are important in building knowledge around the transport and 

deposition of EC particles in the human airways. 1D models have the key advantage of 

capturing the particle transport and deposition behaviour in a full anatomically correct 

airway tree. They quantify deposition in the alveolar region, which is critical for assessing 

pulmonary-based risks of EC use, as conventional cigarette use has been found to induce 

COPD (Laniado-Laborín, 2009). They also have a significantly faster processing time 

(approximately 20-fold) and offers ease of manipulation of boundary and initial 

conditions. Thus, 1D models are ideal for studies investigating parameters that affect EC 

particle transport and deposition. These include a wide range of vaping topography-based 

parameters, as well as EC particle-based properties such as size, density, and viscosity that 

reflect the impact of e-liquid and device variability.   

 

3D modelling allows more detailed and accurate study of particle transport by 

understanding the distribution of particle transport across the lobes of the lung. The 

geometrical limitations mean that no understanding of particle transport can be 

confirmed in later generations of the TB region or the alveolar region. To fill this gap, 1D 

models can visually represent locations of the acinar airways that have higher deposition 

concentrations. 3D models also present more explicit and precise details on particle 
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deposition location and hot spots, and indicate accurate deposition efficiencies at 

bifurcations. In contrast, 1D models indicate general regions of higher deposition, such as 

the trachea or bronchus. The 3D model captures all particle transport and deposition 

behaviour caused by secondary flows and turbulence, which are neglected in the 1D 

model, preventing issues such as underestimation of deposition.  

 

6.2 Future directions 

In its current state, neither a 1D nor 3D model can independently fully characterise 

particle transport and deposition behaviour in the full airway tree to sufficient detail for 

drawing policies or clinical recommendations. A 3D-1D coupled model should be used to 

capture the deposition in the entire airways with higher levels of detail and precision – 

this will capture the overall deposition in the entire airways and provide more detail about 

deposition hot spots. This will allow identification of the common EC particle size(s) that 

yields the least deposition – results from current CFD and 1D models do not reach an 

agreement on optimal particle size to decrease deposition. This information could be 

useful for developing ‘safer use’ guidelines, especially for users that use nicotine-free ECs 

and vape recreationally rather than for smoking cessation. For example, certain device 

types, settings or e-liquid compositions that yield the optimal particle size could be 

recommended to users or assist in policies and public health measures regarding the 

usage of ECs. However, the current in silico models will need to be developed further (e.g., 

incorporating the recommendations suggested in sections 4.6 and 5.6) to simulate EC 

particle behaviour more realistically before using the models to inform such outcomes. 

Alongside this, more detailed investigations are required to assess all factors that affect 

the PSD and deposition tendencies of EC aerosol (e.g., varying puff duration). These 

guidelines could be considered interim measures to decrease harm associated with EC 

usage until the full health impacts of long-term EC use are fully characterised.  

 

The findings from Chapter 4 and 5 of this study indicate that many particles are exhaled 

by the user, which is important when considering the impacts of EC use and second-hand 

EC aerosol on bystanders. This was also reported as an area of concern in the literature 

(Sosnowski & Kramek-Romanowska, 2016). This concern accelerates as EC use continues 

to rise in popularity, hence passive vaping could become a focal point of future in silico 
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modelling to further characterise the health impacts of EC use. Similarly, the large 

exhalation fraction of particles is also concerning for third-hand aerosol exposure. This 

describes the risks associated with the uptake of nicotine and EC particle constituents 

though touch with surface deposition of particles (Burton, 2011). This is especially 

concerning for infants and children. A recent study measured notable amounts of nicotine 

in the surface residue from EC use (Goniewicz & Lee, 2015); hence, identifying an area of 

further research to characterise the consequences of EC use fully. 
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Appendix 

A. CAD diagrams of inlet and outlet adapters for modified inhaler chamber 

(version 1) 

 

 
Figure 35: Adapter to connect the EC to the modified inhaler unit inlet. 

 

 

 

Figure 36: Adapter to connect the pump to the modified inhaler chamber outlet (version 1). 
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B. CAD diagram of outlet adapter for modified inhaler chamber (version 2) 
 

 

Figure 37: Adapter to connect the pump to the modified inhaler chamber outlet (version 2).  

 

C. Impact of the COVID-19 lockdown in Auckland on the experimental 

component of this research project 

The Level 4 lockdown period in Auckland was from 17/08/21 to 21/09/21 (5 weeks). 

During these dates, all students (and staff) were unable to physically access University 

Facilities (unless engaged with COVID-19 related research). The Level 3 lockdown period 

in Auckland was from 21/09/21 to 02/12/21 (approximately 10 weeks) – during this 

period, access to University Facilities were strictly limited, with almost all students being 

required to work from home. As such, for the experimental component of this research 

project (research works outlined in Chapter 3), no access to laboratories was permitted 

during the periods of the Level 4 and 3 lockdowns.  
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