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ABSTRACT 

This paper is focused on to study the effect of a tumor present in the respiratory tract (in trachea) on airflow pattern and 

aerosol-drug deposition. A realistic model of human respiratory tract was constructed from spiral computed tomography 

(CT) scan data and a bifocal tumor (Glomus tumor) was constructed in the tract. The inspiratory flow characteristics of 

the realistic human airway models (with and without tumor) was numerically solved using the realizable k turbulence 

model for airflow and Shear Stress Transport (SST) k-ω turbulence model for two-phase flow. The velocity (contours 

and vector plots), wall shear stress and deposition efficiency of aerosol were obtained at different locations to the 

upstream and downstream region of the bifocal tumor in respiratory tract. The flow pattern shows that the maximum 

flow disturbance occurs around the tumor and at downstream of the flow. Magnitude and location of maximum wall 

shear stress in the presence of the tumor helps in identifying the extent and probable location of the wall injury during 

the normal and heavy breathing conditions. Deposition efficiency of aerosol-drug on tumor location will be useful for 

designing the efficient targeted drug delivery system.  

 

Keywords: Human respiratory tract, Glomus tumor, Wall shear stress, Computational fluid dynamics (CFD), Aerosol-

drug delivery.

 

1. INTRODUCTION 

Application of computational fluid dynamics (CFD) to 

study the airflow in human respiratory tract is one of the 

emerging fields of biomedical engineering to assist the 

medical practitioners in diagnosis and prognosis of the 

various respiratory diseases. Uncontrolled growth of 

cells in the lower respiratory tract that eventually forms a 

mass is known as lung tumor. Segal et al.(2000) 

mentioned that benign tumors(non-malignant) are found 

in larynx, trachea and main bronchi. A recent study 

conducted by American Cancer Society reported that 

about 222520 new cases and 157300 deaths are reported 

in USA due to lung tumor in the year 2010 (Case Report, 

2010). The airflow fields are much affected by the 

tumors that create the obstruction in the airflow path in 

the respiratory tract.   

Martonen and Guan(2010) discussed effects of various 

locations and sizes of tumors on pharmacologic drugs. 

They simulated airflow pattern in respiratory tract with 

tumor on carina using a CFD package FIDAP. Human 

respiratory tract model proposed by Weibel (1963) was 

used for CFD simulation in this case. The tumor size was 

defined by r/R, where, r is the tumor radius and R is the 

radius of the airway. It was found that the tumor had 

foremost effect when r/R  0.8 for third and fourth 

bifurcations and when r/R  0.6 for seventh and eighth 

bifurcations of the respiratory tract. An effect of tumor 

size and ventilator parameters on localized flow pattern 

was also reported in the study. They observed that the 

size of tumor and inhalation flow rates has prominent 

effect on the flow pattern. Kleinstreuer and Zhang (2003) 

studied the hemispherical tumors in the fourth generation 

respiratory tract model. Effects of hemispherical tumors 

of different sizes and locations were considered in their 

study. Third to sixth generation of the respiratory tract 

model was constructed from Weibel(1963). They found 

that most of the particles deposited on the tumor surface 

and the tumor not only affected the downstream flow 

fields but to a small extent upstream flow fields too. 

Martonen and Guan(2001) studied the drug particle 

motion in bifurcated human respiratory tract with tumor. 

They found that an increase in particle size, breathing 

intensities and tumor size influence drug deposition on 

the tumor. The computation was performed using CFD 

package FIDAP. They found that the particles are likely 

to be deposited on the tumor. Segal et al.(2000) 

discussed the affect of tumor size and location in the 

respiratory tract of a four year old child. It was observed 

that the tumors have a prominent effect on both, the 
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localized velocity profiles in respiratory tract as well as 

in the bulk flow distribution within the lung. Particle 

deposition in obstructed respiratory tract was presented 

by Luo et al.(2007). The fourth generation model was 

based on Weibel model(1963). They obtained significant 

effects on the particle deposition in downstream of the 

obstruction. Micron size particle distribution in human 

upper respiratory tract based on regular pipes was studied 

by Huang and Zhang (2011). They mentioned inertial 

impaction is the main mechanism for deposition of 

particles in both oropharynx and primal generation of 

respiratory tract. It is reported that wall shear stress value 

above 0.4 N/m² will increase the susceptibility of damage 

of inner lining of cell in respiratory tract (Lin et al. 2007; 

Green 2004; Sulaiman 2008). Also wall shear stress 

above 0.7 N/m² will certainly damage the respiratory 

wall (Koombua and Pidaparti 2008). 

On the other side, Watanabe et al.(1998) studied the 

glomus tumor, which was found in the lower part of 

trachea. Glomus tumor is normally found as benign 

tumor. It is soft tissue tumor which is highly vascularised 

and seems like modified cells of glomus body (Zoltan 

and Zhang 2010). These are generally solitary in nature 

but multiple tumors may also exist. It is composed of 

three components: (i) round or ovoid glomus cells. (ii) 

vasculature or blood supply cells (iii) smooth cells. The 

dimensions of different glomus tumor (in trachea) 

studied by the researchers are listed in Table 1. 

 

Table 1 Dimensions of Different Glomus Tumor 

Author’s  Dimension, 

cm3  

Shape 

(glomus 

tumor)  

Watanabe et al.(1998)  2.01.61.4  Polypoid  

Colaut et al.(2008) 2.01.01.0  Polypoid 

Parker et al.(2010) 2.01.61.5  Polypoid 

Shang et al.(2010) Case-1: 

2.01.00.5  

Polypoid 

Case-2: 

1.81.51.4  

Polypoid 

All these investigators have discussed the effect of tumor 

in human respiratory tract based on simplified Weibel 

model (1963). Srivastav and Jain (2011) used realistic 

(CT scan) respiratory model for the study of wall shear 

stress during the heavy breathing condition. Hence it can 

be inference from the above discussion that there is 

practically no literature available in which realistic 

human respiratory tract model was used for the study of 

the effects of glomus tumor on the airflow patterns. The 

novelty of the present study is it has addressed this issue. 

The present paper discusses the effect of glomus tumor 

in a realistic human respiratory tract using computational 

fluid dynamics. Computational results, viz. velocity, wall 

shear stress and drug deposition efficiency furnished in 

the study will be useful for diagnosis, treatment and 

prognosis.  

2. GEOMETRY OF HUMAN RESPIRATORY 

TRACTS 

The geometry of the human respiratory tract was 

obtained from CT data with the slice increment of 3 mm 

and pixel size of 512  512. The CT scan was started 

from the inlet of trachea and extended up to the lungs. In 

this study, total 38 slices were considered for 

construction from the inlet of trachea to the main 

bronchus of the lungs. The human respiratory tract model 

is given in Fig.1.  

2.1 Respiratory Tract without Tumor  

The geometry of the realistic respiratory tract model 

without tumor constructed from the CT scan data using 

MIMICS software is shown in Fig.1(a), which consists of 

the trachea and first generation bronchus having an inlet 

cross-sectional area of the trachea (A) of 2.73 cm2 and 

perimeter of the inlet (P) of 6 cm and hydraulic diameter 

(D=4A/P) of 1.82 cm.  

2.2 Respiratory Tract with Tumor   

The tumor in the trachea was adopted from the case 

reported by Watanabe et al.(1998). They have studied the 

lower tracheal glomus tumor of a 43 year old patient. 

The size of the tumor was 2.01.61.4 cm3. 

Bronchoscope was used to visualise the polypoid tumor, 

which is shown in Fig.2. Similar tumor was created in a 

respiratory tract model at the 2 cm distance above the 

carina on the posterior wall (i.e., directly behind) of 

trachea as shown in Fig.1(b) and Fig. 3. 
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(1a) Respiratory tract without tumor (1b) Respiratory tract with tumor 

Fig. 1. Human Respiratory Tract 

Total ten horizontal (Hor-1 to 10) and four vertical (Ver-

1 to 4) cross-sections (Fig.1) are created for the data 

analysis in and around the tumor. Hor-1 and Hor-8, 9, 10 

are located at the upstream and downstream respectively. 

However, Hor-2 to Hor-7 is placed on the tumor.  

 
 

Fig. 2. Glomus tumor in the membranous portion of 

trachea just above the carina, occupying half of the lumen.  

Source: Watanabe et al. (1998). Japanese Journal of 

Surgery.  

Fig. 3. Glomus tumor constructed for CFD simulation. 

Present realistic model with polypoid tumor of 

dimension 2.0×1.6×1.4 cm3 (approx). 
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3. COMPUTATIONAL GRID GENERATION 

Due to the irregular and asymmetrical shape of human 

respiratory tract, a combination of triangular (surface 

mesh), tetrahedral and polyhedral elements (volume 

mesh) were used to improve the quality of mesh. The 

grid independency test was performed for the different 

size of elements. The total computational numbers of 

elements generated after the grid generation in two cases 

(without tumor and with tumor) are given in Table 2. The 

grid independency test for respiratory tract with tumor 

for two phase flow is shown in Fig.4.  

Table 2 Computational Grids with Number of Grid 

Independent Elements 

Human Respiratory 

Model  

(Cases) 

Number of 

Elements  

Types of 

elements  

Without Tumor (Air) 580037 Tetrahedral  

With Tumor (Air and 

Aerosol) 

673837 Tetrahedral 

and 

polyhedral  

 

 

Fig. 4. Grid Independency Test 

4. BOUNDARY CONDITIONS 

The boundary conditions used in this study are velocity 

at the inlet, zero gauge pressure at the outlet and fixed 

wall with no slip. In addition, wall of the respiratory tract 

was assumed rigid. The properties of air at normal 

conditions were considered (i.e., density is 1.2 kg/m3 and 

dynamic viscosity is 1.8×10­5 Ns/m2). Inspiratory flow 

rate of 6 and 45 litre per minute for single phase, which 

corresponds to normal and heavy breathing rate were 

considered for the study. Boundary conditions applied 

for both the cases, i.e. without tumor and with tumor 

remain unchanged.  

The aerosol-drugs form droplet having density 

correspondent to water droplet and is applied in this 

study. The diameter of aerosol-particle is taken as 1, 5, 

7.5 and 10 micron whereas density is considered as 1000 

kg/m3. Three different inspiratory flow rates (20, 45 and 

60 litre/min) were used for discrete phase to bring 

maximum drug deposition on tumor. Escape option 

available in Ansys-Fluent was enabled at the inlet-

trachea and outlets while trap condition at the walls. 

 

5.  GOVERNING EQUATIONS 

The governing equations for the airflow in the respiratory 

tract with and without tumor are given as follows: 

Continuity equation: 

Since flow has assumed to be steady and incompressible 

therefore, 

0 (1)i

i

u

x





 

Momentum equations:   

1
(2)

ji i
j

j i j j i

uu up
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x x x x x
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 

   
         

 

 = dynamics viscosity coefficient 

ui, uj (i, j= 1, 2, 3) are the velocity components in x, y and 

z directions.  

p = static pressure,  = density of fluid 

At high breathing conditions, flow is turbulent. Hence 

realizable k  turbulence model was selected to capture 

the airflow in the internal flow of the realistic human 

respiratory tract. Similar turbulence model was also 

selected by Green(2004) and Luo et al.(2004) in case of 

flow through human airways. The realizable k  model 

provides good performance for the flow involving 

boundary layer under strong pressure gradient, flow 

separation and recirculation and was therefore adopted in 

the present study. Enhanced wall treatment in CFD 

solver was used to determine the flow parameters near 

the wall (Ansys-Fluent-14.5). Shear Stress Transport 

(SST) kω turbulence model for discrete phase 

modeling. 

 

The transport equations for k (turbulent kinetic energy) 

and  (turbulent dissipation) in the realizable k  
turbulent model are  

k-equation: 
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where, 
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where, S is the modulus of the mean rate of strain tensor, 

defined as 
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2 ij ijS S S
 


is dynamic viscosity.  

Turbulent/eddy viscosity is given as 

2

t

k
C 


   

Turbulent Prandtl number for k, 
1k 

,  

Turbulent Prandtl number for ,
1.2 

  

The shear stress transport (SST) kω turbulence model 

was used to study two-phase behavior. The transport 

equations for k (turbulent kinetic energy) and ω (specific 

turbulent dissipation) in the kω turbulent model are:  

 

 

 

 

where,  

Gk and G represents the generation of turbulence kinetic 

energy and dissipation due to mean velocity gradients.  

k and  represent the effective diffusivity of k and ω 

respectively 

Yk and Y represent the dissipation of k and  due to 

turbulence.  

Equation of motion of particles: 

Particle Force Balance:    

Discrete phase model (DPM) was used for the analysis of 

aerosol-particle motion in human airway. The force 

balance equation equates the particle inertia with forces 

acting on the particles and is written as: 

( )
( ) (7)

p x p
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First term in Eq. (7). represents drag force and second 

term is gravitational force. 

 The drag force per unit particle mass (FD) which is 

defined as: 

2

18 Re
(8)

24

D
D

p p

C
F

d




  

Where, u is the fluid phase velocity, up is the particle 

velocity,  is the molecular velocity of fluid,  is the 

fluid density, p is the density of the particle, and dp is 

the particle diameter. Re is the relative Reynolds number, 

which is defined as: 

Re (9)
p pd u u




  

The drag coefficient (CD) formula can be calculated from 

32
1 2Re Re

D

aa
C a  

 
Where a1, a2 and a3 are constants that apply to smooth 

spherical particles over several ranges of Re (Ansys-

Fluent-14.5, User Guide).  

6. NUMERICAL SIMULATION 

A finite-volume based CFD software Ansys-Fluent-14.5 

was used for numerical simulation of airflow and aerosol 

transport in realistic respiratory tract model (Patankar, 

1980). The SIMPLE and SIMPLEC algorithm were used 

for the pressure-velocity coupling in air and discrete 

phase respectively (Patankar, 1980). The different terms 

of the transport equation were discretized using second-

order upwind numerical scheme for airflow. Since 

discrete phase model needs higher order discretization 

numerical schemes therefore QUICK scheme (Hayase, 

1992) was used for momentum and turbulence equations. 

The wall y+(Y-plus) value which is non-dimensional is 

defined in terms of local Reynolds number(Re) which is 

used in CFD to recognize coarse or fine mesh near the 

wall(Salim and Cheah, 2009). The average y+(Y-plus) 

values were approximately 2.5 throughout the wall. The 

convergence criteria was kept as 104 in line with Luo et 

al.(2004). The computational work was performed on an 

IBM workstation using Intel Xeon processor with 8 GB 

RAM and. A typical computation run time for air was 

approximately 8 hours for without tumor and 10 hours 

for with tumor. However, computational run time for air 

with aerosol was 15 hours. 

 

7. CFD VALIDATION  

The CFD code was validated against the data reported by 

Luo et al.(2004) for the non-tumor respiratory tract. In 

the present study, the maximum velocity in the 

respiratory tract was computed as 2.66 m/s against the 

value 2.6 m/s as reported by Luo et al.(2004), showing a 

deviation of 2.3 %, which is within acceptable limit. 

Average velocity in the tumorous respiratory model was 

also computed using two different CFD solvers ‘Ansys-

CFX’ and ‘Ansys-Fluent’. The average velocity was 

computed at different cross sectional planes started from 

upstream to the downstream of tumor, which is plotted in 

Fig.5.  

 
Fig. 5. Average velocity computed from two CFD 

solvers. 
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8. RESULTS AND DISCUSSION  

In this study, effects of tumor present in the respiratory 

tract on the flow pattern are investigated using three flow 

parameters, i.e., velocity, wall shear stress and deposition 

efficiency. 

  

8.1 Velocity Contours and Vectors 

8.1.1: Normal Breathing Condition (6 litre/min)  

The tumor situated at the posterior wall of the trachea 

acts as obstruction in the respiratory tract and decreases 

the cross-sectional area, leading to an increase in flow 

velocity. The velocity contours at upstream and 

downstream region of the tumor are depicted through 

different vertical sections of airway in Fig.6a and 6b. 

These perpendicular cross sections as shown in Ver-1 to 

4 (Fig.6a and 6b) are extended from posterior wall 

(having tumor) towards the anterior wall of trachea. 

Maximum velocity is obtained at the downstream of the 

tumor. The velocity contours show that obstruction in the 

airway path changes the airflow patterns.  

 

 

 

 

 
    

 Ver-1 Ver-2 Ver-3 Ver-4 

Fig. 6a. Velocity contours(m/s) in vertical sections  of  respiratory tract without tumor (6 litre/min) 

     

 Ver-1 Ver-2 Ver-3 Ver-4 

Fig. 6b. Velocity contours(m/s) in vertical sections  of  respiratory tract with tumor (6 litre/min) 

The current numerical simulation shows a velocity 

contours upstream and downstream of the tumor in Fig.7. 

The velocity contours at upstream (Hor-1, Fig.7) is less 

affected by the presence of tumor. However, as the 

airflow moves towards the tumors (Hor-2 to Hor-7 in 

Fig.7), velocity increases rapidly due to reduced cross- 

sectional area. The airflow patterns have prominent 

effects on the downstream (Hor-8 in Fig.7) as compared 

to the upstream of the tumor.  
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Fig. 7. Velocity contours (m/s) in horizontal cross-sections of respiratory tract with tumor                   (6 litre/min) 

The average velocity at different horizontal cross 

sections is shown in Fig.8. The maximum averaged 

velocities are obtained at the cross-sections Hor- 3, 4, 5 

and 6. The velocity ratio for with and without tumor is 

approximately 2.0 indicating that tumor blocks half of 

the airway of the respiratory tract.   

 

 

Fig. 8. Average velocity on tumor for normal breathing condition(6 litre/min) 
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8.1.2: Heavy Breathing Condition (45 litre/min) 

From the velocity contours shown in Fig.9a and 9b, it is 

noted that the velocity pattern in the upstream is almost 

same for both the cases (with and without tumor), but it 

changes rapidly in the downstream. Maximum air 

velocity is obtained near the anterior wall of trachea 

around the tumor (Ver-2 to 4 in Fig.9a) than near the 

posterior wall where tumor exists (Ver-1, in Fig.9b).  

The cross section in Fig.9b (Ver-4) shows that high 

velocity extends up to the vicinity of the wall which may 

cause wall injury at this location. 

  

 

  
  

 Ver-1 Ver-2 Ver-3 Ver-4 

Fig. 9a. Velocity contours(m/s) in horizontal sections of  respiratory tract without tumor (45 litre/min) 

 

     

 Ver-1 Ver-2 Ver-3 Ver-4 

Fig. 9b. Velocity contours(m/s) in vertical sections of  respiratory tract with tumor (45 litre/min) 

The velocity contours at different horizontal cross-

sectional planes are shown in Fig.10. Velocity contours 

at different planes show that larger flow disturbance 

occurs at the downstream region as shown in Hor-8 

compared to that at the upstream (Hor-1) region.  
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Fig. 10. Velocity contours(m/s) along the vertical cross-section of respiratory tract with tumor  

Velocity recirculation zones are formed in the 

downstream region (Hor-9 & Hor-10) of the airway as 

shown in Fig.11. A pair of counter-rotating vortices is 

generated at the cross-section of the anterior wall in the 

downstream region of the tumor due to the presence of 

obstruction (tumor) in the respiratory tract, which is 

similar to the wakes created the downstream for a flow 

past an object. 

 
 

  
 

Hor-9 Hor-10 

Fig. 11. Velocity contours(m/s) and velocity vector plots of the cross-section Hor-9 & Hor-10 in the downstream of 

the tumor 
 

 

Average velocity at different cross sections (Hor-1 to 8) 

for two cases (with and without tumor) is shown in 

Fig.12. The maximum ratio of average velocity with 

tumor to that of without tumor is 2.11 at Hor-5. This 

shows that the tumor blocks a little over half the cross-

section area of the airway. 
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Fig. 12. Average velocity(m/s) on tumor for heavy 

breathing condition (45 litre/min) 

8.2 Wall Shear Stress 

8.2.1 Normal Breathing Condition (6 litre/min) 

The variation of maximum WSS on wall around the 

tumor for the normal breathing condition is shown in Fig. 

13. The peak wall shear stress value obtained at the 

horizontal location-7 is 0.12 N/m2. Since the WSS is not 

more than critical value of 0.4 N/m2. This indicates that 

there has no wall injury during the normal breathing 

condition.  

 
Fig. 13. Peak wall shear stress on tumor for normal 

breathing condition (6 litre/min) 

8.2.2 Heavy Breathing Condition (45 litre/min) 

The maximum wall shear stress for the two cases (with 
the tumor and without tumor) at different horizontal 
cross sectional planes (Hor-1 to 8) under heavy breathing 
condition is shown in Fig.14. The peak value of average 
wall shear stress in the presence of the tumor is about 8 
times that of in the absence of the tumor. This high 
magnitude of shear stress may cause wear of epithelial 
layer/tissues.   

 
Fig. 14.  Peak wall shear stress for heavy breathing 

condition (45 litre/min) 
 

Due to the high velocity gradient near the surface of the 

airway and the presence of tumor in the respiratory tract, 

the wall shear stress increases very rapidly. Therefore, 

positions of cross sections-2 and 7 (located on tumor in 

Fig.14) are considered the most vulnerable location for 

the wall injury during the heavy breathing condition. 

The peak value of wall shear stress at some locations of 

the interior walls of the human respiratory tracts is 

indicative of wall damage/injury, if this condition 

persists for long. Based on this information (called 

‘prognosis’), the pulmonologists can assess through 

medical imaging or using some other diagnostic 

techniques (called ‘diagnosis’) the extent of the wall 

injury actually occur at these locations and take 

remedial/corrective measures (called ‘treatment’).  

8.3 Effects of Particle Size and Inhalation Flow Rate 
on Drug Deposition  

Four different aerosol-particles (of size 1, 5, 7.5 and 10-

micron) are injected at the inlet of the trachea in order to 

supply maximum drug on the tumor location. These 

aerosol-particles are injected for different inspiratory 

flow rates (20, 45 and 60 litre/min). Higher inspiratory 

flow rates give inertial forces so that aerosol drugs can 

move towards tumor site. The deposition of drugs not 

only depends on aerosol size and inspiratory flow but 

also depends on tumor size. Tumors in respiratory tract 

create obstruction to the airflow. So if tumor size 

increases, drug deposition efficiency will also increase. 

Since aerosols are transported by airstream, therefore 

inspiratory flow rate plays an important role in the 

deposition efficiency of drugs.   

The deposition of aerosol-drugs on tumor for different 

particle size and flow rate is given Fig.15. It is found low 

drug deposition on the tumor at low flow rate (20 

litre/min) because particles do not obtain sufficient 

inertial forces to move. However, Deposition efficiency 

increases with the increase of particle size and inhalation 

flow rate. It is pertinent to mention that in case of 

turbulent flow regimes, minimum drug deposition 

efficiency on tumor is recorded with particle size of 5 

micron. The deposition efficiency on tumor can however 

be improved with the increase of particle size. This 

indicates that the composition in an aerosol treating a 

lung tumor should contain particle size above 5 micron.

 
 Fig. 15. Drug Deposition on Tumor  
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Fig. 16. Drug Deposition on Trachea 

It is obtained that for moderate (45 litre/min) and higher 

breathing conditions (60 litre/min) aerosol deposition 

efficiency increases with the increase of particle size. 

Therefore, during the drug inhalation, patient is advised 

to inhale air rapidly so that the drug reaches to the 

location of tumor. Thus, patient skill is one of the most 

important factors that play crucial role during drug 

inhalation through inhaler.   

Optimum drug must be delivered on the tumor to avoid 

the side-effects of drug. As the glomus tumor is found in 

the trachea, deposition efficiency of drugs in trachea was 

also calculated, which is shown in Fig.16. At low flow 

rate(20 litre/min) maximum drugs are deposited at the 

wall of trachea. While at higher flow rates (45 and 60 

litre/min), minimum drugs are trapped in the trachea and 

hence deposited maximum on the tumor.    

9. CONCLUSIONS 

Inspiratory airflow in the rigid realistic human 

respiratory tract with and without tumor was numerically 

simulated for normal and heavy breathing conditions. 

Velocity contours and wall shear stress at different 

horizontal and vertical cross-sections were compared for 

both the cases. The findings from the study can be 

summarized as follows:  

 Velocity contours show that the presence of tumor 

in the respiratory tract changes the flow pattern at 

the downstream of the tumor. 

 Because of the presence of tumor in the respiratory 

tract, wall shear stress increases very rapidly due to 

the high velocity gradient. 

 Wall shear stress values during the heavy breathing 

condition (45 litre/min) confirmed wall injury on 

the anterior wall of the tumor. 

 The findings help in identifying the probable 

location of damage at the epithelial layer leading to 

injury to the airway. The magnitude of wall shear 

stress may serve as guideline to quantify the extent 

of damage possible.  

 Aerosol size, inhalation flow rate and patient skill 

are important factors that play an important role 

during the drug delivery. It is found that in case of 

turbulent flow, the composition in an aerosol 

treating a lung tumor should contain particle size 

above 5 micron in order to increase drug deposition 

efficiency on tumor. 

 Measurement of flow parameters, such as velocity, 

wall shear stress etc.  in case of in-vivo condition 

always remains risky and therefore, the clinical data 

was not readily available with the authors. 

However, the outcome of this computational study 

can be corroborated with the experience of 

pulmonologists. Finally, the study will be useful for 

improving the drug delivery system through inhaler 

if the study can be repeated with the increasing size 

of the tumor; the results may also help in prognosis 

of the disease.  
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