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Abstract: Understanding the deposition of inhaled toxic particles is critical in evaluating numerous health risks, 

especially in the lower airway. Recently, the computational fluid dynamics (CFD) method has been introduced as a 

promising method to facilitate the accurate prediction of airflow and particle behavior in complex geometry. Therefore, 

this study applied the CFD method to investigate the deposition characteristic of fine particles in the human respiratory 

tract from the nostrils to the 7th generation.  The airflow pattern was simulated using the Eulerian method at breathing 

flow rates of 7.5 and 30 L/min, and was followed by particle (aerodynamic diameter 1 to 10 m) deposition simulation 

using the Lagrangian method. In general, the results were comparable with experimental data. The high deposited 

concentration of particles was found at the 5-7th generation, and a specific deposition hot-spot was observed at the carina 

ridge. 

 

Keywords: Computational fluid dynamics (CFD), human respiratory tract, lower airway, fine particle, deposition 
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1. INTRODUCTION  

The inhalation of airborne particles has raised concerns 

regarding respiratory-related adverse health effects. Fine 

particles in indoor environments can be increased due to 

infiltration from the outdoor environment, originating 

from indoor sources such as cooking, smoking, building 

materials, or residents’ daily activities [1]. Currently, 

people spend most of their time (approximately 90%) in 

enclosed spaces, including homes, schools, and offices. 

Long-term exposure to inhalable particles can cause 

asthma, respiratory inflammation, and lung cancer [2]. In 

particular, lower respiratory infections have been 

identified as a critical public health problem leading to 

mortality in all ages [3]. In response, several 

experimental studies have investigated the deposition of 

fine particles in the human upper airways [4,5], with 

results showing the high filter efficiency of the upper 

airway against larger particle sizes. In-depth studies on 

particle deposition in the lower airway have also revealed 

a high concentration of deposited particles [6,7]. Efforts 

have also been made to construct simulations to predict 

deposition in human airways using three-dimensional 

(3D) models segmented from medical images. Among 

others, our published paper numerically investigated the 

deposition of a particle in human and monkey upper 

airways, and concluded that the hotspot of particle 

deposition for particles larger than 5 m in diameter was 

the anterior airway [8,9]. Currently, computer resources 

facilitate sophisticated studies relating to fluid dynamics 

in a complex structure such as the human lower airway, 

and the costly and ethical barriers of experiments on 

living entities, for example, in vivo or in vitro, further 

emphasize the need for numerical simulation utilizing 

growing computer power [10]. Presently, the 

computational fluid dynamics (CFD) method has been 

adopted as a promising alternative that can provide an 

accurate simulation of airflow in the complex structure of 

the respiratory tract [11,12], as well as the deposition of 

virus-laden droplets and viral load [13]. Several 

simulation efforts have been performed to characterize 

inhaled particle behavior in the lower airway using a 

perfect tube-like geometry [14,15], or a realistic model 

[16,17]. However, morphological and geometric 

structures and inter-subject variability can result in 

heterogeneities between individuals during particle 

deposition. Therefore, this study used the CFD method to 

investigate the transportation and deposition of fine 

particles in a realistic human respiratory tract from the 

nostrils down to the 7th generation of the bronchial tubes 

under the effects of airflow rates and particle size to 

contribute to the current knowledge about deposition in 

the human respiratory tract. 

 

 
Fig. 1. (a) A representative CT image of the human lower 

airway. (b) Solid model of the lower airway after 

extracting from CT images. (c) The respiratory tract from 
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nostrils to the 7th generation. (d) The outline of 

computational model. 

 

2. MATERIALS AND METHODS 

2.1 Model generation 

The realistic lower airway was segmented from 

computed tomography (CT) data of a healthy and non-

smoking adult male volunteer. A representative coronal 

plane of the human lower airway is shown in Fig. 1a, 

where the black region denotes the air-filled region and 

the white region indicates the bony structure. The lower 

airway includes the trachea and bronchial regions, down 

to the 7th generation (Fig. 1b). The human respiratory 

tract was generated by the combination of the upper 

airway (blue) and segmented lower airway (grey), as 

shown in Fig. 1c. To create the 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. 1d. 

 

2.2 Discretization process 

The computational domain obtained in the previous 

section was divided into a set of control volumes using 

the finite-volume (FVM) method. Herein, poly hexcore 

elements, a combination of hexa cells in the bulk region 

and polyhedral cells adjacent to the boundary wall, were 

adopted, which can reasonably balance the accuracy and 

computational cost [18], as shown in the cross-sectional 

plane A-A’ (Fig. 2). In addition, 10-prism layers were 

built adjacent to the boundary wall of the upper airway, 

which optimized the accuracy of the flow profile in the 

vicinity of the wall (Fig. 2). For the lower airway, due to 

the small diameter of the bronchial tubes, 5-prism layers 

were applied instead. 

 

 
Fig. 2. The mesh design in the respiratory tract. The 

cross-sectional plane AA’ depicts the local mesh design. 

  

2.3 Airflow 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 (Eq. (1) and 

(2) were solved computationally for each control volume, 

as shown in Eq. (1) and (2): 

 (1) 

 (2) 

 

where 𝑈  represents the ensemble mean velocity; u’ 

represents the fluctuating velocity components; and pg, , 

and  denote the pressure, density, and viscosity of the 

fluid, respectively. The term Reynolds stresses ij= 𝑢𝑖
′𝑢𝑗
′ 

states the closure problem to the RANS equation; 

therefore, the turbulent model was selected to account for 

the closure problem. 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 [11,12]. 

Different breathing flow rates of 7.5 and 30 L/min were 

selected to cover the resting and intensive human 

activities. The numerical boundary conditions are listed 

in Table 1.  

 

  Table 1. Numerical boundary conditions 

Parameters Information 

Turbulence 

model 

Low Reynolds type k-ε model  

(Abe Kondoh Nagano) 

Algorithm SIMPLE 

Convection 

scheme 
Second-order upwind 

Inflow boundary 
Q = 7.5 and 30 L/min, 

Turbulent intensity = 10% 

Outflow 

boundary 

Gradient zero with Outflow weighting 

(Table 2) 

 

The human lower airway is geometrically divided into 

five main regions: the right upper lobe, right middle lobe, 

right lower lobe, left upper lobe, and left lower lobe [19]. 

Therefore, the outflow weighting was set differently for 

each lobe, as performed in a previous study [20] (Table 

2). 

 

  Table 2. Outflow weighting for each of the lung lobes 

Lobes Flow weighting 

Right upper lobe 0.1194 

Right middle lobe 0.1089 

Right lower lobe 0.3001 

Left upper lobe 0.2376 

Left lower lobe 0.2349 

 

2.4 Particle deposition simulation 

The particle trajectories were predicted using the 

Lagrangian equation, as shown in Eq. (3). 

 

 (3) 

where the subscript p refers to the particle phase, FG and 

FS refer to the gravitational and Saffman lift forces, 

respectively, and FD indicates the drag force per particle 

mass unit.  

A total of 50,000 monodispersed particles were 

introduced into the flow field in front of the nose with an  
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Fig. 3. Validation of the simulated results using the 

experimental data in the (a) upper airway and (b) lower 

airway. 

 

initial velocity equal to the fluid velocity at the released 

position. The aerodynamic diameter of the particles was 

assigned in the range of 1-10 m, with a density of 1,000 

kg/m3. In the Lagrangian tracking process, a perfect trap 

condition was assumed for the respiratory walls, which 

means that the particles had no possibility of rebounding 

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 the number of particles 

entering the respiratory tract “Cin” (Eq. 4). Accordingly, 

the local deposition fraction in a specific region i, the 

specific bronchial tube generation, is defined as the 

number deposited in region i divided by the total number 

entering the respiratory tract (Eq. (5)).  

 

 (4) 

 (5) 

 

 
Fig. 4. The local deposition in the lower airway 

generation at a breathing flow rate of (a) 7.5 L/min and 

(b) 30 L/min. 

 

3. RESULTS 

3.1 Validation of simulated results 

The simulated deposition data in the upper and lower 

airways are plotted as a function of the particle diameter 

in Fig. 3. For the upper airway, the simulated data were 

compared with the experimental data obtained from a 

replica cast (in vitro) of the human upper airway [21] (Fig. 

3a). The set of in vivo data, which was experimentally 

conducted based on volunteers [6,7], was used to validate 

the predicted data in the lower airway (Fig. 3b). The 

simulated results agreed well with the experimental data 
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in both the upper and lower regions. As shown in Fig. 3a, 

the deposition fraction increased proportionally with the 

particle diameter at both breathing flow rates. A higher 

deposition was observed in the high Reynolds flow (30 

L/min), especially for 10 m particles (approximately 

80%) as compared to 7.5 L/min (around 20%). 

Meanwhile, in the lower airway, the deposition trend 

demonstrated heterogeneities between 7.5 and 30 L/min 

(Fig. 3b), especially for particles larger than 5 m. 

Specifically, the proportional increment of the deposition 

fraction with particle diameter at a breathing flow rate of 

7.5 L/min remained; however, the deposition fraction of 

30 L/min showed a decreasing trend from 5 m, which 

means that the highest deposition fraction was recorded 

at this particle size. For particle sizes of 1-7.5 m, a 

higher deposition rate of 30 L/min persisted compared at 

7.5 L/min. Nonetheless, for 10  m particles, a lower 

deposition fraction of 30 L/min (around 20%) was 

recorded. 

 

3.2 Local deposition fraction in human lower airway 

The deposition in each generation at 7.5 and 30 L/min is 

plotted in Fig. 4. Generation 0 denotes the tracheal region 

down to the 7th generation. As shown in Fig. 4a, the 

deposition fraction in the trachea (generation 0) and 1st – 

4th generation was low (approximately 3%). The local 

deposition fraction of particles smaller than 2.5 m 

remained almost constant in the following generations 

(5th -7th generation). However, the local deposition 

fraction rapidly increased in the 5th -7th generation in the 

case of 5-10 m particles, which peaked at the 6th 

generation. The highest deposition in the 6th generation 

of 5-10 m particles ranged from 4.5% to 13.5%. A 

decrease in the deposition fraction in the 7th generation 

was also observed in this particle size range.  

For the case of 30 L/min (Fig. 4b), the results show no 

recorded particles deposited in the tracheal region for all 

particle sizes, and this phenomenon continued in the 1st – 

4th generation in the case of 1 and 2.5 m particles. The 

deposition of these small particles increased in the 5th – 

7th generation, but was still lower than 3%. Nonetheless, 

the local deposition fraction of 5-7.5 m demonstrated a 

discontinuous increment at the 3rd – 5th generations 

before reaching the highest at the 6th generation with a 

value of approximately 15% in the case of 5 m particles, 

and that of 7.5 m was approximately 9%. A decrement 

trend is also observed in the 7th generation of 5 and 7.5 

m particles, similar to the results of 7.5 L/min. 

Interestingly, the local deposition characteristic of 10 m 

particles portraited apparent discrepancies compared to 

the others. In particular, the highest deposition was 

recorded in the 2nd generation (approximately 4.5%) 

before gradually decreasing in the following generations 

and was the lowest in the 5th generation (about 1.5%). A 

slight fluctuation in the 6th and 7th generation was also 

observed. 

 

 

 

 
Fig. 5. Visualization of deposited particle in the human respiratory tract including the upper airway (transparent grey) and 

lower airway (transparent blue) in the (a, b) 7.5 L/min and (c, d) 30 L/min. 

 

3.3 Visualization of the deposited particles in the 

human respiratory tract 

A 3D visualization of the particles deposited in the 

respiratory tract is depicted in Fig 5. In general, the 

deposition of large particles accumulated at a specific 

position rather than covering the entire inner airway 

surface. In particular, hot-spots of 5 and 10 m deposited 

particles were observed identically in the nasal turbinate 

region of the upper airway at 7.5 L/min (Figs 5a and 5b). 

In the lower airway, the particles tended to deposit in the 
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carina ridge, where the airflow was separated into two 

streams. The same phenomena were recorded for the 5 

and 10 m particles (Figs 5a and 5b). 

At 30 L/min, a high concentration of particles 

accumulated in the upper airway; however, the vestibule 

and valve region accounted for the higher deposition than 

the nasal turbinate region at 7.5 L/min (Figs 5c and 5d). 

Nonetheless, the focal point of the particles in the lower 

airway shared common characteristics between 7.5 and 

30 L/min.   

 

4. DISCUSSIONS 

The CT-based CFD method can provide promising 

outcomes for studies involving health risk assessment in 

the human respiratory tract. In this study, we conducted 

a numerical simulation of airflow patterns and fine 

particle deposition in the human respiratory tract, with 

the main focus on the lower airway region. The complex 

and nonlinear behavior of particles in the lower airway 

can be quantitatively described, and the local deposition 

fraction in each generation can be quantitatively analyzed. 

Visualizing the particle hotspot in the lower region can 

facilitate further studies relating to drug delivery and the 

control of adverse health effects due to exposure to 

respirable particles. 

The validation results demonstrated the reliability of the 

CFD method for simulating particle deposition in the 

human respiratory tract. The higher deposition of 10 m 

particles in the upper airway at 30 L/min is due to inertia 

impaction being the main deposition scheme for particles 

with diameter >2 m in the upper airways, as stated in a 

previous study [22]. Thus, the higher the Reynolds flow, 

the higher the inertial effects, resulting in higher 

deposition. Researchers have previously concluded that 

inertia impaction is also the governing force of fine 

particle deposition in the lower airway with a diameter > 

3 m [23]. Therefore, a higher Reynolds flow and larger 

particle diameter would theoretically yield higher 

deposition in the lower airway. However, as shown in the 

results, the decrease in the deposition fraction as the 

particle size increased in the case of 30 L/min was 

attributed to the fact that most larger particles (d>7.5 m) 

were trapped in the upper airway, leading to fewer 

particles entering the lower airway. In contrast, the lower 

deposition in the upper airway at 7.5 L/min allowing 

more particles to penetrate the lower airway, and a 

continuous increment in the deposition fraction following 

the particle size in the lower airway was achieved. As can 

be seen, both the upper and lower respiratory tracts 

(down to the 7th generation) play an important role in 

filtering the fine particles; if the particles can pass the 

filtration mechanism of the upper airway, then there is a 

high possibility of being removed from the airstream by 

the lower airway as compensation. 

Deposition in the human lung is strongly affected by 

biological factors, including lung morphometry, 

breathing patterns, fluid dynamics, and particle 

properties [24]. Evidently, the previous simulation effort 

conducting the deposition of particles in artificial human 

lung airways revealed the highest deposition in the 5th 

generation in the case of 5 m, and that of 10 m was 2nd 

generation for 70 years old human; however, as age 

decreased, the peak generation shifted to the 6th and 4th 

generations for 5 and 10 m particles, respectively [25]. 

Therefore, the local deposition phenomena in this study 

reflects the current individual structural features of the 

lung models segmented from CT images and other 

simulation initial conditions, rather than the universal 

deposition phenomena. The highest deposition in the 6th 

generation was the main deposition feature in the current 

lower airway. As mentioned above, the inertia impaction 

governs the deposition of particles in the lower airway, 

which is responsible for the higher deposition of high-

inertia particles (5-10 m) compared to low-inertia 

particles (1-2.5 m) in the case of 7.5 L/min. It is 

noteworthy that although the inertia impaction is even 

more applicable, the singularities of the deposition trend 

of high-inertia particles in the case of 30 L/min is 

attributed to the impacts of upper airway deposition, 

which performs its efficient filtering mechanism. Thus, 

simulation studies involving health risk assessment or 

drug delivery in the human lung should consider the 

coupled deposition of both the upper and lower airways 

rather than the lower airway itself. 

Under the effects of inertia impaction, the deposition of 

particles was highest in the vestibule, vale, and nasal 

turbinate regions, because the acceleration of airflow and 

complex structure in these regions hampered the smooth 

movement of particles, as shown in our previously 

published work [9]. These results agree with those 

reported in several published papers regarding the 

deposition of fine particles in the upper airway [26,27]. 

The focal point of the deposition at the carina ridge again 

highlights the effects of inertial impaction, in which it is 

difficult for the high-inertia particles to change their 

original direction adapting to the flow at the branching 

position. Previous simulation efforts also observed and 

confirmed these phenomena [28,29]. Therefore, the high 

accumulation at the carina ridge can be considered as the 

universal deposited characteristic of large particles in the 

human lower airway, despite the factors related to airway 

structural discrepancies or inter-subject variability.  

 

5. CONCLUSIONS 

A realistic human airway from the nostrils down to the 

7th generation was successfully generated from CT 

images, which explicitly describes its nature and complex 

structure. The CFD method was applied to predict the 

airflow patterns and particle deposition. The coupling 

between image processing and the CFD method provided 

a promising outcome to assess the health risks associated 

with the inhalation of foreign airborne particles. The 

deposition in the lower airway is significantly affected by 

the upper airway, which indicates that the extremely high 

deposition in the upper region could minimize the 

deposition in the lower region in the high inertia 

impaction case (30 L/min and 5-10 m particles). In 

contrast, the upper and lower airways showed a low 

filtration efficiency against small particles (d<2.5 m). 

The current study revealed the highest deposition in the 

6th generation in almost all investigated cases, except for 

the 10 m particles at 30 L/min, where the 2nd generation 

accounted for the highest deposition. 
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Notably, the carina ridge was found to be the focal point 

of the accumulated particles. Therefore, drug delivery 

studies or health risk assessments involving the lower 

airway should consider the carina ridge region. The 

present study contributes to the current knowledge on 

particle deposition in the lower airway. However, some 

limitations, including the restrictive number of 

generation orders (only up to the 7th generation) and the 

absence of a cyclic breathing process, should be 

mentioned. 
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