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Purpose: The effectiveness of inhaled drugs is strictly related to areas reachable by drug particles. Unless particles reach the desired
part of the bronchial tree, their influence might not meet the expectations. Consequently, the disease progress might not be stopped or
even slowed down. Therefore, the primary objective of this research was to analyze the airflow patterns and particle deposition of
a standard inhaled drug using computational fluid dynamics. Methods: The study was devoted to the analysis of the particle diameter
influence on their deposition areas within the entire respiratory tract. Two patient-specific respiratory tract models, for 6 and 12-year-old
patients, were reconstructed based on the computed tomography examinations. Numerical analyses were carried out as stationary ones
with the constant inflow of the particles of various diameters (within the range of 1–50 μm). It was proven that depending on the particle
size, their deposition within the respiratory tract varies significantly. Results: The vast majority of the particles with diameters over
20 μm is gathered on the walls of the throat, whereas particles of diameters 5–15 μm are accumulated mainly on the trachea walls,
leaving the alveoli insufficiently supplied with the drug particles. Conclusions: The inhaled drug size cannot be treated as negligible
factor during the drug spraying. An improper distribution of the particles might not inhibit the symptoms of the asthma. Numerical
simulations may improve drugs selection and visualize their distribution along the airways, which might accelerate asthma treatment
personalization.
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1. Introduction

Aerosol therapy is a technique for inhaled delivery
of substances in the form of a suspension of molecules,
in which a gas is a dispersing phase, while a liquid or
solid substances forming a mist is a dispersed phase.
The aerosol therapy is considered to be one of the
most effective methods of supplying drug molecules,
especially in the case of respiratory diseases. It is
a primary method of treatment of bronchial asthma
and it plays an important role during cystic fibrosis
and primary ciliary dyskinesia (PCD) treatment. Well-
conducted treatment of cystic fibrosis, including aero-
sol therapy, affects the reduction in the incidence of

developing complications with the progression of the
disease, such as atelectasis, pneumothorax, hemoptysis
or pulmonary hypertension. In the case of PCD, the
main objective of the treatment is to prevent the for-
mation of bronchiectasis and to maintain the correct
lung function as long as possible [13]. Three of the
most prominent advantages of the aerosol therapy are
as follows:
a) it allows the drug to be delivered directly to the

place where the disease process is underway,
b) the onset of action occurs faster than when ad-

ministered by any other way,
c) it reduces the risk of systemic side effects [4], [15].

For these reasons, the aerosol therapy in children
is a widely accepted and preferred treatment, however,
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it differs from the adults’ treatment. It is associated
with distinct respiratory anatomy, airflow dynamics
and lower pulmonary deposits. It also results from
another master respiratory pattern (higher respiratory
rate, shallow breath, pulmonary arrhythmia, crying,
stop-breath). Unfortunately, information on the correct
use of individual inhalers/nebulizers are collected for
a group of adult patients or older children. Thus, in
clinical practice, the dose is adapted only based on the
child’s body mass [1], [3], [6]. A lack of good disease
control is the cause of exacerbations, which requires
modification of the treatment. A lack of proper control
of asthma affects the reduction of daytime activity,
reduces exercise capacity and lowers the quality of
life of the patient and his family [9].

In the pediatric population, the change in the ana-
tomical and physiological conditions occurring with
the age of the child must be taken into account [7], [10],
[11]. Hence, the geometry of the airways segment, in
which the drug particles are deposited, is crucial for
the effects of the treatment. Unfortunately, the pro-
portion of inhaled drugs reaching the lungs to achieve
maximum therapeutic efficacy is still very low in
children. After inhaled administration, a large part of
the dose does not reach the alveoli due to the particle
deposition in the oral and throat cavity [23], [24].

Several papers estimate the flow conditions influ-
ence on the drug particle deposition areas with the
computational fluid dynamics (CFD) tools. However,
the authors of those publications based their conclu-
sions on the patient-specific respiratory tract geome-
tries of the adult patients. For instance, Rahimi-Gorji
et al. [21] investigated cases of the flow with three
different volume flow rates (250, 500 and 1000 cm3/s)
and with the particle size equal to 1, 5 and 10 µm.
Luo and Liu [17] based on a slightly more advanced
respiratory tract model, but they imposed different
volume flow rates (210–630 cm3/s) and used differ-
ent sizes of the particles (2, 4, 6 and 10 µm). The
study of Tena and Clarà [25] was focused on the vast
theoretical description of numerous factors that af-
fect the deposition of aerosolized drugs. Moreover,
it presented results of the CFD analyses of the parti-
cle flow (particle size equal to 1 pm, 5 µm, 50 µm)
with a broad range of inlet boundary conditions, i.e.,
100–1583 cm3/s.

Despite providing a very valuable and extensive
source of information, the results obtained in the
aforementioned papers cannot be taken for granted
when it comes to the particle flow analysis for the
pediatric patients. Due to their different anatomical
characteristics with significantly smaller upper tract
geometries, the inhaled drug particles might behave

differently. Thus, the deposition areas and/or deposi-
tion rates might vary between adults and children.

There is no accurate data concerning factors af-
fecting the deposition in a particular patient in the
pediatric population. For this reason, one can find a very
limited number of articles covering the aspect of the
inhaled drug investigations in the children’s respira-
tory tract. In one of such papers, the authors analyzed
the aerosol flow in the anatomically idealized recon-
struction of the upper respiratory tracts depending on
patients’ age [5].

The paramount objective of our research was to
conduct numerical simulations of the particle flow to
analyze their distribution in the patient-specific upper
respiratory tract models of two pediatric patients. The
presented research aimed at verifying whether the size
of particles influences their deposition on the model
walls. Furthermore, it was analyzed whether the as-
sumed ranges of the sizes for each deposition mecha-
nisms can be treated as correct. Moreover, it was as-
sessed whether the obtained dependence (deposition
area vs. particle size) resembles the characteristics
obtained for adult patients.

2. Materials and methods

The models of the upper respiratory tracts were re-
constructed basing on computer tomography (CT)
data of the 6-year old and 12-year old patients who
were diagnosed during standard clinical evaluation. In
both cases, the obtained DICOM (Digital Imaging and
Communications in Medicine) image sequences started
at the middle part of the trachea. Each CT scan, de-
riving from Philips Brilliance iCT 128 slice scanner
with the resolution equal to 0.3789, 0.3789 and 1.0 mm,
was loaded into the Mimics Research 20.0 software.
After several semi-automatic segmentation techniques
and manual corrections, 3D surface models of the
upper respiratory tracts were extracted from binary
masks. The models were exported in the stereolithogra-
phy (STL) format and represented the surface models
of the patient-specific respiratory tracts. Bearing in
mind the observation that the particles of larger di-
ameter tend to deposit on the upper part of the respi-
ratory tract (mouth, throat and trachea), the idealized
artificial upper part of the trachea and throat were
added to the generated models. For that purpose, a swept
blend operation was used – its thorough description is
outlined in former publications of the authors [12],
[22], [26]. The simplified workflow chart of the model
preparation is depicted in Fig. 1, while the final geome-
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tries with the artificial trachea and throat are presented
in Fig. 2.

Fig. 2. Reconstructed models of the respiratory tracts
with marked regions of investigations:

a) 6-year old patient, b) 12-year old patient

Afterwards, the surface models were imported into
the Ansys ICEM software, where volume meshes
were prepared. To prevent obtaining too small number
of elements in the narrow branches, local refinement
of the mesh was introduced. Furthermore, the inflation
layer was embedded in mesh domains to obtain as
precise results near the model wall as possible. To
verify the influence of the mesh density on the calcu-
lated values, the mesh independence test was per-
formed, and the most optimal mesh density was cho-
sen. The final meshes (Fig. 3) comprised circa 4.3
million and 7.4 million elements for the 6-year old
and 12-year old patient geometries, respectively.

Fig. 3. Numerical mesh for the 12-year old patient geometry

Fig. 1. Simplified workflow chart of the respiratory tract reconstruction process



Z. TYFA et al.104

For the numerical simulations, which were con-
ducted with the use of the Ansys CFX v.18.2 soft-
ware, the air was defined as incompressible fluid with
the constant density, dynamic viscosity and tempera-
ture, equal to 1.1644 kg/m3, 1.87E-5 Pa·s and 303 K
(30 °C), respectively. The authors assumed rigid walls
of the respiratory tract models since the data con-
cerning the expandability of those structures for the
given patients were unavailable. The drug particles
were modeled as spherical-shaped solid structures of
constant diameters (within the range of 1–50 µm) and
constant density (i.e., 142, 189 and 236 kg/m3). Den-
sities were assessed experimentally by spraying the
inhaled drug on Petri dishes and providing informa-
tion about the measured mass and volume of the pre-
pared drug powder. In total, 45 cases were investi-
gated for each patient’s model. Such a broad spectrum
of particle sizes enabled verifying the hypothesis of
the correlation between the deposition mechanisms
and the particle size. Moreover, the main idea behind
such a vast variation of the particle size is the fact that
despite the production of the drug with the constant
size, the drug particles might combine to the larger
aggregates.

The numerical simulations were carried out as sta-
tionary ones. At the inlets to numerical domains, the
uniform velocity was assumed, equal to 1.0 m/s. For
each investigated case, the drug dose was constant:
40 µg. The static gauge pressure was set on all the
outlet surfaces, which were defined as the “opening”
boundary conditions. Relative pressure values for both
of the lungs were assumed, i.e., at all the outlets for
the 6-year old patient they were equal to –0.12 kPa,
whereas for the 12-year old patient they were equal
to –0.14 kPa.

Flow solutions were obtained by solving Reynolds-
-averaged Navier–Stokes equations, which aim at de-
composing the instantaneous field variables into time-
-averaged and fluctuating parts (Eqs. (1) and (2)).
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where Ui Uj is mean part of velocity, jiuu   is the fluctu-
ating part of velocity, P is the pressure field, while Sij
is the mean strain-rate tensor, expressed by:
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In order to solve the three unknown quantities ob-
tained after the aforementioned decomposition, a tur-
bulence model had to be added. For that purpose, the
k- Shear Stress Transport (SST) turbulence model
was used. It is claimed that it provides sufficient tur-
bulence approximations both in the boundary layer
and in the free flow regime [18].

Considering the particle transport theory, particles
are tracked through the calculated flow in a Lagrangian
way. As far as CFX solver is concerned, Lagrangian
tracking integrates particle paths through the numerical
domain until their flow is finished. Such a situation
occurs either when a particle leaves the domain or
when a predefined integration limit is reached. Mod-
eled particles generate source terms to the energy, mo-
mentum and fluid mass equations, which form a set
of differential equations that are integrated during the
computation process. According to the CFX theory
guide [2], the particle acceleration is affected by the
forces which occur due to two main phenomena: a) the
difference in velocity between the particle and fluid; b)
displacement of fluid by the particle. The general equa-
tion of the particle motion is shown in Eq. (3).
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where FD is the drag force acting on the particle, FB is
buoyancy with gravitational force, FR are forces due
to domain rotation, FVM is the virtual mass force, FP is
the pressure gradient force and FBA is the Basset force
(history term) [2].

Due to the fact that only a few of the above-men-
tioned terms have a major influence on the particle
transport, some of the forces are neglected during the
computation process, for instance, the Basset force. The
buoyancy force together with the drag force (which are
of major influence) are described below. The buoyancy
force is governed by the following formula:

gdF FPPB  )(
6

3  , (4)

where P and F are particle and fluid densities (corre-
spondingly), dP is particle diameter and g  is the
gravity vector.

As far as the drag force is concerned, the govern-
ing equation is as follows:
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where FU  and PU  are fluid and particle velocities
(correspondingly), AF is the effective particle cross
section and CD is the drag coefficient.
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The drag coefficient is introduced to account for
the experimental results on the viscous drag of a solid
sphere and can be calculated basing on the non-linear
function of the particle Reynolds number, ReP. Such
dependency is described below [2].
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It was assumed that particle influence on the fluid
flow as well as the interaction between them, i.e.,
particle-particle collisions, can be treated as negligible
factors, hence, the one-way coupling between the air
and particle flow fields was set.

The particle-wall interaction was controlled by the
equation dependent method. It means that particle
momentum change was governed by two parameters
of restitution, i.e., perpendicular and parallel coeffi-
cients. The former one was responsible for the normal
changes in the momentum, whereas the latter – for the
tangential changes. The authors assumed a direct and
immediate adhesion of particles to the model wall.
When any particle hits the wall, it sticks to its surface
and no additional particle sliding motion is calculated.
Such an assumption can be justified since walls of the
respiratory tract are not completely dry, but are cov-
ered with a thin layer of moist epithelial cells. The
viscous forces acting on the particle are greater than
forces deriving from the particle momentum (where
particle mass is extremely small). Thus, when the
particle collides with the wall, it immediately sticks to
the surface, regardless of normal and tangential ve-
locity values.

3. Results

A total deposition of particles on the respiratory
tract walls was the first analyzed parameter. Thanks to
such an analysis, the authors could easily observe the
dependence of the adhered particles locations on their
size. Figure 4 depicts the comparison of the particle
deposition on the model walls, for both investigated
patients. The particle density chosen for this compari-
son was equal to 189 kg/m3, whereas the diameters
were as follows: 1, 15 and 50 µm.

Fig. 4. Particle deposition on the analyzed models
– different particle sizes analyzed: a) 1 µm, b) 15 µm,

c) 50 µm, d) 1 µm, e) 15 µm, f) 50 µm

Analyzing distributions presented in Fig. 4 one can
notice that the particles of the highest diameters tend
to settle on the throat and the upper trachea segments.
As a result, an insufficient number of drug particles
might reach the farther target area. It was proven that
when larger particles are concerned, inertia is the
main principle of their deposition mechanism. Focus-
ing on the middle-sized particles (15 µm), one can
observe that they deposited at almost every part of the
respiratory tract, even in the vicinity of the sec-
ond/third generation of bronchi. The distribution of
the smallest particles (1 µm) seems to be relatively
similar to the former case, but with a slightly lower
concentration of the particles on the throat and upper
trachea walls. Graphical representation does not take
into account the particles that leave the numerical
domain. For instance, the particles shown in Fig. 4d
constitute merely 11% of the total number of particles,
whereas the particles of size 15 µm (Fig. 4e) consti-
tute ca. 40% of the total inflow.

Therefore, to present the data comprising all the
obtained values with higher clarity, the results are
plotted in the form of the bar charts. Figures 5 and 6
show that for each patient and each density, a sigmoid
function describes the particle deposition dependency
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on the particle size. One can observe very similar char-
acteristics for both patients. When the particle size
decreases, the overall mass of the deposited particles
tends asymptotically towards the value of circa 5 µg
which is approximately 10% of the total inflow. When
the diameter of the particles exceeds the value of
30 µm, almost the entire drug dose, i.e., 40 µg, settles
on the respiratory tract walls. The highest gradients
between each subsequent particle size occur in the
range 6–25 µm and 10–25 µm for the 12-year old and
6-year old patients, respectively. Moreover, it is worth
mentioning that with an increase in particle density,
those differences tend to increase as well. The nor-
malized comparison of the obtained results is pre-
sented in the tabularized form (Table 1).

To assess the impact of the model geometry on
the particle deposition, it was decided to compare
the cases for both patients on a single plot (Fig. 7).
Hence, one could verify whether the particle depo-
sition dependence on their size behaves similarly
for the different geometries. The sigmoid charac-
teristics of the obtained data are visible for both
patients, although, one can observe higher mass of
the deposited particles on the model wall for the 12-
year old patient. The clearest differences can be
noted in the particle diameter range 6–20 µm, espe-
cially for the case with 15 µm particles – the differ-
ence between the results for both patients exceeded
10 µg (ca. 25%). When the smallest or largest parti-
cles are concerned, the differences between both

Fig. 5. Total deposition of the particles on the respiratory tract wall for the 12-year old patient

Fig. 6. Total deposition of the particles on the respiratory tract wall for the 6-year old patient



Inhaled drug airflow patterns and particles deposition in the paediatric respiratory tract 107

cases are not significant and they occur due to the
greater area for possible deposition. Thus, this indi-
cates that the model geometry cannot be left
unmentioned when defining the proper drug dosage
and inhalation technique.

The total deposition of the particles on the respi-
ratory tract wall might give an insight into the basic
mechanisms leading to the particle settling. How-
ever, from the clinical point of view, the most im-
portant aspect is to assess whether the particles reach
the desired respiratory structures, e.g., specific part
of the lung. Hence, the authors decided to categorize
the selected areas (Fig. 2). However, even though the
right lung comprises three separate lobes, only 2

separate regions for the analysis were established.
The reason for that simplification is connected to the
limitations of the reconstructed models, due to CT
resolution limits. Furthermore, the authors introduced
the variable called particle efficacy (PE) which is
described by Eq. (7). The sole deposition particles on
the respiratory tract wall does not include the parti-
cles that leave the numerical domain, which un-
doubtedly reach farther bronchi generations and have
a better therapeutic effect. Thus, in our opinion, PE is
a better illustration of drug delivery than deposition
on the walls. In Figs. 8 and 9, the PE dependencies
on the particle size for both pediatric patients, are
outlined.

Table 1. Percentage of the particles deposited on the respiratory tract walls for all the densities and for both patients

Particles deposited on the model wall [%]

6-year old patient 12-year old patientParticle
size [µm]

142 kg/m3 189 kg/m3 236 kg/m3 142 kg/m3 189 kg/m3 236 kg/m3

1.0 11.3 11.3 11.3 14.3 14.3 14.4
1.1 11.3 11.3 11.4 14.3 14.3 14.4
3.5 11.8 11.9 11.9 15.1 15.9 16.5
5.0 12.0 12.3 12.6 17.0 18.5 20.2
6.0 12.5 12.8 13.5 19.0 21.5 24.0
8.0 13.9 15.1 16.1 24.9 29.0 33.7

10.0 15.8 18.2 21.6 32.3 38.8 45.0
15.0 27.9 38.0 48.9 52.9 63.5 70.2
20.0 51.8 66.6 81.4 71.7 81.3 88.6
25.0 76.4 88.6 92.8 86.0 92.8 96.7
30.0 89.8 96.1 98.4 94.7 97.8 99.3
35.0 96.4 99.0 99.2 97.9 99.4 99.9
40.0 99.1 99.5 99.9 99.3 99.9 100.0
45.0 98.8 100.0 100.0 99.9 100.0 100.0
50.0 100.0 100.0 100.0 100.0 100.0 100.0

Fig. 7. Total deposition of the particles on the respiratory tract wall for both patients; particle density equal to 189 kg/m3
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Focusing on the PE parameter, which defines the
particles that left the numerical domain maximizing
their chances to reach the alveoli, one can observe the
similarity of the functions describing it for both pedi-
atric patients. Generally, a decreasing trend can be
observed, especially for the middle-sized and large

particles (>15 µm). The PE parameter for the particles
smaller than 5 µm tends to be relatively constant.
Nonetheless, all the plots outlining the PE parameter
(Figs. 8 and 9) indicate that the smaller the particles,
the higher their possible efficacy. However, the parti-
cle size decrease tends asymptotically towards a spe-
cific, constant value. This means that despite inhaling
significantly smaller particles, the therapy efficacy
might not be improved. Moreover, one of the avail-
able researches indicates that too small particles, i.e.,

Fig. 8. Deposition factor and particle efficacy dependence on particle size for 12-year old patient’s geometry:
a) right superior lobe, b) right inferior lobe, c) left superior lobe, d) left inferior lobe

Fig. 9. Deposition factor and particle efficacy dependence on particle size for 6-year old patient’s geometry:
a) right superior lobe, b) right inferior lobe, c) left superior lobe, d) left inferior lobe
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<1.0 µm, might remain in suspension and as a result
can be exhaled out of the organism leading to unsuc-
cessful treatment [19].

The PE parameter values obtained for the smaller
particles are similar for each analyzed density, how-
ever, when their size exceeds ca. 20 µm, particles of
higher density tend to present worse efficacy. This
phenomenon is strictly related to higher momentum
and inertia of larger particles, which start to deposit on
earlier parts of the model walls.

From the numerical analyses performed, the fol-
lowing conclusions can be drawn.

The smallest particles tend to flow out of the nu-
merical domain since their inertia does not cause them
to impact the model wall (their flow occurs in the free
flow regime), hence, only a small fraction of the parti-
cles gathers on the wall. With the increase of the par-
ticle size, the particle inertia increases, which results
in their more frequent collisions with the model wall
and increasing deposition of drug particles. With the
further increasing size (exceeding 25–30 µm), particle
impaction with the upper parts of the model wall
(mouth and trachea) is very frequent, what drastically
reduces the number of particles that could reach the
farther structures of the respiratory tract.

The vast majority of the largest particles deposits
on the upper part of the trachea and mouth, therefore,
just a few particles can reach the bronchi – particle
efficacy at the presented segments tends to 0%.

4. Conclusions

The presented research indicated that the total
deposition of the drug particles on the entire respira-
tory tract wall is characterized by a sigmoid function
that tends asymptotically towards specific values.
What is more, when decreasing the particle size and
when the specific threshold is reached, the total depo-
sition remains nearly constant even with the further
size reduction. Comparing the total deposition results
with the data obtained by other research groups, one
can observe similar trend functions describing the
total deposition dependence on the particle size in the
1–10 µm size range [17], [20], [21], [25]. All the re-
search groups, including ours, indicate that with the
increase of the particle size, their inertia and momen-
tum increase as well, which results in a higher impac-
tion with the model wall. As a consequence, a signifi-
cantly lower number of drug particles can reach
farther structures of the bronchial tree and the alveoli.
The total deposition values obtained by others are higher

than data calculated within the following research,
however, those authors did assume different numeri-
cal settings [16], [20], [21], [25]. Moreover, the ana-
lyzed geometries were reconstructed (or artificially
created) for the adult patients, leading to larger flow
channels area. Liu et al. [16] used the artificial, ideal-
ized and symmetrical models of the children’s respi-
ratory tracts and their results of the total deposition
were higher as well. Although, they assumed a very
high density of the drug (i.e., 1000–3000 kg/m3),
which led to a drastic increase in particle inertia and,
as a result, higher impaction with the model wall.

Our study introduced the parameter defining the
particles that left the numerical domain through the
outlets (particle efficacy, PE). We do think that parti-
cles flowing out of the numerical domain will reach
farther bronchi generations and the alveoli, increasing
the possible drug diffusion to the organism, hence,
they should be considered for the analyses. Conducted
numerical simulations proved that with the increase of
the particle size, their possible efficacy is reduced.
However, the particle size decrease tends asymptoti-
cally towards specific, constant value. This means that
despite inhaling significantly smaller particles, their
efficacy might not improve. Unfortunately, one could
not find any available references in which the parameter
similar to the aforementioned particle efficacy is con-
cerned. Nonetheless, it was decided to compare the re-
sults with some general information concerning the de-
pendence of the particle deposition on the particle size.
A study of Gizińska et al. [8] suggests that particles of
diameters 20–100 µm deposit in the nasal cavity, mouth
and throat, 6–12 µm particles deposit on trachea and
bronchi walls, whereas the particles of 1–5 µm in di-
ameter reach the alveoli [8]. Another available referen-
tial indicates that particles of diameters exceeding 8 µm
tend to settle in mouth and throat, 5–8 µm particles
deposit in the larger bronchi, whereas particles with
diameters of 1–5 µm deposit on the farthest bronchi
and reach the alveoli [14]. Papers of Gizińska et al. [8],
and Kulus and Krenke [14] suggest that the smaller
particles (<1 µm) are exhaled due to high kinetic en-
ergy. Moreover, they indicate that particles which
should reach the alveoli and have a therapeutic effect
should be in the range of 1–5 µm. This is consistent
with our numerical analyses determining the particle
efficacy for pediatric patients.

A lack of further comparable data for pediatric pa-
tients suggests a necessity of conducting numerous
additional clinical trials as well as further CFD stud-
ies. During those researches, the most optimal drug
particle size and dose, together with the most optimal
shape and ejection parameters of inhalers/nebulizers,
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could be gathered for each patient. As a result, a statisti-
cal database for pediatric patients could be created al-
lowing one to perform more personalized and more ef-
fective treatment. By and large, it was proven that CFD
studies can help in analyzing the flow of drug particles
and their distribution along the patient-specific respira-
tory tract models. This can make it easier to find the
right drug dose to get the maximum action in the dis-
ease-affected area while minimizing systemic side ef-
fects.
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