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1. INTRODUCTION
     A human airway is similar to a Y-shaped bifurcated 

duct. For health point of view, it is important to 

understand the complicated airflow fields and local 

deposition of toxic/therapeutic particles in human lung 

airways [1]. During the heavy breathing turbulence is 

formed in upper respiratory tract [2].  The particles are 

deposited through the nose causes bronchial constriction 

or in medical word „asthma‟ and large deposition of 

pollutant cause tissue injuries and sometimes, it is called 

lung cancer [3]. Generally, turbulent flows are 
recognised by eddy size, and particles 

(aerosol/toxic/drugs) flow/deposition is influenced by 

formation of large eddies.  

     Most of the researchers have computationally 

simulated particle deposition in human airways; 

however few of them have performed experimentally 

[13, 8, 17]. Previous studies in this filed show that the 

flow in bifurcation is most important part for diagnosis 

of respiratory diseases [2, 4, 5, 6]. The airflow inside the 

human airway is provided important information for 

clinical purpose (regional ventilation) and for the 
inhalation treatment [7] As the particles are entered with 

the air, so mechanics of airflow is very important to 

improve the drug delivery efficiency, medical therapy 

and health impact of inhaled toxic particle [8, 9]. 

     Li et al. have predicted that most of the particles are 

deposited at the carinal ridge, however few particles at 

the outer wall due to secondary flow. They have found 

that most of the particles are deposited near the 

bifurcation (in the neighbourhood of trachea) due to 

cartilaginous ring structure. They have also observed 

that the deposition fraction in the left lung is higher than 

the right lung[8]. Zhao et al. have mentioned that the 

secondary swirls and axial velocity are due to high shear 

stress, which creates inner wall injury [10]. Luo et al. 

have used the LES modelling for airflow in single 

bifurcated human airways. Their results shows that LES 
modelling captured the eddy formation and flow 

separation at the corners, which is very useful for 

predicting the aerosol/particle deposition in the human 

respiratory system [2]. Xia et al. have discussed the wall 

shear stress of rigid and compliant realistic human 

airways. It was pointed that the maximum wall shear 

stress near the outlet due to narrow of the airways [16]. 

Luo et al. have discussed the particle deposition in the 

obstructed airways based on Weibel Model. They have 

found that the effects of particle deposition occurred at 

the downstream of the obstruction [18].  
A large number of studies have focused on effect of 

wall shear stresses on the human airways. A relatively 

small group of these studies have focused on local 

(regional) effect of wall shear stress. Previous studies 

only focused on the medical aspect of wall shear stress 
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near the bifurcation region but unable to predict the 

exact position where wall shear stress is maximum.  

     Although these previous studies, prediction of 

aerosol/particle is still not clear on the bifurcation. The 

current CFD simulation model focuses on prediction of 

regional deposition (along the radial and perpendicular 

cross section) of particle/aerosol and influence of 

bifurcation region. This study is provided valuable 

information of airflow patterns in the respiratory tract of 
different cross sections (radial and perpendicular cross 

sections). Flow field information is played very 

important role in correctly predicting aerosol/dust 

particle deposition in human respiratory system. 

Findings will help in targeted drug aerosol delivery and 

the health impact region of inhaled toxic particles.  

 

2. AIRWAY GEOMETRY 
     The human airways model was adopted from Luo et 

al. [2]. The model contains only trachea and two 

bronchus; in addition model is considered as rigid and 

regular (fig.1). The bifurcation region is considered 
from cross section-3 up to cross section-6. Right 

bronchus is the right and left bronchus is the left of the 

patient.  

 

Fig 1. Schematic view of 3D human airways 

 

 

 

 
 

3. BOUNDARY CONDITIONS 
     The boundary conditions used in this study are: inlet 

velocity, pressure outlet and fixed wall with no slip 

condition. The velocity inlet and pressure outlet was 

applied at the inlet and outlet section of the trachea and 

bronchus respectively. In addition, no-slip condition and 

no reflection of wall elasticity was assumed in this 

analysis. The properties of air at normal conditions was 

considered in this study i.e., density is 1.19 kg/m3, the 
viscosity is 1.82×10-5 kg/m-s. In this study, an 

inspiratory inlet velocity of 2.03 m/s, which corresponds 

to high breathing rate, was adopted from Luo et al. [2]. 

For the inlet velocity, turbulence intensity= 5% and 

turbulence length scale = 0.0217 m have also taken from 

Luo et al. [2].  

 

4. NUMERICAL SIMULATION  

     The Fluent 6.3 was used in this work for numerical 

simulation of airflow in realistic human airway. The 

SIMPLE algorithm was used for the pressure-velocity 

coupling. The different terms of the transport equation 

were discretized by using second order upwind 

numerical scheme. The realizable k turbulence model 
was selected to capture the airflow in the internal flow 
of the realistic human airway [2, 11, 12]. “Enhanced 

wall treatment” option in the Fluent solver was used to 

determine the flow near the wall. Mesh boundary layer 

was also created on the wall of trachea and the airway. 

The residual value of the governing equation was 10-4, 

adopted from Luo et al [2]. The computation was 

performed on an IBM workstation with 8 GB RAM and 

Intel Xeon processor. A typical run time for the CFD 

simulation was approximately 4 hours. The results were 

found to converge after 1120 iterations with under-

relaxation factors: pressure = 0.3, density = 0.5, body 

forces = 0.5, momentum = 0.4, turbulent kinetic energy 
= 0.1, turbulent dissipation rate = 0.1 and turbulent 

viscosity = 0.2.  

 

5. RESULTS AND DISCUSSION  
5.1 CFD Validation  
     The present result was validated with the CFD 

results reported by Luo et al. [2]. In the 3D analysis, the 

maximum velocity obtained was 2.66 m/s against the 

value 2.6 m/s observed by Luo et al. showing a 

deviation of 2.3 %. 

 
5.2 Velocity Distribution  
     Fig.2 shows the velocity contour and velocity vector 

for inspiration flow at the cross sections-3 to 6. The 

mainstream velocities are located at the centre of 

trachea and bifurcation. At cross-section-6, high 

velocity is found at the top and bottom corner of right 

bronchus (Right Lung) and side-corner of left bronchus 

(Left Lung) while the region of low velocity is in wide 

area near the inner wall of left bronchus (Left Lung). 

This pattern of velocity contour suggests a larger 

deposition of particles/aerosol at the inner wall of the 

left bronchus (Left Lung) as compared to right bronchus 
(Right Lung).  
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     The fig.2 shows that the velocity vectors are turned 

in the downwards direction. The maximum velocities 
are obtained near the inner wall at the cross section-5, 6. 

Counter-rotating vortices are developed on the 

bifurcation (cross section-5 & 6), while co-rotating 

vortices are developed above the bifurcation (cross 
section-3, 4).  

 

 

 

  Velocity vector  
Cross 

section-3 

  

Cross 

section-4 

  

Cross 

section -5 

  

Cross 

section -6 

  

 

Fig 2. Velocity contour (m/s) and vector along the radial cross sections 

                                                Velocity contour 
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     Fig.3 shows the velocity distribution along the 

perpendicular cross section. The magnitude of 

maximum velocity obtained was 2.66 m/s. Non uniform 

velocity contour is obtained at the bifurcation (fig.3), 

which indicates the flow separation at the curved 

surface of the bifurcation. The velocity vector and 

contour shows that the vortices are formed near the 

bifurcation due to curve boundaries. Stagnation point is 

observed at the corner (fig.3). It is found that the corners 

of the model introduced more flow disturbance because 

of the existence of corner vortices. However, CFD 

simulation of 3D model reveals that the flow separation 

zones occurring towards the curved portion of the 

bifurcation. The separation region is quite large, 

comparable in size to that observed in the bifurcation. 

Flow separation occurred at the bifurcation points, 

which leads zero velocity towards the wall of the left 

and right bronchus.  

 

Fig 3 . Velocity contour (m/s) and vector of the perpendicular cross sections

5.3. Wall Shear Stress  
     The effect of wall shear stress on the walls of the 

airways plays a vital role for the respiratory diseases 

[13]. Shifting in the flow velocity maxima indicates that 

higher shear stress along the inner wall of the airways 

(cross section-6). The variation of local wall shear stress 

at different cross-sections has plotted in fig.4. The wall 

shear stress distribution at the cross-section-1 and 2 is 

more or less uniform whereas large variations are 
observed at the cross section-6 (fig.4). However as the 

air flow towards the bifurcation, at cross section-2 

(around middle of trachea) low wall shear stress is 

noticed. The average wall shear stresses for the cross 

section-1, 2 and 6 are 0.179 N/m2, 0.0433 N/m2 and 

0.092 N/m2 respectively. It is found that the peak 

absolute (local) wall shear stress at cross section-6 

(fig.4) is 0.44 N/m2 occurring near the inner wall of the 

bifurcation.  

The wall shear stress distribution at cross section-1 near 

the entry is uniform because of uniform velocity applied 

at the trachea. Maximum velocity gradient obtained at 

the inner wall of the bifurcation for cross-section-6 

(fig.2 & fig.4) is responsible for increase in the wall 

shear stress at this location. 
     The high magnitude of wall shear stress suggests 

maximum particle deposition on the inner wall of the 

bifurcation (cross section-6 in fig.4). The high value of 

shear stress on the inner wall of the trachea and 

bifurcation indicates possibility of inner wall injury.  

 

 

 

  

 

 

Velocity contour  Velocity vector 
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Fig 4. Wall shear stress vs circumferential angle 

 

6. CONCLUSION 
     The airflow in human airways was numerically 

solved using the realizable k turbulence model. CFD 
simulation of airway model shows the flow separation 

occurring near the walls of both bronchi. The realizable 

k turbulence model is used to capture the flow 
physics of the human airways during the heavy 

breathing. Thus it is concluded that: (1) the maximum 

velocity is reduced near the inner wall of left bronchus 

which is close to the bifurcation, this leads a maximum 

deposition at the inner wall of the left bronchus (Left 

Lung) rather than right bronchus (Right Lung). (2) 
Maximum wall shear stress at the bifurcation is due to 

the high velocity or high velocity gradient near the 

bifurcation. The computation of wall shear stress also 

indicates the maximum deposition of aerosol and its 

probable locations. This leads a further understanding of 

effective drug delivery, which holds both the medical 

and engineering aspects. 

Thus, findings (predicting probable locations of 

toxic/therapeutic particles deposition and peak value of 

wall shear stress at bifurcation region) provide useful 

information for targeted drug delivery and deposition of 
toxic particles. 

7. REFERENCES  
1. Zheng Li, Kleinstreuer Clement, Zhang Zhe., 2007, 

Simulation of airflow fields and microparticle 

deposition in realistic human lung airway models. 

Part I: Airflow patterns, European Journal of 

Mechanics: B/Fluids, vol. 26, pp. 632–649. 

2. Luo, X.Y., Hinton, J.S., Liew, T.T., Tan, K.K., 

2004, LES modelling of flow in a simple airway 

model, Medical Engineering and Physics, vol. 26, 

pp. 403–413. 

3. Zhang, Z.,  Kleinstreuer, C., Kim, C.S., 2001, 

Effects of curved inlet tubes on air flow and particle 

deposition in bifurcating lung models, Journal of 

Biomechanics, vol. 34, pp. 659–669. 

4. Liu Y., R.M.C. So, Zhang C.H.., 2002. Modelling 
the bifurcating flow in a human lung airway. 

Journal of Biomechanics 35: 465–473. 

5. Liu Y., R.M.C. So, Zhang C.H.., 2003. Modeling 

the bifurcating flow in an asymmetric human lung 

airway. Journal of Biomechanics 36:  951–959. 

6. Radhakrishnan H. and Kassinos. S., 2009. CFD 

Modeling of Turbulent Flow and Particle 

Deposition in Human Lungs. 31st Annual 

International Conference of the IEEE EMBS. 

Minneapolis, Minnesota, USA, September 2-6,. 

7. Backer J.W. De, Vos W.G., Gorle C.D., P. 
Germonpre, Partoens B., F.L.Wuyts, Parizel P.M., 

Backer W. De, 2008. Flow analyses in the lower 

airways: Patient-specific model and boundary 

conditions. Medical Engineering & Physics 30: 

872–879. 

8. Zheng Li, Clement Kleinstreuer, Zhe Zhang., 2007. 

Simulation of airflow fields and microparticle 

deposition in realistic human lung airway models. 

Part II: Particle transport and deposition. European 

Journal of Mechanics B/Fluids 26:  650–668. 

0 30 60 90 120 150 180 210 240 270 300 330 360

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

W
a
ll
 s

h
e
a
r 

s
tr

e
s
s
 (

N
/m

2
)

Circumferential angle(Degree)

 cross section-1

 cross section-2

 cross section-6



6 
 

9. Inthavong Kiao, Lok-Tin Choi, Jiyuan Tu, Songlin 

Ding, Francis Thien., 2010. Micron particle 

deposition in a tracheobronchial airway model 

under different breathing conditions. Medical 

Engineering & Physics. 32:1198-212.  

10. Zhao, X.G., Xu, X.X., Tan, SH.L., Liu, Y.J.,  Gao, 

ZH.H., 2009, Characteristic of gas-solid two-phase 

flow in the human upper respiratory tract model, 

Proc. IEEE  3rd International Conference 
on Bioinformatics and Biomedical Engineering 

(ICBBE 2009), ISBN: 9781424429011, June 11-13.  

11. Baoshun MA and Kenneth R. L Utchen., 2009. 

CFD Simulation of Aerosol Deposition in an 

Anatomically Based Human Large–Medium 

Airway Model. Annals of Biomedical Engineering, 

Vol. 37, No. 2, pp. 271–285. 

12. Green A.S., 2004. Modelling of peak-flow wall 

shear stress in major airways of the lung. Journal of 

Biomechanics 37:  661–667. 

13. Mylavarapu Goutham, Shanmugam Murugappan, 

Mihai Mihaescu, Maninder Kalra, Sid Khosla, 
Ephraim Gutmark., 2009. Validation of 

computational fluid dynamics methodology used 

for human upper airway flow simulations. Journal 

of Biomechanics 42:  1553 –1559. 

14. Koombua Kittisak and Ramana M. Pidaparti., 2008. 

Inhalation Induced Stresses and Flow 

Characteristics in Human Airways through Fluid-

Structure Interaction Analysis. Modelling and 

Simulation in Engineering. Article ID 358748, 8 

pages. 

15. Fluent, User‟s Guide, CFD Software Package, Ver. 

6.3, Fluent, Lebanon, NH, 2006 

16. Xia G Uohua, Merryn H. T Awhai, Eric A. 

Hoffman, and Ching-Long Lin., 2010. Airway Wall 

Stiffening Increases Peak Wall Shear Stress: A 

Fluid–Structure Interaction Study in Rigid and 
Compliant Airways. Annals of Biomedical 

Engineering, Vol. 38, No. 5, pp. 1836–1853. 

17. Walters D. Keith, Luke. William H., 2011 

Computational Fluid Dynamics Simulations of 

Particle Deposition in Large-Scale, 

Multigenerational Lung Models. Journal of 

Biomechanical Engineering. Vol. 133/011003-1. 

18. Luo H.Y., Y. Liu, Yang. X.L, 2007. Particle 

deposition in obstructed airways. Journal of 

Biomechanics 40: 3096 – 3104. 

 

8. MAILING ADDRESS 
Vivek Kumar Srivastav 

Department of Applied Mechanics 

Motilal Nehru National Institute of Technology, 

Allahabad-211004, India  

Phone: +91-532-2271212 

E-mail: vivekapril@gmail.com 

 

 


