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Abstract. The behavior of airborne particles in the human respiratory system is closely related to local 
tissue dosimetry and its associated health risks. The inhalation of these particles is known to be the origin 
of lung diseases, such as lung cancer, chronic obstructive pulmonary disease, and cardiovascular disease. 
To compensate for the difficulty of experiments involving volunteers, in silico studies using numerical 
models have been adopted as promising alternatives. Therefore, this study applied the computational fluid 
and particle dynamics technique to investigate the deposition of ultrafine particles in the human respiratory 
tract from the nostrils to the ninth generation of bronchi. A computational model was created using computed 
tomography images. The airflow patterns were simulated under steady and incompressible conditions at 
breathing flow rates of 7.5 and 15 L/min, respectively. The discrete phase was simulated for ultrafine 
particles with aerodynamic diameters of 2–100 nm. Consequently, the validation work confirmed the 
simulation accuracy for particle sizes > 25 nm. In the lower respiratory system, the total deposition fraction 
decreased as the particle size increased. In addition, the eighth generation is a focal point of the deposited 
particles, elucidated by the local deposition fraction. The results of this study will benefit further studies 
involving health risk assessments and drug delivery.

1 Introduction 
One of the current concerns of public health is air 
pollution by respirable airborne particles, which are 
jointly responsible for premature death globally [1]. 
Ultrafine particles (UFPs, aerodynamic diameter < 100 
nm) are released into the environment by several 
sources, including fossil fuel combustion, condensation 
of volatile compounds, industrial emissions, and 
cooking-heating activities [2,3]. The number of on-road 
vehicles using diesel engines is still increasing 
worldwide, which is responsible for the large 
concentration of emitted UFPs in the environment [4]. 
Inhalation of UFPs is closely linked to detrimental 
effects on the respiratory, cardiovascular, central 
nervous systems, and other organs owing to their 
translocated characteristics [5]. The front line between 
the UFPs and other organs is the pulmonary system, 
which filters particles from inhaled air during 
inhalation/exhalation processes. However, regarding 
their small size, the UFPs can pass straight through the 
extra-thoracic region and penetrate deeper into the 
lungs, which is identified as a critical public health 
problem causing mortality in all ages. Therefore, 
investigating the fate of UFPs in the human thoracic 
region can establish an understanding of their potential 
health risks. 
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In this respect, efforts involving volunteers have been 
experimentally executed in the past decades [6–8]. 
These early studies constituted the first step in 
quantitatively reporting the deposition pattern in the 
human extra-thoracic and thoracic regions using 
radioactive particles for measurement. Although ethical 
issues have been strictly addressed, these experimental 
efforts have followed the simulation technique, which 
utilizes computer resources and a numerical model of 
the human respiratory tract. Currently, the 
computational fluid dynamics (CFD) method has 
provided reliable results for fluid flow characteristics in 
enclosed spaces, especially in animal/human respiratory 
systems. Further, the computational fluid and particle 
dynamics (CFPD) technique has been applied to predict 
the deposition of UFPs and has been previously 
analyzed in the extra-thoracic [9–11] and thoracic 
regions [12,13]. Nonetheless, the complex structure of 
the thoracic region restricted the realistic generation of 
the numerical model; instead, tube-like models 
mimicking the morphometry of this region were mostly 
used in previous studies, which may have affected the 
deposition results because the structural features are one 
of the critical factors of airway deposition analysis. 
Against this background, the present study applies the 
CFD method to investigate the deposition of UFPs in a 
human lower airway model up to the ninth generation of 
bronchi. Realistic features of the lower airway were 
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strictly preserved in the computed tomography (CT) 
images. Nonetheless, the resolution of CT images 
partially hampers the segmentation of the desired lung 
model, reaching the ninth generation; thus, the tube-like 
bronchial is adopted to close the gap. The fluid flow was 
simulated under steady conditions for two breathing 
flow rates of 7.5 and 15 L/min. Then, particle analysis 
was conducted for UFPs with aerodynamic diameters 
ranging from 2 to 100 nm. 

2 Methodology 

2.1 Model generation 

A realistic lower airway was segmented from the CT 
data of a healthy adult male. A representative coronal 
plane denoting the CT data used in this study is shown 
in Fig. 1a, where the black color denotes the air-filled 
region and the white color indicates the bony structure 
as a function of X-ray adsorption. The raw solid 
geometry of the human lower airway was extracted and 
segmented semi-automatically and manually based on 
the grayscale level (Fig. 1b). However, the resolution of 
CT data limits the detailed geometric information of the 
lower airway, especially after the eighth generation of 
bronchi. Hence, a truncated artificial bronchial trachea 

tube was created following Tena et al. 2017 [14], as 
shown in Fig. 1c, and was connected to a realistic model 
to achieve a more comprehensive model reaching the 
ninth generation. The human respiratory tract was 
obtained by combining the upper airway (blue) and 
lower airway (gray), as shown in Fig. 1d. To create 
proper simulation conditions, the external breathing 
zone and face features were integrated into the 
respiratory tract, finally forming a complete 
computational model, as depicted in Fig. 1e. The 
information about the lower airway geometry is listed in 
Table 1. 

Table 1. Geometric information of the human lower airway 

Generation order Number of 
branches 

Total surface 
area (mm2) 

1st  1 34.4 
2nd  2 16.8 
3rd 4 17.7 
4th 9 22.8 
5th 19 39.1 
6th 39 74.6 
7th 77 114.8 
8th 127 119.5 
9th 173 104.5 

2.2 Mesh design in computational model 

This study adopted poly hex-core elements for meshing, 
a combination of Hexa cells in the bulk region, and 
polyhedral cells adjacent to the boundary wall, which 
were shown to balance the accuracy and computational 
cost [15]. Moreover, 10 prism layers were created 
adjacent to the boundary wall of the upper airway, which 
optimized the accuracy of the flow profile in the vicinity 
of the wall. For the lower airway, five prism layers were 
applied because of the small diameter of the bronchial 
tubes. 

2.3 Continuous phase simulation 

We assumed and simulated a steady-state, isothermal, 
and incompressible fluid flow in the respiratory tract 
using the Eulerian method, in which the set of Reynolds-
averaged Navier-Stokes (RANS) equations (Eqs. 1 and 
2) was solved computationally for each control volume, 
as shown in Eqs. 1 and 2: 
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where  represents the ensemble mean velocity, and pg, 
,  and  denote the pressure, density, viscosity of the 

fluid, and turbulent viscosity, respectively. This study 
applied the low-Reynolds-type k–  (Abe–Kondoh–
Nagano) turbulent model, which has been shown to 
provide a reliable prediction of airflow in the respiratory 
model [16,17]. Different breathing flow rates of 7.5 and 
15 L/min were selected to cover resting and normal 
human activities. The numerical boundary conditions 
are listed in Table 2.  

Fig. 1. Generation workflow of the human respiratory tract and 
outline of the computational domain. 
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The human lower airway is geometrically divided into 
five main regions: the right upper, right middle, right 
lower, left upper and left lower lobes [18]. Therefore, 
outflow weighting was set differently for each lobe, as 
performed in a previous study [19] (Table 3).

Table 2. Formatting sections, subsections, and 
subsubsections

Parameters Information
Turbulent 

model
Low Reynolds type k-e model 

(Abe–Kondoh–Nagano)
Algorithm SIMPLE
Convection 

scheme Second order upwind

Inflow 
boundary

Qin = 7.5 and 15 L/min
Turbulent intensity (TI)=10%

Outflow 
boundary

Gradient zero with outflow weighting 
(Table 3)

Table 3. Outflow weighting boundary condition for each 
lung lobe

Lobes Flow weighting
Right upper lobe (RUL) 0.1194

Right middle lobe (RML) 0.1089
Right lower lobe (RLL) 0.3001
Left upper lobe (LUL) 0.2376
Left lower lobe (LLL) 0.2349

2.4 Discrete phase simulation

Particle trajectories were predicted using the Lagrangian 
equation, as shown in Eqs. 3.

D G S B

pdu
F F F F

dt

u
F F F FF FF (3)

where the subscript p refers to the particle phase, FG and 
FS refer to the gravitational and Saffman lift forces, 
respectively, FD indicates the drag force per particle 
mass unit, and FB denotes Brownian diffusion. A total 
of 50,000 monodispersed particles were introduced into 
the flow field in front of the nose, with an initial velocity 
equal to the fluid velocity at the released position. The 
aerodynamic diameter of the particles is 
assigned in the range of 2–100 nm, with a density of 
1,000 kg/m3. In the Lagrangian tracking process, a 
perfect trap condition was assumed for the respiratory 
walls, which meant that the particles could not rebound
into the flow after hitting the walls.
The total deposition fraction of particles in the 
respiratory tract is defined as the ratio between the 
number of particles deposited, “Cdep” and that of 
particles entering the respiratory tract, “Cin” (Eq. 4). In 
addition, the total deposition in the lower airway region, 
ignoring the filtration effects of the upper airway, is 
defined by the ratio of the number of particles deposited 
“Cdep” and that of particles entering the lower airway 
“Cin-lower airway” (Eq. 5). Accordingly, the local deposition 
fraction in a specific region i, the specific bronchial tube 
generation, is defined as the number deposited in the 
region i divided by the total number entering the 
respiratory tract (Eq. 6). 
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3 Results and Discussion

3.1 Airflow characteristics at the resting 
condition (7.5 L/min)

The 1,000 streamlines describe the distribution of fluid 
flow in the human respiratory tract, as shown in Fig. 2a. 
The high velocity of the airstream is denoted by the red 
color, whereas the blue color represents the low velocity. 
The airflow characteristics of the upper airway have
been extensively discussed in previous studies [20,21]; 

Fig. 2. Streamlines distribution in the lower airway (A), and 
representative velocity profile in the five different lobes (B). 
The highlighted region denotes the 5th-7th generation.
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therefore, only the fluid physics in the lower region is 
discussed herein. The results showed that the airstream 
smoothly passed through the tracheal region and 
reached the first generation, where the stream was 
branched and tilted to the left and right lungs. In the first 
and second generations, the skewed velocity profile 
toward the bottom was evidenced in our previous 
research [22], among others [23,24]. In this region, the 
flow was continuously split into branches flowing 
through the branching system of human lung geometry 
from the third to the ninth generation, which might 
hamper the detailed analysis of the flow features. 
Nonetheless, from the colored streamlines, acceleration 
can be observed in some specific regions. These 
phenomena can be attributed to subject-related 
individual structures. More explicitly, the centered 
polylines were created intentionally toward these peak 
velocity regions to deliver the quantitative velocity 

profile (Fig. 2b). The results showed that the peak 
velocity occurred in the LUL region at 3 m/s, followed 
by the second peak in the RLL region. Excluding the 
RML, the velocity profiles in the other positions (RUL 
and LLL) capture the specific acceleration of the fluid. 
Additionally, accelerated and fluctuating airflow can be 
observed mostly in the 5th–7th generation of all the lobes. 
Leaving the 5th–7th generation, the fluid velocity rapidly 
reduced in the posterior generation. Despite the 
significant impacts of individual structures, these results 
indicate that the realistic geometry of the lung region 
would benefit the precise physics of fluid flow, which 
might not be captured in the tube-like model. 

3.2 Validation of total particle deposition 
simulation data 

The results of the particle deposition data are shown and 
compared with the experimental data set [25] and 
previous simulation data [26,27] for the lower airway 
region (Fig. 3). The previous simulation results were 
conducted in the representative tracheobronchial units 
(TBUs) separately in “series and parallel”; then, the total 
lung deposition was calculated based on the averaged 
results [26]. Another method is to simplify and treat the 
human lung region as the 1D lumped “trumpet” model 
relies on the parameters of the airway cross-sectional 
area and volume [27]. The total deposition fraction in 
the lower airway, shown in Fig. 3a, is calculated using 
Eq. 4, and that shown in Fig. 3b was obtained using Eq. 
5. The results emphasize the consistency between the 
simulation and experimental data sets for particle sizes 
> 25 nm. Nevertheless, for particle sizes < 25 nm, a 
significant gap between the datasets can be observed. 
The discrepancies derived from the data indicate that the 
current model only reaches the ninth generation of the 
human lung region. 
The integration of the upper airway in analyzing the total 
deposition in its lower partner exerted a marked 
phenomenon in the case of 2 nm for 7.5 L/min (Fig 3a). 
Specifically, the high deposition fraction in the upper 
region reduces the number of particles penetrating the 
lower region, consequently decreasing deposition in this 
region. This phenomenon was also observed in the 
previous simulation results (Fig. 3a). By eliminating the 
effects of the upper airway, the deposition fraction of the 
lower airway reduced as the particle size increased at 
both investigated flow rates. These results indicate that 
the lower airway compensates for particles that can 
escape the filter mechanisms of the upper region. In 
addition, as the particle size approached 100 nm, they 
had a high possibility of penetrating deeper into the 
lungs, thereby posing higher health hazards. 

3.3 Deposition per generation and lobe in the 
lower airway region 

The deposition in each generation is shown in Fig. 4, 
which was calculated using Eq. 6. The most captured 
region of particles was observed at the eighth generation 
for particle sizes >10 nm. This can be attributed to the 
effect of Brownian motion, in which the deposited 

Fig. 3. Comparison of the current simulation results with the
experimental data and previous simulation results. 
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particles within this effect tend to be evenly distributed 
on the inner surface. Therefore, the higher the inner 
surface area, the higher the possibility of trapping 
particles. As expected, the eighth generation possessed 
the highest surface area (Table 1); hence, the focal point 
of ultrafine particle deposition can be observed in this 
generation. Under the effect of the increment flow rate, 
the hot spot of the deposited particles remained almost 
constant, which indicated less dependence of the highly 
diffusive particles on the flow rates. The focal point of 
the particles deposited in the current study is strongly 
related to the individual structure of the lung model 
rather than the universal findings. This individual 
discrepancy may not be observed in studies involving 
tube-like generations. Therefore, the investigation of 
lung deposition is more challenging than that of the 
upper airway region because of the significant impacts 
of realistic morphometry and comprehensive models. 
Despite the morphometry-related insufficiency in 
predicting the deposition of small particles, the CFPD 
method has the advantage of providing 3D visualization 
of deposited particles (Fig. 5). The results showed a 
uniform distribution of deposited particles on the inner 
surface of the lower airway. Moreover, the deposition in 
each lobe can be calculated using the CFPD method, 
which reveals the higher deposition in the RLL, LUL, 
and LLL. These results can be explained by the 
difference in flow weighting in each lobe (Table 3); the 
higher the flow weighting, the greater the flow portion, 
and the more particles can enter the corresponding 
region. As can be observed, the utilization of the CFPD 
method can mimic humans' more realistic breathing 
patterns, which might be absent in other methods. 

4 Conclusions 
This study aimed to investigate ultrafine particle 
deposition in the human respiratory tract up to the ninth 
generation of the bronchi. The CFPD method 
successfully predicted the transportation and deposition 
of ultrafine particles in a complex human respiratory 
tract. The individual morphometric features of bronchial 
airways exerted the acceleration of the fluid in specific 
regions, at 5th–7th generation in this case. Although a 
complex geometry of the lower airway was employed, 
the prediction accuracy was successfully confirmed for 
particle sizes > 25 nm; meanwhile, the lack of several 
bronchi reduced the accuracy of the particle size < 25 
nm. As a detailed analysis of the deposition in each 
generation, the focal point was confirmed at the eighth 
generation reflecting the individual structure of the 
model. Three-dimensional visualization revealed the 
deposition characteristics of ultrafine particles, which 
showed a uniform distribution on the inner surface of the 
airway. These results indicate the importance of realistic 
and comprehensive airway generation to precisely 
capture the total and local deposition fractions in the 
lung region, particularly for particle sizes <25 nm. In 
addition, we propose a promising direction for the CT 
image-based CFPD method in simulating deposited 
particles in the human lung region. 

Acknowledgement 
This study was partially funded by Japan Science and 
Technology (JST), CREST Japan (grant number JP 
20356547), and JSPS Grants-in-Aid for Scientific 
Research (KAKENHI) (Grant numbers JP 22H00237, 
JP 22K18300, JP 20KK0099), Health Labour Sciences 
Research Grant (JP 21KD2002), and MEXT as 
“Program for Promoting Researches on the 
Supercomputer Fugaku” (JPMXP1020210316). The 
computation was partially performed using the 
computer resources offered under the category of 

Fig. 4. Deposition per generation in the human lower airway 
at the breathing flow rate of 7.5 and 15 L/min. 

Fig. 5. Visualization of deposited particles (25 nm) in the 
lower airway region at breathing flow rate of 7.5 L/min. The 
percentage number denotes the deposition fraction in each 
lung lobe calculated by Eq. 6 

E3S Web of Conferences 396, 01017 (2023) https://doi.org/10.1051/e3sconf/202339601017
IAQVEC2023

5



Intensively Promoted Projects by the Research Institute 
for Information Technology, Kyushu University.  

References 
1. World Health Organization. Health in 2015: from 

MDGs, Millennium Development Goals to SDGs, 
Sustainable Development Goals [Internet]. 
Geneva: WHO Press; 2016 [cited 2022 Nov 7]. 
Available from: 
https://apps.who.int/iris/handle/10665/249586 

2. Li N, Georas S, Alexis N, Fritz P, Xia T, Williams 
MA, et al. A work group report on ultrafine 
particles (American Academy of Allergy, Asthma 
& Immunology): Why ambient ultrafine and 
engineered nanoparticles should receive special 
attention for possible adverse health outcomes in 
human subjects. Journal of Allergy and Clinical 
Immunology. 2016 Aug;138(2):386–96.  

3. Ramírez O, da Boit K, Blanco E, Silva LFO. 
Hazardous thoracic and ultrafine particles from 
road dust in a Caribbean industrial city. Urban 
Climate. 2020 Sep;33:100655.  

4. Liati A, Schreiber D, Arroyo Rojas Dasilva Y, 
Dimopoulos Eggenschwiler P. Ultrafine particle 
emissions from modern Gasoline and Diesel 
vehicles: An electron microscopic perspective. 
Environmental Pollution. 2018 Aug;239:661–9.  

5. Schraufnagel DE. The health effects of ultrafine 
particles. Exp Mol Med. 2020 Mar;52(3):311–7.  

6. Foord N, Black M, Walsh M. Regional Deposition 
Of 2.5-7.5 Micron Diameter Inhaled Particles In 
Healthy Male Non-Smokers. Journal of Aerosol 
Science. 1978;9(4):343–57.  

7. Emmett PC, Aitken RJ, Hannan WJ. Measurements 
of the total and regional deposition of inhaled 
particles in the human respiratory tract. Journal of 
Aerosol Science. 1982 Jan;13(6):549–60.  

8. Heyder J, Gebhart J, Rudolf G, Schiller C, 
Stahlhofen W. Deposition of Particles in The 
human Respiratory Tract in The Size Range 0.005-
15 micron. Journal of Aerosol Science. 
1986;17(5):811–25.  

9. Lu Phuong N, Dang Khoa N, Inthavong K, Ito K. 
Particle and inhalation exposure in human and 
monkey computational airway models. Inhalation 
Toxicology. 2018 Oct 15;30(11–12):416–28.  

10. Phuong NL, Quang TV, Khoa ND, Kim JW, Ito K. 
CFD analysis of the flow structure in a monkey 
upper airway validated by PIV experiments. 
Respiratory Physiology & Neurobiology. 2020 
Jan;271:103304.  

11. Dang Khoa N, Phuong NL, Ito K. Numerical 
modeling of nanoparticle deposition in realistic 
monkey airway and human airway models: a 
comparative study. Inhalation Toxicology. 2020 
Jun 6;32(7):311–25.  

12. Islam MS, Saha SC, Sauret E, Gemci T, Gu YT. 
Pulmonary aerosol transport and deposition 
analysis in upper 17 generations of the human 
respiratory tract. Journal of Aerosol Science. 2017 
Jun;108:29–43.  

13. Rahman MdM, Zhao M, Islam MS, Dong K, Saha 
SC. Aging effects on airflow distribution and 
micron-particle transport and deposition in a 
human lung using CFD-DPM approach. Advanced 
Powder Technology. 2021 Oct;32(10):3506–16.  

14. Tena AF, Fernández J, Álvarez E, Casan P, Walters 
DK. Design of a numerical model of lung by means 
of a special boundary condition in the truncated 
branches: Lung model using a velocity mapping 
technique as boundary condition. Int J Numer Meth 
Biomed Engng. 2017 Jun;33(6):e2830.  

15. Zore K, Parkhi G, Sasanapuri B, Varghese A. 21th 
Annual CFD Symposium, August 8-9, 2019, 
Bangalore. In: Annual CFD Symposium. 2019. p. 
0–11.  

16. Phuong NL, Ito K. Investigation of flow pattern in 
upper human airway including oral and nasal 
inhalation by PIV and CFD. Building and 
Environment. 2015 Dec;94:504–15.  

17. Phuong NL, Quang TV, Khoa ND, Kim JW, Ito K. 
CFD analysis of the flow structure in a monkey 
upper airway validated by PIV experiments. 
Respiratory Physiology & Neurobiology. 2020 
Jan;271:103304.  

18. Weibel E. Morphometry of the Human Lung. 
Springer-Verlag Berlin Heidelberg GmbH; 1963.  

19. Shelley DA, Sih BL, Ng LJ. An integrated 
physiology model to study regional lung damage 
effects and the physiologic response. 2014;19.  

20. Phuong NL, Khoa ND, Ito K. Comparative 
numerical simulation of inhaled particle dispersion 
in upper human airway to analyse intersubject 
differences. Indoor and Built Environment. 2020 
Jul;29(6):793–809.  

21. Xu C, Khoa ND, Yoo SJ, Zheng X, Shen S, Ito K. 
Inhalation airflow and ventilation efficiency in 
subject-specific human upper airways. Respiratory 
Physiology & Neurobiology. 2021 
Mar;285:103587.  

22. Khoa ND, Phuong NL, Takahashi K, Ito K. 
Transport and deposition of inhaled man-made 

E3S Web of Conferences 396, 01017 (2023) https://doi.org/10.1051/e3sconf/202339601017
IAQVEC2023

6



vitreous and asbestos fibers in realistic human 
respiratory tract models: An in silico study. Japan 
Architectural Review. 2022 Oct;5(4):592–608.  

23. Freitas RK, Schröder W. Numerical investigation 
of the three-dimensional flow in a human lung 
model. Journal of Biomechanics. 2008 
Aug;41(11):2446–57.  

24. Inthavong K, Choi LT, Tu J, Ding S, Thien F. 
Micron particle deposition in a tracheobronchial 
airway model under different breathing conditions. 
Medical Engineering & Physics. 2010 
Dec;32(10):1198–212.  

25. Kim CS, Jaques PA. Respiratory dose of inhaled 
ultrafine particles in healthy adults. Brown LM, 
Collings N, Harrison RM, Maynard AD, Maynard 
RL, editors. Philosophical Transactions of the 
Royal Society of London Series A: Mathematical, 
Physical and Engineering Sciences. 2000 Oct 
15;358(1775):2693–705.  

26. Kleinstreuer C, Zhang Z. An Adjustable Triple-
Bifurcation Unit Model for Air-Particle Flow 
Simulations in Human Tracheobronchial Airways. 
Journal of Biomechanical Engineering. 2009 Feb 
1;131(2):021007.  

27. Deng Q, Deng L, Miao Y, Guo X, Li Y. Particle 
deposition in the human lung: Health implications 
of particulate matter from different sources. 
Environmental Research. 2019 Feb;169:237–45.  

 
 

E3S Web of Conferences 396, 01017 (2023) https://doi.org/10.1051/e3sconf/202339601017
IAQVEC2023

7


