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ABSTRACT

The aim of this study is to examine how the de-
position efficiency of inhaled aerosol medications is
affected by the varying geometrical characteristics
of the extra-thoracic region. To this end, numerical
simulations were performed on a realistic geometry,
and on a range of simplified and modified versions.
The results were compared and evaluated based on
several factors, including deposition efficiency, mean
velocity, turbulence intensity, overall pressure drop,
and velocity profile at the exit plane. The numerical
method was validated through 3D printing and meas-
urement of the pressure drop of the realistic geometry
and the geometry that performed best among the sim-
plified geometries at the simulated flow rate. These
results will facilitate the evaluation of the usability
of simplified geometries for flow and particle depos-
ition simulations, thereby enhancing patient-specific
simulations where the extra-thoracic region cannot
be accurately reconstructed.

Keywords: CFD, CFPD, inhaled medicine, oral
airways, particle deposition

NOMENCLATURE

UMean [m/s] time averaged velocity mag-

nitude

k [m?/s*]  turbulence kinetic energy

1. INTRODUCTION

Inhaled drug particles are frequently used to treat
respiratory diseases such as asthma and chronic ob-
structive pulmonary disease (COPD). In recent years,
inhaled insulin and painkillers have also been de-
veloped. However, it is important to note that the
main drawback of these devices is the precise dosing.
It is evident that the quantity and distribution of the
deposited drug particles are crucial for the effective-
ness of the therapy. Even when a specific quantity of
medication is released into the airways, as in the case
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of pressurized metered dose inhalers (pMDIs) or dry
powder inhalers (DPIs), the deposition of particles is
influenced by various factors. These include the in-
halation flow rate, the patient’s airway geometry, the
timing of the actuation, and other variables. Over
the years, numerous deposition models have been
developed, including the semi-empirical model pro-
posed by the International Commission on Radiolo-
gical Protection (ICRP), known as the ICRP model
[L]], the 1D trumpet model, and the stochastic model,
where the term ’stochastic’ refers to the method of
generating paths [2]. However, it is important to note
that only computational fluid and particle dynamics
(CFPD) simulations can consider the exact patient-
specific geometry.

One potential methodology for creating patient-
specific three-dimensional geometries and numerical
domains involves using computed tomography (CT)
or magnetic resonance imaging (MRI) alongside seg-
mentation software capable of determining airway
boundaries based on pixel values. Segmentation can
be performed effectively on the trachea and the first
few bifurcations. However, challenges arise during
the reconstruction of the lower airways with reduced
diameters and of the mouth-throat region. In the
case of the lower airways, the resolution is typic-
ally insufficient for reconstruction. In the case of
the mouth-throat region, the source of the difficulties
lies in the complexity of the geometry [3] and the
fact that patients generally keep their mouths closed
during medical imaging. This leaves little to no gap
for reconstruction. Consequently, reconstruction of
the oral cavity and inlet boundary becomes uncer-
tain. The inability to reconstruct the oral cavity sig-
nificantly restricts research into particle deposition in
patient-specific airways, since this region influences
the flow properties and particle size distribution bey-
ond the trachea. Without proper geometric modelling
of the extra-thoracic region, results regarding depos-
ition in the lower airways cannot be relied upon.
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The effect of the geometry of the extra-thoracic
region on the flow field and particle deposition
has been extensively studied. Heenan et al. [4]
demonstrated that local velocity magnitude and flow
curvature greatly impact particle deposition. Sig-
nificant differences occur even in the case of the
same patient with different mouth openings. Grgic
et al. [5] also showed that the high local velocit-
ies and rapid changes in the flow direction are key
parameters for local deposition patterns. In their
study, Xi et al. [6] investigated the particle depos-
ition and flow field in a realistic oral cavity-throat
geometry and its simplified versions. They simpli-
fied the overall geometry by replacing the original
cross-sections with circular or elliptical ones, and
their findings showed that these modifications signi-
ficantly affected the local deposition patterns. The
study concluded that the realistic geometry provided
the most accurate deposition predictions at different
flow rates. It also identified the glottis and the up-
per trachea as the geometric features that princip-
ally affect deposition, where the so-called laryngeal
jet forms. Since the overall geometry was simpli-
fied, these features were only included in the realistic
model.

Nicolau and Zaki [[7]] performed direct numerical
simulations (DNS) on four realistic extra-thoracic
geometries. They found that the flow field and depos-
ition are affected not only by patient-specific geomet-
ric differences, but also by the position of the tongue
in the case of the same subject.

Xi et al. [8] investigated the effect of total air-
way volume, oral cavity volume, airway curvature,
and glottal area on the transport and deposition of in-
haled aerosols in the mouth-throat region. They used
and modified the realistic, constant-diameter and el-
liptical models described in [6] along with the USP
IP model described in [9]. They concluded that the
glottal area and total airway volume have a greater
impact on deposition than curvature and oral cavity
volume.

In their study, Feng et al. [10] compared seven
different upper airway geometries and identified that
the laryngeal jet and the recirculating zone signific-
antly impact particle transport and deposition. Addi-
tional studies also revealed that particle deposition in
the laryngeal region was enhanced by the formation
of the laryngeal jet. [L1,[12,[13]. Ma et al. [14] also
compared modified, realistic oral cavity—throat mod-
els and found that the uvula and epiglottis have the
greatest effect on particle deposition, however, the
models should also incorporate the soft palate.

It can be concluded that the geometry of the
throat plays a key role in the flow characteristics en-
tering the trachea, as well as in particle deposition
patterns. Since the throat can be reconstructed from
medical images, the aim of this study is to invest-
igate the potential application of a simplified oral
cavity in patient-specific particle deposition studies.
The main expectation of the simplified geometry is
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Figure 1. The complete original geometry.

that it should be easily adapted to the reconstructed
airways, provide realistic flow characteristics at the
tracheal inlet and correctly model the particle filtra-
tion properties of the extra-thoracic region. To this
end, the flow field and deposition patterns in a real-
istic extra-thoracic geometry were compared with the
results of three simplified oral cavity cases.

2. NUMERICAL METHODS
2.1. Geometry and the numerical mesh

The geometry of the oral cavity, throat, and
trachea is the same as in the SimInhale benchmark
case [[15]. The trachea was lengthened by 140 mm to
minimise the impact of the outlet boundary condition
on the flow upstream. The full original geometry (og)
can be seen in Figure |} Simplified geometries have
been created for our investigation to study the impact
of on the simplification of the oral cavity. The inlet
of the og starts with a 20 mm diameter pipe section,
which forms the basis for all the modified geomet-
ries. The center line of the og was calculated using
the VMTK Python package, then the original oral
cavity was removed with a plane cut just above the
epiglottis. The center line and exact location of the
cut are indicated in Figure 2]

The first simplified geometry (sg/) was created
by extending the inlet, followed by a 90° loft along
the center line to the cutoff. In contrast, for the
second simplified geometry (sg2), involved sweep-
ing the inlet cross-section along the center line and
lofting it to the cutoff. The third simplified geometry
(sg3) featured a swept inlet section and a swept cutoff
lofted together. For sg3, the sweeps were performed
along the lower outline in the YZ section of the ori-
ginal oral cavity rather than along the center line.
Side and top views of the simplified geometries can
be seen in Figure[3|and[d] As can be seen in Fig[3|and
[ the spaces surrounding the teeth have been com-
pletely eliminated, significantly reducing the com-
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Figure 2. Cross-sectional view of the oral cavity
and throat, showing the centerline (white), the loc-
ation of the plane section cut (black) and the pres-
sure sampling points (red marks).
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Figure 3. Simplified geometric shapes viewed
from the side.
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Figure 4. Simplified geometric shapes viewed
from the top.
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plexity of the domain.

The numerical mesh for the created models was
generated using the built-in snappyHexMesh utility
in OpenFOAM. Five boundary layer cells were ad-
ded to the walls, with the height of the first cell set
to 60 um and an expansion ratio of 1.2. Spasov et
al. [16] demonstrated that this configuration is ad-
equate for accurately resolving the boundary layer in
this geometry.

2.2. Flow field

Numerical simulations were conducted using the
OpenFOAM software package. A 60 L/min flow rate
and a zero-pressure gradient were set at the inlet for
each case, while the outlet boundary conditions were
set to zero static pressure and zero velocity gradient.
Given that the flow is turbulent at this flow rate, the
k-w SST model was selected for the turbulence mod-
elling. This model performs well in the near wall
region but might underestimate the turbulent kinetic
energy levels [17]. A commonly applied [16]
turbulence intensity of 5% was introduced at the in-
let and the omegaWallFunction was applied to the
walls to properly model the boundary layer. This
wall function calculates the local y+ value and ad-
justs its parameters accordingly. This is highly bene-
ficial, as both low- and high-velocity zones occur in
the geometry.

The used numerical schemes have been adop-
ted from the work of Spasov et al. [16]. The au-
thors demonstrated that the complexity of the geo-
metry prevents achieving a proper steady-state solu-
tion, therefore, averaging the flow field from the un-
steady solution is the best approach. To achieve this,
unsteady simulations lasting 0.5 seconds were con-
ducted using the PIMPLE algorithm, and the flow
fields were averaged over all the time steps to obtain
mean values.

A grid independence study was conducted on the
og using three different mesh resolutions. The pres-
sure was monitored in three locations shown in Fig[2}
Table [T presents the results of the grid independence
study. The results demonstrate good agreement, with
the highest relative deviation between the medium
and fine meshes being 3.46% at the third sampling
point. Therefore, the medium mesh was accepted for
the numerical studies.

Table 1. Mesh independence study results

Million | pl,Pa | p2,Pa | p3,Pa
cells
coarse | 3.533 52.51 48.01 27.58
medium | 4.686 52.82 48.41 28.03
fine 6.293 53.77 49 29.03

2.3. Particle dynamics

After solving the flow field, the passive trans-
port and deposition of kinematic particles were in-
vestigated. The equation of motion for the particles
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was solved using the icoUncoupledKinematicPar-
celFoam solver on the averaged velocity and pressure
field. The particles were introduced at the inlet patch
with a uniform size distribution. The particle dens-
ity was set to 1.23 kg/m3, with the smallest diameter
set to 1 pum and the largest to 15 um. The particles
had an initial velocity of 40 m/s in the x-direction,
with a release duration of 0.1 seconds. These values
correspond to the particle size range and velocity re-
leased from a pMDI device [19]. A total of 180,000
particles were injected into the domain. Stick inter-
action was set for the walls, meaning a particle was
considered deposited as soon as it hit the wall. The
stochasticDispersionRAS model was used to account
for turbulence. Each particle was tracked individu-
ally and the maximum particle Courant number was
set to 5e-3.

3. MESUREMENTS

In order to validate the simulations and determ-
ine the effect of simplification on the resistance of the
mouth-throat region, the average pressure was meas-
ured at the tracheal inlet. Square time-flow curves
were generated using a Piston Medical PWG-33 pul-
monary waveform generator, and the pressure differ-
ence was measured with a Sensirion SDP31 differ-
ential pressure sensor. The og and sg2 oral cavity
and throat regions were 3D-printed using DLP tech-
nology. A short channel with eight pressure sampling
ports was added at the exit of the throat to measure
the average pressure in the cross-section. The meas-
urement setup is shown below in Fig[3]

Figure 5. Measurement setup

4. RESULTS
4.1. Velocity field and pressure drop

Simplifying the oral cavity is advantageous from
both a reconstruction perspective and because it re-
quires fewer numerical cells, thereby reducing sim-
ulation times. The difference in run time was no-
ticeable in particle simulations, where the simplified
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geometry simulations were, on average, 25% faster.

As emphasized in the introduction, jet formation
in the larynx significantly impacts the flow pattern
in the trachea and consequently affects flow in the
downstream airways. Therefore, a key feature of the
simplified geometry should be its ability to produce
the same flow pattern at the tracheal inlet.

Figure [6] shows the mean velocity on the YZ
plane. The centreline of the original geometry does
not fully lie in the YZ plane, which is why the full
cross-section has not been included. As can be seen,
there is no significant difference in velocity mag-
nitude between the original and simplified cases. The
main differences can be observed in the cases of
sg2 and sg3, a higher velocity can be seen above
the tongue’s arc, and the flow separates immediately
thereafter. In the case of sg/, the separation occurs
just before the epiglottis, which reduces its impact
on the flow.

Figure [7] and Figure [§] show the mean velocity
and turbulence kinetic energy (TKE) distributions at
the inlet of the trachea in the latest timestep. The
precise location of the sections shown in Fig. [f]is in-
dicated by a black line. The main difference between
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Figure 8. Turbulent kinetic energy distribution at
the inlet of the trachea.
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the og and the simplified versions can be seen in the
shape of the recirculating zones. Other than that,
there is no significant difference in the observed ve-
locity distributions. For correct particle deposition
results, a proper turbulence kinetic energy distribu-
tion is essential [[16]. As can be observed in Fig.
[] it is striking that close to the walls on the bot-
tom side, all three simplified geometries generate a
much higher local TKE. This is certainly a consider-
able factor when using simplified geometries.

To gain a more comprehensive understanding
of the velocity distribution, the velocity components
have been plotted along the X0-X1 and YO-Y1 lines,
as shown in Fig[7] Plots of the velocity components
can be seen in Figure [I0] and [TT} As demonstrated
by the velocity magnitude plots, it is not surprising
that the z component of the velocity agrees with the
original and simplified geometries. Along the XO0-
X1 line, none of the simplified cases are close to the
original geometry with regard to the x component
of the velocity. The sg2, however, aligns well with
the y component. Along the YO-Y1 line, it is also
noteworthy that the x component of all the simplified
cases is erroneous in the vicinity of the wall at YO.
Based on the velocity profiles, sg2 was selected as
the most appropriate simplification of the three mod-
els investigated.

In the case of the og, the simulated and meas-
ured pressure differences at 60 L/min between the
inlet and the tracheal inlet were 32.06 Pa and 34.97
+3.86 Pa, respectively. For the sg2 these values were
28.72 Pa and 30.44 +£3.92 Pa. Considering the un-
steadiness of the flow and the uneven pressure distri-
bution in the exit plane, the measured and simulated
results are in good agreement. Figure [0]demonstrates
the simulated and measured pressure differences for
the two models.

4.2. Deposition of particles

The fundamental expectation when employing a
simplified oral cavity is that the filtration of particles
should be equivalent to that of the original geometry.
To investigate this property of simplified geometries,
the number of particles deposited in the oral cavity
and throat was summed. Histograms of the size dis-
tribution of the deposited particles were plotted based
on the absolute and normalized particle counts. Nor-
malization was based on particle counts for the og.
These are shown in Figure [I2]and [I3]

Using simplified geometries has been shown to
significantly reduce particle deposition across all dia-
meters. This finding is somewhat counter-intuitive
given the lack of observed differences in the flow
field. Relative filtration varies greatly from diameter
to diameter, peaking around 5 to 7 um. Below this,
there are large fluctuations, but this is due to the re-
latively low number of deposited particles. Above 8
um it remains nearly constant.

Whether simplified geometries can be used will
ultimately be determined by whether the same tend-
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Figure 13. Normalized histogram of the deposited
particles in the oral cavity and the throat

ency can be observed for other realistic oral cavity
geometries. To enhance the overall performance of
the simplification, a more robust and detailed ana-
lysis is required. However, it should be noted that
such an analysis falls outside the scope of this study.

5. CONCLUSION

In this study, the authors investigated the usabil-
ity of simplified oral cavity geometries. To this end,
numerical unsteady simulations were carried out at
a constant flow rate. The study concluded that the
geometry of the oral cavity has little to no influence
on the velocity field downstream of the throat at the
inlet of the trachea. Furthermore, simplification re-
duced the resistance of the investigated region, which
was validated by measurements. These findings are
particularly beneficial for flow simulations in the air-
ways, given the significance of the tracheal flow pro-
file for flow distribution and particle deposition in the
lower airways.

However, particle deposition simulations re-

7

vealed limitations of the simplification, as the num-
ber of deposited particles was underestimated in the
simplified geometries compared to the original geo-
metry.

Further research is necessary to improve the per-
formance of simplified oral cavities. This will in-
volve conducting parameter studies at multiple flow
rates and investigating the flow field in greater de-
tail. These investigations will form the basis of future
work.
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