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ABSTRACT

This study investigated how the hydrogen-oxygen (H,-O,) gas mixture (2:1 by volume) as an alternative particle carrier could enhance
aerosolized medicinal delivery efficiency to the peripheral lung (i.e., generation 13-to-alveoli region) compared with air. Employing an
experimentally validated computational fluid particle dynamics model, this paper predicted and compared pulmonary air-particle vs H,-O,-
particle transport and deposition in a representative human respiratory system, using multiple particle sizes (i.e., 1, 5, and 10 um) and breath-
ing patterns (12, 16, and 20 breaths per min with a fixed tidal volume of 500 ml). Results show that using the H,-O, gas mixture rather than
air produces lower Reynolds numbers, reducing turbulence intensity and flow resistance in the respiratory system under all three breathing
patterns investigated in this study. It also creates a milder mechanical ventilation environment with lower wall shear stress, thereby minimiz-
ing airway irritation. Accordingly, inertial impaction and turbulence-driven deposition in the upper airways decreased, allowing more par-
ticles to reach the peripheral lung. Across all cases, the H,-O, mixture allows more particles to reach the peripheral lung, improving
delivered efficiency by up to 9.16%. Simulations further reveal that slower breathing (i.e., lower breathing frequency) and smaller particle size
(i.e., 1 um) can further enhance particle delivery efficiency to the peripheral lung. The findings mentioned above confirm the potential of the
H,-0, gas mixture as carrier to enhance drug delivery to small airways via inhalation therapy compared with air alone. Nevertheless, before
clinical translation, potential adverse health effects, such as risks of hyperoxia, require further in vivo evaluation.
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I. INTRODUCTION

As one of the most widely used treatments for respiratory disor-
ders such as asthma, chronic obstructive pulmonary disease (COPD),
cystic fibrosis, and pulmonary infections, inhalation therapy delivers
medication directly through pulmonary routes, enhancing therapeutic
effect by bypassing systemic circulation compared to systemic admin-
istration routes such as oral injection and intravenous injection
(Borghardt et al., 2018). However, the efficiency of drug delivery to the
small airways remains limited in conventional inhalation therapies,
thereby constraining treatment effectiveness. To improve the effective-
ness of inhalation therapy, previous efforts were mainly on correct
device selection, proper patient techniques, and ongoing education
from healthcare professionals (Steiropoulos et al., 2021). Specifically,
historical focuses from physicians, patients, and researchers mainly
were on: (1) Choosing an appropriate inhaler [e.g., metered-dose

inhalers (MDIs), dry powder inhalers (DPIs), or nebulizers], which
highly depends on the individual’s age, coordination, and cognitive
abilities (Hagmeyer ef al., 2023); (2) training patients for optimal coor-
dination with the inhalers to ensure the medication reaches small air-
ways more effectively (Fung and Siu, 2019); (3) securing prime
administration techniques by integrating proper timing of actuation
and inhalation, controlled breathing patterns, and adherence to the
treatment plan for good therapeutic outcomes (Scichilone, 2015;
Takemura ef al, 2011); and (4) optimizing aerosolized particle sizes
and injection location, and generally finding the optimal diameter
range (e.g,, 1-5 um) can penetrate deep lung sites and avoid deposition
in the upper airways (Newman ef al, 1982; van der Zwaan
et al., 2024).

Indeed, the strategies mentioned above enhanced the delivered
dose to small airways, patient compliance, and disease management,
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particularly in asthma, COPD, and other respiratory conditions. While
the research community on aerosolized medicinal particle inhalation
has dominated this field, the role of the drug carrier gas has often been
overlooked. The composition of drug carrier gas can potentially vary
the Reynolds number and flow regime, which will have a significant
impact on particle transport and deposition in human respiratory sys-
tems, and has often been treated as a predetermined or secondary fac-
tor. For example, inhalation therapy typically uses ambient air as the
transport medium, but the physical properties of the gas (i.e., density,
viscosity, diffusivity, and thermal conductivity) strongly affect gas-
particle pulmonary flow dynamics. Meanwhile, carrier gases can inter-
act with the airway environment, such as humidity and temperature,
modifying particle size change due to water vapor condensation and
particle—particle agglomeration.

Specifically, under the hypothesis that lighter gases (e.g., helium-
oxygen gas mixture or so-called heliox) could reduce resistance to air-
flow, potentially enabling deeper penetration of inhaled aerosols,
researchers have been incorporating carrier gas optimization into
inhaler design, which can provide a new pathway to enhance drug
delivery efficiency, reduce side effects, and improve outcomes in inha-
lation therapy (Farooq et al., 2025; 2023; Islam et al., 2020; and Saha
and Islam, 2021).

Beyond the research conducted using heliox, multiple compre-
hensive reviews of clinical studies also highlighted the potential bene-
fits of using hydrogen-oxygen (H,-O,) gas mixture in treating
respiratory diseases, through both physical (i.e., gas properties) and
biological (i.e., anti-inflammatory) mechanisms (Johnsen ef al., 2023;
Zajac et al., 2025). Specifically, Zheng et al.(2021) conducted a robust
multicenter, randomized, double-blind, controlled clinical trial by
comparing H,-O, gas mixture inhalation vs O, therapy in acute exac-
erbation of chronic obstructive pulmonary disease (AECOPD)
patients. Patients receiving H,-O, inhalation showed greater improve-
ment in symptoms and experienced fewer adverse events, as measured
by the breathlessness, cough, and sputum scale (BCSS), compared with
those receiving O, alone. Guan ef al. (2020) conducted a randomized
controlled trial, which demonstrated that H,-O, inhalation signifi-
cantly eased disease severity and dyspnea in COVID-19 patients, likely
due to the decreased airway resistance and improved inspiratory effort.
Another study focusing on the Omicron variant found faster viral
shedding, higher lymphocyte recovery, and reduced interleukin-6 (IL-
6) levels in patients treated with the H,-O, mixture compared with O,
(Shi et al,, 2023). Involving 20 asthma and COPD patients who inhaled
a 2.4% H,-containing steam mixed gas for a single inhalation period of
45 min, Wang ef al. (2020) examined the acute effects of inhalation of
H,-containing gas and found that the treatment attenuated the inflam-
mation status in asthma and COPD patients. Their results showed that
this treatment can significantly decrease markers of inflammation,
such as monocyte chemotactic protein 1, interleukin-4 (IL-4), and
interleukin-6 (IL-6), in both COPD and asthma patients.

Prompted by clinical evidence demonstrating the anti-
inflammatory benefits of H,-O, therapy for lung diseases, the light-
weight H,-O, gas mixture shows excellent potential as a novel carrier
gas for inhalation therapy superior to air. However, how this gas com-
position affects the transport and deposition of inhaled particles across
varying particle sizes and breathing patterns remains understudied,
particularly with respect to targeted delivery to small airways, a crucial
step toward optimizing future inhaler therapies for COPD and asthma.
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To assess its potential compared to air, three key scientific questions
must be addressed:

(1) Impaction of H,-O, density on particle transport dynamics:
According to Graham’s law of diffusion and the Bernoulli prin-
ciple, the lower density of the H,-O, mixture allows a lower
Reynolds number at the same inhalation volumetric flow rates,
resulting in less turbulence. Therefore, whether using H,-O,
gas carrier can potentially reduce the turbulence dispersion-
induced particle deposition in the upper airway and increase
particle deposition in the small airways needs to be investigated.

(2) Therapeutic effect of H,~O, gas mixture on a disease-specific

level: Potentially, the reduced density can decrease inspiratory

effort and the overall work of breathing in patients with com-
promised lung function, such as asthma or COPD (Zhou et al.,

2019), and the oxygen component alleviates hypoxemia, and

the hydrogen provides antioxidant and anti-inflammatory

effects beneficial for diseases like asthma and cystic fibrosis

(Zhang et al., 2018). Whether there will be additional therapeu-

tic effects of H,-O, gas mixture for other lung disease treat-

ments should be further studied.

Safety assessment of H,—O, inhalation: Unlike O,-rich, such as

pure O, carriers that may induce hypercapnia in COPD

patients, the H,-O, gas mixture can potentially mitigate this
risk, emphasizing the importance of tailoring gas compositions

to patient conditions (Bardsley et al, 2018; Jin et al, 2025).

Thus, quantifying the exposure risks with various H,-O, com-

positions is necessary to identify the optimal H,-O, gas mixture

for inhalation therapy.

—
(S)
=

Focusing on addressing the first scientific question mentioned
and enhancing fundamental understanding of how gas carriers can
potentially enhance the targeted drug delivery to small airways for
better therapeutic outcomes, this study employed an experimen-
tally validated computational fluid particle dynamics (CFPD)
framework for predicting gas-particle flow dynamics in human
respiratory systems (Feng ef al., 2016; 2015; 2017; Haghnegahdar
et al, 2019). Indeed, CFPD (Bui ef al., 2020; Feng et al., 2021;
Kleinstreuer and Zhang, 2010; Kuprat et al., 2025; and Tian and
Ahmadi, 2021) has become a cornerstone of modern inhaled drug
delivery research by enabling the prediction of spatiotemporal dis-
tributions of variables during the aerosol transport and deposition
that are difficult to obtain through experimental studies alone
(Longest et al., 2019). Many existing publications have extensively
demonstrated that CFPD holds the strong capability to facilitate
inhalation therapy research community in conducting cutting-
edge research topics, mainly by (1) advancing deposition predic-
tion and device optimization including achieving pulmonary tar-
geted delivery (Ainetdinov ef al., 2026) and optimizing inhaler
design to reduce drug loss and evaluating smart inhalers and new
strategies such as controlled condensational growth (Longest ef al.,
2019); (2) addressing patient and disease variability such as model-
ing subject-specific airway anatomy to understand intersubject
variability (Hofmann, 2011) and simulating drug delivery in con-
stricted airways in asthma/COPD and for special populations like
infants/children (Longest ef al., 2019); and (3) integrating with
pharmacological models such as providing detailed deposition
for physiologically based pharmacokinetic/pharmacodynamic
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(PBPK/PD) models to predict drug absorption and systemic
effects, supporting model-informed drug development (Feng ef al.,
2021).

Indeed, understanding pulmonary gas-particle flow dynamics in
human respiratory function is crucial for advancing pulmonary health-
care. The validated first-principle-based and high-fidelity CFPD model
can quantify the spatiotemporal distributions of variables of interest in
subject-specific human airways (e.g., gas flow velocity, pressure, turbu-
lence kinetic energy (TKE), wall shear stress (WSS), and particle trajec-
tories) in a cost-effective, noninvasive, and time-saving manner. It can
overcome the inherent limitations of traditional in vitro/in vivo meth-
ods. In this study, CFPD simulations were carried out in a representa-
tive human respiratory system to investigate the drug particle
transport and deposition patterns with different gas carriers (ie.,
H,-0, gas mixture with a volumetric ratio of 2:1 vs air), three transient
breathing waveforms [i.e., breaths per min (BPM) =12, 16, and 20
with a fixed tidal volume of 500 ml], and three particle diameters (i.e.,
1, 5 and 10 um), respectively. One-way coupled Euler-Lagrange
model (Feng et al, 2021) was employed to simulate gas-particle trans-
port and deposition. The representative human respiratory system
contains the respiratory tract from the mouth to generation 13 (G13)
(Chen et al., 2024). Quantitative CFPD results generated in this study
help us have a better understanding of the potential of using H,-O,
gas mixture as particle carrier to enhance therapeutic efficiency to treat
lung diseases.

Il. METHODOLOGY
A. Geometry and mesh

As depicted in Fig. 1, a 3D subject-specific mouth-to-G13 air-
way geometry was developed based on existing research efforts by
integrating a mouth-to-trachea upper airway (Banko ef al., 2016;
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Zhang et al., 2012) from computed tomography (CT) scans of a
male volunteer (47 yr old, 174 cm in height, 78 kg in weight, and
no medical history of respiratory diseases) and an anatomically
realistic tracheobronchial (TB) tree created using Lung4Cer based
on a stochastic algorithm (Kitaoka ef al., 2013). It is worth noting
that the mouth-to-G13 model has been employed in our previous
publication (Chen et al., 2024). A circular mouth opening with a
diameter D;, =20 mm was designed to replicate the hydraulic
diameter of an inhaler mouthpiece. This representative respiratory
system geometry comprises 375 individual airway structures and
188 distal terminal airways, with the most distal airways being
G13. The smallest hydraulic diameter in the GI13 openings is
1.02 mm, matching that of the preterminal bronchioles.

Using Ansys Fluent Meshing 2023 R1 (Ansys, Inc., Canonsburg,
PA), a poly-hexcore meshing strategy was employed to generate the
finite volume mesh. Five near-wall prism layers were generated to
ensure yt < 1 for accurately capturing laminar-to-turbulence transi-
tion regions, where y* represents the dimensionless position of the
first computational cell from the airway wall (Menter et al., 2006). The
final mesh employed in this study was generated using a similar mesh-
ing strategy as documented in existing publications (Feng et al., 2017;
2018), which was also validated and employed in an existing publica-
tion (Chen ef al., 2024). The final mesh comprises 2997 823 volume
cells, 14 334 985 faces, and 9 136 173 nodes.

B. Governing equations

In this study, a one-way coupled Euler-Lagrange method (Benra
et al, 2011), namely, discrete phase model (DPM), was employed to
investigate gas carrier influence on inhaled medicinal aerosolized par-
ticles transport and deposition. It is assumed the gas flow field

Poly-Hexcore Mesh (Mouth
(—

Nasal Cavity
—
Pharynx

lottis'

= Z

Larynx
M-T

TB1

Trachea

188 Distal Airway Outlets

5 Near-Wall
Prism Layers

2,997,823 Cells

Ny

Right Superior Lobe
SIS

Left Superior Lobe

Right Middle Lobe
7

<Right Inferior Lobe

Left Inferior Lobe

B2 5

TB3 Local G13

Abbreviations: (1) M-T: Mouth to Trachea, (2) TB: Tracheobronchial Tree, and (3) GO-G13: Generation 0 to Generation 13.

FIG. 1. Geometry and mesh details of the human respiratory system employed in this study.
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influences the dilute particle suspension transport dynamics, while the
dilute particle suspension does not influence the gas flow field.

1. Continuous phase (gas mixture)

For a continuous phase (i.e., H-O, gas mixture or air flow), an
experimentally validated k- transition shear stress transport (SST)
model (Chen et al., 2017; Liu et al., 2024; and Zhang and Kleinstreuer,
2011) was employed to predict laminar-to-turbulence transitional air-
flow characteristics through the airway over three complete breathing
cycles with (1) the duration ratio between inhalation and exhalation
equal to 1:2, (2) a fixed tidal volume of 500 ml, and (3) breathing fre-
quencies equal to 12, 16, and 20 BPM. The breathing waveforms for
three inhalation-exhalation cycles are shown in Fig. 2. The inhaled air
is composed of 79% N, and 21% O,, and the H,-O, mixture consists
of 2/3 H, and 1/3 O, (Liu ef al, 2025), respectively. The specific gas
physical properties (Rocourt et al, 2008) are shown in Table I. For
binary gas species transport, the advection-diffusion equation for spe-
cies A can be written as

8pYA
ot

where p is mixed gas density, i is the gas flow velocity, D4 is the
molecular diffusivity between gases in the continuous phase domain,

+ V- (piiYa) = V- (pDapVYy), 1
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Yp=1-Y,. (2)

The continuity equation (total mass), momentum equation, and
energy equation can be written as

9 o

P v (o) =0 3
om
(gtu) + V- (piiii) = =Vp+V -7+ pg, (4)

T
pcp(—+ i - VT) =V (kyVT)+7:Vii
+pDagy . iVYi- VT, (5

in which p is pressure, ¢ is the gravitational acceleration, 7

= u(Vii + (Vi )T) is the viscous stress tensor, u is the dynamic vis-
cosity, T represents temperature, keﬁr is the effective thermal conduc-
tivity, which is the sum of thermal conductivity k, and turbulent
thermal conductivity k;, c,; is the specific heat capacity of gas species
A or B. It is worth noting that the Soret effect and thermophoresis are
insignificant for the pulmonary gas flow field employed in this study.
The quantitative evidence can be found in the supplementary material.
To ensure the closure of the equation system, the ideal gas law was also
employed, i.e.,

and Y, is the mass fraction of species A. Accordingly, the mass frac- p= pRT (6)
tion of species B (Yg) can be calculated by Mipix’

5 -+

——Breathing Frequency 12 BPM

A R — Breathing Frequency 16 BPM i Particle Carrle_r

3 —-—Breathing Frequency 20 BPM Air vs. H,-O,Gas Mixture

2 / A

—

Average Velocity at the Mouth [m/s]

B~

Simulation Time [s]

12 15

FIG. 2. Breathing waveforms employed in this study with different BPMs and a fixed tidal volume of 500 ml.

TABLE I. Physical properties of gases employed in this study.

p; (kgm™) i Jkg ' K1) ki (Wm™TK™) wi(Pas) Dyp (m?s71)
N, 1.145 1.04 x 10° 246 x 1072 1.78 x107° 242 x 107° (N,-0,)
0, 1.308 9.18 x 10° 246 x 1072 2.05% 107° e
H, 8.189 x 102 1.428 x 10* 1.672 x 107! 841 x 107° 7.77 x 107 (H,-0,)
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where R is the universal gas constant [8.314 J/(mol K)], and M,y;, is
the molar mass of the gas mixture, which can be calculated by

v\
Mipiz: = <Zi:AorB M) ‘ @)

Furthermore, the mixed gas properties p, ¢, and k can be calculated
using the following equations:

o pMmix

P~ wr ®)

& = D inorn Vipi(T): ©)
- Zi:AorBXiki(T)’ (10)
XYM a

> oYM
i=AorB

where M; is the molecular mass of gas species i, X; is the mole fraction
of gas species i, and k:(T) is the thermal conductivity of gas species i.

2. Discrete phase (particles)

To investigate the particle size influence on particle transport and
deposition, three different sizes of monodispersed and spherical
injected particles at the mouth opening were considered (i.e., dp =1,5,
and 10 um), respectively. In this study, the physical properties of the
investigated aerosolized particles were assumed equjvalent to physio-
logical saline, with particle density p, = 1030 kg/ m°. Particle trajecto-
ries were predicted by solving the particle translation equation (i..,
Newton’s second law), where the drag force Fp, thermophoretic force
Fry, Saffman lift force Fy, and gravity Fg as the primary forces
(Lukerchenko et al., 2012) act on particles. Brownian motion-induced
force was neglected since it is insignificant for particles with an aerody-
namic diameter equal to or larger than 1um (Heyder et al, 1986).
Specifically, the particle translation equation can be given as

du
"y~ P Fp+ Fry+F, +Fg, (12)

where m;, and i), represent the particle mass and velocity, respectively.
Fp is given by

-

1
FD:gnpd;CD(ﬁ—ﬁp){ﬁ—ﬁp‘/Cc, (13)

where d, denotes the particle diameter, C. represents the Cunningham
correction factor, and Cp refers to the drag coefficient (Chen et al,
2018), given by

a a

Cp=ar+——+—. (14)

Re,  Re,
The constants a;, a,, and a; can be determined based on the particle
Reynolds number, Rey, which was defined as (Morsi and Alexander,
1972)

plii — ip|dy
—

The Cunningham correction factor C,. was given by (Allen and Raabe,
1985)

Re, = (15)
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C.=1+ 2 (1‘257 + 0.4e’0‘55d71-7>, (16)
dP
in which 4 is the mean free path of air or H,-O, gas mixture.
Considering the existing temperature gradient VT in the gas
from the mouth under the ambient temperature to the airways under
normal body temperature, this work took the thermophoretic force
E 1y (i.e., Ludwig-Soret effect) into consideration, which drives par-
ticles suspended in the fluid domain (Derjaguin., 1976; Mason and
Chapman, 1962; and Walker et al., 1980). For spherical particles trans-
porting in the ideal fluid domain, Fry calculated by (Talbot et al,
1980)

VT
Fry = —Kpg—— T (17)
6nd, 2C(K + C,K,
Koy = map G+ Gl) (18)
p(143C,K,)(1 + 2K + 2C/K,,)
= Xuy(T), (19)
15ud,
= 20
% (20)
Y
K, ==, 21
q 1)

where u is gas dynamic viscosity. Kry is the thermophoretic coeffi-
cient. K is the ratio of gas thermal conductivity k based on transla-
tional energy over particle thermal conductivity k, = 0.6 W/(mK),
and K, is the Knudsen number. Additionally, C;, C,,, and C; are con-
stants with values of 1.17, 1.14, and 2.18, respectively.

The tensor form of the Saffman lift force F; ; can be given as (Li
and Ahmadi, 1992)

2K 1/2d
Fri=my———— (uj — tp), (22)
Sd (dlkdkl)
where K = 2.594 is the constant coefficient for the Saffman lift force,
v represents the kinematic viscosity, S is the ratio of particle density to
fluid density, and d,-j is the deformation rate tensor, which is defined as

Ou;  Ou;
dij = <8%'%52>' (23)

C. Initial and boundary conditions
1. Boundary conditions for gas carriers

To investigate the generality of H,-O, gas mixture’s influence on
inhaled medicinal particles delivery into distal airways, ie., down-
stream to G13, three inhalation—exhalation sinusoidal waveforms were
applied as the inlet boundary conditions at the mouth opening (see
Fig. 2) with different BPMs (i.e,, 12, 16, and 20 times per min), repre-
senting patient’s breathing conditions with a fixed tidal volume of
500 ml. The inhalation and exhalation time duration ratio was set as
1:2. For each CFPD simulation in this study, three inhalation—exhala-
tion cycles were simulated under the three designated BPMs men-
tioned above, with the corresponding periods [i.e., breath cycle time
(BCT) =5, 3.75, and 3s], respectively. Additionally, in each CFPD

Phys. Fluids 38, 021908 (2026); doi: 10.1063/5.0310825
Published under an exclusive license by AIP Publishing

38, 021908-5

26:20:L1 920z Arenuged o)


pubs.aip.org/aip/phf

Physics of Fluids

simulation, particles were injected at the start of the third inhalation-
exhalation cycle. Inhaled air temperature was set as the ambient indoor
temperature at 25 °C. Airway walls were assumed stationary and non-
slip in this study, and the airway wall temperature was set as the
human body temperature (i.e., 37 °C). An outlet-vent boundary condi-
tion was assigned at the G13 terminal, with a gauge pressure of 0 Pa
and a temperature of 37 °C.

2. Boundary conditions for particles

Particles were injected into the mouth opening at the end of the
second inhalation-exhalation cycle and released four times. The first
release was at a physical flow time of 2BCT + 0.01 s, where T is the
period of one complete breath. Another three releases proceeded with
a time interval of 0.01s. A total of 100000 particles were designated
for each simulation case, and a single release was embedded with
25000 particles. Since Stokes—Cunningham drag law was employed in
this study [see Eq. (16)], C. =1.16, 1.04, and 1.02 were employed for
simulations using air as the carrier when carrying the particles with the
sizes of 1, 5, and 10 um, respectively. For simulations using H,-O, gas
mixture as the carrier, C, = 1.24, 1.05, and 1.02 were employed for
simulations with the particle sizes of 1, 5, and 10 xum, respectively.

At the mouth opening, particles were assigned to escape during
exhalation. Particles were designated to be trapped at the airway walls.
It means once the distance between the centers of the particles and the
wall is less than the particle radius, they are considered deposited. At
the G13 airway openings, escaped boundary conditions were assigned
for particles.

D. Numerical setup

CFPD simulations were performed using Ansys Fluent 2025 R2
(Ansys, Inc., Canonsburg, PA) with 48 parallel solver processors on a
local HP 7840 workstation (Intel® Xeon® Processor E5-2690W v4
with dual processors, 28 cores, 56 threads, and 256 GB RAM). With
the flow time step equal to 0.001 s, it costs ~48, 60, and 80 h to com-
plete the simulations for three inhalation-exhalation cycles with
BPM =20, 16, and 12, respectively. The pressure-velocity coupling
was achieved using the finite volume method with a Semi-Implicit
Method for Pressure Linked Equations (SIMPLE) scheme. The least-
squares cell-based (LSCB) method was employed to calculate cell-
average gradients. In addition, a second-order scheme was used for
pressure discretization. A second-order upwind approach for the dis-
cretization of momentum, turbulence kinetic energy, specific dissipa-
tion rate, specific species, and energy in both time and space. It is
considered that the simulations have converged when all residuals are
below 1x107% In-house user-defined functions (UDFs) and
MATLAB scripts were employed for solver customization to achieve
the following capabilities, i.e.:

(1) Generating particle injection files,

(2) Defining the transient sinusoidal inhalation-exhalation wave-
forms at the mouth opening,

(3) Specifying the DPM time step, and

(4) Post-processing particle deposition data along the respiratory
route of the lung, as well as wall shear stress (WSS) on the air-
way wall.

ARTICLE pubs.aip.org/aip/pof

E. Particle delivery efficiency

The regional deposition of inhaled particles in human respiratory
systems, and the particles across G13 terminals, can be quantified by
regional deposition fractions (RDFs), which can be defined as

_ Number of deposited particles in a specific region

DF = . 24
Number of total particles inhaled 24)

F. CFPD model validation

The CFPD model employed in this study was validated by compar-
isons with benchmark experimental data on pulmonary airflow field
and regional particle deposition. Details of the validations can be secured
in the existing publications (Feng ef al., 2016; 2015; 2017; Haghnegahdar
et al., 2019). Nevertheless, there are still additional assumptions made
during the simulation and post-processing stages, i.e.:

(1) Owing to the unavailable experimental data for the absorption
dynamics of the gases from G13 to the alveoli, it was assumed
that the gas compositions of the backflow at G13 terminals dur-
ing the subsequent exhalation phases were updated to be identi-
cal to the gas composition at each G13 terminal opening at the
end of inhalation phases.

(2) Particles that exit from GI13 terminals were assumed to be
deposited 100% in G14-to-alveoli regions, i.e., no particles can
reenter the mouth-to-G13 domain after escaping.

(3) The dependency of viscosity, thermal conductivity coefficient,
diffusivity coefficient, and heat capacity of gases on temperature
was not considered in this study. Since the main factor of the
density difference between air and the H,-O, gas mixture, the
influence of the factors mentioned above was negligible.

(4) The Soret effect in the continuous phase was neglected due to
the small temperature gradient in the airway flows, which has
been numerically validated in this study (see supplementary
material).

Ill. RESULTS AND DISCUSSION
A. Gas flow patterns: Air vs H,-O, gas mixture

Gas flow regimes in human respiratory systems contain laminar—
turbulence-relaminarization transition flow (Zhao et al., 2021) during
the inhalation-exhalation process, which strongly impacts the trans-
port and deposition of inhaled aerosolized particles. Because inspira-
tory flow patterns play a dominant role in inhaled aerosolized particle
transport, this study mainly focused on the flow structure differences
between using the two gas carriers. Specifically, to reveal the key distin-
guished flow characteristics in both air and H,-O, gas mixture, the
velocity flow fields (i.e., normalized velocity magnitude ||#]|" at two
representative time stations, i.e., t=2BCT + 1/12BCT (at the half of
the peak inhalation flow rate) and t=2BCT + 1/6BCT (at the peak
inhalation flow rate) were selected as the comparisons under investi-
gated three breathing frequencies of 12, 16, and 20 BPM, respectively

(see Figs. 3 and 4). ||ii||" was calculated by ||ii]|" = LZL

= Ty
[[#]|f is the average velocity magnitude on the mouth opening at the
peak inhalation instant (i.e., t = 2BCT + 1/6BCT). As shown in Figs. 3
and 4 through the normalized velocity magnitude ||#||" contours, and
in Fig. 5 with tangential velocity vectors, all six cases exhibit similar

, in which
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FIG. 3. Comparisons of air and H,-O, gas mixture in ||t||” distributions on selected planes at t = 2BCT + BCT/12 with different BPMs: (a) selected planes and time instant,
(b) [|U|l;x values with three BPMs, (c) ||t||" distributions at BPM = 12, (d) ||| " distributions at BPM = 16, and (e) ||ti|| " distributions at BPM = 20.

overall flow distribution patterns. Noticeable changes can be observed
with the transient inhalation flow rate increases from t=2BCT + 1/
12BCT to t=2BCT + 1/6BCT (i.e,, at the peak inhalation flow rate) in
the selected planes (i.e., A-A’, B-B/, C-C', and D-D') with both gas
carriers at the three breathing patterns. The highlighted regions
marked in red circles on the midplane A-A’ and plane C-C' across the
glottis region shown in Figs. 3(c)-3(e) and 4(c)-4(e) reveal that the
velocity fluctuations due to mouth and laryngeal jets and the wake
recirculation in the glottis region were stronger in the H,-O, gas mix-
ture than air, more explicitly shown in Figs. 5 and 6 for turbulence
kinetic energy (TKE) distributions. It is interesting to observe that,
with the same breathing patterns, the maximum ||#]]", denoted as
l|4|]},.0s> and shown in Figs. 3(b) and 4(b), with H,-O, gas mixture
cases are higher than that with air. For example, at the peak inhalation

flow and BPM =20 [see Figs. 4(b) and 4(e)], ||ii]]},,, = 4.23 was
obtained at near the glottis region in the H,-O, gas mixture case,
which is higher than the registered |||, = 4.13 with air. Higher
lli||7 . using Hy~O, gas mixture indicates more unevenness of the
flow distributions in the glottis region than air. This is due to the lower
dynamic viscosity of the H,-O, gas mixture (i.e., 1.24 X 10> Pas)
compared to air (i.e, 1.84 x 107> Pas). Such lower dynamic viscosity
generates less viscous dissipation and mixing, leading to more skewed
velocity distributions. However, more skewed velocity distributions do
not necessarily indicate greater turbulence near the airway wall, since
the H,-O, gas mixture has a much lower density than air.

Indeed, it is worth noting that the major difference between air
and H,-O, the gas mixture is the density. Employing the ideal gas law
[i.e, Egs. (6) and (7)], the density of air and H,-O, gas mixture can be
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FIG. 4. Comparisons of air and H,~O, gas mixture in ||| distributions on selected planes at the peak inhalation flow rate t=2BCT + BCT/6 with different BPMs: (a) selected
planes and time instant, (b) |||, values with three BPMs, (c) ||t||* distributions at BPM = 12, (d) ||i||” distributions at BPM = 16, and (e) ||ti||" distributions at BPM = 20.

calculated, i.e., 1.18 and 0.49 kg/m® at the room temperature, respec-
tively. Accordingly, with the same flow velocity at the room tempera-
ture, the Reynolds number ratio between air and H,-O, gas mixture is
1.68. Such a fact indicates that when the drug particles are transported
from the mouth open to the distal airways, using H,~O, gas mixture
as the carrier can potentially reduce the turbulence dispersion induced
particle deposition than using air due to the relatively low Reynolds
number. The reduction of turbulence intensity can also be demon-
strated in Figs. 5 and 6. As visualized in Figs. 5(c)-5(e) and 6(a)-6(c),
explicitly demonstrated in Fig. 5(b), TKEp,y values with H,-O, gas
mixture are all lower than with air under three breathing patterns. The
same comparison can be found in the surface-averaged TKE and
volume-averaged TKE as well. As illustrated in Table I, at the selected
two instants (i.e., t=2BCT + 1/12BCT and t=2BCT + 1/6BCT), the

surface-averaged TKE at midplane A-A’ and volume-averaged TKE in
the entire lung model (mouth-G13) with air were higher than with
H,-O, mixture at the investigated three BPMs.

Furthermore, since the gas density will change with local temper-
ature distributions, the spatial distributions of gas densities on the mid-
plane A-A’ are also presented with three different breathing patterns at
the peak inhalation flow rate [see Figs. 7(a)-7(c)]. Associated with
Fig. 7, Figs. 8(a)-8(c) visualize the gas temperature distributions on the
midplane A-A’. As shown in Figs. 7(a)-7(c), the gas density decreases
from the mouth to the trachea as the gas warms progressively through
heat exchange with the airway walls maintained at body temperature
during their transport downstream in the upper airway and further
into the TB tree [see Figs. 8(a)-8(c)]. When moving further down-
stream to Gl, gas carrier density tends to reach uniform, ie,
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FIG. 5. Comparisons of air and H,~O, gas mixture in TKE and tangential velocity vectors on the midplane A-A’ at the peak inhalation flow rate t=2BCT + BCT/6: (a) selected
midplane A-A’ and time instant t = 2BCT + BCT/6, (b) TKE,,, values with different BPMs, (c) TKE and tangential velocity vector distributions at BPM = 12, (d) TKE and tan-
gential velocity vector distributions at BPM = 16, and (e) TKE and tangential velocity vector distributions at BPM = 20.

0.47 kg/m® for H,-O, gas mixture and 1.13 kg/m” for air, respectively.
However, at the peak flow rate instant (t=2BCT + 1/6BCT), neither
H,-0, gas mixture nor air, the density field still has not achieved a
“quasi-steady-state” at the end of G1 (see red-circled regions in Fig. 7).
As shown in Figs. 7 and 8, the density and temperature of gases with
higher BPM values require a longer distance to reach a quasi-steady-
state within the respiratory system. At a fixed tidal volume of 500 ml, a
higher BPM results in a higher flow rate, thereby increasing the distance
required for the gas density to stabilize. The observed density variations
along the airways can be primarily attributed to the temperature differ-
ence between the inhaled gas and the airway walls (see Fig. 8). The
cooler gas entering through the open mouth is progressively heated by
the warmer airway walls until body temperature is reached. Notably,

the H,-O, gas mixture attains body temperature earlier than air under
all BPM conditions investigated, which is due to H,-O, gas mixture
having higher thermal conductivity and lower density (see Table I). Tt
suggests that heat transfer between the H,-O, gas mixture and the air-
way wall is more efficient than that of air. Consequently, the smaller
temperature gradient in the H,-O, gas mixture reduces the thermopho-
retic force acting on inhaled particles, which is expected to alter their
transport and deposition behavior within the airways.

Additionally, previous investigation revealed that excessively high
wall shear stress (WSS) can lead to several specific types of damage
and related complications in the airways (Foncerrada ef al, 2018;
Reper and Heijmans, 2015). In this study, WSS and pressure distribu-
tions at the peak flow rate (t=2BCT + BCT/6) were visualized and
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FIG. 6. Comparisons of air and H,-O, gas mixture in TKE distributions on plane D-D’ under different BPMs at the peak inhalation flow rate t =2BCT + BCT/6: (a) BPM = 12,

(b) BPM = 16, and (c) BPM = 20.

compared between the two inhalation therapy strategies using air vs
H,-0, gas mixture, as shown in Figs. 9 and 10, respectively. Using
20 BPM as an example, it can be observed that, relative to conven-
tional air used as the inhaled medicinal particle carrier, the H,-O,
gas mixture can potentially provide a milder mechanical environ-
ment within the human lung system, characterized by lower WSS
acting on the airway walls and a smaller pressure drop (Ap) from
the mouth to the distal airways. At this time instant, the WSS, of
2.06 Pa was observed in the laryngopharyngeal region [circled in
Fig. 9(c)] using H,-O, gas mixture as the particle carrier, which

was substantially lower than the corresponding value of 3.72 Pa for
air. A similar trend was observed in the pressure drop, with Ap val-
ues of 31.6Pa for the H,-O, gas mixture and 71.3Pa for air,
respectively [see Fig. 10(c)]. These findings suggest that inhalation
with an H,-O, gas mixture may reduce airway mechanical stress
and flow resistance and thereby encourage the adoption of such
less invasive ventilation procedures to alternate the currently use
(Nof et al., 2020), with the advantages of minimizing the potential
for epithelial irritation or tissue damage during breathing or aero-
sol drug delivery.

TABLE II. Surface-averaged TKE (m%s?) on midplane A-A’ and volume-averaged TKE (m?/s?) at time t = 2BCT + BCT/12 and t =2BCT + BCT/6.

BPM =12 BPM =16 BPM =20

Time Locations Air H,-0, Air H,-0, Air H,-0,
Midplane A-A’ 318 x 102 1.11x 102 7.77 x 102 5.16 x 102 1.46 x 107! 1.16 x 10"
2BCT + BCT/12 Entire lung 170x 107 580x107°  451x107>  266x107>  875x1072  648x 1072
Midplane A-A/ 1.06 x 107" 8.49 x 102 241x 107" 2.04x 107" 3.97x 107" 351x 107"
2BCT + BCT/6 Entire lung 594% 1072 442x10°2  136x1070  110x10°'  230x100  194x 10"
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B. Impact of gas carrier on particle transport and
deposition

Following the analysis of flow dynamics and pressure characteris-
tics, the investigation was extended to assess whether and then how
the use of an H,-O, gas mixture as a particle carrier offered greater
potential than air for efficient drug delivery to the deep lung. To this
end, the transport and deposition of 1, 5, and 10 um particles within
the human respiratory system were further analyzed and visualized
under both carrier gases and three breathing patterns (12, 16, and
20 BPM).

Figures 11(a)-11(c) show the regional deposition fractions
(RDFs) from G13 to alveoli at the end of the third breathing cycle,
with multiple particle diameters, BPMs, as well as two different gas car-
riers. It can be found that using H,-O, gas mixture can deliver more
particles to the peripheral lung region (G13-to-alveoli) than using air
for all particle sizes and breathing patterns tested. The enhancement of
RDFs in the Gl3-to-alveoli region ranged from 9.16% [for 10 um

particles at 12 BPM shown in Fig. 11(a)] to 0.13% [for 1 um particles
at 12 BPM shown in Fig. 10(a)]. This improved delivery dose to the
G13-to-alveoli region with the H,-O, gas mixture was attributed to its
lower density (see Fig. 7) and higher kinematic viscosity compared
with air, which reduced the Reynolds number and consequently low-
ered the TKE (see Figs. 5 and 6) and the resultant turbulence disper-
sion effect and the induced particle deposition from mouth to G13.
Specifically, as displayed in Figs. 6(a)-6(c) showing TKE distributions
of the sliced plane D-D’ at the peak flow instant which details the
velocity fluctuations at three bronchial bifurcations, the induced turbu-
lence energy in the H,-O, gas mixture at near wall regions (see red-
circled region in Fig. 10) was much smaller than the same locations in
the air, although the registered maximum TKE TKE,, is close to
each other in both fluid domains. For example, at the inhalation flow
peak instant (i.e., t=2BCT + BCT/6), as shown in Figs. 6(a)-6(c),
TKEpax = 0.141, 0.259, and 0.418 m?/s* on D-D’ were found for cases
using air as the carriers with 12, 16, and 20 BPM, respectively. In

Phys. Fluids 38, 021908 (2026); doi: 10.1063/5.0310825
Published under an exclusive license by AIP Publishing

38, 021908-11


pubs.aip.org/aip/phf

Physics of Fluids ARTICLE

Q) _—
i
> J:]—Y

L
I}

4‘
Temperature [K] ( J

310
309
308
306
305
304
303
302
300
299

298 I
Timet =2BCT+BCT6 ‘g

HZ'OZ
12 BPM |

pubs.aip.org/aip/pof

H-0, H,-0,
16 BPM 20 BPM

FIG. 8. Comparisons of air and H,~O, gas mixture in temperature distributions on the midplane A-A" at the peak inhalation flow rate t=2BCT + BCT/6: (a) BPM =12, (b)

BPM = 16, and (c) BPM = 20.

contrast, TKE .= 0.138, 0.255, and 0.413 m%/s*> on D-D’ were docu-
mented for the H,-O, gas mixture cases for 12, 16, and 20 BPM,
which are all lower than air cases. As a result, the reduction in TKE
will lead to the decrease in inertial impaction and turbulence
dispersion-induced particle deposition in the upper airway, and more
particles can potentially transport into the peripheral lung region using
the H,-O, gas mixture as the carrier than air.

The potential of the H,-O, gas mixture to deliver more particles
to the peripheral lung region than air can also be demonstrated by the
RDFs. Figures 12(a)-12(c) compare RDFs at the end of third breathing
circles with multiple particle diameters and BPMs between using air
and H,-O, gas mixture as the carrier in the categorized five airway
regions (see Fig. 1). Specifically, the five airway regions are as follows:
the upper airway from mouth to trachea (M-T), tracheobronchial tree
1 (TB1) including the main trachea region to the left superior lobe and
right superior lobe, TB2 involving the left inferior lobe, TB3 referring
to the right inferior lobe, and local G13. It can be found that in Fig. 12
no matter how using both air carrier and H,-O, carrier, as BPM
increases from 12 to 20, RDF decreases accordingly at GO-G13 airway
walls (i.e, TB1, TB2, TB3, and local G13), which is due to more

particles deposited in the M-T region when increasing BPM. It can
also be observed that RDFs in M-T, TB1, TB2, TB3, and local G13
using air as carriers are all higher than RDFs using H,-O, gas mixture,
except for some RDF comparisons in TBI, TB2, and local G13 for
10 pum particles shown in Figs. 12(a)-12(c). It means that, compared to
using the H,-O, gas mixture, although fewer particles with d, =1 and
5 um can transport across the M-T region when using air, these par-
ticles have higher opportunities to be trapped by the regions of M-T,
TBI1, TB2, TB3, and local G13 due to stronger inertial impaction and
turbulence dispersion. It is worth mentioning that under the drug par-
ticle administration scenario with dp =10 um, more drug particles
were deposited on the three local regions (ie., TB1, TB2, and local
G13) using the H,-O, gas mixture than air. For example, at BPM = 12
and d, = 10 um, the comparisons using H,-O, mixture gas vs air in
RDFs are 17.10% vs 14.33%, 5.55% vs 4.69%, 0.97% vs 0.94% at TBI,
TB2, and local G13, respectively. It is mainly due to the following fac-
tors. The primary factor is that, compared to using air, the dosed par-
ticles have more opportunities to travel through the M-T region using
H,-0O, gas mixture, leading to the escaped particles from the M-T
region in the H,~O, gas mixture, resulting in more depositions on the
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lower airways (TB1, TB2, TB3, and local G13). Uniquely, under this
condition at the regions of TB1, TB2, and local G13, the inertial impac-
tion and turbulence dispersion will play a secondary role, in terms of
deposition consequence, although such a stronger factor induced by
using air than H,-O, gas mixture can lead to a single particle having a
higher chance to be entrapped by the airway wall.

Overall, the comparisons in Figs. 11(a)-11(c) demonstrate that
the H,-O, gas mixture can effectively reduce particle deposition from
the mouth to G13, thereby enhancing particle delivery to the G13-to-
alveolar region across different particle sizes and breathing patterns.
Despite the slightly increased RDFs observed with the H,-O, gas mix-
ture in certain regions [see Figs. 12(a)-12(c)], the overall conclusion
remains consistent, ie., the reduction in turbulence kinetic energy
(TKE) decreases inertial impaction and turbulence-dispersion-
induced particle deposition in the upper airways, enabling a higher
number of particles to reach the peripheral lung regions when the
H,-0O, gas mixture is used as the carrier.

Localized particle transport and deposition are visualized in Figs.
13-16, to further understand the underlying mechanisms of different
gas carriers on pulmonary gas-particle flow dynamics. Specifically,
localized particle deposition patterns are shown in Figs. 12(a)-12(c),
colored by the particle residence time (PRT). It can be observed that
(1) in the upper airway, concentrated particle deposition locations are
the pharynx, larynx, and the bifurcating point between G0 and G1 due
to the inertial impaction and turbulence dispersion; and (2) in the TB
tree, the concentrated particle deposition locations are more scattered
but mainly near the bifurcating points due to the interception effect.
The localized deposition patterns clearly show that particle deposition
in the upper airway (i.e., M-T region) using H,-O, gas mixture as the
carrier is less than in cases using air. Figures 14-16 visualize the distri-
bution of suspending particles at three representative time stations, i.e.,
t=2BCT + BCT/12, 2BCT + BCT/6, and 2BCT + BCT/3 at
BPM = 12, 16, and 20, respectively. It is interesting to observe that at
the end of the third inspiratory phase (i.e., t=2BCT + BCT/3), more
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FIG. 10. Comparisons of air and H~O, gas mixture in pressure drop distributions on airway walls at the peak inhalation flow rate t=2BCT + BCT/6: (a) BPM =12, (b)

BPM = 16, and (c) BPM = 20.

particles carried by the H,-O, gas mixture were suspending in the
lung regions (i.e., M-T and TB1) than air. Such observations also sup-
port that fewer particles deposited in the upper airway using the
H,-0, gas mixture as the carrier than air.

Based on the comparisons of RDFs and localized particle suspen-
sion and deposition above, it can be concluded that an H,-O, gas mix-
ture with a volume ratio 2:1 as the carrier gas for inhaled medicinal
particles can potentially lead to a higher delivered dose in the periph-
eral lung than air.

C. Impact of breathing patterns (BPM) on particle
transport and deposition

Since Sec. IIIB demonstrates that particle deposition exhibits
similar spatial distributions of particle transport and deposition in
both air and H,-O, gas mixture environments (see Figs. 11-16), this
section, as well as Sec. IIID, focuses exclusively on the effects of

breathing patterns and particle diameters on particle transport dynam-
ics using cases with H,—-O, gas mixture as the carrier.

To investigate the influence of the breathing pattern on the parti-
cle transport and deposition dynamics in the respiratory mouth-to-
G13 airway with H,-O, gas mixture as the carrier, three transient
inhalation—exhalation waveforms (see Fig. 2) with the same tidal vol-
ume and different BPMs (i.e., 12, 16, and 20) were employed.

As shown in Figs. 11 and 12, BPM has noticeable influences on
RDFs. As BPM increases from 12 to 20 with the same tidal volume
and inhalation-to-exhalation time duration ratio, the likelihood of par-
ticles reaching the peripheral lung (ie, Gl3-to-alveoli region)
decreases, with the reduction ranging from 0.26% for 1 um particles to
30.69% for 10 um particles [see Figs. 11(a)-11(c)]. Such a trend is due
to higher inertial impaction and turbulence dispersion induced deposi-
tion, especially in the upper airway [i.e, M-T region shown in Figs.
12(a)-12(c) and 13], with the increase in BPM. Specifically, with a
shorter duration of the inhalation and the same tidal volume per
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FIG. 11. Comparisons of particle RDFs in the distal airways (i.e., G13-to-alveoli region) carried by air vs H,~O, gas mixture with different BPMs at the end of the third breathing

cycles: (a) BPM = 12; (b) BPM = 16; and (c) BPM = 20.

breath, the peak inspiration flow velocity at the mouth opening
increases from 1.5 to 2.5 m/s (see Fig. 2) when BPM increases from
12 to 20. Accordingly, higher turbulence intensity was generated
with the higher Reynolds number for BPM =20 compared with
the other two breathing conditions. Quantitatively, the Reynolds
number at an equivalent relative time point within each breathing
cycle increases by a factor of ~1.67 as BPM rises from 12 to 20.
Correspondingly, the maximum turbulence Kinetic energy
(TKEax) at the midplane A-A’ increases by ~3.6 times at the peak

inspiratory flow (see Fig. 5). Therefore, the increase in instanta-
neous velocity and turbulence intensity at higher BPM amplifies
inertial impaction and turbulence dispersion effects, thereby pro-
moting enhanced particle deposition throughout upper airway
(i.e., M-T region) and decreasing the delivered dose to peripheral
lung in this study (i.e., G13-to-alveoli). The increased particle
deposition in the upper airway with higher BPM can also be
observed from the localized particle deposition patterns shown in
Figs. 13(a)-13(c).
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More generally, in both air and H,-O, gas mixture environ-
ments, a lower BPM provides less inertial impaction and turbulence
dispersion, allowing more particles to transport into peripheral lungs,
especially for smaller fine particles and BPM =12 (see Figs. 11-13).
Specifically, under BPM =12, ~27% of inhaled particles with
d,=10pum were trapped within the M-T region, whereas at
BPM = 20, this DF increased by about 1.7 times. This indicates that
over 73% of the particles failed to pass beyond the G1 bifurcation into
deeper airways, substantially diminishing targeted drug delivery effi-
ciency to the peripheral lung. Such phenomena are visualized in Figs.
13-16, which show suspending particle transport dynamics at repre-
sentative time stations, ie., at half of the peak inhalation flow rate
(t=2BCT + BCT/12T), at the peak inhalation flow rate (t+=2BCT
+ BCT/6T), and at the end of inhalation (t=2BCT + BCT/3T).
Under higher BPM conditions, fewer suspended particles are observed
in the upper airway (i.e., the M-T region) at t=2BCT + BCT/12T
due to the earlier disturbance on particles by turbulent flow structures,
as illustrated in Figs. 15 and 16.

The trend mentioned above confirms that with the same tidal vol-
ume, a dosing strategy of “slow inhalation with longer duration” (ie.,
lower BPM) is more effective for maximizing drug delivery to the periph-
eral lung regions (Borgstrom ef al, 2006; Usmani ef al, 2005; and
Woodward and Fromen, 2024), providing a more efficient way to deposit
drugs in the target area. Slower inhalation reduces inertial impaction and
turbulence dispersion in the upper airways, allowing a larger fraction of
particles to transport to the TB tree and potentially reach small airways.

D. Impact of particle size on particle transport and
deposition

To figure out the particle size influence on transport and deposi-
tion dynamics of inhaled aerosolized drug particles in the respiratory
airway model when using H,-O, gas mixture as the carrier, three rep-
resentative particle diameters (i.e., 1, 5, and 10 um) were employed in
this study. From Figs. 11 and 12, it can be observed and reconfirmed
that the fine particle size plays a dominant role in their transport and

Phys. Fluids 38, 021908 (2026); doi: 10.1063/5.0310825
Published under an exclusive license by AIP Publishing

38, 021908-16

26:20:L1 920z Arenuged o)


pubs.aip.org/aip/phf

Physics of Fluids

20BPM  d,=1um

dp, =5um

dp =10 um

ARTICLE pubs.aip.org/aip/pof

H,-0, H,-0, H,-0,
&) %
&.,: e :

Y &

dp =1pum dp =5um dy, =10 um
H,-0, H,-0, H,-0,

HZ'OZ H2'02 HZ'OZ

“dpp
°“'?w,’6 &s
o

i?; oo

L

38825

o

e

0¥’

d, =5um

dp =10 pm

dp =1pm

FIG. 13. Comparisons of air and H,-O, gas mixture influence on localized particle deposition patterns under different BPMs at the end of the third breathing cycles: (a)

BPM = 12, (b) BPM = 16, and (c) BPM = 20.

deposition in human respiratory systems. It can be found from Fig. 11
that with the increase in particle diameter from 1 to 10 um, RDFs in
the G13-to-aveoli region decrease accordingly. This is because, as the
particle size increases, particle deposition from the mouth to G13 due
to the dominant deposition mechanisms, i.e., inertial impaction and
gravitational sedimentation, also increases.

Furthermore, Fig. 12 shows more details of RDFs in multiple
regions from the mouth to G13 with the variation in inhaled particle
sizes. The RDFs in M-T, TB1, TB2, TB3, and local G13 decrease
monotonically with the increase in particle size due to the decrease in
turbulence dispersion effect, as well as the enhanced inertial impaction
and gravitational sedimentation, which are the dominant mechanisms
for particle deposition in TB tree. The total DF from mouth to G13
also decreases monotonically with an increase in particle size.

Additionally, as illustrated in Fig. 13 (see red dashed circles),
smaller particles (e.g., d, =1 um) rarely deposit in the M-T region,

whereas larger particles (d, =5 and 10 um) show concentrated deposi-
tion there. This strong particle size dependence can be explained using
Eq. (12). Specifically, as particle size increases, the influence of surface
forces (e.g., drag and lift forces) diminishes relative to body forces (e.g.,
gravity), leading to reduced aerodynamic responsiveness. As a result,
larger particles have longer response time and are less capable of fol-
lowing rapid changes in airflow direction, making them more likely to
impact and deposit in regions with abrupt flow deflections, such as the
oropharynx, particularly near the back side and airway bifurcating
points (see red solid circles in Fig. 13). It can also be observed from
Figs. 11-13, large particles (e.g., d, =5 and 10 um) seldom reach the
deep lung, even when H,-O, gas mixture is used as the carrier.
Instead, they deposit predominantly in the upper airways, which can
reduce drug delivery efficiency and, in some cases, cause unwanted
local side effects (e.g., oropharyngeal deposition of corticosteroids lead-
ing to oral thrush). Therefore, despite the use of an H,-O, gas mixture,
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the improvement in targeted drug delivery to distal regions remains
limited for larger particles (i.e., d, =10 um). Clinically, the findings
from this study support the use of smaller particles (i.e., d, < 5 um) to
achieve efficient deposition in the peripheral lung.

Overall, the parametric analysis presented in Secs. Il B-I1IID
demonstrates that the highest RDFs in the G13-to-alveoli regions are
obtained when using 1 um particles at 12 BPM, with H,-O, gas mix-
ture as the carrier.

E. Potential physiological effects of H,-O, gas as
medicinal particle carriers

Since the composition of the H,~O, gas mixture is apparently dif-
ferent from conventional carrier (i.e., air), the potentially introduced
risks due to such changes to health should be discussed. Specifically,
when using H,-O, gas mixture, the volumetric fraction of inhaled O,
will be increased to 33.3% compared with air (~21% of O,), leading to

the respiratory system in the presence of excess O,. Previous investiga-
tions showed that breathing high concentrations of O, for an extended
period can result in direct injuries to the lungs (Brubalk ef al., 2003),
since overdosing reactive O, species could damage the alveolar cells
and the capillary endothelium. This would further lead to several lung
symptoms, such as inflammation (i.e., tracheobronchitis), shortness of
breath, chest pain, and eventually pulmonary edema and fibrosis. This
issue should be paid close attention to if a long-term therapy is pro-
jected to treat respiratory diseases such as COPDs (Mach et al., 2011)
when using H,-O, gas mixture as the drug carrier. Nevertheless, in
some patients with chronic CO, retention (e.g., severe COPD), higher
O, concentration levels can reduce their “hypoxic drive” to breathe,
leading to hypoventilation and worsening respiratory acidosis (Abdo
and Heunks, 2012). H, is generally considered biologically inert at
room temperature, but when administered as a medical gas, specific
effects, namely, pharmacological effects in clinical practice, have been
noted in previous investigations (Cole ef al, 2021; Ohta, 2014). When
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mixed with O,, the extremely low density and high diffusivity of H,
could theoretically increase the risk if it enters the vasculature directly
(e.g., through a traumatic injury during ventilation). Its rapid diffusion
could cause bubbles to form or expand, causing potential gas
embolism. In addition, it could introduce anti-inflammatory and anti-
apoptotic signaling due to biological activity such as modulating vari-
ous cell signaling pathways (Ohta, 2015). The systemic impact of this
when used as a routine carrier gas is completely unknown and could
interfere with the intended action of the inhaled drug or the patient’s
baseline physiology. Furthermore, inhaling low density could cause
voice and sensory alterations. Although there is no direct evidence to
prove such issues caused by H,, the clinically used low-density gas (i.e.,
Heliox) explicitly mentions the “Donald Duck” voice alteration as a
common and expected side effect (Hess and Chatmongkolchart, 2000;
Slinger et al, 2019), implying this could also happen in other low-
density gas environments such as H,-O, gas mixture. However, more
evidence upon the potential physiological effects of H,-O, gas mixture

is still needed to help inhalation therapy research community better
understand the potential risks in lab or in clinic.

IV. CONCLUSIONS

Employing an experimentally validated CFPD model, this study
investigated how replacing conventional air with the H,-O, gas mixture
in a 2:1 volumetric ratio as the inhaled medicinal particle carrier influ-
ences pulmonary gas-particle transport and deposition in a representa-
tive human respiratory system, specifically focusing on the potential
enhancement of delivered dose to the peripheral lung (i.e., G13-to-alve-
oli regions). Various breathing patterns (12, 16, and 20 BPM) and parti-
cle sizes (1, 5, and 10 um) were analyzed to evaluate their combined
effects on flow behavior, turbulence characteristics, and particle deposi-
tion efficiency. The key conclusions are summarized as follows:

(1) Compared with air, the H,-O, gas mixture generated lower
WSS, and a pressure drop from the mouth to G13. This
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indicates that the H,-O, gas mixture can provide a milder
mechanical environment within the human respiratory system,
reducing the likelihood of airway irritation or epithelial injury
during inhalation therapy.

With higher kinematic viscosity compared with air, the H,-O,
gas mixture produced lower Reynolds numbers under equiva-
lent breathing conditions. As a result, the mixture exhibited
lower TKE and reduced inertial impaction and turbulence dis-
persion effect throughout the inhalation phase. These features
interactively reduce particle deposition in the upper airway.
Across all particle diameters and breathing patterns investigated
in this study, the use of H,-O, gas mixture led to lower RDFs
from mouth to G13, thereby increasing particle transport to the
G13-to-alveolar region. This improvement in distal deposition
efficiency, up to 9.16%, was consistently observed across breath-
ing conditions. These results confirm that reduced turbulence
intensity and flow resistance achieved with the H,-O, gas

(4)

©)

mixture facilitate deeper particle penetration into the pulmo-
nary periphery.

With the fixed tidal volume, increasing BPM enhanced inertial
impaction and turbulence intensity, leading to higher deposi-
tion in the upper airway and lower delivery efficiency to the
peripheral lung. Lower BPM allows more particles to reach
deeper airway generations. These findings support the clinical
recommendation that slower, deeper inhalation improves drug
delivery efficiency to small airways.

With the particle diameter increased from 1 to 10 um, RDFs in
the peripheral lung (i.e., G13-to-alveoli) decreased monotoni-
cally, while deposition in the upper and tracheobronchial
regions increased due to enhanced inertial impaction and gravi-
tational sedimentation. Larger particles exhibited lower aerody-
namic responsiveness and longer relaxation times, causing them
to deviate from streamlines and deposit preferentially in regions
of high curvature or bifurcation, such as the oropharynx and
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main bronchus. In contrast, smaller particles (<5 pum) followed
airflow more closely and were more likely to reach distal
airways.

(6) The highest deposition efficiency in the G13-to-alveoli region
was achieved when 1 um particles were inhaled at 12 BPM
using the H,-O, gas mixture as the carrier. This condition
yielded the most favorable combination of reduced turbulence,
minimal upper-airway deposition, and effective transport to the
peripheral lung.

In summary, the use of H,-O, gas mixture as an alternative car-
rier gas can potentially enhance targeted pulmonary drug delivery by
reducing turbulence-induced particle loss in the upper airways and
promoting deeper penetration into the lung. The findings highlight the
combined importance of gas properties, particle size, and breathing
pattern in optimizing inhalation therapy performance. Nevertheless,
before clinical application, the potential physiological impacts of using
the H,-O, gas mixture, such as hyperoxia risks and altered gas
exchange dynamics, must be thoroughly evaluated through in vivo or
clinical investigations.

V. LIMITATIONS AND FUTURE WORK

The current study includes a few simplifications and assumptions
listed below that may limit the generalization of the findings. Future
work is also presented below to address each limitation of the current
study.

(1) The CFPD simulations were limited to the respiratory system
geometry from mouth to G13, with the downstream distal
regions excluded from the computational domain. Accordingly,
the outlet condition uses zero-gauge pressure at the G13 termi-
nals as a pressure reference for the truncated domain. While
this is a standard and well-posed approach for driving flow with
a prescribed inlet waveform, it does not represent subject-
specific distal lung mechanics (e.g., regional compliance/airway
resistance, time-varying alveolar pressure, or asymmetric distal
impedance). These omitted distal effects may influence local
pressure levels and flow partitioning near terminal outlets.
Future work will incorporate distal lung models (e.g., multiscale
3D-1D coupling) to represent downstream impedance and
time-varying alveolar pressure more physiologically and to
quantify the sensitivity of terminal flow split and deposition
metrics to outlet modeling assumptions.

(2) The particle sizes investigated (i.e., 1, 5, and 10 ym) may not
fully capture the complete size range of inhalable medicinal par-
ticulate matter. Moreover, particle size changes due to evapora-
tion, condensation, or coalescence were not considered, which
could alter the transport and deposition predictions, especially
under humid airway conditions. Future work will incorporate
dynamic droplet size evolution and humidity-dependent effects
to represent real inhalation scenarios better.

(3) The current CFPD model assumes rigid airway wall boundary
conditions and constant wall temperature, neglecting wall
motion and heat/mass transfer between the gas and airway tis-
sues. Subsequent research will extend the current CFPD model-
ing framework to include fluid-structure interaction (FSI) and
transient thermal coupling for improved physiological accuracy.

pubs.aip.org/aip/pof

(4) The study employed only one upper airway geometry (Chen ef al,
2024). Although previous work (Feng ef al., 2018) suggests consis-
tent trends in regional deposition across individuals, anatomical
variability in upper airway morphology can still meaningfully influ-
ence deposition patterns. To assess intersubject variability, we will
construct a virtual cohort comprising multiple patient-specific
upper airway geometries. This will allow systematic analysis of geo-
metric variability on pulmonary gas-particle flow dynamics, deliv-
ered dose distribution, and the robustness of H,-O, gas mixture-
based inhalation therapy across diverse populations.

(5) This study was purely computational for testing the feasibility
of such a prototype inhalation therapy methodology. Future
efforts will focus on experimental validation using in vitro air-
way replicas and in vivo imaging data to verify the predicted
flow fields and deposition patterns. Combining validated CFPD
results with multiscale modeling and clinical measurements will
further enhance confidence in the use of the H,-O, gas mixture
as a potential carrier for targeted pulmonary drug delivery.

SUPPLEMENTARY MATERIAL

See the supplementary material for the quantitative assessment of
the Soret effect on pulmonary gas flow field prediction in this study.
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