
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

Development of in silico airway down to the
terminal bronchiole and study of drug delivery
efficiency via endotracheal tube

Li, Sixiao
九州大学大学院総合理工学府総合理工学専攻機械・システム理工学メジャー

https://hdl.handle.net/2324/7178599

出版情報：九州大学, 2023, 修士, 修士
バージョン：
権利関係：



   

 

令 和 ５ 年 度 

 

修  士  論  文 

 

Development of in silico airway down to the terminal bronchiole 

and study of drug delivery efficiency via endotracheal tube 

 

 

九州大学大学院総合理工学府 

総合理工学専攻 

機械・システム理工学メジャー 

伊藤研究室 

 

 

Li Sixiao 

 

 

指導教員  伊藤 一秀（捺印または署名）          

 

 

 

 

 

 

提出年月日 令和５年○○月○○日 



CONTENTS 

1. Introduction .......................................................................................................................... 3 

2. Methodology ........................................................................................................................ 6 

2.1 Geometry development ........................................................................................................ 6 

2.2 Grid design ....................................................................................................................... 12 

2.3 Boundary conditions of the ETT drug delivery study ........................................................... 13 

2.4 Boundary conditions of static ventilator .............................................................................. 19 

2.5 Numerical simulation of airflow pattern .............................................................................. 20 

2.6 Numerical simulation of the discrete phase.......................................................................... 21 

2.7 Numerical simulation of the age of air ................................................................................ 23 

3. Results and discussion ......................................................................................................... 24 

3.1 Airflow field of the ETT drug delivery study .................................................................. 24 

3.2 Deposition efficiency analysis of the ETT drug delivery study ......................................... 31 

3.2.1 Deposition efficiency analysis and comparison with autonomous respiratory study ......... 31 

3.2.2 Deposition efficiency per generation in the tracheobronchial region ............................... 38 

3.2.3 Deposition efficiency in different lobes ........................................................................ 46 

3.2.4 Penetration efficiency of particles into the 17th generation............................................. 50 

3.3 Ventilation efficiency analysis of the static ventilator ...................................................... 52 

4. Conclusion ......................................................................................................................... 60 

5. Reference ........................................................................................................................... 61 

Acknowledgement ...................................................................................................................... 67 

 



1. Introduction 

Lung cancer is a highly lethal disease, responsible for a significant proportion of cancer-related deaths 

worldwide. It surpasses the combined mortality rates of colon, breast, and prostate cancers(1). Although 

tumors in the tracheobronchial (TB) tree are rare(2)(3), they exhibit a high malignancy rate, particularly in 

adults. Surgery and radiation therapy are commonly employed for tumor removal, but they can be invasive 

and may not be suitable for all patients. Chemotherapy is an alternative treatment method used to eradicate 

cancer cells, maintain post-treatment health, and prolong survival(4)(5). Among the various chemotherapy 

approaches, the delivery of chemotherapeutic microparticles through the pulmonary route has shown great 

performance in combating lung cancer(6)(7). The retention of inhaled drugs in tumor tissue was found to 

be higher than in healthy tissue, indicating strong anti-tumor effects with minimal side effects. Inhalation 

delivery of chemotherapeutic agents like interleukin-2 (IL-2) and doxorubicin has shown safety and 

effectiveness in patients with lung cancer(8)(9). Additionally, inhalation delivery has been found to result 

in higher drug accumulation in tumors compared to intravenous injection(10). Inhalable nanoparticle drugs 

containing doxorubicin have also demonstrated improved survival rates in preclinical models(11). Overall, 

administering chemotherapeutic particles through the pulmonary route holds promise as an effective 

treatment modality for lung cancer. 

While inhalation chemotherapy shows potential in the treatment of lung cancer, it is important to 

address the potential problem it can cause. Large numbers of particles deposited on healthy tissues can 

result in side effects to some extent(12). Therefore, an alternative approach to avoid deposition in the upper 

airway is endotracheal catheter injection. This method involves directly delivering the medication from the 

trachea into the lower airway by applying an endotracheal tube (ETT), bypassing the upper airway where 

deposition is undesired(13)(14).  

The ETT is a medical device that plays a crucial role in the field of air supply and critical care 

medicine. Its development can be traced back to the early 19th century when efforts were made to secure 

the airway during surgical procedures(15). The ETT is a flexible tube inserted into the trachea through the 

mouth or nose, providing a direct pathway for the delivery of oxygen and anesthetic gases to the lungs, as 



well as facilitating the removal of carbon dioxide. The primary function of the ETT is to ensure adequate 

ventilation and oxygenation of the patient(16). It allows for precise control of the airflow, enabling the 

anesthetist or healthcare provider to regulate the depth and rate of respiration during surgery or in critical 

care settings(17). It is also utilized in emergency medicine to manage patients with respiratory distress or 

failure, providing immediate air support(18). Additionally, the ETT serves as a conduit for the 

administration of medication, such as insulin delivery, pain management, cancer therapy, and nano-

therapeutics(19)(20). ETTs are typically constructed from medical-grade materials such as polyvinyl 

chloride (PVC), silicone, or Teflon. PVC is commonly utilized in disposable catheters due to its cost-

effectiveness and ease of sterilization. Silicone, on the other hand, is a popular choice for reusable 

catheters due to its flexibility and biocompatibility.  

By employing ETT to release particles downstream from the trachea, deposition in the upper airway 

can be avoided. While catheters have been explored in other human body parts, such as the urinary 

route(21) and the central venous route(22), for cancer treatment, the feasibility of using an ETT for the 

delivery of chemotherapeutic particles to lung tumors has not been extensively studied. 

Determining the feasibility of drug delivery using the ETT for tumor treatment requires an 

understanding of how chemotherapeutic particles interact with pulmonary airflow and deposit in lung 

airways. Conducting high-resolution, quantitative in vitro or in vivo studies to obtain detailed dynamics of 

these interactions can be challenging due to limitations in imaging resolution, flexibility, and ethical 

considerations. Computational fluid particle dynamics (CFPD) offers an alternative approach to predicting 

air-particle flow dynamics in the lungs(19)(23). For decades, CFPD has been used to enhance our 

understanding of respiratory drug delivery mechanisms by providing physics-based computational models 

that can save time and resources compared to traditional experimental models. One CFPD study introduced 

a novel inhalation therapy using short-pulsed bolus aerosolized drug particles, which achieved high drug 

delivery efficiency to small airways(24). While there are also some CFPD studies examining particle 

trajectories and airflow patterns in airways with lung tumors, some research has explored the impact of 

tumor size and ventilatory characteristics on regional flow behavior to aid targeted drug delivery(25)(26). 



However, there were few CFPD studies focused on the detailed particle deposition in the whole human 

lower airway by using ETT.  

Therefore, to fill in this gap, by applying an ETT, particle deposition characteristics in the human 

lower airway were analyzed. The results can serve as a reference to the tumor treatment in terms of 

chemotherapy.  

In addition, since it has been proven that the lungs of severe patients are inadequate to deliver oxygen 

and conduct air exchange, mechanical ventilators (MV) play an important role in air support(27). In terms 

of ventilator waveform processes, conventional mechanical ventilators(CMV) can be divided into different 

types, such as pressure-time waveform, flow-time waveform, volume-time waveform, and pressure-

volume loop(28). The selection of the waveform is adjusted based on the clinical objectives, the specific 

needs of the patient, and the availability of the waveform on the ventilator. However, CMV can exert a 

certain degree of ventilator-induced lung injury (VILI) due to the mechanized expansion and contraction of 

the human lung(29). First and foremost, CMV, due to the presence of respiratory cycles, may impose high-

pressure points on the lungs. However, not every individual's lungs can adapt to these high-pressure points. 

Short-term usage may not significantly impact the lungs, but for patients requiring prolonged medical 

intervention, extended use of traditional ventilators can potentially lead to lung injury. Furthermore, the 

application of traditional ventilators relies on the assumption that the lungs possess a certain degree of 

elasticity, allowing them to expand and contract normally under pressure. However, for patients with 

severe medical conditions or pathological lung damage, their lungs may struggle to undergo normal 

expansion and contraction, rendering traditional ventilators less suitable. In order to address the 

aforementioned issues associated with traditional ventilators, this study also developed a new type of static 

ventilator which is friendlier to the human lung. The static ventilator can keep the human lung in a constant 

volume all the time by importing and exporting airflow with the same flow rates. This study, by analyzing 

the ventilation efficiency in the lower airway, also provided a reference to the development of the static 

ventilator. 



2. Methodology 

2.1 Geometry development 

The human respiratory tract is a complex anatomical structure that plays a crucial role in the exchange 

of gases between the body and the external environment. It can be broadly divided into two main parts: the 

upper airway and the lower airway. The upper respiratory tract encompasses the nasal cavity, pharynx, and 

larynx, while the lower respiratory tract comprises the trachea, bronchi, bronchioles, and the delicate 

alveoli within the lungs. This intricate system ensures the delivery of oxygen to the bloodstream and the 

removal of carbon dioxide from the body, which is essential for sustaining life and maintaining 

physiological balance. Starting with the upper airway, the journey of inhaled air begins with the nasal 

cavity. The nasal cavity, being the entry point of the air, serves several crucial functions. It acts as a natural 

filter, trapping airborne particles, dust, and potentially harmful pathogens before they can enter the lower 

airway. Additionally, the nasal cavity conditions the inhaled air, adjusting its temperature and humidity to 

protect the delicate lung tissues from extreme environmental conditions. Moving further down, the air 

passes through the pharynx, a shared passage for both the respiratory and digestive systems. From here, it 

enters the larynx, often referred to as the "voice box." The larynx plays a vital role in vocalization, housing 

the vocal cords that vibrate to produce sound during speech. 

The lower respiratory tract commences at the trachea, a sturdy, cartilaginous tube that serves as the 

main pathway for air transport into the lungs. The trachea further divides into the left and right main 

bronchi, marking the first generation of the lower airway. These main bronchi, in turn, lead to the 

secondary bronchi, followed by tertiary bronchi, bronchioles, and eventually the terminal bronchioles. The 

branching pattern of the lower airway results in an intricate network of air passages that progressively 

diminish in size. As air travels deeper into the lungs, the bronchi and bronchioles become narrower, 

culminating in the terminal bronchioles. The terminal bronchioles represent the 16th generation of the 

airway, and beyond this point, the respiratory pathway bifurcates into the respiratory bronchioles, alveolar 

ducts, and alveolar sacs, collectively known as the acinus. These delicate structures are responsible for 



facilitating gas exchange with the bloodstream, where oxygen is absorbed and carbon dioxide is released. 

An essential characteristic of the lower airway is its extensive branching, resulting in a total of 23 airway 

generations. Each generation represents a bifurcation into smaller air passages, contributing to a vast 

surface area for efficient gas exchange. The intricate structure of the lower airway maximizes contact 

between the inhaled air and the alveolar membrane, optimizing the exchange of oxygen and carbon dioxide 

between the lungs and the blood(30). Fig.2.1.1 shows the division of airway generations. 

 

Fig.2.1.1 Human lower respiratory tract classification 

 

A 59-year-old male's respiratory tract was segmented from CT images using a spatial resolution of 

0.625 mm on the x- and y-axis and 0.5 mm on the z-axis. Mimic software was used for semi-automated 

and manual segmentation of the lower respiratory tract from the trachea to the 8th generation. Fig.2.1.2 

shows the human lower airway model from tracheal to 8th generation generated from Mimic software. To 

get the lower airway model from the trachea to the 16th generation, artificial bronchial models from the 9th 

to the 16th generation need to be generated. The parameters of the artificial bronchial models were 

calculated using Weibel's work(31). Fig.2.1.3, regarding the 10th generation as an example, shows the 



principle of artificial airway model development. Eq.1-3 are the governing equations to calculate the sizes 

of artificial airway models. Then, SpaceClaim software was applied to create the artificial airway models, 

before which the artificial airway models were manually connected to the real model. Finally, an ETT was 

inserted at the position of the trachea for drug delivery. Fig.2.1.4 shows the intubated lung model and the 

structure of ETT. Then, the intubated lung model was used in this study to analyze the drug delivery to 

treat the lung tumor. It is noticeable that for the lower airway, this study used the same model as a previous 

autonomous respiratory study(23).  

 

Fig.2.1.2 Lower airway model from the trachea to 8th generation 

 

 

Fig.2.1.3 The principle of artificial model development 



 

 𝐿𝑧 = 𝐿𝑝_𝑛 + 𝐿𝑎_𝑛 + 𝐿𝑡_𝑛 (1)    

 𝐿𝑝_𝑛 = 𝐺𝑛 tan 
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Fig.2.1.4 The intubated lung model and the structure of ETT 

Fig.2.1.5 shows the segmentation process of the lower airway from CT images and Fig.2.1.6 shows 

the representative of a truncated artificial bronchial tube from 9th to 16th generation. Through the 

combination of the real model from CT and artificial model from Spaceclaim, the lower airway model was 

successfully developed. Fig.2.1.7 shows the model applied in the autonomous respiratory study, in which 

five parts are included: anterior airway, nasopharynx, oral cavity, larynx, and lower airway. 



 

Fig.2.1.5 Segmentation process of the lower airway from CT images 

 

 

 

Fig.2.1.6 Representative of a truncated artificial bronchial tube from the 9-16th generation 

 



 

Fig.2.1.5 The model of the autonomous respiratory study 

 

For the model of the static ventilator, the lower airway model remained, while the ETT was replaced 

with a newly designed ETT, which is shown in Fig.2.1.6. There were two tubes in the newly designed ETT, 

including the inner tube and the outer tube. The inner tube has a diameter of 3mm and a length of 15mm, 

while the outer tube has an outer diameter of 7mm and an inner diameter of 4mm, with a length of 25mm. 

By applying this ETT, simultaneous air import and export can be realized.  

 

 

 



 

Fig.2.1.6 The new ETT applied in the static ventilator 

 

2.2 Grid design 

The domains of interest were discretized and meshed using poly hex-core elements. Ten prism layers 

with a first height of 10m were applied in the trachea. Five prism layers with a first height of 5m were 

applied to the ETT and each generation of the bronchial tubes. Fig.2.2.1 shows the mesh design in the 

trachea area. The final mesh elements were counted to be approximately 30 million cells for the entire 

model. An optimal number of grids is indispensable in any CFD study to balance the computational cost 

and accuracy of the simulation results, which can be obtained via a grid independence test. Despite the 

heavy mesh design used in this study for the lower airway, the fluid characteristics were found to be 

predominantly laminar. Therefore, a suitable grid size was applied to each bronchial generation, 

corresponding to its diameter. The grid designs in the lower airway tract were completely the same in the 

ETT drug delivery study, static ventilator study, and autonomous respiratory study. 

 

(a) 



 

(b) 

Fig.2.2.1 (a) The meshing of drug delivery study in the trachea area (b) The meshing of the static 

ventilator in the trachea area 

 

2.3 Boundary conditions of the ETT drug delivery study 

For the velocity boundary condition at the trachea inlet, a non-uniform boundary condition was set, 

with the airflow rate of 7.5L/min. The non-uniform velocity profile was determined based on the velocity 

profile at the same plane of the autonomous respiratory study. Fig.2.3.1 shows the airflow inlet of the 

trachea. Fig.2.3.2 shows the velocity profiles at the same plane of the drug delivery study and the 

autonomous respiratory study. For the velocity boundary condition of the ETT, three velocities were set. In 

Case 1, the average velocity of the trachea inlet (0.5m/s) was chosen. Then, to analyze the effect of the 

injection velocity on the particle deposition, 1m/s, and 2m/s were set in Cases 2 and 3. The Reynolds 

number in the three cases was respectively 100, 200, and 400, which meant the airflow could be regarded 

to be incompressible. The detailed velocity boundary conditions are shown in Fig.2.3.3. 



 

Fig.2.3.1 The configuration around the inlet area 

 

 

 
 

 (a) 

 
 

 (b) 

Figure 2.3.2 (a) The velocity boundary condition at the trachea inlet under the ETT drug delivery 

study (b) the velocity profile at the same plane under the autonomous respiratory study 

 



   

Case 1 Case 2 Case 3 

Fig.2.3.3 Various inlet velocity boundary conditions of the ETT drug delivery study 

 

For temperature boundary conditions, the non-uniform temperature profile was applied as the 

boundary condition at the trachea inlet by the same method as the velocity boundary condition. Fig.2.3.4 

shows the temperature profile at the same plane as the ETT drug delivery study and the autonomous 

respiratory study. The walls of the respiratory tract were set to be 310 K, also the same as the autonomous 

respiratory study. The ETT was set to be adiabatic, which means there is no heat flux between the air and 

the ETT. The air temperature at the ETT inlet was set to be the average temperature of the air at the trachea 

inlet (309.8K). The detailed temperature boundary condition is shown in Fig.2.3.5.  

 

 

 
 

 (a) 



 

      

 (b) 

Figure 2.3.4 (a) The temperature boundary condition at the trachea inlet under the ETT drug 

delivery study (b) the temperature profile at the same plane under the autonomous respiratory 

study 

 

 

Fig.2.3.5 The inlet temperature boundary condition of the ETT drug delivery study 

 

For the turbulence boundary conditions, non-uniform turbulent kinetic energy and turbulent 

dissipation rate were also set using the same method with velocity and temperature profiles at the trachea 

inlet. Turbulent intensity at the ETT inlet was set to be 10% which was the same as the autonomous 



respiratory study. Based on the structure of the ETT, the hydraulic diameter at the endotracheal tube inlet 

was set to be 0.003m. 

For the outlet boundary condition, this study also shared the same boundary condition with the 

autonomous respiratory study. Outflow weighting was applied as the boundary condition for all the outlets, 

in which the different lung lobes would have different ventilation rates, which can be estimated based on 

the percentage of lung height from the basal regions(32). The estimated ventilation airflow rates for each 

lung lobe are listed in Table 1 and used to assign flow weighting values to the corresponding outlets. Thus, 

the sum of the flow weighting values of all outlets belonging to the same lung lobe equals the 

corresponding value. Table 1 reveals that the right lower lobe (RLL) has the highest ventilation rate, 

accounting for approximately 30% of the total ventilation. Moreover, the right lung has a higher overall 

ventilation rate (around 53%) compared to the left lung (around 47%). This observation was consistent 

with previous studies that have reported a bias toward the right lung's ventilation rate(33)(34).  

 

Table 1. The ventilation airflow rate of each lung lobe 

Lung lobe Ventilation airflow rate (%) 

Right upper lobe-RUL 0.1192 

Right middle lobe-RML 0.1087 

Right lower lobe-RLL 0.3000 

Left upper lobe-LUL 0.2374 

Left lower lobe-LLL 0.2347 

 

Particles with diameters ranging from 0.002 m to 10 m were imported from the ETT in sequence. 

The same as the autonomous respiratory study, monodisperse ultrafine-to-coarse particles with a density 

equal to that of pure water, that is, 1000kg/m3, were chosen. The walls of the lower airway were set in 

perfect trap condition, while ETT as perfect reflect condition. All the outlets were set to be the escape 



condition. Altogether, 50000 particles were injected in each case for each separate particle aerodynamic 

diameter. Fig.2.3.6 shows the particle injection position of the ETT drug delivery study. 

                           

Fig.2.3.6 Particle injection position of the ETT drug delivery study 

 

The complete boundary conditions of the ETT drug delivery study and the autonomous respiratory 

study are shown in Table 2.  

Table 2. Total boundary conditions of the ETT study and autonomous respiratory study 

Parameter ETT drug delivery study Autonomous respiratory study 

Simulation domain From the trachea to the 16th generation of 

the lower airway 

From the nasal cavity to the 16th 

generation of the lower airway 

Inflow flowrate  Qtrachea= 7.5L/min (non-uniform) 

Qinjection= 0.2, 0.4, and 0.8L/min (0.5, 1, 

2m/s) 

Q= 7.5L/min 

Inflow temperature  Ttrachea airflow= 309.8K (non-uniform) 

TETT airflow: 309.8K 

Tnasal cavity airlow = 293K  

Inflow turbulence  TKEtrachea: non-uniform 

TDRtrachea: non-uniform  

Turbulence intensityETT=10% 

Turbulence intensityinlet=10%  

 



Hydraulic diameterETT=0.003m 

Outlet  Continuous phase: outflow weighting 

Discrete phase: escape 

Continuous phase: outflow weighting 

Discrete phase: escape 

Respiratory tract wall  Velocity: no slip  

T = 310K  

Discrete phase: perfect trap 

Velocity: no slip  

T = 310K  

Discrete phase: perfect trap 

ETT wall Velocity: no slip  

Heat FluxETT: 0W/m2 

Discrete phase: perfect reflect 

 

Discrete phase Particle number: 50000 

Density: 1000kg/m3 

Injection location: ETT 

Particle number: 50000 

Density: 1000kg/m3 

Injection location: nasal cavity 

 

2.4 Boundary conditions of static ventilator  

For the ventilator development, five air-supplying/exhausting configurations were assumed for the 

ETT, as shown in Fig.2.4.1. Case 1 served as a simulation of the autonomous respiratory condition, in 

which fresh air was supplied through the inner tube (red arrow) and the outlets of the model were the same 

as Chapter 2.3. In Case 2, the inlet boundary condition remained, while the outer tube worked as the outlet. 

It should be noted that the supplying/exhausting flow rates in Case 2 were identically set at 1 L/min. In 

Case 3, the functions of the inner and outer tubes were reversed; specifically, the air was supplied through 

the outer tube, and the inner tubes acted as the exhausting component. In Cases 4 and 5, the 

supplying/exhausting configurations were maintained the same as in Cases 2 and 3, respectively; however, 

a higher flow rate of 10 L/min was assumed. All the boundaries of the model, except for the ETT, were set 

to walls from Case 2 to Case 5. For the other boundary conditions, the same parameters were chosen as in 



Chapter 2.3. Besides, it should be noted that the boundary conditions of Cases 3 and 5 are currently used in 

MV. 

     

Case 1 Case2 Case 3 Case 4 Case 5 

Fig.2.4.1 Boundary conditions of the five cases 

 

2.5 Numerical simulation of airflow pattern 

To model the continuous flow of an incompressible fluid in the human respiratory system, the 

computational method was used to solve what is known as the Reynolds-averaged Navier-Stokes (RANS) 

equations. This allows a steady-state solution for the fluid flow within the respiratory tract. 

  
𝜕𝑈̅𝑖

𝜕𝑋𝑖
= 0   (4) 

   
𝜕𝑈𝑖

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝑈𝑖𝑈𝑗) = −

1

𝜌𝑔

𝜕𝑝𝑔̅̅ ̅̅

𝜕𝑥𝑖
+ 𝑣

𝜕2𝑈𝑖

𝜕𝑥𝑗
2 −

𝜕

𝜕𝑥𝑗
(𝑢𝑖

′𝑢𝑗
′)̅̅ ̅̅ ̅̅ ̅   (5) 

where 𝑈̅ and 𝑢′ mean the mean velocity and the fluctuating components, and 𝑝𝑔, 𝜌𝑔, and v indicate the 

pressure, density, and viscosity of the fluid, respectively. The term Reynolds stresses, −𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ , states the 

closure problem to the RANS equation. The eddy viscosity turbulence model provides a relationship 

between the Reynolds stresses and the mean velocity gradient tensor. 

−𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ = 𝑣𝑇(
𝜕𝑈̅𝑖

𝜕𝑥𝑗
+

𝜕𝑈𝑗̅̅̅̅

𝜕𝑥𝑖
) −

2

3
𝑘𝛿𝑖𝑗                            （6） 

where k is the average kinetic energy, 𝛿𝑖𝑗 is the Kronecker delta, and 𝑣𝑇 is the eddy viscosity. 

For the turbulence model, the study utilized the low-Reynolds-type k- as it has been proven effective 

in accurately predicting flow characteristics within the human airway(35). The model's ability to 



incorporate a damping function in the near-wall region makes it particularly useful for analyzing the 

viscous sublayer at wall surfaces. Additionally, this model has been shown to produce highly precise 

results in particle deposition analyses(36)(37).  

2.6 Numerical simulation of the discrete phase  

To determine the transport and deposition characteristics of ultrafine-to-coarse particles in the 

respiratory tract, the Fluent software (ANSYS, Inc.) was employed to calculate particle trajectories using 

the discrete phase model. The Lagrangian equation was solved to track the movement of particles, with 

acting body forces utilized in the prediction process. First, the airflow field was solved as part of the 

continuous phase, after which the Lagrangian discrete phase was computed to determine the paths of 

individual particles, as shown in Eq.7: 

 
𝑑𝑢⃗⃗ 𝑝

𝑑𝑡
= 𝐹 𝐷 + 𝐹 𝐺 + 𝐹 𝑆 + 𝐹 𝐵 (7) 

where the subscript ρ refers to the particle phase; 𝐹 𝐷 is the drag force per unit particle mass, derived 

from Strokes drag law, defined as shown in Eq.8: 

 𝐹 𝐷 =
18𝜇

𝜌𝑝𝑑𝑎
2𝐶𝑐

𝐶𝐷𝑅𝑒𝑝

24
(𝑢⃗ − 𝑢⃗ 𝑝) (8) 

where μ is the air viscosity, 𝑢⃗  is the fluid flow velocity, 𝑢⃗ 𝑝 is the particle velocity, 𝑑𝑎 is the 

aerodynamic particle diameter, 𝜌𝑝 is the particle density, 𝐶𝐷 is the drag coefficient, 𝑅𝑒𝑝 is the particle 

Reynolds number, and 𝐶𝑐 is the Cunningham correction factor for Stokes’ drag law which is calculated 

from Eq.9: 

 𝐶𝑐 = 1 +


𝑑𝑎
(2.34 + 1.05𝑒

−0.39
𝑑𝑎


⁄

) （9） 

where  is the mean free path of air molecule. 

𝐹 𝐺, the second term, indicates gravitational settling. 𝐹 𝑆 (Eq.10), the third term, is the Saffman’s lift 

force due to shear on a unit mass basis.    

 𝐹 𝑆 =
5.188𝑣1 2⁄ 𝜌𝑑𝑖𝑗

𝜌𝑝𝑑𝑎(𝑑𝑙𝑘𝑑𝑘𝑙)
                                 （10）  



For the fourth term, 𝐹 𝐵 is the Brownian force expressed by Eq.11: 

 𝐹 𝐵 = √
216𝜇𝑘𝐵𝑇𝑎𝑖𝑟

𝜋𝑑𝑎
5𝜌𝑝

2𝐶𝑐∆𝑡
    （11） 

where  is the unit variance independent Gaussian random number, 𝑘𝐵 is the Stefan-Boltzmann constant, 

𝑇𝑎𝑖𝑟 is the absolute temperature of the inhaled air, and t is the particle integration time step. To include 

the impact of Brownian motion on the movement and settling of ultrafine particles of various sizes, a 

custom-made software program that incorporates a user-defined function (UDF) was utilized. This allows 

for more precise modelling of how the particles are transported and deposited. Afterwards, the discrete 

particle model was utilized to trace the particles.  

In this study, the total deposition efficiency (DE) and regional DE were calculated based on the ratio 

of the number of particles deposited to the total number of particles imported, as shown in Eq.12 

 
𝑎

=
𝐶𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑−𝑙𝑜𝑤𝑒𝑟−𝑎𝑖𝑟𝑤𝑎𝑦

𝐶𝑖𝑚𝑝𝑜𝑟𝑡𝑒𝑑−𝑣𝑖𝑎−𝐸𝑇𝑇
× 100%     （12） 

where 𝐶𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑−total is the number of particles deposited in total, 𝐶𝑖𝑚𝑝𝑜𝑟𝑡𝑒𝑑−via−ETT is the number of 

particles imported from ETT. 

Accordingly, the local DE in the region i can be calculated using the same expression Eq.13 


𝑏

=
𝐶𝑖−𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑

𝐶𝑖𝑚𝑝𝑜𝑟𝑡𝑒𝑑−𝑣𝑖𝑎−𝐸𝑇𝑇
× 100%                             （13） 

For the autonomous case, Eq.14 and 15 are used to calculate DE in the lower airway and regional DE 


𝑐
=

𝐶𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑−𝑙𝑜𝑤𝑒𝑟−𝑎𝑖𝑟𝑤𝑎𝑦

𝐶entering−lower−airway
× 100%                          （14） 


d

=
𝐶𝑖−𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑

𝐶entering−lower−airway
× 100%                           （15） 

Besides, the penetration efficiency (PE) in the i region can be estimated using the ratio of particles 

that escape the filtration effects of its upstream region and the total number of particles inhaled through the 

nostrils (Eq.16) 


e
=

Centering− via−inlet−Cupstream−deposited

Centering−via−inlet
× 100%                    （16） 



where Cupstream−deposited is the number of particles deposited in the upstream regions corresponding to 

region i. The inlet indicates the ETT tube and nasal cavity for ETT cases and autonomous case, 

respectively. 

2.7 Numerical simulation of the age of air 

Ventilation efficiency is the mean assessment criteria for the performance of the static ventilator. On 

the basis of the spatial distribution of tracer concentration, the SVE3, which was proposed by Ref.(38), as 

shown in Eq. 14 and 15, was calculated here as the index for the local ventilation efficiency. 

𝑆𝑉𝐸3(𝑋) =
𝐶(𝑋)

𝐶𝑠
                                    （14） 

𝐶𝑠 =
𝑞0𝑉

𝑄
                                        （15） 

C(𝑋) is the concentration at point X, while Cs is the concentration under the perfectly mixed 

condition, 𝑄 is the inhalation flow rate, and V is the total volume of the ETT-lung model with a value of 

6.712×10-5 m3. 

 

 

 

 

 

 

 

 



3. Results and discussion 

3.1 Airflow field of the ETT drug delivery study 

There are three cases included in the ETT drug delivery study in total. In the three cases, the initial 

velocities in the ETT were different (0.5m/s, 1m/s, and 2m/s, respectively) while the airflow rates in the 

trachea inlet remained consistent. The flow field patterns in the human lower airway of 0.5m/s Case are 

shown in Fig. 3.1.1. Fig. 3.1.1a shows the streamline of the airflow. The incoming airstreams into the 

lower region of the respiratory system underwent initial bifurcation at the first branching point, leading to 

the subsequent separation of the flow into two distinct airstreams directed towards the left and right lungs. 

The intricate network of bronchial airways further facilitated the continuous division of the flow at the 

carina ridges, resulting in a complex branching pattern until the 16th generation was reached. Overall, the 

velocity magnitude within the lower airway segment was relatively subdued; nevertheless, localized 

regions exhibited notable fluid acceleration. Fig.3.1.1b shows the fluid region with a velocity magnitude＞

1m/s via volume distribution. The high-velocity fluid flow can be seen at the 1st and 2nd bifurcations. Then, 

some velocity accelerations can be seen in some random positions in different generations. It is noticeable 

that most of the velocity accelerations took place in the lung lobes of RML, RLL, and LLL. It is because of 

the different ventilation rates in each lung lobe, which is shown in Table.1. Fig.3.1.1c shows the overlap of 

the high-velocity fluid flow and the domain of the generations of 5th, 6th, and 7th, from which a great 

overlap effect can be seen in 6th and 7th generations. Fig.3.1.1d shows the airflow characteristic in the 

trachea area. Since the average velocity of the trachea inlet was determined as the velocity in ETT, no 

velocity jump exists in the trachea area. 



 

 

(a) 

 

(b) 



 

(c) 

 

 

(d) 

Fig.3.1.1 The flow field distribution in the human lower airway of Case 1 (a) Airflow streamline. 

(b) The volume distribution of high-velocity flow (＞1m/s) in the lower airway. (c) The overlap 

effect of the high-velocity flow (＞1m/s) and the domain of the generations of 5th, 6th, and 7th. (d) 

Airflow characteristic in the trachea area. 



Fig.3.1.2 shows the flow field distribution of Case 2. Fig.3.1.2c displays the overlap of high-velocity 

flow (＞1m/s) with the domain of 5th, 6th, and 7th. The overlap effect in the domain indicated that velocity 

accelerations were mainly located in the domain of 5th, 6th. Fig.3.1.1d shows the airflow characteristic in 

the trachea area as a result of the velocity difference between ETT and trachea inlet, a jet flow in the ETT 

area can be seen, although it was not obvious. 
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(d) 

Fig.3.1.2 The flow field distribution in the human lower airway of Case 2 (a) Airflow streamline. 

(b) The volume distribution of high-velocity flow (＞1m/s) in the lower airway. (c) The overlap 

effect of the high-velocity flow (＞1m/s) and the domain of the generations of 5th, 6th, and 7th. (d) 

Airflow characteristic in the trachea area. 

 



Fig.3.1.3 shows the flow field distribution of Case 3. By comparing Fig.3.1.1b, Fig.3.1.2b, and 

Fig.3.1.3b, it can be noticed that as the ETT initial velocity increased, more high-velocity (＞1m/s) area 

can be seen in the human lower airway, especially in the trachea, 1st and 2nd generations. However, when it 

turns to Fig.3.1.3c, similar velocity acceleration characteristics can be seen in Fig.3.1.2c in 5th and 6th 

generations since there was a great velocity difference between the trachea inlet (0.5m/s) and ETT (2m/s), 

an obvious jet flow can be seen in the trachea. After entering the trachea, the jet collided with the 1st 

generation airway, subsequently bifurcating and distributing the flow into the left and right lung lobes. 
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(d) 

Fig.3.1.3 The flow field distribution in the human lower airway of Case 3 (a) Airflow streamline. 

(b) The volume distribution of high-velocity flow (＞1m/s) in the lower airway. (c) The overlap 

effect of the high-velocity flow (＞1m/s) and the domain of the generations of 5th, 6th, and 7th. (d) 

Airflow characteristics in the trachea area. 

 

3.2 Deposition efficiency analysis of the ETT drug delivery study 

3.2.1 Deposition efficiency analysis and comparison with autonomous respiratory study 

Table 3 illustrates the sedimentation mechanisms for particles of different sizes. For ultrafine and fine 

particles, their primary deposition mechanism is diffusion settling. As particle size decreases, the Brownian 

motion becomes more pronounced, leading to a stronger diffusion settling effect and higher deposition 

efficiency. In contrast, for coarse particles, the dominant deposition mechanism is inertial settling. As 

particle diameter increases, the flow velocity becomes faster, resulting in a higher deposition efficiency for 

these larger particles. 

 



Table 3. Deposition mechanisms of different particle sizes 

Ultrafine particle Diffusion deposition 

Fine particle Diffusion deposition 

Coarse particle Inertial deposition 

 

The results of DE in the human lower respiratory tract are exhibited in Fig.3.2.1.1, which were 

calculated by Eq.12 and 14. The figure shows the DE of the three ETT cases and the autonomous 

respiratory cases with particle diameters from 0.002 m to 10m. Fifty thousand particles with a density of 

1000kg/m3 were imported from the ETT and nasal cavity, respectively. Because the autonomous 

respiratory case was well validated with previous datasets of measurements(39)(40) and numerical 

simulations(41)(42)(43)(44)(45), this study, through the comparison with the autonomous case, to confirm 

the reliability of the ETT cases. In the case of ultrafine particles (< 0.1 m), almost all the particles with a 

diameter of 0.002 m were deposited in the domain, before which DE sharply reduced as the particle size 

approached 0.1 m, which is consistent with the autonomous respiratory case. In the range of 0.1 – 2.5 m, 

DE was found to be relatively low (< 10%), while in terms of coarse particles, DE rapidly increased 

proportionally with the particle size, with the same trend as the autonomous respiratory case. The different 

deposition mechanisms for particles of varying diameters contribute to this phenomenon. For ultrafine and 

fine particles, diffusion deposition driven by Brownian motion is the primary mechanism. However, the 

intensity of Brownian motion decreases with increasing particle diameter, resulting in lower DE for larger 

particles. For particles with a diameter of 0.002m, their high Brownian motion intensity leads to nearly 

complete deposition within the control domain. For coarse particles, deposition is mainly governed by 

inertial forces resulting from gravity. As the particle diameter increases, so does the gravitational force, 

leading to stronger inertial forces. Consequently, the DE of coarse particles increases along with the 

diameter. Since the same simulation method was used in the ETT cases and autonomous respiratory case, 

and consistent DE trends among the cases were shown, the simulation results of the ETT cases are 

relatively reliable. Table.4 shows the specific particle deposition values of the four cases, which are 



corresponding to Fig.3.2.1.1. Table.5 shows the detailed particle delivery in the autonomous case. Table.5 

demonstrates that in the autonomous respiratory case, as particle size increases, particle deposition in the 

upper airway initially decreases and then increases. Conversely, the number of particles entering the lower 

airway increases initially and then decreases. Additionally, the total deposition in the lower airway shows a 

fluctuating pattern, which can be attributed to variations in the total number of particles entering the lower 

airway for different particle sizes. Furthermore, the application of the aforementioned particle deposition 

mechanisms can effectively explain the data presented in Table.5. 

 

Fig.3.2.1.1 Deposition efficiencies in the lower airway of ETT cases and autonomous respiratory 

case 

 



 

Table 4. Total particle depositions in the lower airway in the ETT cases and autonomous case 

Particle diameter 

(m) 

0.5m/s 1m/s 2m/s Autonomous 

0.002 49918 49898 49893 8430 

0.01 21339 19795 26150 19165 

0.025 11921 6715 13147 13020 

0.05 6289 3622 8569 9600 

0.075 5002 2745 7115 5150 

0.1 3901 1845 5424 3675 

0.25 3257 1442 4678 1885 

0.5 3223 1405 4464 3290 

0.75 3134 1350 4280 4310 

1 3074 1263 3601 4960 

2.5 3770 1542 3645 7280 

5 14511 12016 14602 12315 

7.5 28726 21096 21310 22640 

10 38891 34019 30080 30215 

 

Table 5. Detailed particle delivery in the autonomous case 

Particle diameter 

(m) 

Enter upper 

airway 

Upper airway 

deposition 

Enter lower 

airway 

Lower airway 

deposition 

0.002 50000 41256 8744 8430 

0.01 50000 15468 34532 19165 

0.025 50000 13250 36750 13020 



0.05 50000 11789 38211 9600 

0.075 50000 3754 46246 5150 

0.1 50000 2513 47487 3675 

0.25 50000 1578 48422 1885 

0.5 50000 1745 48255 3290 

0.75 50000 2564 47436 4310 

1 50000 2613 47387 4960 

2.5 50000 3978 46022 7280 

5 50000 5546 44454 12315 

7.5 50000 7548 42452 22640 

10 50000 8546 41454 30215 

 

Fig.3.2.1.2 shows the particle delivery ratios in the right and left lung with particle diameters of 

0.01m, 0.1m, 0.5m, 5m, and 10m under three ETT cases, respectively. From Fig.3.2.1.2, it can be 

observed that for the ETT velocity of 0.5m/s, the particle delivery ratio in the right lung was approximately 

60% for different particle diameters, while the ratio in the left lung was around 40%. However, as the ETT 

velocity increased from 0.5m/s to 2m/s, the particle delivery ratio in the right lung gradually decreased to 

around 45%, while the ratio in the left lung gradually increased to approximately 55%. This is due to a 

slight bias of the ETT direction towards the left lung. As the airflow of the ETT strengthened, the particle 

beam gradually deviated to the left lung, resulting in more particles being transported to the left lung. Since 

different particle delivery ratios lead to different regional deposition, which further affected the total 

deposition, this also explains the difference in the total DE in the lower respiratory tract in the three ETT 

cases. 
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(e) 

Fig.3.2.1.2 Particle delivery ratios in different lungs under different ETT jet flow (a)0.01m 

(b)0.1m (c)0.5m (d)5m (e)10m 
 

 

3.2.2 Deposition efficiency per generation in the tracheobronchial region 

One of the advantages of the CFPD method is the ease of access to detailed regional deposition in the 

tracheobronchial model. DE for each generation of the ETT cases and autonomous respiratory case are 

shown in Fig.3.2.2.1 using Eq.13 and Eq.15. For the autonomous respiratory case, which is shown in 

Fig.3.2.2.1a, in the case of ultrafine particles, a focal point of 0.01μm was recorded in the 8th generation. 

The focal point is constant for ultrafine and fine particles approaching 2.5μm. For the ultrafine and fine 

particles, it is well adopted that a higher effective surface area leads to higher DE; as expected, in the 

CFPD model, the 8th generation possesses the highest total surface area, which has a higher probability of 

trapping particles (23). Meanwhile, the peak DE shifted to the 6th generation for the case of coarse particles 



(5 and 10μm), especially reaching the value of around 18% at 10μm. Theoretically, coarse particles tend to 

concentrate in the region of high-velocity fluid flow because of their high inertia and relaxation time 

properties. In this sense, the most deposited particles were recorded in the 6th generation, where fluid 

acceleration occurred(23).  

The same deposition mechanism can also be applied to ETT cases. For ultrafine and fine particles, the 

three ETT cases exhibited the same focal points and trends in terms of local DE. In the 0.5 m/s case, the 

focal points are observed at the 5th and 8th generations. In the 1 m/s case, the focal point is at the 7th 

generation. In the 2 m/s case, the focal point is at the 6th generation. As described in Chapter.3.2.1, the 

different ETT flow velocities result in variations in particle delivery to different lung lobes, which means 

the particles cannot be delivered evenly to each lung lobe by airflow as in the autonomous respiratory case. 

Therefore, it led to differences in the effective total surface area for each case. The 0.5 m/s case possesses 

the highest effective total surface area at the 5th and 8th generations, while the 1 m/s case exhibits it at the 

7th generation, and the 2 m/s case exhibits it at the 6th generation. For coarse particles, the peak DEs in the 

three cases are observed at the 7th generation (0.5m/s), around the 5th and 6th generations (1m/s), and at the 

6th generation (2m/s), respectively, which is consistent with the airflow field analysis described in 3.1. In 

the 0.5 m/s case, the velocity acceleration was mainly concentrated at the 6th and 7th generations. In the 1 

m/s and 2 m/s cases, the velocity accelerations were primarily distributed between the 5th and 6th 

generations. The specific velocity characteristics of the three cases contribute to the regional DE 

characteristics. 
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Fig.3.2.2.1 Deposition fraction per generation of selected particle sizes in ETT and 

autonomous respiratory cases 



 

In addition, compared to the autonomous respiratory case, the three ETT cases exhibit different 

characteristics in the 1st and 2nd generations. Particles of various sizes show certain DE in the 1st 

generation, but the DE significantly decreases at the 2nd generation. Specifically, in the 0.5 m/s and 1 m/s 

cases, most sizes of particles have minimal depositions at the 2nd generation. This phenomenon can be 

explained by Fig.3.2.2.2 and Fig.3.2.2.3.  

Fig.3.2.2.2 shows the particle tracking and deposition conditions in 1st and 2nd generations with a 

particle size of 0.01μm. The particle tracking images indicate that particles were injected from the ETT and 

collided with the 1st generation wall in the bifurcation area without being fully mixed with the flow in the 

trachea, before which the particles were separately delivered into the right and left lungs. It is noticeable 

that even in the 2nd generation, particles were not well mixed with air, just close to the lower area of the 

airway, rather than evenly distributed in the domain. The deposition of particles at the 1st generation occurs 

due to collisions between particles and the bifurcation region of the 1st generation wall, which increases the 

likelihood of DE. However, the difference among the three cases lies in the fact that with an increase in 

ETT jet flow, the collisions between particles and the bifurcation region of the 1st generation become 

stronger. These intense collisions enhanced the mixing of particles with the overall airflow, resulting in a 

more uniform distribution of particles within the airway. Consequently, particles have a higher probability 

of deposition. This also explains why the DE increased at the 2nd generation as the ETT jet increased. 

Fig.3.2.2.3 shows the particle tracking and deposition conditions in 1st and 2nd generations with a particle 

size of 10μm. Similar to 0.01μm particles, the collision between the jet and the bifurcation region of the 1st 

generation leads to particle deposition at the bifurcation. However, due to the poor diffusion characteristics 

of coarse particles, after the collision between the jet and the bifurcation region, coarse particles still have 

limited mixing with the airflow compared to ultrafine and fine particles. As a result, despite the relatively 

high velocity at the 2nd generation in the three cases, few particles were deposited in the 2nd generation. 



In conclusion, compared to autonomous respiratory cases, the use of the ETT results in different 

regional deposition characteristics for ultrafine, fine, and coarse particles. Furthermore, these deposition 

characteristics vary depending on the ETT jet flow rate. 
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Fig.3.2.2.2 Particle tracking and deposition conditions with particle size of 0.01μm in ETT 

cases (a) Particle tracking in the case of 0.5m/s (b) Particle tracking in the case of 1m/s (c) 

Particle tracking in the case of 2m/s (d) Deposition condition in 1st and 2nd generations in the 

case of 0.5m/s (e) Deposition condition in 1st and 2nd generations in the case of 1m/s 

(f)Deposition condition in 1st and 2nd generations in the case of 2m/s 
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(c) (f) 

Fig.3.2.2.3 Particle tracking and deposition conditions with particle size of 10μm in ETT cases 

(a) Particle tracking in the case of 0.5m/s (b) Particle tracking in the case of 1m/s (c) Particle 

tracking in the case of 2m/s (d) Deposition condition in 1st and 2nd generations in the case of 

0.5m/s (e) Deposition condition in 1st and 2nd generations in the case of 1m/s (f)Deposition 

condition in 1st and 2nd generations in the case of 2m/s 



3.2.3 Deposition efficiency in different lobes 

Lobar deposition can numerically evaluate the effect of ETT jet flow rate on the particle deposition 

characteristic. Fig.3.2.3.1 shows the human lung regionalization including five lobes: RUL (right upper 

lung), RML (right middle lung), RLL (right lower lung), LUL (left upper lung), and LLL (left lower lung). 

The lobe deposition in the thoracic region in the ETT casesis shown in Fig.3.2.3.2 and was calculated 

using Eq.13. From the Fig.3.2.3.2, it can be observed that for all selected particle sizes, the DE in RUL is 

zero, and in most cases, the DE in LUL is also close to or equal to zero. This is because the ETT jet flow 

caused particle beams to collide with the bifurcation region of the 1st generation, resulting in particle flow 

mainly flowing towards RLL and LLL along the lower wall of the 1st generation. Although there is a 

certain ventilation rate in RUL and LUL, particle delivery by ETT resulted in very few particles entering 

RLL and LLL. Regarding the DE in RLL and LLL, it decreases initially and then increases with increasing 

particle diameter, which is consistent with the general DE in the human lower airway shown in Figure 

3.2.1.1.  

 

 

Fig.3.2.3.1 Human lung regionalization 
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Fig.3.2.3.2 Lung lobe deposition with ETT velocity of (a) 0.5m/s, (b) 1m/s, (c) 2m/s for the 

selected particle size 

 

Furthermore, as the ETT jet flow rate increased for particles of the same size (0.01m, 5m, 10m), 

the DE in the right lung gradually decreased while the DE in the left lung gradually increased. Specifically, 

in the 0.5 m/s case, the DE in the right lung was higher than that in the left lung, but in the 2 m/s case, it 

was reversed. As shown in Figure 3.2.1.2, with increasing ETT jet flow rate, particle delivery in the left 

lung increased while particle delivery in the right lung decreased, and particle delivery directly affected 

DE. Fig.3.2.3.3 shows the visual images of particle deposition distribution in the human lower airway in 

the ETT cases with particle sizes of 0.01m and 10m. As observed, although 10m particles exhibit 

higher DE in the lower respiratory tract compared to 0.01m particles, the distribution of 0.01m particles 

is more uniform, as evident from the graph. The 10m particles tend to predominantly settle at specific 



locations, whereas the 0.01m particles uniformly deposit across various regions of the lower respiratory 

tract. This discrepancy is attributed to the sedimentation mechanisms of ultrafine and 10m particles. 

Ultrafine particles primarily undergo diffusion settling, while 10m particles are influenced by inertial 

settling. 

Thus, it can be observed that in the context of drug delivery using an ETT, the main deposition sites 

for drugs are the RLL and LLL, while DE in other areas is limited. Moreover, by adjusting the ETT jet 

flow rate, the DE in different lung lobes can be altered to some extent, with more pronounced effects on 

ultrafine and coarse particles. 
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Fig.3.2.3.3 Visual images of particle deposition distribution in human lower airway (a) 

Deposition distribution with particle size of 0.01m in 0.5m/s case (b) Deposition distribution 

with particle size of 10m in 0.5m/s case (c) Deposition distribution with particle size of 

0.01m in 1m/s case (d) Deposition distribution with particle size of 10m in 1m/s case (e) 

Deposition distribution with particle size of 0.01m in 2m/s case (f) Deposition distribution 

with particle size of 10m in 2 m/s case 

 

3.2.4 Penetration efficiency of particles into the 17th generation 

The comparison of PE between cases with an ETT and the autonomous respiratory case, considering 

different selected particle sizes, is presented in Fig.3.2.4.1. The data in this figure provides valuable 

insights into the percentage of particles that successfully reach the 17th generation of the airway. The PE 

values were meticulously calculated using Eq.16, ensuring accurate and reliable results. Upon a 

comprehensive analysis of the deposition characteristics of the human lower airway (as displayed in Fig. 

3.2.1.1), a distinct trend emerges. As particle size increases in all four cases, PE exhibits an initial gradual 

increase, followed by a subsequent gradual decrease. This behavior is attributed to the interplay between 

particle size, airway dynamics, and deposition mechanisms. 

However, the presence of the ETT introduces a significant differentiation in the outcomes. The ETT 

cases demonstrate an impressive ability to prevent particle deposition in the human upper airway, resulting 



in notably higher PE values compared to the autonomous respiratory case. This effect is particularly 

prominent for particles with sizes of 0.01μm and 10μm, where the ETT's contribution to enhancing particle 

delivery to the lower regions of the airway is most pronounced. The implications of these findings hold 

particular importance for chemotherapy treatments. The application of an ETT tube can serve as a 

powerful tool in maximizing the delivery of therapeutic particles to the deeper regions of the respiratory 

system. By precisely targeting the 17th generation of the airway and even reaching the alveoli, the ETT 

enables an optimized drug delivery strategy. This heightened precision in drug delivery holds the potential 

to increase the efficacy of chemotherapy, leading to improved therapeutic success and, ultimately, better 

treatment outcomes for patients. 

The significance of these research outcomes extends beyond chemotherapy. The improved 

understanding of ventilation efficiency in the lower airway, facilitated by the use of an ETT, offers valuable 

guidance for the development of advanced static ventilators. This knowledge empowers researchers and 

medical practitioners to design and implement more effective respiratory support systems, enhancing 

patient care and critical care interventions. 

 

Fig.3.2.4.1 Penetration efficiency of particles into the 17th generation for ETT cases and 

autonomous respiratory case for the selected particle sizes 



 

3.3 Ventilation efficiency analysis of the static ventilator 

The airflow characteristics of Cases 1-5 are depicted in Fig.3.3.1, which shows the velocity 

magnitude in the ETT, trachea, and the 1st generation. At a given inlet flow rate of 1 L/min, in the first 

three cases (1-3), the peak velocity was observed in the inner tube of the ETT. However, for Cases 1 and 2, 

the jet stream was defined as the supplied air; hence, the airflow exited the inner tube and deeply hit the 

airway wall before entering the 1st generation (marked by the red frame). In contrast, in Case 3, the jet 

stream was assumed to be a suction flow, which caused the flow to vanish in the trachea region. For the 

higher flow rate of 10 L/min (Cases 4 and 5), the flow distribution characteristics are observed to be almost 

homogeneous with Cases 2 and 3, respectively, which show independence of airflow distribution with the 

increment in flow rates.  

The difference between Cases 1 and 2 can be clarified using the streamlined distribution, as shown in 

Fig. 3.3.2. Specifically, fluid flow could deeply penetrate the bronchial region because of the lack of 

suction function of the ETT. Meanwhile, the assumption of suction flow using the outer tube of the ETT 

partially hinders the delivery of fluid flows deeper into the bronchial airways. In Case 3, the airstream 

supplied by the outer tube of the ETT was almost exhausted via the inner tube. In Case 4, the streamlined 

distribution delivered a consistent phenomenon with Case 2; however, when comparing the characteristics 

of Cases 3 and 5, the streamlined distribution suggested that under the effects of higher flow rates, the fluid 

flow could be transferred to the entrance of the first bifurcation. 
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Fig.3.3.1 Airflow characteristics in the trachea area under different configurations and flow 

rates 
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Case 5 

Fig.3.3.2. Streamline distributions in the static ventilator model under different 

configurations and flow rates 

 

Theoretically, the value of SVE3 indicates dimensionless time scale for fresh air delivery and the 

airflow arrival time from the inlet to a certain point; hence, it can be regarded as a significant parameter for 

judging ventilation efficiency. Thus, a higher SVE3 value is associated with a lower ventilation efficiency 

and vice versa. In these cases, SVE3 values are normalized by the nominal time constant defined as V/Q. 

SVE 3 contours of Cases 1-5 are displayed in Fig.3.3.3. For Case 1, the result indicates that the SVE3 

value gradually increased along with the generation order from the inlet to the 16th generation, except for 

the surrounding area of the ETT, as the jet-stream pushed the air quickly to the trachea and bronchial 

region, as discussed in the previous section. As expected, high SVE3 was observed in this region. The 

maximum value appeared at the top left-end position with a value of 4.72, which suggested a relatively 

good ventilation efficiency in the autonomous respiratory condition with the application of ETT. However, 

in Cases 2 to 5, the values were much higher than those in Case 1 in the bronchioles. Therefore, for Cases 

2 to 5, the trachea-area characteristics were analyzed and displayed. Specifically, good ventilation can be 



achieved in the tracheal region, while the value of SVE3 suddenly increases to approximately 2 in the 1st 

bifurcation of Case 2. For Case 3, a high SVE3 was observed in the entire trachea and the 1st bifurcation, 

which is the consequence of the intermediate exhaust of the fluid flow through the inner tube. Under the 

effects of increasing flow rate, the distribution and magnitude of SVE3 in Case 4 were almost consistent 

with Case 2; meanwhile, the vicinity around the ETT portrayed a relatively low SVE3 (approximately 0.5) 

in Case 5. The age of air contour of the five cases is shown in Fig.3.3.4, which showed similar 

characteristics to SVE 3. Case 1 showed a low value of the age of air. For the boundary conditions of 

Cases 2 and 3, the values separately got lower as the flow rate increased.   

 

 

Case 1 

   

 Case 2 Case 3 



 

  

 Case 4 Case 5 

Fig.3.3.3. SVE 3 characteristics in the ETT-tracheobronchial model of Case 1 and the trachea 

area of Cases 2 to 5 
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 Case 4 Case 5 

Fig.3.3.4. Age of air characteristics in the upper region under different configurations and 

flow rates 

 

From the results, the alternation in the operation configurations could profoundly impact the delivery 

of fresh air to the trachea and bronchioles. Using the inner tube as the air-supplying conduit would benefit 

from conveying air to deeper regions. The increment of supply flow rates exerted certain impact on the 

ventilation efficiency in the lower airway, as shown in Fig.3.3.4. Concerning ventilation efficiency, only 

Case 1 showed good ventilation efficiency throughout the model. By applying the artificial ventilation 

configurations, the appearance of the air-jet stream from the ETT could only offer good ventilation in the 

trachea region. The meager ventilation rates in Cases 3 and 5 revealed that the realistic configuration 

currently used in the MV might not be appropriate compared to our study's assumptions (Cases 2 and 4). 

 

 

 



4. Conclusion 

This study successfully investigated the delivery of drug particles in the human lower respiratory tract 

by using ETT. The results can provide valuable insights for the chemotherapy of pulmonary tumors. 

Additionally, this study proposed a novel static ventilator design that minimizes lung injury, particularly 

for severe patients who cannot conduct autonomous respiratory.  

In the context of ETT drug delivery for pulmonary tumors treatment, the following three conclusions 

can be drawn: (1) ETT injection chemotherapy and inhalation chemotherapy exhibit different regional 

deposition characteristics, and the intensity of the ETT jet flow significantly affects the deposition 

characteristics. (2) ETT jet flow leads to particle deposition mainly in LLL and RLL, and different ETT jet 

flow intensities influence the particle delivery proportion and DE in lung lobes. As the ETT jet flow 

intensity increases, the particle delivery proportion in the left lung gradually increases while it decreases in 

the right lung, resulting in changes in the DE in different lobes, especially in LLL and RLL. (3) Compared 

to inhalation chemotherapy, ETT injection chemotherapy can significantly enhance PE in the 17th 

generation, which facilitates drug delivery to deeper regions and alveoli in the lower respiratory tract. 

For the static ventilator development, two main conclusions can be drawn: (1) Compared to the outer 

tube, importing air through the inner tube provides better ventilation efficiency in the lower respiratory 

tract. (2) Airflow rate contributes to ventilation efficiency while increasing airflow rate enhances 

ventilation efficiency in the lower respiratory tract. 

In conclusion, this study utilized an ETT to analyze particle deposition characteristics in the human 

lower airway. The findings offer valuable insights that can be used as a reference for tumor treatment, 

specifically in terms of chemotherapy. Additionally, the analysis of ventilation efficiency in the lower 

airway provides valuable guidance for the development of static ventilators. By bridging this research gap, 

our study contributes to the understanding of respiratory dynamics and provides crucial information for 

both medical treatments and the advancement of ventilator technology. These results hold significant 

potential to enhance patient care and respiratory therapies, ultimately benefiting individuals' health and 

well-being. 
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