<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
CCBY

Citation (APA)

Xu, R., Fan, J., Li, X., van Ommen, J. R., Shang, Y., & Kenjeres§, S. (2026). Computational optimization of spatial drug
release to enhance inhaled particle deposition in human upper and central airways. Powder Technology, 481, Article
122688. https://doi.org/10.1016/j.powtec.2026.122688

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.powtec.2026.122688

Powder Technology 481 (2026) 122688

Contents lists available at ScienceDirect

Powder Technology

journal homepage: www.journals.elsevier.com/powder-technology

TNEC]

POWDER
HNOLOGY

Check for

Computational optimization of spatial drug release to enhance inhaled il

particle deposition in human upper and central airways

Ruipeng Xu®"®| Jiaqgi Fan “‘, Xueren Li ©%¢, J. Ruud van Ommen *?| Yidan Shang 52,
Sa$a Kenjere$ »>©."

a Department of Chemical Engineering, Faculty of Applied Sciences, Delft University of Technology, Van der Maasweg 9, 2629 HZ Delft, The Netherlands
b J.M. Burgerscentrum Research School for Fluid Mechanics, Mekelweeg 2, 2628 CD Delft, The Netherlands

¢ School of Safety Engineering, China University of Mining and Technology, Xuzhou 221116, China

d Jiangsu Engineering Research Center of Dust Control and Occupational Protection, Xuzhou 221008, China

¢ School of Engineering, RMIT Unversity, PO Box 71, Bundoora, VIC 3083, Australia

fSchool of Mechanical and Automotive Engineering, Shanghai University of Engineering Science, 201620, China

8 Xuhui Central Hospital, Fudan University, Shanghai 200031, China

HIGHLIGHTS GRAPHICAL ABSTRACT
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in deeper lung generations.

Directional control of deposition was
achieved, enabling preferential targeting
of left or right lung lobes. L~ R
The results provide a foundation for de- s could provide valuable
signing site-specific and patient-tailored nicallieatmention
inhalation therapies for respiratory dis-

Non-Invasive Invasive Release after
Concentrated Release Chaotic Region

Significant
i st Gy b ety S s Reduction in Preliminary Directional
Pharynx-Larynx Deposition Control
Deposition

eases.
ARTICLE INFO ABSTRACT
Keywords: Inhaled drug delivery is a promising strategy for the rapid treatment of respiratory diseases due to its direct
Lungs targeting of the pulmonary system. Nevertheless, challenges remain in optimizing deposition efficiency, partic-
Oral medical drug delivery ularly in reaching deeper lung generations and achieving directional control of particle transport. To achieve
CFD

Discrete phase model
Particle deposition

effective deep-lung aerosol delivery, the present proof-of-concept study proposes computational optimization of
particle release strategies. Both non-invasive and invasive approaches are explored, with particular emphasis on
release concentration and spatial positioning. Numerical simulations are conducted using a previously validated

subject-specific mouth-to-lung model reconstructed from high-resolution Computed Tomography (CT) scans,
ensuring anatomical realism and geometrical reproducibility. The results show that concentrated non-invasive
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release at the mouth plane improves particle penetration through the constricted laryngeal region. Meanwhile,
invasive strategies involving focused delivery (such as catheter-based injection) lead to enhanced deposition in
the deeper lung regions. Notably, directional control of deposition was preliminarily achieved, with particles
preferentially targeting either the left or right lung lobe based on the injection position, offering new potential
for site-specific therapy. It is concluded that the presented computational framework can provide detailed
insights for optimizing particle transport and deposition in specific lung regions. These detailed insights could
provide valuable information for developing novel clinical treatments for respiratory diseases.

1. Introduction

The current rapid pace of urbanization has led to a substantial
rise in air pollution levels, transforming respiratory diseases into a
significant global public health concern. According to a report by
the World Health Organization (WHO) [1], over 7 million premature
deaths annually are linked to exposure to polluted air, underscoring
the severity of the problem. The human respiratory system, as the only
internal organ continuously exposed to the external environment, is
particularly vulnerable to airborne pollutants. These pollutants enter
the respiratory tract through inhalation, triggering a range of health
issues from asthma to chronic obstructive pulmonary disease (COPD).
Moreover, the structure of the respiratory system makes it susceptible
not only to chronic exposure but also to acute infections caused by
airborne pathogens.

In addition to chronic pollution-related conditions, the respiratory
system is frequently the primary target of emerging infectious diseases.
Over the past two decades, the world has experienced three major
outbreaks of corona viruses: SARS in 2003, MERS in 2012, and COVID-
19 in 2019, each occurring roughly 8 to 10 years apart, highlighting the
recurrent threat posed by respiratory viruses. The COVID-19 pandemic,
in particular, has heightened global awareness and scientific interest
in respiratory health and disease management. Consequently, there
has been an exponential increase in research focusing on mechanisms
of pollutant transport [2,3], inhalation exposure in occupational and
pandemic contexts [4-7], and airflow dynamics related to ventilation
performance [8,9].

Among various intervention strategies, inhalation therapy has
emerged as a promising modality for managing respiratory diseases.
Inhalers are gaining attention due to their ability to deliver medications
directly into the lungs, enabling rapid onset of therapeutic action and
reducing systemic side effects. Compared to oral or intravenous routes,
inhalation allows drug particles to bypass hepatic first-pass metabolism
and reach the affected lung tissues more efficiently. However, several
challenges persist, including variability in patient inhalation tech-
niques, the complexity of the human airway anatomy, and the difficulty
of achieving targeted deposition in the lower airways or specific lung
lobes [10].

A critical barrier in inhalation therapy is controlling aerosol particle
deposition within the human respiratory tract. Particle fate is governed
by multiple parameters, including particle size, shape, release velocity,
inhalation pattern, and airway geometry. While larger particles tend to
deposit in the upper airway due to inertial impaction, smaller particles
can reach the deep lung regions but are prone to exhalation with-
out deposition. Therefore, to optimize therapeutic efficacy and reduce
wastage, it is essential to precisely control the location and extent of
particle deposition.

To this end, two major research objectives have been previously pro-
posed: (1) a comprehensive analysis of airflow dynamics and particle
deposition patterns in the human airway, and (2) the development of
active strategies to control and optimize deposition locations [11].

Understanding airflow dynamics and particle deposition in the hu-
man airway is essential for advancing respiratory health, optimizing
inhaled drug delivery, and evaluating the risks posed by environmental
pollutants. Recent progress in computational fluid dynamics (CFD) and
experimental methods has provided new insights into these complex

processes Researchers have employed various methodologies in the
development of medical devices to evaluate the impact of different
approaches on particle deposition in the upper respiratory track. How-
ever, the scope of these studies has largely been confined to the
oropharyngeal region [12]. Airflow in the human airway is strongly
affected by anatomical geometry, breathing patterns, and flow rates,
producing diverse flow characteristics across regions.

High-velocity zones, particularly in the larynx and at airway bifur-
cations, generate turbulence and vortical structures that significantly
alter particle trajectories and deposition [13-15]. Airflow patterns also
differ between transient and steady conditions, with transient effects
most pronounced during the deceleration phase of inspiration. Never-
theless, overall deposition fractions for cyclic and steady flows often
remain similar at matched flow rates [16-18]. Variability in airflow is
additionally observed across successive airway generations, where ge-
ometric asymmetries and branching patterns can amplify disturbances
and produce cumulative effects over multiple bifurcations [19,20].

The mechanisms governing particle deposition are highly multi-
faceted, with different physical processes dominating under distinct
conditions. Inertial impaction is the primary deposition mechanism for
particles larger than 1 pm, especially in the upper airways and at higher
flow rates [13,14,21,22], whereas gravitational sedimentation plays a
major role for intermediate-sized particles in the lower airways, with
efficiency increasing log-linearly with particle size [21]. By contrast,
Brownian diffusion dominates for nanoparticles smaller than 0.1 pm,
resulting in more uniform deposition patterns and enabling penetration
into deeper lung regions [16,22,23].

Deposition has also been correlated with wall shear stress diver-
gence (WSSdiv), which has been shown to predict localized particle
retention for physiologically relevant Stokes numbers [24]. In ad-
dition to these mechanisms, deposition outcomes are influenced by
particle size and morphology [21,23,25], inhalation rate [13,14,22],
and pathological airway alterations such as asthma or stenosis. Such
conditions increase deposition due to enhanced secondary flows and
elevated airway resistance [19,22,26]. Moreover, swirling and helical
flows have been reported to either enhance or suppress deposition
efficiency depending on injection conditions, with controlled helical
flows showing potential to decrease deposition in the oral cavity while
improving targeted drug delivery [27,28].

Recent research has introduced several active strategies including
novel approaches such as particle shape, size, and surface tuning [29-
31] or using of smart inhalers [32] to control and optimize inhaled
particle deposition in the human airways, aiming to enhance drug de-
livery efficacy while minimizing side effects. One promising approach
is magnetic targeting, in which therapeutic aerosols are coupled with
magnetic particles and guided by external magnetic fields [33,34]. Both
in vitro and computational studies demonstrate that this technique can
substantially increase targeted deposition, particularly when combined
with pulsed aerosol delivery and breath-hold maneuvers [35,36]. The
efficiency depends on factors such as magnetic field strength, parti-
cle size, and source configuration, with optimized setups significantly
enhancing deposition efficiency, as shown in [33,36].

Flow engineering and inhaler design provide another avenue. Intro-
ducing controlled helical or swirling flows has been shown to reduce
unwanted deposition in the oral cavity. For example, increasing the
swirl number decreases deposition of 2 pm particles by up to 73.5%
at higher inhalation rates [27,28]. Similarly, spray parameters in pres-
surized metered-dose inhalers (pMDIs), particularly cone angle, exert a
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strong influence on deposition patterns, [37]. Researchers also analyzed
the effects of relative velocity between particles and the carrier flow, as
well as the shape of inhalers, on de-agglomeration and aerosolization,
thereby providing new reference points for optimizing drug delivery
efficiency [38].

Personalized inhalation strategies have also been proposed, in which
tailored flow profiles or breath-hold maneuvers optimize deposition
across particle sizes, [39,40]. Finally, electrostatic charge manipulation
has emerged as a complementary method, enhancing deposition in
specific airway regions, particularly for submicron particles [41].

Due to ethical constraints and the complexity of in vivo experi-
mentation, numerical simulations using Computational Fluid Dynamics
(CFD) have become the principal method for investigating these phe-
nomena [42] due to the convenient, low-cost and non-invasive char-
acteristics. Past studies have provided critical insights into geometric
modeling and simplification [42], as well as mathematical and tur-
bulence model selection [43-45] and particle tracking methodologies.
Two primary numerical approaches have been widely employed to
model particle transport. The first is the Euler-Euler method, which
treats the particle phase as a continuous medium and tracks changes in
mass fraction. This approach is commonly used in pollutant dispersion
studies [46]. The second is the Eulerian-Lagrangian approach, which
tracks individual particles based on Newton’s second law and is well
suited for detailed analysis of deposition patterns in the respiratory
tract [34,47].

In recent years, machine learning (ML) models have been intro-
duced to estimate particle deposition based on limited CFD data, with
regression models demonstrating promising results in providing fast
and accurate predictions [48]. While simulation and ML-based predic-
tion offer valuable tools for estimating deposition efficiency, achieving
precise control over deposition location, particularly in the lower air-
way generations beyond generation 8 (G8), remains an open challenge.
Previous studies have extensively focused on refining the physical char-
acteristics of particles, such as size, shape, and material properties, to
improve deposition efficiency [49-51]. However, relatively few studies
have explored optimization strategies based on release parameters,
such as concentration distribution and spatial release location.

Some previous studies have also started to focus on particle release
strategies, [52]. Efforts in this area include pairing particle release
with inhalation rate, [53], and employing invasive equipment to bypass
chaotic flow near the human throat, which has also been proposed
as a novel approach to optimize particle deposition within the air-
ways, [54]. With the recent advancement of high-resolution lungs
imaging techniques, patient-specific treatments for respiratory diseases
are also becoming feasible, [55].

Building on these foundations and addressing existing gaps in the
literature, the present study evaluates novel strategies for optimizing
particle deposition by manipulating initial release conditions. Specif-
ically, it investigates how variations in the spatial distribution and
concentration of particles at the release interface influences deposition
patterns, with emphasis on targeting regions beyond the 8th airway
generation and achieving lateral control toward either the left or right
lung. Both non-invasive (oral) and invasive (bronchoscope-assisted)
release strategies are considered. The oral route reflects typical clini-
cal and therapeutic practice, whereas the invasive approach is intro-
duced to overcome challenges associated with complex airflow in the
laryngeal region and to enhance directional deposition precision.

In summary, the present study integrates CFD modeling, Euler—
Lagrangian particle tracing, and particle release strategy optimization
to advance the understanding and control of aerosol drug delivery in
human airways. This approach aims to provide a robust framework for
developing next-generation inhalation therapies capable of achieving
personalized and spatially targeted treatment of respiratory diseases.

Powder Technology 481 (2026) 122688

y Y
f‘ —)-Plane A

4 )/___’_>PlaneB X
____)Plane D

. 1 , ’.___>Plane (§: z
] ~ Grayvity

Y
Ko,
. \
)
R

Fig. 1. The realistic lung model considered consists of the upper and central
airways (up to the 8th generation), based on the experimental studies of [56].
Planes A-C indicate characteristic locations used for detailed analysis of the
obtained results. Similarly, the selected right lung (RL) and left lung (LL)
segments, along with their upper, middle, and lower lobes, are also indicated.

2. Method
2.1. Reconstruction of human mouth-lung model

The current study builds upon previous investigations of particle
tracking and deposition estimation in the human respiratory system.
Specifically, it extends the simulation framework and analysis method-
ology developed by [33,34], and [57] which are based on experimental
work by [56]. The anatomical airway model from [56] serves as the
foundational geometry for this research, Fig. 1. The model geometry is
based on the CT scans of a healthy 47-year-old male volunteer (174 cm
in height and 78 kg in weight).

The model contains several critical anatomical regions, including
the extrathoracic airway (oral cavity and pharynx), the upper airway
(larynx), and the lower airway, which consists of the trachea bifur-
cating into the right and left lobes. This model further extends into
the lung network, reaching the eighth generation (G8) of bronchial
branching. To enable region-specific analysis of particle deposition,
the airway model is carefully segmented into anatomically relevant
zones, as shown in Fig. 1. Each region is analyzed individually to assess
deposition efficiency under different inhalation conditions.

By adopting this validated and anatomically consistent airway
model, the present study ensures comparability with previous results
while providing a robust framework to extend predictive modeling
capabilities, particularly for quantifying regional drug deposition under
varying particle injection strategies and parameters. In contrast to
similar studies in the literature, the main goal of the present work
is to perform a computational optimization of various spatial medical
drug release strategies (both invasive and non-invasive) to enhance the
deposition of inhaled particles at specific locations within the human
lung.
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2.2. Simulation methodology

2.2.1. Non-dimensional numbers

The non-dimensional number that characterizes airflow regimes in
the airways is the Reynolds number, defined as:
= M 6}
where D, is the characteristic length scale (in this case, the airway
diameter), V|, is the characteristic velocity and v is the kinematic vis-
cosity. To describe particle behavior, two non-dimensional parameters
are commonly introduced: the Stokes number and deposition efficiency.
The Stokes number represents the ratio of particle to fluid relaxation
times and signifies the particles ability to follow fluid streamlines:

Re

2
S = T 7,U,, B CcpdeUm @
“t, R 18uR

where C, is the Cunningham slip correction factor. This factor is
typically taken as C, = 1 for particles with d, > 1 pm, as applied
in [58]. For the single sub-micrometer case considered in this study
(d, = 0.5 pm), a value of C, =1.16 was used for the Stokes number
calculation.

The second parameter, deposition efficiency, is defined as:

particles deposited
particles released

Naep = ®)

2.2.2. Turbulent airflow model

In this study, steady-state airflow simulations with a flow rate of
60 L/min are first performed in accordance to previous literature [56].
The representing inlet Reynolds number in current simulation reaches
the value of Re = 4350 indicating a developed turbulent regime. To
capture turbulence effects, we applied the two-equation RANS k — @
shear-stress transport (SST) closure with enhanced wall treatment. The
complete set of governing equations is given next, [59,60].

Mass conservation:
U,
= 0 @

1

Momentum equation:

9 (oU;) N 9 (pU,U;)
ot ox; ©)
oo 0 [ (Y YN
0x; 0xj axj 0x; iy

Turbulent kinetic energy:

opk) 9 (pkU;)

ot o0x ;
Y 6)
0 ok
== |+G -V +5S
axj["axj] Kk~ X T ok

Specific dissipation rate:

o) , 9 (poU;)

ot ox;
; ax, @)
@
= a [Fwa] +Ga)_Yw+Sa)

Here, G, and G, represent the generation of the turbulence kinetic
energy and of the specific dissipation rate, respectively. .S, and G, are
user-defined source terms, while Y, and Y, are the dissipation of k
and o resulting from turbulence. Finally, I, and I, are the effective
diffusivity. Standard values of the model coefficients are used and
complete overview of the turbulence model is given in [59,60]. This
turbulence model has been applied in the previous research resulting in
acceptable balance between computational cost and accuracy compared
to the high-fidelity large eddy simulation turbulence simulation (LES)
techniques, [33,34].
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2.2.3. Particle tracking

In current research, the study on the transport and the deposition
of inertial particles plays a crucial role. Based on the requirement that
one needs to track a particle from a starting release point to the final
destination deep in the lungs, we selected the Eulerian-Lagrangian
approach. The details of the Eulerian approach for the fluid phase are
already addressed in the previous section, and here we focus on the
details of applied Lagrangian approach. Here, we will use the one-way
coupled approach, i.e. particles will not influence the airflow, which is
justifiable due to small volume fraction of the particulate phase. The
spherical particle trajectories are reconstructed by solving the equation
of motion for each particle, which is based on the second Newton’s law,
and can be written as:
mor =3 F, ®
The Y F, term includes all forces acting on the particle. In the current
study we include contributions of the drag (F"D), gravitational (ﬁg), and
pressure gradient (Fy p) forces, which are calculated as follows:

= myf .
Fp=—— (iiy ~,) ©®
p
F,=m,g (10
- Py Dﬁf
Fop= gL 11
vp =m, ( ’ > Dt 11
where f is the drag factor defined as:
1 s Rep <1
f= Re2-354 .1 < Re, <400 12)
0.687 0.0175 105
L+ 0.15Re)™ 4 s 1400 < Rep <3-10
and Re, is the particle Reynolds number, defined as:
prdy
Re, = ; P |uf—up| 13)
A

In the present work, we assume that particles are spherical and
that rotation and collision between particles is negligible. Additional
important mechanism that affects the particle movement is the tur-
bulent dispersion. Here, we adopt the discrete random walk (DRW)
model, which describes the interactions between particles and turbulent
eddies. The turbulent eddies are characterized with a Gaussian distri-
bution of random velocity fluctuations («/, v/, w') and characteristic
turbulent eddy time scale (z,). For the two-equation k — @ SST model,
turbulent dispersion term is calculated as:

u’=§\/u;2, v’=éj\/§, w’=§\/ﬁ 14)

where ¢ is a normally distributed random number, and where isotropic
distribution of velocity fluctuations is assumed:

Vit =\ =V = 2 as)
The characteristic lifetime of the turbulent eddy is calculated as:
7, =2T,,T, = CLS 16)

with C; =0.15, and ¢ = 0.09wk, as reported in [59].
2.3. Mesh generation and boundary conditions

In this study, the reconstructed patient-specific airway model was
discretized using the commercial multi-physics analysis software AN-
SYS Fluent 2022 R2, utilizing its built-in meshing capabilities as shown
in Fig. 2. To achieve high-fidelity spatial resolution while maintaining
computational feasibility, a polyhedral mesh structure was adopted
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Fig. 2. Mesh preview of the patient-specific lung geometry.

throughout the computational domain. The characteristic control vol-
ume cell size for most mesh elements ranged from 0.05 mm to 0.1 mm,
ensuring sufficient refinement in both the upper and lower airway
branches. Compared to traditional tetrahedral meshes, polyhedral
meshes offer enhanced numerical stability and reduced sensitivity to
skewness and cell distortion. These advantages make them particularly
well-suited for resolving airflow within anatomically complex, multi-
scale respiratory geometries, such as sharp curvatures in the pharynx
or narrow passages near the larynx and bronchial bifurcations, as
demonstrated in [61].

In addition to the core polyhedral elements, five prism layers with
an aspect ratio of 5 were implemented adjacent to all wall surfaces to
more effectively capture near-wall gradients. These layers are essential
for accurately resolving variables such as wall shear stress, pressure
drop, and local particle deposition, all of which are highly sensitive
to boundary layer development.

To ensure the robustness and numerical accuracy of the simulation
results, a comprehensive mesh independence study was carried out
using three different mesh densities: Coarse Mesh (0.86 million control
volumes), Medium Mesh (1.46 million control volumes), and Fine Mesh
(3.1 million control volumes).

As illustrated in Fig. 3, the medium and fine meshes demonstrate a
high level of agreement across both the vertical and horizontal velocity
profiles at a selected plane in the pharynx-larynx region. This specific
location was chosen as it represents the most complex flow field within
the simulation domain. Considering the balance between numerical
accuracy and computational efficiency, the medium mesh, consisting of
approximately 1.46 million polyhedral elements, was selected for the
subsequent CFD and particle-tracking simulations.

The scenario simulated in the current research includes a steady
breath-in condition (to mimic experimental conditions presented in
[56]) combined with the aerosol injection. The detailed boundary
condition and particle properties are summarized in Table 1.

Fig. 4 illustrates the spatial configurations and particle distribu-
tions for non-invasive release scenarios along the mouth inlet. The
left side of the figure presents four representative particle release
patterns, labeled as Cases 1 through 4, each demonstrating distinct
spread and particle density. These patterns simulate varying dispersion
intensities and initial spatial concentrations of particles released at the

Powder Technology 481 (2026) 122688

Table 1
Summary of boundary conditions and particle properties.

Boundary conditions:

Inlet Uniform velocity profile, Re,.; = 4360,
¢, =60 L/min, t = 5%, v,/v=10 [-]

Wall No-slip condition for fluid

Outlets Zero gauge pressure

Fluid Properties:

Density, p, 1.185 kg/m?3
Dynamic viscosity, p, 1.82x 107 Pa s
Temperature, T, 293 K

Particle Properties:

1000 kg/m?
(0.5-10) pm single size in each injection

Density, p,
Diameter, d,

mouth entry. Casel corresponds to a wide, dense (high-probability)
dispersion zone, in which most particles deposit within the targeted
human airway region. Conversely, Case4 represents a narrowly focused,
low-density (low-probability) distribution. Particles injected in this
region more easily penetrate the pharynx-larynx area, as demonstrated
by the reverse-tracking profile in Fig. 4. The term ‘density’ in this
context refers to the spatial concentration of deposition probability
at the inlet plane, rather than the physical density of the particle
material. The injection pattern follows a random-uniform protocol for
all subsequent cases (Cases 1-4). Injection locations are generated in
a polar coordinate system with a random radial distribution (distance
from the center) and a uniform angular distribution, thereby mimicking
the stochastic nature of localized drug-spray applications. The right
side of the figure shows a cross-sectional view of the oral cavity with
superimposed color-coded contours indicating the relative positions of
the four cases at the mouth inlet. The reference case, marked in black,
serves as the baseline for evaluating the impact of release location on
subsequent particle transport and deposition.

The ‘backtracking’ (or reverse-tracking) analysis was conducted
using the individual particle history data recorded. By linking the
final deposition coordinates of each particle to its corresponding initial
injection coordinates, we were able to isolate and map the specific
release locations at the inlet that resulted in deposition within the
pharynx-larynx region. This spatial mapping allows us to visualize the
‘deposition probability’ of the inlet cross-section, as presented in the
reference case in Fig. 4.

Colored trajectories indicate the radial offset from the central axis,
with Case 1 (red) exhibiting the most peripheral release zone and
Case 4 (purple) located near the central region. This configuration
study provides a systematic investigation of how varying initial particle
distributions affect downstream deposition behavior in the upper and
central airways, facilitating optimization of drug delivery strategies via
non-invasive oral routes.

3. Results and discussions
3.1. Airflow pattern and particle deposition validation

To ensure reliability of the simulation model, the airflow field and
total particle deposition efficiency are validated against previously
performed experimental [56] and numerical simulation [34] results.
A qualitative comparison of normalized velocity magnitude is shown
in Fig. 5. The simulation was carried out with the same experimental
mass flow rate of 60 L/min. Three representative cross-sections were
selected at the following coordinates: x = —0.255 m (Plane A - vertical
plane), z = 0.118 m (Plane B) and z = 0.146 m (Plane C), as indicated in
Fig. 1. The selected horizontal planes correspond to locations where the
airflow exhibits particularly complex patterns, such as the entrance and
exit regions of the larynx. Overall, the present simulation shows very
good agreement with experiments at all locations, Fig. 5. Minor local
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Fig. 3. (a) Mesh independence study of the current simulation model, showing the non-dimensional velocity magnitude (|U|/U,) at Plane D (z = 0.135 m) along
vertical (A) and horizontal (B) profiles. (b) Contours of the non-dimensional wall distance (y+) for the fine mesh: front view (-left), back view (-right).

Reference Case
Case 1

R=10 mm R=5 mm

Case 2
Case 3
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. 3 4 4 @ Particles Deposited to Pharynx-Larynx Region
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Fig. 4. Particle distribution of non-invasive release and relative locations along the mouth inlet with Random-Uniform Distribution (-left); Backtracking of particles
deposited in the pharynx/larynx region (-right). Note that the Casel through Case4 and their corresponding colors match the distributions shown on the left.
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Fig. 5. Contours of the non-dimensional velocity magnitude (|U|/U:) in characteristic horizontal (A,B) and vertical (C) planes are shown alongside the
experimental results of [56]. The contours of non-dimensional turbulent kinetic energy (k/Ufe f) in the vertical plane (D) are calculated using the present k — @
SST model. Note that W, L and H denote the characteristic width, length, and height of the cross-sections, respectively.
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Fig. 6. Comparison of non-dimensional velocity magnitude profiles between
the current simulation and experimental data by Banko et al. [56] extracted
along the lines A and B in Plane C.
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Fig. 7. The total particle deposition efficiency dependence on the Stokes
number (St). The impact of the turbulence dispersion (TD) and comparison
with numerical results of [34].

discrepancies can be attributed to the use of a relatively simple RANS-
type turbulence model. Further quantitative analysis of the velocity
field is performed by comparing the velocity magnitude extracted in
plane (C) along profiles (A) and (B), as shown in Fig. 6. Again, good
agreement is observed with the experimental data for both profiles,
with the characteristic peaks properly captured.

With the confirmed good agreement between the simulated airflow
patterns and experimental results, we proceed to validate the total
particle deposition efficiency. For this validation, we maintained the
inlet mass flow rate, characteristic particle diameter (dp), and density
(pp) identical to those used in the literature Ref. [34], ensuring the
same Stokes number. Furthermore, the same particle release method
(Random-Uniform) and inlet plane were selected, as shown in Fig. 4.
Overall, good agreement was obtained with the reference results, Fig.
7. The inclusion of turbulent dispersion (TD) significantly increased
the total deposition efficiency for particles within the range 1073 <
St < 5x1072. As before, some small deviations can be associated with
differences in numerical mesh used, the number of particles released,
as well as the underlying airflow turbulence model.

3.2. Analysis of concentrated particles release using a non-invasive ap-
proach

Next, we focus on performing a detailed analysis aimed at achieving
targeted deposition of particles by manipulating the injection area at
the inlet plane, as illustrated in Fig. 4. This approach is based on tracing
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Case 1

Case 3

(a)
Case 1 Case 2
Case 3 Case 4
(b)
Case 1 Case 2
Case 3 Case 4
(©)

Fig. 8. Local particle deposition for targeted release strategies with different
particle sizes: (a) dp = 0.5 pm, (b) dp = 5 pm, (c) dp = 10 pm. The smaller
plots show the back view.

back the deposited particles from the reference case to the inlet plane.
By analyzing the inlet plane, regions with lower particle concentrations
(which correspond to non-deposited particles capable of penetrating
deeper into the lungs) are identified as promising release areas. Sub-
sequently, we performed a series of simulations with varying release
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Fig. 9. Total deposition variation for non-invasive concentrated release cases
at the inlet plane (mouth region, as shown in Fig. 4). The highest reduction
was recorded at dp =5 pm with a reduction from 43.41% to 14.44%.

radii at the inlet plane (ranging from Casel to Case4, as illustrated in
Fig. 4) and different particle sizes (0.5 < d, <10 pm).

Local particle deposition patterns for the selected release strategies
(Casel-Case4) and three particle size classes (dp = 0.5,5,10 pm) are
illustrated in Figs. 8(a) to 8(c). It is observed that particles with
diameters dp = 0.5 and 5 pm (Figs. 8(a) and 8(b)) deposit primary
within the laryngeal region. In contrast, particles with dp = 10 pm
typically deposit before reaching this region, with very few successfully
penetrating deeper into the respiratory tract, Fig. 8(c).

This observation is further supported by the analysis of total deposi-
tion efficiency across the different release cases and particle diameters,
as shown in Fig. 9. Notably, significant differences are obtained be-
tween Casel and the remaining release strategies for 3 < d, < 9 pm,
where the deposition efficiency is reduced by up to 50%, indicating
that stronger penetrative capabilities are achieved. For smaller particles
(dp < 3 pm), the differences between the release strategies are minimal,
resulting in nearly identical deposition distributions for Case2 through
Case4.
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Given the complex airflow patterns in the pharynx and larynx
regions, the particle distribution is expected to be chaotic and similar
across Cases 2 to Case4. This was confirmed by the sectional deposition
results shown in Fig. 10. Numerical data show a slight improvement
in deposition and escape rates for small and medium-sized particles,
likely due to reduced deposition in the pharynx and larynx. Beyond the
larynx, the chaotic turbulent flow leads to minimal differences in the
section-wise distribution of deposited and escaped particles. For larger
particles, most deposit in the larynx or on the tracheal wall before
reaching the carina. Therefore, analyzing the escape rates for these
particles is not meaningful due to very limited sample size.

Overall, concentrated release demonstrates potential for improving
particle penetration through the pharynx and larynx, especially for
medium-sized particles. This suggests an opportunity to optimize de-
position efficiency in breath-powered drug delivery. However, because
of the turbulent, chaotic-like distribution after the larynx, the improve-
ment from the non-invasive concentrated release strategy is still rather
limited.

3.3. Invasive release after the larynx region

Although non-invasive treatment is generally preferred in medical
treatments, invasive approaches still need to be considered due to
the limited performance of non-invasive release demonstrated in the
previous section. With recent advancements in medical endoscopic
techniques, particularly the use of bronchoscopes, it has become fea-
sible to deliver dry powder aerosols directly into the central airways.
Examples include laryngeal injection [62] and the use of endotracheal
catheter [54] to release particles deeper within the upper airways.

Further analysis was conducted to achieve significant improvements
in particle deposition at deeper airway generations and to enhance
directional control. As a proof of concept, the release location was set
at a plane corresponding to the local coordinate z = 0.18 m, positioned
to avoid flow expansion and the turbulent wake downstream of the
larynx, while remaining upstream of the carina in the trachea to enable
a controlled and consistent release pattern.

The visualization of particle deposition was first conducted for three
classes of particles, following the same classification as in the previous
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Fig. 10. Sectional deposition and release chart for selected particle diameters and non-invasive delivery. The lung sections are defined according to Fig. 1: RUL
— right upper lobe; LUL — left upper lobe; RML — right middle lobe; RLL — right lower lobe; LLL — left lower lobe;.
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Fig. 11. Comparison of the local particle wall deposition for non-invasive
(before larynx) and invasive (after larynx) release for different classes of
particles: (a) dp = 0.5 pm, (b) dp =5 pm, (c) dp = 10 pm.

case. As shown in Fig. 11, particle deposition significantly increases in
the sections downstream of the carina across all particle classes. For
the large particles (dp = 10 pm), there is a significant local increase
in deposition along the trachea near the release plane, Fig. 11(c). The
total deposition efficiency is now compared with the reference case
(non-invasive release at the mouth inlet plane, Casel), as shown in Fig.
12. It can be observed that the total deposition efficiency significantly
decreases for medium- and large-sized particles, indicating enhanced
penetration deeper into the lungs. A reduction of up to 50% is achieved
even for particles with dp = 10 pm. Additionally, an asymptotic depo-
sition efficiency regime is observed for relatively small sized particles,
ie 05<d, <4 um.

Similarly to the non-invasive cases, a detailed analysis was per-
formed for various lung sections, as shown in Fig. 13. For small particles
(dp = 0.5 pm), only marginal changes in total deposition efficiency and
escaped particles were observed between the before and after larynx
release strategies. In contrast, for large particles (dp = 10 pm), there
was a significant increase in the percentage of escaped particles with
the after-larynx release, whereas this number was practically zero for
the before-larynx release. For intermediate particle size (d, = 5 pm), a
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Fig. 12. Total deposition efficiency variation for different particle sizes:
comparison between the reference case (inlet at the mouth plane, Casel) and
the after-larynx release plane, both including turbulent dispersion effects.

significant increase in escaped particles is also observed for the after-
larynx release, Fig. 13, further confirming the feasibility of the invasive
approach.

3.4. Directional deposition through invasive release

To achieve reverse tracking of the deposited particles, the process
started by identifying potential regions where most particles accu-
mulated on a specific side of the lung. Next, a target release region
was selected, and an equivalent amount of particles was released to
represent the specified concentration. Reverse tracking was then con-
ducted for each release scenario to assess the effectiveness of directional
control (see steps shown in Fig. 14).

The results are presented in Fig. 15. It can be seen that there were
significantly different patterns of local deposition depending on the
directional strategy, i.e. targeting the left versus the right part of the
lung, Fig. 15(a). A detailed overview of the escaped particles, which
indicates efficient targeting deeper into the lungs, is shown in Fig.
15(b). When comparing the reference release case (uniform) with the
right lung targeting case, an increase was obtained for all right lung
lobes, reaching almost a threefold increase in the specifically targeted
RUL region. Similarly, for left lung targeting, both the LUL and LML
regions showed approximately a twofold increase in escaped particles.

It can be concluded that the proposed invasive after-larynx direc-
tional release of particles may serve as powerful and efficient method
for controlled delivery of the medical drug to specifically selected
regions of the lung.

4. Current limitations

The current simulation employed static inlet conditions to mimic
experimental study of [56]. This simplification was justified due to
observation that particle residence times within the modeled geometry
were shorter than the typical breathing or breath-hold cycles dur-
ing inhaler use or clinical treatment, resulting in minimal expected
impact on particle deposition patterns for tested particle size range.
Nevertheless, while this approximation can introduce minor deviations,
fully transient flow modeling is recommended for cases requiring high-
precision deposition calculations, such as patient-specific lung cancer
therapies.

To capture turbulence effects, the RANS-type two-equation k—w SST
model applied here proved to be a good compromise between accuracy,
numerical robustness, and computational efficiency. For a more accu-
rate representation of local turbulence, high-fidelity simulations such
as Large Eddy Simulation (LES) or hybrid RANS/LES approaches can
be employed.
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Fig. 14. Reverse tracking of particles (d, = 10 um) deposition for the invasive after-larynx approach for the following scenarios: (A) reference case with an
uniform particle release, (B) the left lung targeted case, (C) the right lung targeted case. Note the release plane for the after-larynx invasive approach (-left) with

contours of the turbulent kinetic energy in central vertical plane.

As a proof-of-concept, a single realistic healthy lung geometry was
considered. This approach should be extended to include additional
patient-specific geometries that incorporate typical lung pathologies
such as asthma, tuberculosis, chronic obstructive pulmonary disease,
and others.
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In current work, the released spherical particles were assumed to
remain unchanged throughout the entire transport process. Potential
changes in diameter and shape due to effects temperature and humidity
effects, as well as possible particle clusters formation, are recommended
for future studies .
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Fig. 15. (a) Visualization of the particles deposition (d, = 10 pm) for the
invasive after-larynx approach for the reference case (black), the left lung
targeting (red), the right lung targeting(blue) (a front view — left; a back
view — right); Particle deposition visualization for directional targeted release
strategy; (b) Sectional escape analysis for directional targeted invasive after-
larynx release strategy.

5. Conclusions and outlook

The current study demonstrates the feasibility of applying both
invasive and non-invasive release strategies within the upper and cen-
tral human airways to optimize particle drug delivery performance.
The results indicate that concentrating the particle release on specific
regions of the inlet mouth plane can improve delivery efficiency by
enabling particles to more effectively penetrate the complex flow field
in the larynx. Compared to the non-invasive method, the invasive
approach achieved a higher level of optimization, resulting in improved
deposition performance in monitored airway generations and increased
particle escape toward the deeper lung. Directional invasive control was
further demonstrated by utilizing specific regions within the release
plane (identified through back-tracking of particles, which addition-
ally improved the targeted delivery. Although this research involved
certain assumptions and simplifications to accommodate computational
resource requirements, it presents a viable approach for patient-specific
performance estimation and directional control of particle drug de-
livery in the lungs. This approach could be valuable in developing
novel, breath-powered medical drug delivery systems and treatment
workflows for respiratory diseases.

For further investigation, the filtering criteria in the reverse track-
ing process could consider filtering particles by targeted anatomical
sections rather than by directional targeting, as applied in the current
research. A more refined division during reverse tracking may help
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achieve sectional deposition control, enabling drug delivery to specific
regions of the lung. This approach will assist in developing more

accurate delivery strategies and reduce drug usage during treatment.

List of abbreviations:

CFD - computational fluid dynamics;
CT - computed tomography;

DRW - discrete random walk;

LES - Large-Eddy Simulation;

LUL - left upper lobe;

LLL - left lower lobe;

RANS - Reynolds-Averaged Navier-Stokes;
RLL - right lower lobe;

RML - right middle lobe;

RUL - right upper lobe;

D - turbulent dispersion;
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