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Abstract 

A precise understanding of the aerosol particle transport and 
deposition (TD) in the human lung is important to improve the 
efficiency of the targeted drug delivery, as the current drug 
delivery device can deliver only a small amount of the drug to the 
terminal airways. A wide range of available computational and 
experimental model has improved the understanding of particle 
TD in the human lung for air breathing. However, the helium-
oxygen gas mixture breathing is less dense than the air breathing 
and the turbulent dispersion is less likely to develop at the upper 
airways, which eventually reduce the higher deposition at the 
upper airways. This study aims to investigate the effects of the 
helium-oxygen gas mixture at the upper airways of a realistic 
human lung. A realistic lung model is developed from the CT-
Scan data for a healthy adult. A Low Reynolds Number  (LRN) 
k-ω model is used to calculate the fluid motion and Lagrangian 
particle tracking scheme is used for particle transport. ANSYS 
Fluent solver (19.0) is used for the numerical simulation and 
MATLAB software is used for the advanced post-processing. 
The numerical results show that helium-oxygen gas mixture 
breathing reduces the aerosol deposition at the upper airways 
than the air breathing. The present simulation along with more 
case-specific investigation will improve the understanding of the 
particle TD for the helium-oxygen mixture. 

Themes: Computational fluid dynamics, Multiphase and 
particle-laden flows, Turbulence, Biomedical fluid mechanics, 
Micro/biofluid mechanics.  

Introduction  

Heliox is the compound mixture of helium (He) and oxygen (O2) 
gas. Helium-oxygen (He-O2) gas mixture generates relatively 
less airway obstruction than the air and which eventually help to 
ventilate the lung airways with less mechanical energy [1]. The 
helium-oxygen mixture density (0.5 g/l) is noticeably lower than 
the air density (1.25 g/l) and the lower density of the heliox 
produce less turbulence at the local airways. The heliox mixture 
help to reduce the turbulence effects at the local tracheobronchial 
airways and which generates less resistance. The overall 
procedure minimizes the aerosol deposition at the upper airways 
due to lower turbulence and which accelerate the particle to the 
lower airways [2]. A wide range of numerical [3-5] and 
experimental [6, 7] studies illustrate that fluid flow becomes 
locally turbulent at the extrathoracic region and strong turbulence 
fluctuation occurs higher deposition at the upper airways. There 
are a quite fewer number of studies that have been considered 
helium-oxygen gas mixture for particle TD in the extrathoracic 
and tracheobronchial and deeper airways.   A CFD study on 
aerosol particle TD in an oral extrathoracic airway shows lower 
deposition for helium-oxygen gas mixture than the air [1]. The 
CFD study also illustrates that pressure loss at the oral airway is 
lower for the helium-oxygen mixture than the air. Recently, 

another study considered helium-oxygen mixture for aerosol 
particle TD in human lung and they used the imaging data to 
analyze the particle TD [8]. An experimental study aerosol 
particle TD for helium-oxygen gas shows less deposition at the 
upper airways than the air-breathing [9]. It is expected that the 
heliox breathing will decrease the deposition at the upper airways 
and will increase the deposition efficiency (DE) at the lower 
airways. However, it is experimentally difficult to measure the 
realistic aerosol deposition at the tracheobronchial airways. No 
CFD and experimental studies have been conducted for aerosol 
particle TD in the realistic tracheobronchial airways for heliox 
breathing. This study aims to conduct a CFD simulation for 
aerosol particle TD in a CT-based upper airway model during 
heliox breathing. The primary aim of the present study is to 
improve the understanding of the aerosol particle TD for heliox 
breathing.       

Geometry Generation 

A realistic anatomical model is generated from the CT-DiCom 
images of a 51 years healthy adult. The truncated anatomical 
model consists of first three generation from the trachea. Medical 
imaging software AMIRA and Geomagic are used to visualize 
the CT-images and surface rendering respectively. Volume 
rendering technique is used for the segmentation purpose and 
orthoslices are created with appropriate slice number. An 
isosurface is created for better visualization of the branching 
pattern. Volren is created for the visualization of the volume 
rendering data. The raw materials are removed by setting an 
appropriate threshold. The rough and missing surfaces of the 3-D 
model are reconstructed by Geomagic software. SolidWorks 
software is used to convert the final 3-D anatomical model.   
Figure 1 shows the visualization of the CT images and 
constructed 3D model of the tracheobronchial airways. 

  

Figure 1: Realistic 3D anatomical model from CT-DiCom images; (a) 
CT-Scan data visualization and (b) 3D lung anatomical model.  

Methods 

The final airway model consists of three generations from the 
trachea. Ansys meshing module is used to construct the 
unstructured tetrahedral mesh for the highly complex asymmetric 
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model. A fine inflation layer mesh is employed near the wall for 
complex flow fields. An advanced meshing technique is used to 
generate the dense tetrahedral cells at the bifurcation area of the 
airway model. High smoothing techniques are used and the 
minimum size of the mesh is 1.002e-7m. A group of 
computational meshes is generated and tested for pressure 
variation. The final set of mesh contains about 3.44 million cells. 
Finite volume method is used for the numerical calculations and 
ANSYS 19 solver is used for the calculations. Euler-Lagrangian 
based Discrete Phase Model (DPM) and species transport model 
are considered to calculate the microparticle transport and 
deposition in the upper airways. The air is considered as the 
primary phase and the particle is the secondary phase in DPM. 
The equation for conservation of mass can be written as follows: 

                                                  (1) 

The source Sm  is the mass added to the continuous phase from 
the dispersed second phase and any user-defined sources. The 
conservation of momentum in an inertial (non-accelerating) 
reference frame is described by; 

              (2) 

where p is fluid static pressure,  is body force due to gravity, 
and is body force due to external (particle-fluid interaction) 
force. The stress tensor is associated with the molecular viscosity 
(µ) and the unit tensor (I).  

The chosen k-ω model is based on the Wilcox [10], which 
incorporates modification of compressibility, low-Reynolds 
number effects and shear flow spreading. This is also based on 
model transport equations for turbulence kinetic energy (k) and 
the specific dissipation rate (ω). 

Turbulence kinetic energy and specific dissipation rates are 
obtained from the following transport equations: 

                  (3)                                                    

and 

              (4)                                                           

where  Gk  is the turbulence kinetic energy due to mean velocity 
gradients, Gω is the generation of ω . Γk and Γω are the effective 
diffusivity of k and ω, respectively. Yk and Yω represent the 
dissipation of k and ω due to turbulence respectively. Sk and Sω 
are source terms. 

The effective diffusivities for the k-ω model are given by 

                                                                             (5)                                                            

where  and are turbulent Prandtl numbers, and is 
turbulent viscosity defined by      

                                                                               (6) 

Low Reynolds correction is used for the k-ω option. The 
coefficient , damps turbulent viscosity, causing a low 
Reynolds number correction, which is given by 

                                                             (7)                                                                                      

The species transport equation for ith species  
!
!"
(𝜌𝑌&) + ∇. (𝜌�⃗�𝑌&) = −∇. 𝐽& + 𝑅& + 𝑆&                                     (8) 

where the net rate of production of species i is 𝑅& and 𝑆& is the 
rate of creation by addition from the dispersed phase plus any 
user-defined sources. An equation of this form is solved for n-
1 species where n is the total number of fluid phase chemical 
species present in the system. Since the mass fraction of the 
species must sum to unity, the n th mass fraction is determined as 
one minus the sum of the n-1 solved mass fractions. To minimize 
numerical error, the nth species is selected as that species with the 
overall largest mass fraction.  

The mass diffusion for the turbulent case is defined as; 

𝐽& = −(𝜌𝐷&,4 +
56
786
)∇𝑌& − 𝐷9,&

∇9
9

                                               (9) 

where SCt is the turbulent Schmidt number.  

The numerical investigation is performed for heavy physical 
activity condition (60lpm flow rate) and different diameter 
microparticles are considered. The particle density is used as 
1100 . The overall calculations are carried out for air and 
helium-oxygen mixture. 80% helium and 20% oxygen is used for 
the mixture model. The velocity inlet and outflow outlet 
boundary condition are used in this study. The stationary wall 
and no-slip shear condition are used. The wall DPM boundary 
condition is used as trap and heat flux thermal condition is used 
at the wall.   

 

 
Figure 2.(a) Cross-sectional view of the inflation layer of the tracheal 
wall, and (b) outlet mesh at generation 3. 

A comprehensive validation for microparticle TD is performed 
and the detail validation can be found in our previous study [11]. 

Results and Discussions 

This study performed microparticles TD in an upper airway 
model for both air and helium-oxygen breathing. The overall 
numerical calculations are carried out for a higher flow rate. 1-
µm and 10-µm diameter particles are considered for the present 
study.  

The velocity profile for both air and heliox models are plotted at 
a selected line in the trachea. Figure 3 shows the velocity profile 
for air and heliox along z position. The calculated velocity profile 
for air and helium-oxygen breathing is different at the same 
position of the trachea however, the flow rate and anatomical 
model is the same for both cases. The overall velocity profile 
illustrates higher velocity magnitudes near the tracheal wall for 
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air-breathing than the helium-oxygen breathing. On contrary, 
velocity magnitude at the middle of the truncated tracheal airway 
is found higher for helium-oxygen breathing than the air 
breathing.  For better illustration, velocity contours at the selected 
planes of the upper airway model are investigated for both cases. 
Figure 4 shows the velocity contours at different planes along 
with the flow vectors. The general velocity contour shows a 
similar velocity distribution at the selected planes. Plane 1 and 
plane 2 depicts the velocity magnitude near the wall for air-
breathing is higher than the helium-oxygen breathing and which 
is also similar to the velocity profile in figure 3. The higher 
velocity magnitude near the wall for air-breathing influences 
higher deposition at the upper part of the tracheal wall.      

 
Figure 3: Velocity profile at the selected line of first bifurcation for air 
and heliox breathing.  

Particle deposition pattern for 1-µm and 10-µm diameter particles 
are investigated, and figure 5 shows the microparticle deposition 
pattern for air and helium-oxygen breathing. Figures 5(a, b) show 
the deposition pattern for 10-µm diameter particle for air and 
helium-oxygen respectively. Figures 5 (c, d) show the deposition 
pattern for 1-µm diameter particles for air and helium-oxygen 
respectively. The overall deposition visualization shows a 
significant amount of microparticles are deposited at the tracheal 
wall compare to the right lung and left lung for both cases. For 
air-breathing, a significant amount of 10-µm particles are 
deposited at the very upper position of the trachea and less 
number of particles are deposited at the tracheal wall. On 
contrary, for helium-oxygen breathing, less number of particles 
are deposited at the upper part of the tracheal inlet and higher 
number of particles are deposited at the tracheal wall. The overall 
deposition pattern at the right lung and the left lung also shows 
higher deposition for air-breathing than the helium-oxygen 
breathing. A similar deposition pattern is observed for 1-µm 
diameter particles. The overall deposition at the tracheal wall, 
right lung and left lung show higher deposition for air-breathing 
than the helium-oxygen breathing. For 1-µm diameter particles, 
less number of particles are deposited the top of the trachea and 
higher number of particles are deposited at the tracheal wall. 
Microparticles inertia and inertial impaction play a critical role in 
the deposition at the upper airways. At 60 lpm flow rate, higher 
density of the air and microparticle inertia influence the 
deposition pattern. On contrary, the helium-oxygen gas mixture 
is less dense than the air and the lower density helps the particles 
not to deviate from its path line. 

Figure 6 presents the DE for different diameter particles during 
air and helium-oxygen breathing. The total DE for 1-µm and 10-
µm particles during different breathing is shown in figure 6(a). 
The general DE pattern shows higher deposition for air-breathing 
than the helium-oxygen breathing. The total DE comparison 
illustrates a significant amount of 10-µm diameter particles are 
deposited for air-breathing than the helium-oxygen breathing. 
The higher density of the air influences the overall deposition 

pattern for larger diameter particle. Figure 6(b) shows the DE 
comparison at the trachea, right lung and the left lung for 
different breathing. The DE comparison shows a significant 
amount of particles are deposited at the trachea compare to the 
right lung and the left lung. Microparticles inertia and higher 
density of the corresponding fluid density influence the overall 
deposition pattern at the highly complex tracheal wall. The DE 
chart also illustrates that higher percentage of particles are 
deposited at the right lung compare to the left lung. However, the 
right lung of the present model contains less branches than the 
left lung. The highly asymmetric structure of the realistic model, 
turbulent fluctuation and microparticle inertia influence the total 
deposition at the right lung. The DE chart (Figure 6(b)) depicts 
that higher percentage of particles are deposited at the right lung 
and the left lung for air-breathing than the helium-oxygen 
breathing irrespective to the particles diameter.  
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Figure 4: Velocity contour at different selected planes of the realistic 
geometry.  



 

 

  

  
Figure 5: Microparticle deposition pattern for heliox and air-breathing at 
60 lpm flow rate, (a) 10-µm air, (b) 10-µm heliox, (c) 1-µm air, and (d) 1-
µm heliox.  

  

 

 

Figure 6: Microparticles DE comparison for air and helium-oxygen 
breathing; (a) total deposition comparison for 1-µm and 10-µm particles 
and (b) DE comparison at different position of the lung.  

Conclusions 

This study performed the numerical investigation of 
microparticle TD in the upper airways of a realistic anatomical 
model. Air and helium-oxygen breathing are considered for the 
present study. The numerical study reports the overall DE at the 
different region of the upper airway model at 60lpm flow rate. 
The following conclusions can be drawn from the present study: 

• Helium-oxygen breathing shows lower deposition than 
the air breathing. For 10-µm diameter particle, air-
breathing shows the DE is 2.2 times than the helium-
oxygen breathing.  

• DE at the tracheal wall is higher than the right lung and 
the left lung. The right lung shows higher deposition 
compare to the left lung irrespective to the particle size;  

The present study will increase the knowledge of particle TD at 
the upper airways during helium-oxygen breathing. The specific 
findings will increase the efficiency of the targeted drug delivery 
as fewer particles are deposited during helium-oxygen breathing.  
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