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Targeted drug delivery is an advanced method discussed in the literature for optimized treatment of dis-
eases. However, the data for a precise understanding of pharmaceutical aerosol transport to the desired
positions in the airways is not sufficient in the literature. Hence, in this work the transport and deposition
of particles have been studied numerically in a realistic model of the respiratory system. The model was
reconstructed based on CT-scan images of a healthy 28-year-old male and the commercial code ANSYS
Fluent was used for analysis. After validation, distribution and deposition patterns of particles have been
presented along with analysis of flow field dynamics. It was found that majority of particles enter the
right lung while deposition is higher in the left lung and that the left lower lobe, left upper lobe and right
lower lobe have the highest rate of lobar deposition. It was also observed that inertial impaction plays the
dominant role in deposition of larger diameter particles at higher flow rates at the upper airways. The
present findings improve our insight toward regional distribution and deposition of particles and assists
in more accurate prediction of particle transport for drug delivery.
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1. Introduction

Millions of people are dealing with respiratory system health
issues such as cancer and asthma all over the world. Drug delivery
via the respiratory system is a conventional method for treating
diseases [1-3]. However, delivery of drugs to body by inhaling
pharmaceutical aerosols may expose the whole respiratory system
to medications and cause unwanted side effects. The shortage of
conventional methods urges scientists to adopt more efficient solu-
tions for delivering drugs to specific locations and avoid collateral
damage [4-6]. Targeted delivery of drugs remarkably optimizes
efficiency of cures by exposing only the desired regions to medica-
tions however, studying on this issue needs contributions from
other areas of expertise according to the interdisciplinary nature
of respiration.

For targeted drug delivery, scientists should have a thorough
understanding about characteristics of air flow in different regions
of respiratory system along with distribution and deposition pat-
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terns of pharmaceutical aerosols [7,8]. As real process of respira-
tion is so complicated and it is impossible to simulate all
features of respiration in just one study, most numerical studies
are based on simplified assumptions to reduce computational costs
and make it possible to concentrate on more desired features of
respiration [9]. Idealized geometry, steady state flow assumption,
rigid wall surfaces and fixed position assumption for airways with-
out counting for motion of lungs in the analysis are the most com-
mon simplifications utilized in the literature. Additionally, some
researchers have omitted several parts of the whole respiratory
system in their investigations in order to accurately capture the
phenomenon which has the higher priority in the intended regions.

Islam et al. studied spherical and non-spherical particle trans-
port and deposition in different geometries of respiratory airways
[10]. In another study, in order to unfold effect of turbulence and
geometric characteristics on the transport and deposition of poly-
disperse particles in the upper airways, Islam et al. [11] adopted
different anatomical models in both turbulent and laminar flows.

To generate the model for CFD calculations, experts have used
image processing techniques to rebuild realistic 3D models based
on complex geometries of upper and lower respiratory airways.

0921-8831/© 2022 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder Technology Japan. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.apt.2022.103635&domain=pdf
https://doi.org/10.1016/j.apt.2022.103635
mailto:m.abbasalizadeh@urmia.ac.ir
https://doi.org/10.1016/j.apt.2022.103635
http://www.sciencedirect.com/science/journal/09218831
http://www.elsevier.com/locate/apt

A. Arsalanloo, M. Abbasalizadeh, M. Khalilian et al.

Advanced Powder Technology 33 (2022) 103635

Nomenclature

Symbols

p fluid density [kg/m?]

Pp density of particles [kg/m?]

u dynamic viscosity of air [kg/m-s]
T particle relaxation time [s]

u fluid velocity [m/s]

up particle velocity [m/s]

t time [s]

Cp particle drag coefficient

Re, relative Reynolds number

ts characteristic time scale of fluid [s]
dp particle diameter [t m]

Ls flow characteristic length [m]

Vs flow characteristic velocity [m/s]
Q air flow rate [Ipm]

St stokes number

g gravitational acceleration [m/s?]

Acronyms

DPM Discrete Phase Model
DE Deposition Efficiency
DF Distribution Fraction

LPM Liter Per Minute

RANS Reynolds-Averaged Navier-Stokes

SIMPLE Semi-Implicit Method for Pressure Linked Equations
EWT Enhanced Wall Treatment

RSM Reynolds Stress Model

DNS Direct Numerical Simulation

LES Large Eddy Simulation

DICOM Digital Imaging and Communications in Medicine
CT-Scan Computed Tomography Scan

Gu et al. [12] studied effect of structural modifications made to the
tracheobronchial tree after the lobectomy. Gosh et al. [13] used
magnetic to enhance targeted delivery of drugs to a specific loca-
tion in the airways.

Sigh et al. [14] numerically studied effect of airway stenosis on
the air flow field and particle deposition and transport at lower air-
ways. Effect of expansion and contradiction of lungs is not consid-
ered in most previous works. Hunter et al. [15] investigated effect
of moving wall up to the third generation of respiratory airways in
an idealized geometry. Using CFD techniques, experts can evaluate
flow field conditions in diseased lungs. Sul et al. [16] and Chen
et al. [17] numerically studied flow field in an obstructed airway
and compared it with a healthy one. Koullapis et al. [18] verified
effect of velocity profile and flowrate and electrostatic charge car-
ried by discrete phase on deposition of particles. Main purpose for
studying flow field and particle deposition in the airways is to opti-
mize delivery of drugs to particular locations. One practical
method suggested in the literature for conducting the particles
inside airways is to impose external magnetic field [19]. Zhao
et al. [20] conducted a numerical study to analyze effect of carrier
shape on the dispersion and deposition of particles from a dry
powder inhaler. Effect of respiratory flow rates is studied in the
work of Rahimi Gorji et al [21]. Phuong et al. [22] performed com-
putational study on convective heat transfer in the whole respira-
tory airways including the oral and nasal cavity to the end of the
trachea in both steady and unsteady breathing conditions. Naraya-
nan et al. [23] verified effect of inlet temperature on the flow field
and particle deposition in a highly idealized mouth throat model.
Soni and Aliabadi [24] simulated airflow and deposition of particles
in an idealized ten generation model of bronchial tubes. Deng et al.
[25] performed a numerical study on deposition of particles in
three age groups: a 7 months infant, 4 year old child and a 20 year
old adult man. Comparison of the results showed that the deposi-
tion rate for infants and children is higher than adults. One major
outcome of this study was that unlike adults, particles deposit
mainly in the upper airways for infants. Li et al. [26] and Shang
et al. [27] added outside breathing zone to the computational
domain to evaluate how surrounding atmosphere affects flow pat-
terns and particle deposition in airways. Koullapis et al. [28] con-
ducted a comprehensive numerical-experimental study to
explain the flow field and two-phase flow characteristics in differ-
ent regions of upper and lower airways. Rahman et al. [29] studied
the aging effects on particle transport deposition in lungs of people

in age of 50-70 and reported that 100% of the particles with diam-
eter of 20 um get deposited at upper airways. In another recent
study, Rahman et al. [30] numerically studied particle transport
and deposition in realistic model with and without stenosis. Som-
merfeld et al. [31] analyzed flow field and particle deposition in the
lower respiratory airways for different particles with different
diameter and reported regional deposition and flow filed patterns.
Williams et al. [32] carried out a numerical study on a realistic
model of airways with considering different breathing profiles
and taking into account effect of particle-particle interaction on
the deposition efficiency. Kim et al. [33] numerically studied per-
formance of a newly designed dry powder inhaled in terms of par-
ticle deposition in different regions of respiratory airways. In this
study, CFD was coupled with DEM to evaluate the functionality
of this device. CFD methods has shown to be an important asset
for providing deeper insight towards diseases of pulmonary sys-
tem. Chen et al. [34] used an idealized geometry with two consec-
utive bifurcations to study effect of asthma on the airflow
dynamics and particle deposition in the bifurcations. In another
study, Tohidi et al. [35] investigated effect of nasal airway obstruc-
tion in the dispersion and deposition of particles in the nasal air-
ways in a realistic model. In a most recent study, Liu et al. [36]
generated realistic model based on a child upper airway to study
transport and deposition of particles in the nasal and upper air
ways. Wu et al. [37] used a magnetic drug targeting method to
deliver pharmaceutical particulates to a desired region in the left
lung in a model based on real respiratory system. Xu et al. [38] ver-
ified effect of ambient temperature and humidity on particle
growth and deposition and distribution in a realistic model of
upper and lower respiratory airways.

So far, many studies have been conducted to unfold all mechan-
ical features of respiration and deposition of particles in lungs
however, the patient specific nature of the respiratory airways
and differences in individual morphological shape of the respira-
tory system and the importance of understanding flow details in
respiratory airways has biased the researchers to dedicate extra
effort to study air flow dynamics and particle distribution and
deposition in both the upper and lower respiratory airways. Hence,
in this work a great effort has been made to study features of two-
phase flow in the lower respiratory airways based on a patient
specific realistic model human respiratory system. Different
breathing conditions and different particle sizes have been consid-
ered in this work to better evaluate the realistic conditions. The
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flow field characteristics, distribution and deposition of particles in
a realistic model of respiratory airways including the main trachea,
main stem bronchi, lobar and segmental bronchi have been studied
and analyzed. The model is reconstructed based on CT-scan images
of a healthy non-smoking adult male with no problems in his res-
piratory system. The results have been presented in terms of veloc-
ity profile and velocity contours, distribution fraction and
deposition efficiency of particles along with deposition patterns
of particles in different regions of the airways. This study also pre-
sents a comparison of particle distribution among different lungs
and lobes of the respiratory system.

2. Numerical method
2.1. Anatomy of respiratory system

Respiratory system is one of the most vital organs in human
body which is responsible for supplying the oxygen needed for
body and removing the produced carbon dioxide. The air we
breathe enters the nasal cavity and is conducted through the air-
way passages until it ends up some bubble shaped air sacs called
the alveoli, where oxygen-carbon dioxide exchange takes place
and the carbon dioxide escapes human body through the same
passages.

The respiratory system can be divided into two main regions,
the upper respiratory system and the lower respiratory system.
Upper respiratory system consists of nasal cavity, pharynx and lar-
ynx. The upper respiratory airway passages warm and clean the air
and conduct it toward the lower respiratory airway passages.
Lower respiratory system consists of the trachea, bronchi and the
alveoli. Below the larynx is trachea which conducts the air to the
lungs. Trachea at its end divides into two main bronchi which
are the main branches for the right and left lungs. These are called
main bronchi or primary bronchi. Each of the main bronchus sub-
divides further to smaller branches that conduct air to different
lobes of lungs. These secondary bifurcations are called lobar
bronchi or secondary bronchi. The right lung has three lobes called
the upper lobe, middle lobe and the lower lobe while the left lung
as a reason of presence of heart has only two, the upper lobe and
the lower lobe. Each of these lobes again subdivides into smaller
segments that comprise the third generation of airway passages
called segmental or tertiary bronchi. There are total of ten segmen-
tal bronchi at each lung. The air passes through 23 generations of
airways before it reaches the alveoli where blood cells exchange
carbon dioxide with oxygen.

In this work we have simulated the airflow and deposition of
particles inside the respiratory tract. Our simulation includes the
main trachea along with main, lobar and segmental bronchi for
both the right and left lungs. Fig. 1 depicts structure of the respira-
tory airways simulated in this work with names and positions of
different lobes and segments. The morphological characteristics
of different sections demonstrated in Fig. 1, including the perime-
ter and hydraulic dimeter have been presented in Table 1 [39].

2.2. Geometry and meshing

We have used CT-Scan (Computed Tomography Scan) images of
an adult non-smoking male with no problems in his respiratory
system to reconstruct a realistic 3d model of the tracheobronchial
tree. 266 images in DICOM format with the following specifications
were used to build the 3d model: 0.8 mm slice thickness, 512*512
spatial resolution, 35 cm field of view (FOV), 120 kV, 250 maA.
DICOM is a conventional format for transmitting medical images
and data and is supported by most of the medical imaging systems.
These images were imported to 3D-Doctor for generating the
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geometry. 3D-Doctor is an advanced 3d modeling and image pro-
cessing software for medical applications. After segmenting the
airway passages at each slice under supervision of a radiology
expert, the 3d model was reconstructed and smoothed by the soft-
ware. The model with STL format was exported to ANSYS ICEM to
be prepared for simulations. Fig. 2 shows the segmented airway in
one slice and the whole generated 3d model in 3D-Doctor.

In ANSYS ICEM, the outlets were extended further downstream
to avoid reversed flow at the outlet sections. In order to have regio-
nal deposition reports, the model was separated at each of the
lobar and segmental bronchus to have distinct walls for different
regions of the respiratory system. According to the complicated
geometry of respiratory airways, unstructured mesh with tetrahe-
dral elements was generated along with five prismatic layers at the
boundary layer region adjacent to the wall. As near wall fluctua-
tions affect the trajectory of particles in this region, in order to
accurately model the trajectories and deposition of particles, the
prismatic boundary layer cells were generated to properly capture
near wall turbulence. The final model generated and different
views of the generated mesh are depicted in Figs. 3 and Fig. 4.

2.3. Continuous phase

in the literature, three major methods have been used to simu-
late airflow and calculate deposition of particles in the respiratory
airways which are the direct numerical simulation (DNS), large
eddy simulation (LES) and Reynolds-averaged Navier-Stokes
(RANS) turbulent models. DNS is a computational method that
resolves all the range of temporal and spatial scales of the turbu-
lent flow and there is no turbulence modeling in this method.
Resolving the entire range of turbulent scales makes DNS compu-
tationally expensive such that it is not efficient to apply this
method to most of the practical engineering problems. There are
few researches performed on respiratory airways using direct
numerical simulation as a reason of high computational costs. Lin
et al. [40] used DNS to investigate effect of laryngeal jet on the air-
flow in the intra-thoracic airways and Fotos et al. [41] also used an
idealized model to study airflow and particle deposition in a single
airway bifurcation. LES however, filters eddies in small scales and
uses turbulent modeling for them while large eddies are directly
resolved similar to DNS method. Although LES is computationally
less expensive in comparison with DNS, it still needs great compu-
tational facilities. RANS uses time-averaged Navier-Stokes equa-
tions to model the turbulence fluctuations and consumes less
computational costs in comparison with the last two methods. In
this work, the Reynolds Stress Model (RSM) turbulence model
has been used to properly capture the flow features. For adequate
modeling of the near wall region the Enhanced Wall Treatment has
been adopted to better capture the near wall parameters. In RSM,
six extra transport equations are solved for the Reynolds stresses
and one other transport equation for the dissipation rate. Gener-
ally, RSM is better for resolving the intense anisotropy of the turbu-
lence in flows with anisotropy nature including reversed flows and
secondary vortices. Accuracy and proficiency of RSM model has
also been previously reported in the literature in the work of som-
merfeld et al. [31]. For the EWT model to act properly, the dimen-
sionless distance from the wall for the first cell centroid should be
on the order of one (y* 1) as recommended by the ANSYS Fluent
user’s guide [42]. In this work the height of first cell is 0.08 mm
to ensure the requirements need for y*.

The continuous phase which is air in this work, has been simu-
lated using Eulerian method and was assumed to be incompress-
ible and Newtonian with density of p = 914 kg/m? and dynamic
viscosity of u = 1.8e-05 Pa.s and the flow was assumed to be in
steady state. Although the nature of breathing is unsteady, how-
ever the steady flow assumption can properly predict flow field
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Fig. 1. Anatomy of respiratory system simulated in this study along with names of different regions. The perimeter and hydraulic diameter of the different cross sections

indicated in this figure have been presented in Table 1.

Table 1
Morphological characteristics of the model at different sections of different bronchi.
Position of the slice Perimeter Hydraulic
(P) diameter (dy,)
CS1 Trachea (beginning) 55.11 mm 16.38 mm
CS2 Trachea (end) 51.85 mm 16.01 mm
CS3 Right main stem bronchus 46.93 mm 14.23 mm
Cs4 Left main stem bronchus 41.54 mm 12.74 mm
(beginning)
CS5 Right intermediate bronchus 34.09 mm 10.54 mm
CS6  Left main stem bronchus (end) 34.72 mm 10.71 mm
CS7 Left upper lobe 29.52 mm 9.18 mm
CS8 Right lower lobe 18.1 mm 5.71 mm
CS9 Left lower lobe 22.36 mm 6.83 mm

in the realistic unsteady breathing except in the deceleration phase
and when there is flow reversal. Hence, steady flow assumption
has been prevalently made in the literature [43,44]. As we have
no heat transfer in this work, the energy equation was not solved
in the analysis. SIMPLE method was used for pressure-velocity cou-
pling and the second order upwind was used as the discretization
method. We assumed the problem to be converged when the resid-
uals were reduced below 10e-5 except for the continuum equation
that the amount of 10e-04 was assumed to suffice as the conver-
gence criteria.

Three flow rates of 15 L/m, 30 L/m and 60 L/m have been used in
this work which are respectively associated to sedentary, light and

heavy breathing conditions [45]. For inflow boundary conditions,
mass flow inlet was used and pressure outlet condition was
applied for the outlets. Moreover, the walls were assumed rigid
and no slip boundary condition was applied at the walls.

2.4. Discrete phase

A Eulerian-Lagrangian approach is used to simulate the trajec-
tories and deposition of particles in the fluid flow. In Discrete Phase
Model (DPM), the continuous phase flow field is obtained using
RANS models and after the solution was converged, the particles
are released in the computational domain and trajectories of parti-
cles are calculated. The particles have been injected from a surface
which is at the upstream of the inlet to allow the particles disperse
properly before reaching the main trachea. Initial velocity of the
particles has been set to be equal to the inlet velocity of the air
flow. It is to be noted that in DPM which calculates trajectories
of particles in Lagrangian frame of reference, particles are not trea-
ted as a continuous phase and no transport equation is solved for
them as it was done for the continuous phase, instead for each par-
ticle, the equation of motion is solved to achieve its trajectory. This
equation is written as [46]:

) +g(pp - p)

i L F (1)
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A)

Fig. 2. Reconstruction of 3D model. A) Segmented airway in one.
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Fig. 3. Final model with extended outlets.
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Fig. 4. Different views of generated mesh. A) Inlet, B) Outlet of the apical segmental bronchi at right upper lobe, C) Anterior view of the model with generated grids.
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Eq. (1) equates rate of change in inertia of particles with the forces
acting on them. It is to be mentioned that Eq. (1) is written for a unit
particle mass. The first term on the right side is drag force and the
second term on the right side is Buoyancy force which is defined as
the force exerted to a particle immersed in a fluid. In the equations
above, uy, p,, d, respectively stand for velocity, density and diameter
of particles and u, p, u stand for velocity, density and dynamic viscos-
ity of air. Cp is the drag coefficient which is written as [47]:

24
Co= Re, 4)
For Re; < 1 and for 1 < Re, < 400, Cp, is defined as:
24 0.687
Co = e (1 +0.15Re, ) (5)

The particles are assumed spherical and spherical drag law is
applied for them. In Eq. (1), F represents additional forces that
might affect motion of particles in particular circumstances. These
forces could be thermophoretic force, Brownian force, virtual mass
force and Saffman’s lift force. As there is no temperature gradient,
there is no thermophoretic force either. Brownian force is impor-
tant in laminar flow and for sub-micron particles which is not true
about this simulation. Virtual mass force plays an important role
when density of the carrier phase is much greater than density of
the discrete phase (;,"; > 1), however it is not true in this work
which is why the virtual mass force is assumed to be negligible.

Saffman’s lift force is a lift force upon the particles due to shear
and is significant for sub-micron particles. As the diameter of par-

ticles in this work range from 1 pm to 14 pm, this force is not
included in the equation of motion. Accordingly, the only forces
that are important in Eq. (1) are the buoyancy and drag and all
additional forces are negligible.

The particles are injected into the domain from the inlet surface.
The boundary conditions of DPM for outlets are set to “escape” and
as there is no bounce of particles from the surface, the boundary
condition of the discrete phase for walls is set to “trap”. The depo-
sition takes place when the distance between particle center and
the wall is less than radius of particle and in such circumstance
the software reports fate of particle as trapped. Deposition effi-
ciency of particles for each region is defined as number of particles
deposited in that region to the total number of particles that have
entered the computational domain.

2.5. Grid refinement results

In order to assure the accuracy of numerical results, the grid inde-
pendence analysis should be carried out before the main analysis to
find the optimum case in which the results do not change signifi-
cantly by further refinement of grid. In this work, two different meth-
ods have been used to check the computational domain for the best
grid which are the velocity profiles and the total deposition rate of
particles with three different diameters of 2.5, 6 and 10 um. Fig. 5
depicts the grid refinement results based on the velocity profiles
(Fig. 5 CD,E) on different sections (as shown in Fig. 5B) and total
deposition efficiency of particles (Fig. 5A). Fig. 5 implies that the
results do not vary significantly by increasing the number of ele-
ments from 1,323,000 to 1765000. It is to be noted that although
the velocity profiles of grids with 918,000 and 1,323,000 elements
are rather identical, but in some points there are slight differences
between their velocity profiles while in Fig. 5A it is observed that
there is some difference between the deposition efficiency of the grid
with 918,000 and 1,323,000 elements. Hence, for higher accuracy and
higher mesh quality, the grid with 1,323,000 elements has been
selected for rest of the study. The grid elements have been generated
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Fig. 5. Grid refinement results based on the total deposition of particles and velocity profiles at three distinct cross sections of the airways. A: Total deposition efficiency in
the whole model of the respiratory airways. B: Position of the lines used for velocity profiles. C, D, E: Velocity profiles for different grid numbers on line 1, 2 and 3 respectively.

in ICEM in which the refinement algorithms have been applied to fur-
ther enhance quality of the final mesh. The final mesh selected for
simulations had an average quality of 0.86 which is rather enough
for computational fluid dynamics simulations.

3. Results and discussion
3.1. Validation

In this study, a comprehensive analysis has been carried out to
verify validity of the numerical method employed. The results of

particle deposition in mouth throat model have been validated
with a wide variety of previous studies reported in the literature
[48,49,58-61,50-57].

Fig. 6 demonstrates deposition efficiency of particles against
impaction parameter and compares the present numerical results
with the numerical and experimental results presented in the liter-
ature. As there are different parameters that affect particle deposi-
tion, impaction parameter is introduced which accounts for both
particle diameter and flow rate of the continuous phase and is
proper for making comparison between the works that have used
different particle diameter and flow rates. Fig. 6 demonstrates a
broad spectrum of deposition results in the mouth throat region
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Fig. 6. Comparison of particle deposition in mouth throat model against impaction
parameter with the numerical and experimental data presented in the literature.

obtained in different investigations. This deviation is due to the dif-
ferent geometrical details in each individual mouth-throat model
and there are also other parameters involved such as the experi-
mental conditions of each study and different numerical methods
employed. However, it is observed in Fig. 6 that the results of the
present numerical method fit properly among the available data
depicted in Fig. 6 and indicates the validity of present numerical
method.

3.2. Flow field analysis

The respiratory airways, particularly the lower respiratory sys-
tem is very complex and can significantly influence the flow char-
acteristics. The complex morphological geometry of the airways
and local deflections in the flow path along with consecutive bifur-
cations drastically affect the flow streamlines and result in multi-
ple regions of flow separation and secondary flows and diminish
the symmetry of the flow. These factors all together alternate the
local particle deposition patterns in different regions and hence,
it is important to study the flow patterns and its characteristics
in different regions of the respiratory system. Fig. 7 demonstrates
the velocity profiles on different cross sections for the flow rate
of 60 Ipm. The positions of the planes have been shown schemat-
ically and the front (F) and rear (R) sides of the model have been
marked in the figure. According to the velocity profiles depicted
on the lines A and B which are in the main trachea, a more uniform
distribution of momentum is observed while at higher generations,
the velocity profiles are less uniform which is due to more complex
geometry of airways and the separation of flow and secondary vor-
tices generated. The velocity profiles presented in this figure are
compatible with the contours of velocity magnitude which have
been presented in Fig. 8. The velocity magnitude contours have
been depicted in different transverse cross sections at different
branches including the main trachea and other generations as well.
These planes start from the trachea and encompass other bifurca-
tions and branches in both the right and left lungs. The contours
present the velocity and flow streamlines in three flow rates of
15, 30 and 60 L/min. It is observed that even small geometrical
deflections affect the streamlines and secondary vortices are gen-
erated. This is observed in plane A where a vortex is generated at
the rear side of the plane as a result of deflection which is due to
presence of cartilage rings at the upper side of the trachea. The
presence of secondary vortices is also observed in other regions
due to sudden change in the flow path and numerous deflections
in the geometry of the airways. In the first bifurcation, the flow
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divides into two main parts but as the left main stem bronchus
is a little tighter than the right one, the flow accelerates due to con-
tinuity principle. This is indicated on the planes C and F. Another
feature observed in Fig. 7 is that increasing the flow rates may
diminish the vortices that are caused by separation. This incident
is observed on planes F, G and H. In plane H and G, two vortices
are observed in the flow rate of 15 Ipm. As the flow rate increases,
one of the vortices which is smaller vanishes and only one sec-
ondary vortices remain in the flow.

3.3. Distribution pattern

One of the most important reasons for studying aerosol trans-
port in the respiratory system is the targeted delivery of pharma-
ceutical aerosols to desired locations. As inhaled particulates are
used for pulmonary system treatment, it is important to recognize
the distribution pattern of particles and know that how particles of
different diameters distribute among different parts of the respira-
tory airways and which regions are more exposed to aerosols. The
distribution fraction introduced in this section is the ratio of num-
ber of particles that have entered a specific region to the total num-
ber of particles that have been injected into the domain. It is
derived by dividing the number of particles that have entered that
region (which may have been deposited on the walls of that region
or escaped through the outlet toward the lower generations) to the
total number of particles that have been injected in the domain.
Fig. 9A,B and ¢ show the distribution fraction of particles for differ-
ent lobes of the right and left lungs. Fig. 9 reveals that the greatest
amount of particles are delivered to the right upper lobe, left lower
lobe and right lower lobe respectively and right middle lobe
receives the least amount of particles. This outcome is regarded
to be important in case it is intended to deliver pharmaceutical
particles to a desired location in the lungs. Another finding from
this figure is that particle size and flow rate significantly influence
delivery of drugs to different locations. According to Fig. 9, the
amount of particles delivered to different lobes reduces by increas-
ing the particle size and flow rate and this occurrence is particu-
larly more remarkable about the upper lobes at right and left
lungs. As it is indicated, the amount of particles delivered to the
upper lobes in both the right and left lungs is significantly reduced
for the particles with 14-pm diameter at flow rate of 60 L/min. This
means that higher flow rates and larger particles should be avoided
when it is intended to deliver the drugs to upper lobes in both
lungs. On the other hand, the right middle lobe which receives
the least amount of particles doesn’t meet any considerable change
by changing flow rate or particle size. To explain this finding,
stokes number which is a dimensionless parameter can be illustra-
tive. Stokes number is a dimensionless parameter that describes
the flow of a particle in fluid flow. Stokes number is ratio of particle
relaxation time to the characteristic time scale of the fluid flow and
is expressed as:

_‘ED
= 2

Where

st

(6)

=1 8)

where 7p is response time of particle, t; is fluid response time,
p, is the particle density, d, is particle diameter, p is the fluid vis-
cosity, Ls is characteristic length associated with the fluid flow and
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Fig. 7. Velocity profiles at different cross sections in the model including the trachea and lower generations for flow rate of 60 Ipm. Positions of the planes and lines have been

demonstrated on the model.

Vs is characteristic velocity of the fluid. Stokes number is an indi-
cation that how well can the particles follow the fluid flow stream-
lines. Lower stokes number means the particles can properly
response to the flow streamlines and if a change in the flow path
occurs, they can efficiently follow the flow path while higher
stokes number means the response time of particles is greater than
the response time of the system and particles may not follow the
fluid flow properly. It is evident that the upper lobes in both right
and left lungs deviate considerably from the main branch of the
airways and the flow path changes a bit more toward the upper
lobes. As stokes number is proportionate to both the flow velocity
and particle size, increasing the flow rate and particle size
increases the stokes number and hence, the particles cannot lean
their path toward the upper lobes for higher stokes numbers. This
phenomenon is apparently observed in Fig. 9C which is for flow

rate of 60 Ipm, where the distribution fraction of particles for the
right and left upper lobes is significantly affected by increasing
particle size and there is a remarkable reduction in the amount
of particles that enter the right and left upper lobes. Analyzing
how the particles may distribute among different lobes can give
a better insight toward the use of pharmaceutical particulates for
targeted drug delivery and may enhance the quality of diseases
treatment.

Fig. 10 provides a better visualization of this phenomenon.
Fig. 10A,B depict the distribution of particles in the domain
0.175 s after the injection for the 1-um and 14-pum particles in
the flow rate of 60 Ipm. It is obviously seen that the particles with
dp = 1 um disperse more uniformly in different regions and the
upper lobes in both the right and left lungs and they have almost
occupied all the respiratory airways. As the diameter of particles
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Fig. 8. Velocity magnitude contours and streamlines at different cross sections for flow rates of 15, 30 and 60 Ipm. The positions of the planes have been marked with blue on
the model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

increases (Fig. 10B), it is difficult for particles to bend their path
with the flow stream and the distribution of particles is seen to
be more oriented toward the regions with less deviation from
the main path of the flow, as a result, less particles enter the upper
lobes in both the right and left lungs. This is the reason than few
number of particles are observed in the upper lobes in Fig. 10B.
Fig. 11 compares distribution of particles in the right and left
lungs for different particle size at flow rate of 60 Ipm. Fig. 11 indi-
cates that the particles do not distribute equally between two
lungs and majority of particles are delivered to the right lung.
For 1-pm particles, 53.2% of the total particles injected into domain
enter the right lung and 43.6% enter the left lung. This could be due

10

to higher flow rate of the right lung in comparison with the left
lung as stated in the work of Islam et al. [62]. However, as the par-
ticle size increases, the deposition rate of particles increases in the
trachea and carina and as a result fewer number of particles
remain in the domain. Consequently, the number of particles that
distribute to each lung reduces with increasing the particle diam-
eter as shown in Fig. 11.

3.4. Regional deposition

For an effective treatment, the pharmaceutics should deposit on
desired regions which is why it is of great importance to have
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A)

B)

Fig. 10. distribution of particles in the respiratory airways 0.175 s after start of the injection for flow rate of 60 Ipm. A) dp = 1 pm, B) and dp = 14 pm.

information about the deposition efficiencies at different regions of
the pulmonary system. These data are especially beneficial in case
of using pharmaceutical aerosols for disease cure in medical appli-
cations. It is also important for evaluating high risk regions in case
of being exposed to polluted air with suspended aerosols. Fig. 12
makes a comparison of deposition of particles with 1, 6 and 14

11

pm in the right and left lungs in different flow rates. Fig. 12 indi-
cates that at lower flow rates, the deposition in both lungs is rather
equal for particles with different size but as the flow rate increases,
the deposition in left lung exceeds the right lung. One main reason
for this is the higher deviation of the left main stem bronchus from
vertical line which causes excessive number of particles get depos-
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particle sizes.

ited on it when the flow rate and particle diameter increases. As
shown in Fig. 13C, there is an intense raise in the deposition of par-
ticles larger than 10 pm on the left main stem bronchus.

Fig. 13 A,B,C represent the deposition efficiency of particles with
different diameter in the flow rates of 15, 30 and 60 lpm respec-
tively. It is observed that in all flow rates, the left lower lobe
bronchus and left main stem bronchus are two regions with high-
est rate of deposition for most of the particle sizes. On the contrary,
the right main stem bronchus and right middle lobe bronchus are
two regions with the least amount of particle deposition. It is also
observed that deposition of particles increases with increase in the
particles diameter and flow rate and it occurs remarkably for par-
ticles larger than 8-pum. This could be justified through considering
inertial impaction which happens when particles can’t follow the
flow streamlines as a reason of high inertia and deposit on the sur-
face of the wall. Any changes in the flow direction can enhance
effect of inertial impaction. However, it is observed that at the flow
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rate of 60 Ipm the particle deposition reduces at some regions for
particles larger than 8 pum. This is result of filtration effect that
takes place at the flow upstream. In other words, most of larger
particles deposit on the walls at the initial generations of respira-
tory airways as a reason of inertial impaction which is due to inca-
pability of larger particles to change their direction with flow
stream. Accordingly, fewer particles find their way toward the
lower generations which is why deposition efficiency reduces in
these regions. This trend can be seen for flow rate of 60 Ipm
because higher flow rate intensifies effect of inertial impaction.
As an instance, at flow rate of 60 Ipm for particles larger than 10
um, deposition efficiency reduces at the left upper lobe and left
lower lobe which is because the deposition efficiency raises rapidly
on the carina and left main stem bronchus. As a result, fewer par-
ticles remain for other regions in the left lung. The same is true
about right upper lobe. Despite the filtration effect, it was previ-
ously mentioned that at higher flow rates, larger particles cannot
find their path to the upper lobes and fewer particles enter that
region which is why deposition reduces remarkably in the right
upper lobe for flow rate of 60 Ipm.

Fig. 14 depicts the deposition patterns for particles with 1 and
14 pm at flow rate of 60 Ipm and can provide a better insight about
the regions that are most prone to absorbing particles. As indicated
in this figure, by increasing the size of particles, more particles get
trapped on the initial bifurcations such as the main stem bronchi
particularly at the left lung. As the flow rate and particle diameter
increase (which both increase the stokes number), the inertial
impaction plays the dominant role as a deposition mechanism
which is why the main stem bronchi, carina and the bifurcations
are the regions with most particle deposition. In Fig. 14B which
is for the particles with 14 pm, main hotspots for deposition could
be distinguished however, in Fig. 14A which is for 1 pm particles, a
more uniform deposition pattern can be observed despite of the
few number of particles that have been deposited. The left main
stem bronchus is shown to receive a considerable amount of parti-
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Fig. 12. Comparison of deposition efficiencies in the right and left lungs for particles with different diameter at different flow rates. A: 1 pm, B: 6 um, C: 14 um.
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cles in Fig. 14B This finding is compatible with Fig. 13. It could be
elucidated by taking into account the geometrical shape of the pri-
mary bronchi. As shown in Fig. 3, geometry of two lungs is highly
asymmetric and the left primary bronchus is more horizontally ori-
ented and is longer than the right one which forces the flow to

13

deviate from its initial path in the trachea. As a consequence, there
is a higher rate of deposition in this region. This explains the pro-
gressive growth in deposition efficiency of the left and right main
stem bronchi for larger particles in Fig. 13. As previously discussed,
smaller particles with low inertia can be carried to lower genera-
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Fig. 14. Deposition patterns at flow rate of 60 Ipm for 1 and 14 um particles: both the front and rear views have been demonstrated.

tions of the airways by fluid flow and have inconsiderable deposi-
tion rate in the upper generations and most of them escape
through the outlets of the model and move toward the lower
generations.

4. Conclusion

In this study, flow field and distribution and deposition of par-
ticles with different diameters have been studied numerically in a
realistic model of respiratory airways from the trachea to the end
of segmental bronchi. The analysis has been performed for three
flow rates of 15, 30 and 60 Ipm which are associated with seden-
tary, light and heavy breathing conditions. To assess accuracy of

14

the numerical method, a comprehensive validation has been car-
ried out according to the numerical and experimental results pre-
sented in the literature. Geometrical characteristics of the model
including the hydraulic diameter and perimeter at various trans-
verse cross sections have been presented. In order to better under-
stand flow characteristic, velocity magnitude contours and flow
streamlines have been depicted on different cross sections of the
model in different regions along with the velocity profiles as well.
Despite the flow analysis, two-phase fluid-particle flow has also
been analyzed and distribution and deposition patterns of particles
have been studied to recognize the high risk regions that are more
prone to absorb particles. The main results presented in this study
are as follows:
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e Morphological characteristics of the present patient specific
model has been presented which includes the hydraulic diame-
ter and perimeter of different transverse cross sections which
encompass all the regions of the respiratory airways.

At higher generations, the velocity profiles are less uniform
which is due to complexity of the respiratory airways and flow
separation and secondary vortices generated.

The velocity contours and streamlines imply that even small
geometrical deflections affect the streamlines and result in gen-
eration of secondary vortices. It was also observed that increas-
ing flow rates may diminish the secondary vortices induced by
separation.

Majority of particles distribute to the right lung while deposi-
tion efficiency is higher in the left lung.

Increasing particles size and flow rate increase the stokes num-
ber which is an indicator of response of the particle to the
change in system parameters. As stokes number increases, the
particles can barely adjust their direction with the flow path
and more easily deposit on the initial generations of airways.
This deposition mechanism is called inertial impaction.
Increase in stokes number significantly influences the regions
with higher deviation such as the left and right upper lobes
and fewer particles enter these regions at higher flow rates for
larger particles.

The left lower lobe, left upper lobe and right lower lobe are the
regions with highest rate of particle deposition.

The filtration effect which occurs for particles with higher
stokes number increases the deposition at initial generations
and reduces the deposition efficiency in other regions.
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