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Abstract 
The study concerns the simulation of the flow field and particle deposition in the upper human respiratory sys-
tem. The numerical simulations are conducted using large eddy simulation (LES) and a Lagrangian particle 
tracking technique. To validate the numerical methods, the average gas velocity at the centerline and at different 
cross-sections in a constricted tube is compared with the experimental data [1] and numerical data from Rey-
nolds-averaged Navier–Stokes (RANS) equations coupled with low Reynolds number (LRN) κ-ω model [2] and 
LRN shear-stress transport (SST) κ-ω model [3] from literature. Through the comparison, it is concluded that the 
present methodology is suitable to simulate the laminar–transitional–turbulent flow. In addition, the particle 
deposition efficiency in the idealized mouth-throat model is compared with data from the literature [2]. It dem-
onstrates that the methodology can be used to predict particle deposition in the human oral airway. The main 
properties of the flow field in the idealized geometry are captured as other numerical simulation [2], but a small 
recirculation zone was observed in the posterior side of pharynx and laryngeal jet is observed to impinge on the 
anterior side of trachea wall in the present numerical result. The secondary vortices are attributed to the laryngeal 
jet profile. 

Introduction 
Aerosol particle deposition of therapeutic agents remains an essential tool in current treatment methods for 

asthma and other lung diseases. The advantage of pulmonary drug delivery through inhalation is that it offers 
topical treatment of specific lung conditions while limiting the whole-body effects [4]. The extra-thoracic region, 
including the nasal and oral passages, pharynx, and larynx, build the entrance to the human respiratory tract [5]. 
The therapeutic aerosol particles, drugs can be directly transported via the oral airway to the lung. Aerosol parti-
cles deposition in this region has important implications in drug delivery efficiency [5]. So, it is very important 
to study the airflow structures and particle transport for filtering effects in the oral airway [2]. 

One challenge for numerical simulation in this region is its geometric complexity [2]. There are a lot of pre-
vious numerical simulations that have been done on the idealized mouth-throat models [3]. According to dimen-
sions of a human cast reported by Cheng et al. [6], an idealized oral airway model including mouth cavity, phar-
ynx, larynx and trachea was built by Kleinstreuer et al. [7]. A series of research work [2,7-10] was done on this 
geometry model. For instance, the flow field and micro-particle transport in the idealized mouth-throat were 
simulated by Zhang et al. [2]. The numerical results in the simplified model exhibit the main features of laminar-
transitional-turbulent particle suspension flow in the human oral airways. Moreover, it shows that the turbulence 
may enhance the particle deposition in the trachea near the larynx, in particular, for the particle deposition of 
smaller particles. In 2004, the airflow and transport of nano-particles were analyzed by Zhang and Kleinstreuer 
[8] for both unsteady and steady inspiration flow rates in a upper airway including the oral airway. It is observed 
that the transient effects of flow field in oral airway mainly appear during the decelerating phase of inspiration 
circle. Another idealized mouth-throat was built by Stapleton et al. [11]. It was constructed on the information 
from literature, computed tomography (CT) scans, magnetic resonance imaging (MRI) scans, and direct observa-
tion of living subjects. Many numerical simulations [11-16] concern the mouth-throat model. Recently, numeri-
cal simulations using the realistic geometry are performed. The deposition pattern in a CT-based realistic airway 
configuration was analyzed by Jayarajua et al. [3]. The numerical results of flow show that the laminar to turbu-
lent transition, especially at low flow rates, is sensitive to the complexity of the airway model. In fact, flow tran-
sition is seen soon after the glottis region for a low flow rate of 15 L/min, but which are not reported in the sim-
plified geometry simulations [3].  

Another challenge is that the flow ranges from laminar, transitional and turbulent within the respiratory sys-
tem, which requires the method not only to capture laminar flows, but also transitional and turbulent flow struc-
tures [17]. Most of previous work used the RANS method to simulate the flow field. In 2001, Stapleton et al. 
[11] adopted the κ-ε model to simulate the flow field using a Lagrangian tracking method coupled with the eddy 
interaction model to simulate the fluid-particle in a simplified mouth-throat model. It is observed that the model 
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failed to predict the flow field in the relatively high flow rate and it is not suitable for the accurate prediction of 
particle deposition [11]. Four different turbulent models such as LRN κ-ε model, renormalization group (RNG) 
κ-ε model [18], which uses renormalization group method to account for the effects of smaller scales’ motion 
(http://www.cfd-online.com/Wiki/RNG_k-epsilon_model), Menter’s κ-ω model [18], which is suitable for high 
Reynolds number flows and LRN κ-ω, were used by Zhang and Kleinstreuer [18] to simulate the internal flow 
field in two different test conduits with local constrictions. The LRN κ-ω model is identified to be more suitable 
to simulate the laminar-transitional-turbulent flow in the constricted tube [18]. The LRN κ-ω model was widely 
used in numerical simulation of the flow field in the respiratory system [2,7-10]. In addition, LRN SST κ-ω 
model is proved to predict the transitional flow accurately [3]. The RANS model is suitable for fully developed 
turbulence, but it may be inappropriate for particle transport in the region with complex flow such as upper respi-
ratory tract [19]. Recently, the prediction of particle deposition has been implemented more and more with large 
eddy simulation (LES). Luo et al. [20] used LES to simulate the flow in a single asymmetric bifurcation model 
and a constricted tube. It was demonstrated that LES predicts the transitional flow in the constricted tube better 
than the LRN κ-ε model. Jin et al. [14] simulated the flow and micro-particle deposition in a three-dimensional 
geometric model of human upper respiratory tract. It is found that turbulent dispersion plays an important role in 
the particle deposition for the particles with small Stokes number. It is observed that particles with the diameter 
of 1 µm not only deposits on the opposite wall but also on the side wall. Jayarajua et al. [19] simulated the fluid 
flow in a human mouth–throat model under normal breathing condition (30 L/min) alternatively using RANS κ-
ω (without near-wall corrections), detached eddy simulation (DES) and LES methods. By comparison with ex-
isting experimental data in situations below 5 µm and bigger particles, it is found [19] that for the medication 
aerosols inhaled at a steady flow rate of 30 L/min, LES and DES provide more accurate results than the RANS 
κ-ω model in predicting particle deposition. 

Also, both the LRN κ-ω and LRN SST κ-ω model have been evaluated for the flow field in the constricted 
tube through comparison with experimental data and other RANS models, and they are frequently used in the 
numerical simulation of particles transport and deposition in the respiratory system as mentioned above. How-
ever, no comparison has been made for the numerical results using LRN κ-ω, LRN SST κ-ω and LES [17] in the 
constricted tube. In this paper, the validation of the methodology with LES will be performed through the com-
parison of flow field in the constricted tube with RANS LRN κ-ω model and RANS LRN SST κ-ω model. 
Moreover, the flow field and particle deposition in a circular simplified mouth-throat were conducted using LES 
and a Lagrangian particle tracking method. 

Geometrical Models 
Two different geometries are used in the numerical simulations. The first one is an axi-symmetric con-

stricted tube with an area reduction of 75 %, which is depicted by a cosine function [18] as: 
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Figure 1. Variations of the cross-sectional diameter with distance from the mouth inlet [7] 
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The second configuration consists of a circular cross-section variable mouth-throat, which is developed to 
get the equivalent “filtering efficiency” with complicated cast models by Kleinstreuer et al. [7]. Diameter varia-
tions along the oral airway from the mouth to the trachea coming from the hydraulic diameters of a replicate 
human oral airway cast [6], which is shown in Fig. 1 [7]. The coordinates of points at the centerline related to 
different angles are taken from [7], and they are shown in Fig. 2. The variations of the model to the actual cast 
include the modification in the soft palate, strong bend, smooth tubular wall and a short mouth inlet with a di-
ameter of 2 cm [2]. More details about the idealized mouth-throat model could be referenced to the literature [2, 
6, 7]. According to the data mentioned above, a similar mouth-throat with circular cross-section is built, which is 
shown in Fig. 3. 

Methodology 

Governing Equations 
Neglecting the influence of particles on the fluid, and the interaction between particles, one-way coupling is 

adopted. For the flow field, three-dimensional (3-D) incompressible Navier-Stokes (N-S) equations are used 
[14]. LES is applied to treat the turbulence, and the sub-grid scale (SGS) model [21] introduced by Smargorin-
sky in 1963, is adopted. 

If the volume-averaged variance is descried as [14] 

φ (x, y,z) =
1
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then, after the filter processing of physical variables, volume-averaged three-dimension N-S equations [14] 
can be given as 
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with the sub-grid scale tensor Tij: 

jijiij uuuuT −=  (5) 

and an eddy-viscosity assumption is adopted to model the SGS tensor [14], then 

Figure 2. Relation of angle and location of points on the 
centerline [7]  

Figure 3. Three-dimensional view of the present 
idealized mouth-throat geometry 
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The 3-D N–S equations can be rewritten as follows: 
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Assuming a large particle-to-air density ratio, negligible particle rotation, no inter-particle collision, and drag 
force as the dominant point force, the Lagrangian equations governing the particle motion [14] are given as fol-
lows: 

mp

dv i

dt
=

πd p
2

8
CD ρ u i − v i (ui − v i ) + m p g i  (13) 

where the drag coefficient is 

CD =
24 /Re p

24 /Re p (1+ 0.15Re p
0.687)

 
 
  

                         
for Re p ≤ 0.01

for ReP > 0.01
 (14) 

The particle Reynolds number is 

Re p =
ρ u i − v i

µ
 (15) 

Numerical Method 
To solve these equations, the open source software platform of OpenFOAM 1.5 (http://www.opencfd.co.uk/ 

Openfoam/) is adopted. A new solver for the flow field with LES and the particle motion with Lagrangian track-
ing method was constructed based on the solver of oodles and icolagrancianFoam (www.openfoamwiki.net).  

The computational grids are generated with Ansys ICEM-CFD 11.0. O-grid is used around the wall surfaces 
and H-grid is adopted in the center of the geometry. The mesh size is decided until the flow field independent of 
the number of grid nodes. The final number of grid nodes is 2,771,226 for constricted tube and 1,276,500 grid 
nodes for the idealized mouth-throat model. The velocity on the inlet surface is 0.473 m/s with 2% fluctuation, 
corresponding to Rein = 2,000 [1]. The steady inspiration flow rate with 30 L/min corresponding to normal 
breathing intensity with 2 % fluctuation is implemented. The static relative pressure at the outlet is set to zero. 
No-slip boundary conditions are adopted on the wall surface. 

The particles deposition and transport are studied in the idealized mouth-throat. There are around 10,000 
particles injected simultaneously with the air at the inlet plane randomly with the same velocity as the airflow. 
The particle deposition occurs if the distance of the particle center to the wall is less than half the particle diame-
ter. The particle density is 1,000 kg/m3. Three diameters dp = 2, 5, and 10 µm are studied for three different 
steady inspiration flow rates with 15, 30, and 60 L/min. At this stage, the particle deposition in the flow field is 
conducted with 103,443 grid nodes. 
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Figure 4. Comparison of the computed 
centerline velocity with measurements [1] and 
numerical results [2] for the constricted tube 

 

The computations are carried out in the cluster of bwGrid Cluster at Heidelberg University. A simulation 
takes around 2 weeks with 56 processors for the flow field in the case of flow inspiration rate of 30 L/min for 
1,276,500 grid nodes. 

Results and Discussion 

Flow Field in the Constricted Tube 
The flow field in the constricted tube transits from the 

laminar to turbulent and the geometry is rather simple with 
a simple boundary, which qualifies this setting for evalua-
tion of the present method. The results will be compared 
with the experimental [1] and numerical [2, 3] data. The 
normalized axial velocity at the centerline and at different 
cross sections is shown in Fig. 4 and Fig. 5, respectively. In 
these figures, the velocity is normalized by the mean veloci-
ty at the inlet plane, Umean, and the distance in the axial di-
rection is normalized by the tube diameter, D, and in the 
radial direction with the radius, R, of the tube. From expe-
rimental data [1], it is known that the axial flow velocity 
increases due to area reduction, and it does not change sig-
nificantly until the location around Z = 2 D. After this rela-
tively steady period, the velocity deceases quickly because 
of the flow transits from laminar to turbulent coupled with large-scale lateral momentum transfer. In addition, it 
is described that the flow transition occurs in the region 1 < Z/D < 4 [1]. The comparison of the velocity at the 
centerline shown in Fig. 4 shows that the present result fits well with the experimental [1] and numerical [2] re-
sults; in particular, in the transitional regime, it performs better than the model of Zhang et al. [2]. 

Detailed comparison of the velocity profile has been performed at different cross-sections. From Fig. 5, it 
can be observed that the numerical simulations can resolve the evolution of shear layer and recirculation zone. 

 

Figure 5. Comparison of normalized axial velocity at different sections downstream of the glottis with 
experimental data [1] and numerical results [2, 3] at Z = D (top left), Z = 2.5 D (top right), Z = 4D (bottom right), 

and Z = 5D (bottom right) 
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However, the present numerical simulations clearly predict the tendency and the results are much closer to the 
experimental data [1]. It is observed that the present numerical simulations improve the prediction of the velocity 
profile in the shear layer region at Z = D in Fig. 5 (top left), and near the center at Z = 2.5 D (top right). Even 
though it is not as good as other results in the center region at Z = D and in the peripheral region of the wall at Z 
= 2.5 D, the general improvement is visible prominently in these regions. At positions Z = 4 D in Fig. 5 (bottom 
left) and at Z = 5 D (bottom right), the general performance of all models is lower than before, the present result 
is closest to the experimental result and the principal shape is captured. At position Z = 5 D, the velocity profile 
becomes more blunt and the present result is close to and slightly better than the numerical results of Zhang et al. 
[2] and of Jayaraju et al. [3]. It should be emphasized that the discrepancies between experimental and numerical 
results may also be due to the experimental uncertainty in the region where the velocity varies quickly [20]. 

In summary, the present numerical method improves the description of the flow field in the constricted tube, 
in particular in the transition regime. Moreover, the comparison with different models and experiment shows that 
the present methodology adequately predicts the flow field transition from laminar to turbulent.  

In the following section, the second configuration will be studied with the current LES/Smagorinsky formu-
lation. 

Flow Field in the Idealized Mouth-Throat 
This section addresses the configuration shown in Fig. 3. Figure 6 displays the averaged velocity profile and 

streamline (left-hand side of Fig. 6) and the axial velocity contour and secondary velocity streamlines at different 
cross sections (right-hand side of Fig. 6). These cross sections include positions corresponding to the location of 
oral cavity, pharynx, glottis, as well as one and three diameters of the trachea downstream the glottis in Fig. 6. 
Positions A - F denote the posterior side, and A' - F' the anterior side. 

From the velocity streamline in the mid-plane it can be seen that that the numerical simulation captures the 
main properties of flow field in the oral airway, including the skewed velocity profile in the oral cavity and pha-
rynx due to centrifugal forces, and flow separation in the lower portion of mouth, in the pharynx region after the 
soft palate, and downstream of glottis. The asymmetric laryngeal jet extends from the entering location of glottis. 
There is a small recirculation zone in the posterior side of pharynx and the laryngeal jet is impinging on the ante-
rior wall of trachea, and in contrast to the numerical simulation of Zhang et al. [2] in a similar geometry, it is not 
impinging on the wall. This is probably due to the different geometrical shape nearby the soft palate and glottis. 
There is a pair of counter vortices in the section of A - A', which is produced because of the pressure gradient. In 
section B - B', the flow field becomes more complex coupled with the appearance of a recirculation zone. More-
over, there are two big counter-rotating vortices and another pair of smaller vortices residing in this section. In 
the glottis at section C - C', where the laryngeal jet has appeared, the axial velocity becomes prominent and dis-
tributes evenly, which induces weak secondary vortices. 

 

Figure 6. Averaged velocity contour and streamlines at the mid-plane (left), and averaged axial velocity and 
secondary streamlines at different cross-sections (right) 
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In addition, at this section, the secondary vortices turn to the anterior side. In section D, where the recircula-
tion zone has appeared and which is at the downstream of laryngeal jet, the highest axial velocity is close to the 
wall and the vortices appear in the interface of the laryngeal jet and the separation zone. At the section E, which 
is in the tail of laryngeal jet, the laryngeal jet becomes weak and the axial velocity profile distribution becomes 
even. The length scale of vortices has increased, and it is located at the interface of recirculation zone and laryn-
geal jet. From the axial velocity and secondary vortices distribution, it can be summarized that the flow field is 
very sensitive to the geometrical change in particular in locations with big curvature. The secondary vortices are 
related with the laryngeal jet and they trend to appear in the boundary of recirculation zone and laryngeal jet. 

Particle Deposition 
A comparison of the present particle deposition 

efficiency with vivo measurements and other numeri-
cal results is a way to evaluate the idealized mouth-
throat model [2]. The comparison of the particle depo-
sition efficiency as a function of impaction parameter, 
ρdp

2Q , for the present numerical simulations on the 
coarse grid with other numerical and experimental 
results is shown in Fig. 7. For the inertia, impaction is 
the main mechanism for the micro-size particles’ de-
position in the oral airway, the particle deposition 
efficiency increases with increasing impaction para-
meter. It can be seen that the present results are close 
to the numerical results from the literature [2]. More-
over, they fit well with the medium trend of the expe-
rimental data [2, 6, 22-28], and thus the numerical 
results are representative values of particle deposition 
in the human oral airway. Thus, the methodology in-
cluding the idealized mouth-throat model is suitable to 
be implemented in the study of particle deposition in 
the human oral airway. 

Conclusions 
First, the flow field in a constricted tube was studied with LES and the Smagorinsky model. The velocity at 

the centerline and velocity profiles at different cross sections downstream the glottis were compared with numer-
ical results and experimental data, in particular with RANS LRN κ-ω model [17]. It is demonstrated that the 
present methodology can predict the transitional flow in the constricted tube, which sets the base for further stu-
dies for the flow field in the simplified mouth-throat model. Moreover, it is found that the velocity profile pre-
dicted by the present method is much closer to the experimental data than the other two models, in particular in 
the transitional regime. In addition, numerical simulations for the flow field in the simplified geometry were pre-
sented. The main flow features are observed in the mean flow field in the simplified geometry including a 
skewed velocity profile, flow separation after the sudden geometric change at the soft plate and glottis and the 
laryngeal jet. In addition, a small recirculation zone was observed in the posterior side of the pharynx and the 
laryngeal jet is impinging on the anterior side of trachea, which indicates that the flow field is very sensitive to 
the geometric profile, in particular, in locations with big curvature. The laryngeal jet profile influences the axial 
velocity profile, and it changes with the location of laryngeal jet. Both the length scale and location of secondary 
vortices change with the location of laryngeal jet, and it trends to distribute at the interface of separation zone 
and laryngeal jet. The particle deposition efficiency corresponding to different particle diameters and steady in-
spiration flow rates at coarse grid changing with different impaction parameter fit well with numerical results 
and experimental data. It is concluded that the present methodology is suitable to simulate the particle deposi-
tion. 

Unsteady flow field is analyzed in a different paper [29]. Future studies focus on the particle motion related 
with the unsteady flow field. Moreover, numerical studies using generated grids from CT scans will be used to 
improve the predictability of future studies in this area. 
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Figure 7. Comparison of numerical particle 
deposition with experimental [6, 22 -28] and 

numerical data [2] in the oral airway 
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