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Computational fluid particle dynamics (CFPD) is widely employed to predict aerosol transport in a truncated
bronchial tree model on account of its capacity to reveal details of flow field and particle movement. However,
setting a physiologically consistent boundary condition in the CFPD for the idealized or image-based truncated
bronchial tree model is still a challenge. This paper proposes a multi-scale modeling method, which contains an
Extend-Bronchial tree-Network (EBN) boundary condition for a mouth-to-truncated bronchi system. The com-
parison between EBN boundary condition and a commonly used uniform pressure (UP) boundary condition is
conducted. Subsequently, EBN method is used to study the nano-micron (100 nm-10 pm) particles transport in
the mouth-to-truncated bronchi model at different inhalation volume rates (15, 60, 90 L/min). Results show that
EBN method is more physiologically rational and two methods differ in flow distribution in lobes, vortex
structure, and particle transport. The maximum difference in flow rate distribution in lobes between two
methods is about 20 %, while the maximum relative disparity of particle penetration fraction from lobes and
deposition fraction in the TLB is about 93 % and 30 %, respectively. Meanwhile, this paper reveals the variation
of deposition fraction and penetration fraction with the changes in particle diameter and inhalation volume.
Deposition efficiency, deposition hotspots and deposition mechanism are also analyzed with inlet Stokes number
(Stk) and Reynolds number (Re). This research establishes a foundation for the simulation of aerosol transport in

a whole respiratory tract and provides references for inhalation drug delivery and air pollutant management.

1. Introduction

Lung is the only internal organ within the human body that is
exposed to the external environment continually [1]. Individual inhales
substantial amount of air every day, that is potentially laden with pol-
lutants such as vehicle emissions, occupational matter, as well as mi-
crobial contaminants [2-4]. As pollution intensified, respiratory
diseases have been on the rise both in absolute numbers of affected in-
dividuals and in the proportion of overall disease [5]. Additionally,
inhalation therapy stands as the optimal choice for treating respiratory
diseases due to its ability to target the affected area swiftly and minimize
systemic adverse effects [6]. Meanwhile, inhalation therapy utilizes the
alveolar region for direct drug absorption into the bloodstream,
bypassing first-pass metabolism in the liver. It is noninvasive and can be
employed for systematic therapies [7,8].

The prediction of aerosol deposition in the respiratory tract has
therefore become a significant focus on inhaled drug delivery and air
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pollution prevention. The prediction methods include semi-empirical
models, experimental approaches and computational fluid-particle dy-
namics (CFPD) simulation models [9]. Semi-empirical models, such as
the ICRP model [10] and the dosimetry model, ExDoM [11], are only
suitable for predicting regional deposition while their accuracy in pre-
dicting subject-specific may be limited. Experimental methods are
constrained by high costs and ethical considerations. Compared to
experimental and semi-empirical models, CFPD can reveal more details
of the airflow field within the respiratory tract and provides more ac-
curate site-specific predictions for particle movement with appropriate
boundary conditions.

As computational power increases, the utilization of CFPD in
studying aerosol transport within the respiratory tract is becoming
increasingly popular. However the computational cost is still unbearable
for the simulation of a whole respiratory tract since the characteristic
size varies greatly from the upper respiratory tract to the bronchial tree,
as well as thousands of bronchioles in the bronchial tree [12]. Therefore,
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a common practice is to truncate the respiratory tract and simulate on
the truncated model. Truncated bronchial tree models are common, not
only due to the expensive computational cost of CFPD in thousands of
bronchial trees but also as the resolution of CT (computed tomography)
and MRI (magnetic resonance imaging) limits the establishment of
high-generation bronchioles [13]. However, the truncated bronchial
tree model has greater difficulty in proposing appropriate boundary
conditions compared to other truncated models, as a result of multiple
outlets. Two sets of common boundary conditions are utilized in pre-
vious studies. One of them involves uniform pressure at the inlet and a
weighted flow rate at the truncated bronchial tree [14-17]. This type of
boundary condition is usually employed in image-based models since
the flow distribution is deduced from images and it varies among in-
dividuals [14,15]. The other simplified boundary condition contains
uniform pressure (UP) at the truncated branch and flow rate is employed
at the inlet [18-22]. This boundary condition is straightforward to
implement, applicable to the idealized models, and has extensive
application. Nevertheless, the assumption of uniform pressure at the
low-generation bronchioles deviates from reality [23]. In recent years,
several multiscale modeling methods for airflow simulation have been
proposed, integrating computational fluid dynamics (CFD) for the
large-sized region in the respiratory tract with a 1D impedance network
model for bronchial tree [17,24,25]. These multiscale methods for
airflow can be categorized into two types: image-based method and
coupling algorithm-based method. In the image-based method, the inlet
and outlet boundary conditions of the overall respiratory model, as well
as the flow rates at various truncation points, are known. Consequently,
there is no need for data transfer between different scales. In this type of
coupling methods, imaging techniques are the most accurate way to
determine the flow rate at truncated bronchi [17,24]. In contrast, in the
coupling algorithm-based method, the pressure and flow rate at the
truncated bronchi are unknown. Therefore, relying on the principle of
continuity of pressure and flow at the truncation, a coupled algorithm is
necessary to ensure data transfer between different scales. In the current
coupling algorithm-based multiscale method, the different scales are
fully coupled using a staggered coupling approach, which can some-
times be inflexible [25]. Moreover, research combining the multi-scale
method with particle transport simulation is still underdevelopment
and the difference between multiscale simulations and UP methods in
the results of particle transport remains unclear.

The pore network model is a widely-used method for simulating
transport process through porous media due to its high computational
efficiency [26]. The transport process is modeled on a representative
network with idealized elements. The network modeling method is
applicable not only to tube networks with circular cross-sections but also
to networks where the local cross-sections vary significantly, such as in
diseased airways. This paper proposes a multi-scale method, termed as
Extended-Bronchial tree-Network (EBN), for modeling particle transport
in a mouth-to-truncated bronchial tree system. The proposed method
combines network model and CFPD. In this approach, the network
model is employed to predict airflow within the bronchial tree and to
establish the pressure-flow rate correlation at the truncated bronchi,
providing boundary conditions for CFPD in a mouth-to-truncated
bronchi model. The multi-scale coupling approach in this study is
more flexible than the previous coupling algorithm-based method, as the
3D and 1D simulations are conducted on separate platforms and a
correlation-based approach is employed to effectively reduce the
complexity of coupling algorithm. Meanwhile, it is also applicable to
idealized respiratory tract models. Furthermore, this study employs EBN
method to study aerosol transport in a mouth-to-lobar bronchi model.
The differences between the results of EBN boundary condition and UP
boundary condition are clarified. Moreover, the effects of particle di-
ameters and inhalation volumes on particle transport within the trun-
cated respiratory tract, as well as the deposition hotspots and deposition
mechanism are revealed. This work provides a reference for the opti-
mization of drug delivery, targeted therapy, the prevention and control
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of pollutants. It also lays a foundation for the simulation of aerosol
transport in a whole respiratory tract.

2. Method
2.1. Method overview

A lung changes its volume to alter the pressure difference between
the alveoli and the surroundings, enabling inhalation and exhalation. In
this method, uniform pressure at the terminal bronchioles (alveolar
pressure) is assumed to be uniform and the aerosol is inhaled at the
volume flow rate of Qj,. The diagram of the EBN method is illustrated in
Fig. 1(a).

In Fig. 1(b), The EBN method can be generally divided into two parts.
The first part is the simulation of aerosol transport from the mouth to the
truncated bronchial tree. The emphasis of this article lies in this part.
Meanwhile, the second part is gas dispersion from the truncated bronchi
(bronchioles) to the terminal bronchioles. In the first part, the network
modeling of the bronchial tree offers the relationship between the
pressure (Pggy), the flow rate (Qggpn), and the time at the entrance of the
truncated bronchi (bronchioles), which is deduced by simulating the
pressure at the truncated bronchial tree under multiple flow rates. In
Fig. 1(b), ‘k’ denotes the number of time steps, while ‘R’ and ‘I’ represent
the flow resistance and inductance, respectively. Details are in section
2.3. To satisfy the continuity of pressure and flow rate at the truncation
bronchi(bronchioles), the flow rate Q, and pressure P, in CFPD should
be equated to Qgpn and Pgpy in the network simulation, respectively.
Therefore, the relationship between Pggy and Qgpy will serve as the
outlet boundary condition for the CFPD of aerosol transport from the
mouth to the truncated branch. Details are in the subsequent section 2.4.
This process will give insight into airflow fields and particle deposition
from the mouth to the truncated bronchial tree model when the human
body inhales aerosols at a specified inhalation flow rate Qj,. In the
second part, when breathing at the flow rate of Q;, from mouth, the flow
rate at the truncated bronchi (bronchioles) will serve as the boundary
condition for the network model. Combining the airflow in the mouth-
to-truncated bronchial tree model with the results of network
modeling in the truncated bronchial tree-to-terminal bronchioles,
airflow inside the nearly whole respiratory tract model will be revealed.

2.2. Multi-scale respiratory tract model establishment

In the EBN method, the respiratory tract model can be either image-
based or idealized. In this study, the mouth-to-lobar bronchi model is
extracted from CT images with extended outlets, as shown in Fig. 2(b).
The oral to upper half of the trachea model is from an adult male while
the other part is from the database of an open-source simulation package
CHASTE (Cardiac, Heart, and Soft Tissue Environment) [27]. The vali-
dation of this respiratory tract model is demonstrated in Section 2.5. The
truncated respiratory tract model contains oral, pharynx, larynx and
trachea to lobar bronchi (TLB) segments. Meanwhile, the oral, pharynx
and larynx compose the upper respiratory tract. The epiglottis is located
near the junction of the pharynx and larynx, while the glottis is in the
middle of the larynx, which are identified in Fig. 2(b). The direction of
the mouth opening determines the anterior side of the model and the
opposite side is termed as posterior side. Meanwhile, the right side and
left side of the model are generally distinguished by the right lobe and
left lobe, separately.

Lobar bronchi are connected to the bronchial tree of corresponding
lobes which are generated using a volume-filling airway generation al-
gorithm [28]. The bronchial tree spans over 20 generations in Horsfield
order and ends at terminal bronchioles. The airways are assumed to be
rigid, circular, and straight and have smooth wall. The diameter varies
with the Horsfield order of the airway [29,30]. This process is achieved
in CHASTE. The generated bronchial tree divided by the right upper lobe
(RUL), right middle lobe and right lower lobe (RML-RLL), left upper lobe
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Fig. 1. Overview of EBN method: (a) Global boundary condition for the multi-scale simulation of a mouth-to-terminal bronchioles model (b) Details in CFPD of a
mouth-to-truncated bronchial tree model and network model of the bronchial tree.

(LUL) and left lower lobe (LLL) are in Fig. 2(a).

2.3. Pore network model of a bronchial tree

The pore network model is utilized to simulate airflow within the
bronchial tree, offering a computationally efficient alternative to CFD.
In a typical pore network, the larger void space of a porous media is
represented as regular pores connected by narrower throats [31]. The
primary steps in the network modeling involve constructing a pore
network and the subsequent modeling of the transport processes within
it. Although the core concept of the pore network model is similar to the
impedance network, it may offer greater accuracy than the commonly
used impedance network method in biology, particularly for the airway
where local cross-sectional areas vary significantly, such as diseased
airways. Because the network is divided into pores and throats in the

networking modeling, which are extracted using techniques like the
watershed segmentation method and the Local Hydraulic Resistance
Equivalence method [32].

Due to the morphology feature of the bronchial tree, branching
points are represented as zero-volume pores, while straight sections are
modeled as throats that occupy the entire volume within the pore
network. Furthermore, considering that Reynolds number (Re = %)
within airway can exceed 1600 and lead to the generation of secondary
flows in the branches [33], airflow within the airway is modeled using a
modified impedance approach based on Poiseuille flow [34]. It is
reasonable to assume that airflow in the bronchial tree is quasi-static
during low-frequency or steady-state respiration [30]. However, at
high-frequency respiration, the flow model for the bronchial tree must
incorporate flow inductance to account for the phase difference between
flow rate and pressure wave [35-37]. This study investigates airflow in
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Fig. 2. View of respiratory tract models: (a) Bronchial tree model (b) Mouth-to-lobar bronchi model.

the bronchial tree during steady inhalation. The pore network model for
the airway is structured as follows:

> Qm=0, m
n=1
Pm‘Pn = Q.manm (2)

D12
}’(Ref) Rpo,R > Rpo

Rpo,R < Rpo

1284l

_UD,
Dt ’

Rpo = (©)]

where y is the correlation coefficient of Poiseuille flow, determined by
bronchial generation. Subscript ‘m, n’ is pore identifier. Subscript ‘PO’ is
the Poiseuille flow. L is the length of the throat. R is the flow resistance. y
is the dynamic viscosity. Dy is the diameter of the throat. U is the average
velocity of the throat. v is the kinematic viscosity.

To obtain the EBN boundary condition for the CFPD in the mouth-to-
truncated bronchi model, the network modeling of the bronchial tree is
used to determine the corresponding pressure for various flow rates at
the truncated branch, assuming equal pressure at the terminal bronchi.
The absolute pressure is not critical to the flow field; rather, the pressure
drop is the key factor. Therefore, for simplicity, the pressure at the
terminal bronchioles is set to zero in this study. This process is imple-
mented in CHASTE package. The relationship between the pressure and
flow rate at the truncation is fitted accordingly. In this study, to enhance
the accuracy of the fitting, the flow rates used for fitting are approxi-
mately one order of magnitude smaller than the minimum lung lobe
airflow. Therefore, corresponding pressures for 200 evenly distributed
flow rates, ranging from 0 to 0.0008 m>/s at the truncated branch, are
calculated, with the airflow rate in this study falling within this range. A
polynomial is employed for fitting, with the resulting correlations pre-
sented in Equations (5)-(9). The corresponding fit plots are provided in
Fig. S1.

Py, =2.656Q% -9.569Q2  +76.45Q% . + 541.8Qu0r + 629.7, (5)
PruL =2.403Q% -9.35Q3  + 76.62Q%,, + 539.7Quor + 630, (6)

Prur = 3.094Q% -12.03Q3  + 97.53Q?

nor nor nor

+681.8Quor +792.1, %)

Pruvi-ri = 1.527Q* -5.874Q3  + 50.49Q2

nor nor nor

+359.2Qur + 4231,  (8)

Q-4 x10*

Quor=5337 x 10"

©))
where the subscripts ‘LLL’, ‘LUL’, ‘RUL’, ‘RML-RLL’ represent the lung
lobes corresponding to the truncated bronchi. ‘nor’ represent the
normalized flow rate using Z-score normalization method. Q represents
the flow rate entering the lobe.

2.4. CFPD of mouth-to-truncated bronchi model

2.4.1. Airflow in the model

As a result of the complex structure of airflow in a mouth-to-lobar
bronchi model, CFPD is adopted to simulate the airflow under some
assumptions: The air is incompressible and gas temperature is constant,
as well as humidity. The respiratory tract walls are considered rigid.
Inlet boundary condition is flow rate and no-slip boundary condition on
the wall. Individuals inhale air at the temperature of 295 K at flow rates
of 15 L per minute (LPM) (inlet Re = 1087), 60 LPM (inlet Re = 4350)
and 90 LPM (inlet Re = 7293), corresponding to normal breath, exercise,
and vigorous exercise states, respectively, as well as the different inha-
lation volume required for inhalation therapy [38,39]. The density of air
at room temperature is 1.1967 kg/m® and the kinematic viscosity v is
1.532x10° m?/s. A transient algorithm, PIMPLE is employed to solve
the pressure-velocity coupling in the Navier-Stokes equations utilizing
an open-source software, OpenFOAMS8® [40]. Based on this platform,
nanoFoam, a custom solver is developed to produce the CFPD simulation
of nano particles or larger size particles, which can be used for simu-
lating the Brownian motion of particles at a specified temperature
without solving the energy equation. A self-coded pressure-flow rate
coupled boundary condition is implemented to achieve the EBN
boundary condition and the schematic of the coupling algorithm is in
Fig. S2. The general process is updating the pressure boundary condition
at the outlet during the time marching to satisfy the correlation between
the pressure Pggy and the volume flow rate Qgp.

The turbulence model Shear Stress Transport (SST) k-w is employed
since it has been found that well predictive capability in transitional,
turbulent flows and particle transport in oral-to-trachea model [41]. The
Reynolds averaged Navier-Stokes (RANS) equations with eddy viscosity
model are as follows:

a_ (10)
Bxi

ou _ou  1dp 0 o ot 2
E+UJT&7*ER+T&{(U+U()(R+R>*gk&l}:| (11)
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where U represents the mean velocity, v; is turbulence viscosity. v is
kinematic viscosity. p is the fluid density. k is average kinetic energy. §;
is the Kronecker delta.

The governing equation of turbulence specific dissipation rate
equation, turbulence kinetic energy and other sub-models are given in
the works of Menter et al. [42]. The convective term is discretized using
a second-order scheme and Euler implicit time scheme is used for time
discretization. Time steps for the simulation are 5 x 10™%s,7 x 10755,
2 x 107° s for 90 LPM, 60 LPM and 15 LPM, respectively, and the max
Courant number is in the range of 0.5 and 1. The flow field solution is
considered to be converged when the mass and momentum residuals less
than 10~* and does not vary with further iterations.

Mesh has a significant impact on the convergence and accuracy of
CFPD. The computational grid contains tetrahedral mesh within the
model and 6 layers of prism mesh near the wall with the first layer height
of 0.12 mm to ensure max non-dimensional wall distance y " <1, which is
0.6 for the highest inhalation volume rate (90 LPM) in the simulation.
The element size of the tetrahedral mesh is 1.15 mm and with re-
finements applied in regions where the flow field is complex or the
average velocity is relatively high, as illustrated in Fig. 3(a). The grid
size is reduced to 0.5 to 0.7 times the size of the volume mesh in the
regions with the smallest cross-sectional areas of the larynx and pharynx
[43-45], as well as near the tracheal carina and bronchial bifurcations
[46]. The mesh for EBN method and UP method is the same. A grid
independence test is conducted by monitoring the average pressure
(Fig. 3(b)) and the velocity profile (Fig. 3(c)) at the glottis cross-section
A-A’, where the Reynolds number is relatively high and vortices are
present. This test is performed at an inhalation volume of 60 LPM, with
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closely aligns with that of the finest mesh, except for a slightly lower
peak velocity, with a relative difference of 6 %.

2.4.2. Particles transport in the model

The focus of this article is on situations where the concentration of
micro and nano aerosols with particle diameter more than 0.1 pm
inhaled by the human body is relatively low. Euler-Lagrange method is
more suitable for this situation than Euler-Euler method [47] and
spherical particles are assumed to be rigid, inertia with uniform density
and diameter. Influence of particles on the flow and their collision are
ignored owing to dilute aerosol. The sticky wall boundary condition is
applied for particles due to mucus on the wall of the respiratory tract.
The escape boundary condition of particles is used for both the inlet and
outlet of the model. Additionally, uniformly distributed stationary par-
ticles are injected at the face close to the inlet, as shown in Fig. 3(d). For
nano-micro particles in the respiratory tract, drag force, buoyant force,
and Brownian force are the predominant forces governing particle mo-
tion [48]. The motion equations of particles are given as follows:

P
Xy, a2
p
Mo P 4 EO R, a3)

L)

where mj, is the mass of particle. In superscripts and subscripts, 'p
represents particles, while ‘f” represents fluid. v} is the component of the
velocity of particle. Drag force FP is calculated as [49]:

3uCpRe
five mesh size. The mesh with 874 thousand cells is used to strike a F :mpﬁ< f-llf), a4
balance computational cost and accuracy. As shown in Fig. 3(b), the PrPC
relative difference is less than 1 %, and the trend falls within the plateau |
region for the mesh with 874 thousand cells. In Fig. 3(c), the velocity Re :p £dp | Ui 'ui‘ (15)
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where Cp, is the drag coefficient. p;, is the density of the particle. Rep is

the Reynolds number of particle. d, is the diameter of particle. Cun-

ningham coefficient Cc = 1+ ﬁ—i‘ [1.257 + 0.4 exp(-1.1(d, /24))]1. In

the room temperature, mean free path of molecule X is 6.55 x 1075 m.
Buoyant force F is calculated as:

p?:mpgi<1 +£—f>, (16)

P

where g; is the gravitational vector.
Brownian force can be expressed [50]:

S
M —m, G, |22 a”
i P A

where S, = % is a spectral intensity function directly related to the
P

diffusion coefficient Dy, = }% At,, is the time step for particle integra-
P
tion, which should be less than the momentum relaxation time = ?:: gg

G; is a zero-mean variant from a Gaussian probability density function.
ky is the Boltzmann constant, about 1.38 x 1023 J/k. T is the tem-
perature of fluid.

To account for the turbulence effect on particles, an eddy interaction
model is utilized [51]. This model assumes eddy velocity u; = GVrns in
the turbulence. While v,y is the root mean square (RMS) of the fluid
isotropic fluctuating velocity.

Deposition fraction (DF) and penetration fraction (PF) indicates the
deposition probability of inhaled particles and the probability of parti-
cles passing through the region, respectively. Deposition efficiency (DE)
is the ratio of DF and PF, expressed as:

N, dep

DF= , (18)
Nmouth
Npp
PF= , (19)
Nmouth '
Ndep
DE= (20)
Npp
PFgpn-PF
PFRD*| EBN UP‘ x 100%, 21
PFgpy
DFgpn-DF,
DFrp _ [DFepn-DFup| 100%, (22)
DFgpn

where Ny, is the number of deposited particles in a specific region,
Niouth is the number of particles enter the mouth, Npr is the number of
penetrated particles into a specific region, PFgp is the relative disparity
of PF using EBN method and UP method, DFyp, is the relative disparity of
DF using EBN method and UP method.

In the study, the particle diameter ranges from 0.1 to 10 pm, with a
density of 5 g/cm>. Monte Carlo method is employed to predict the
probability of particle deposition or penetration. As a result, a large
number of particles are injected. To mitigate the uncertainty arising
from a small number of particles, a particle independence test is con-
ducted with 0.5 pm particle and the inhalation volume of 60 LPM.
Relative deposition fraction in the oral is considered as the criterion. The
result is depicted in Fig. 3(e). 51,372 particles can effectively reduce the
uncertainty of the results to less than 0.5 % and ensure the computa-
tional cost is affordable.

2.5. Validation

Two cases are employed to validate the solver nanoFoam. The first
case is the simulation of particle diffusing in air. The Mean Squared
Displacement (MSD) of the particles is calculated and is compared with
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Einstein-Stokes theory [52]. In this benchmark, particles are driven by
drag force and Brownian motion. MSD of particle ( MSD; = (x?)-(x;)?) is
compared with Einstein-Stokes theory MSD,s = 2tD;,, and the results of
10 nm and 10 pm particles are shown in Fig. 4(a) and (b), respectively.
Furthermore, the benchmark for 100 nm and 1 pm particles are shown in
Fig. S3. The results indicate that the simulation results are consistent
with the theory. The second one is advection and diffusion of particles
through the pipe with a bend [53]. In this benchmark, 7-12 nm particles
are subjected to drag force, buoyant force and Brownian force. The
experimental and simulated results, 7 s, ratio of PF in the pipe with a
bend and in a straight pipe are compared in Fig. 4(c). The simulation
results are within the experimental error range, demonstrating that
nanoFoam solver is reliable.

To validate the physiological rationality of the EBN method and the
respiratory tract model, the relationship between pressure drop and flow
rate between the mouth and alveoli is compared with physiological data
[54,55], shown in Fig. 5(a). The ratio of pressure drop and flow repre-
sents airway resistance, which contains flow resistance and
lung-deformation resistance. Flow resistance starts to play a significant
role in ventilation distribution when the respiration rate increases [23].
In the pore network model, lung-deformation resistance is ignored.
Nevertheless, results in Fig. 5(a) show that the relationship between
pressure drop and inhalation obtained by EBN method is in the physi-
ological range. The network model is reliable and the respiratory tract
model is rational.

Moreover, the distribution of flow rate in lobes is simulated using
EBN method and UP method, separately. Results are compared with data
from literature [56,57], shown in Fig. 5(b). The distribution acquired by
EBN method is consistent with physiological data at rest or exercise
situations, while the results of UP method deviate from the data. This
indicates that EBN method is more accurate and closer to the reality in
predicting airflow distribution compared to the UP method.

To validate CFPD simulation in this study, the deposition fraction in
oral is compared with vivo experimental [58] and vitro experimental
data [59,60], as shown in Fig. 5(c). Results are agreed with the experi-
mental data and CFPD simulation in the mouth-to-lobar bronchi model
is reliable.

3. Results and discussion
3.1. Comparison between EBN and UP methods

EBN modeling process can provide flow field information in the
nearly whole respiratory tract model at specific inhalation volume, as
illustrated in the overview (Fig. 1). The pressure from mouth to alveoli
and the distribution of Reynolds number of airways in the bronchial tree
is provided in Fig. S4. However, UP method is unable to simulate the
flow in the high-generation bronchioles. Furthermore, the distribution
of flow rate in lobes varies significantly using two methods as shown in
Table 1. The maximum difference in flow rate distribution is in the RML-
RLL, which is about 20 %. Moreover, the flow rate in RUL is the smallest
using EBN method while in UP method, the smallest flow rate is in LLL.
Flow rate distribution in lobes in EBN method is more uniform than UP
method.

Due to the complex structure of the respiratory tract and high Re, the
airflow in the model generates numerous vortices, which could have an
impact on particle transport. Therefore, the contour of Q criterion is
employed to visualize the vortex structure in Fig. 6(a), when Q criterion
>100,000 at the flow rate of 60 LPM and Q criterion >2500 at the flow
rate of 15 LPM. For the inhalation volume of 60 LPM, there is a slight
difference in the vortex below the glottis and within the bronchi be-
tween UP and EBN method. For the inhalation volume of 15 LPM, var-
iations in vortex structures are obvious from the larynx to the bronchi,
particularly in the trachea. The EBN method depicts a vortex beam in the
lower half of the trachea which is absent in the results of UP method.
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Table 1
The proportion of airflow distribution in different lung lobes with the EBN and
UP methods.

Qi = 15 LPM
QLLL QLUL QRUL QRML- QLLL QLUL QRUL QRML-

RLL RLL

Qin = 60 LPM

EBN  24.2 23.6 20.0 32.2 23.5 23.7 20.3 32.5

% % % % % % % %
UP 12.0 24.0 12.2 51.8 10.3 27.0 12.7 50.0
% % % % % % % %

These disparities in airflow field structures will lead to the difference in
the particle transport between two methods.

In this study, the relative disparity of penetration fraction (PFgp) and
deposition fraction (DFrp) defined in Eq.(21) and (22) are used to
quantify the differences in particle deposition and penetration rates
between two methods. As Fig. 6(b) shows, the relative disparity of PF in
the right lung exhibits the greatest difference between the methods
when inhaling particles ranging from 0.1 to 7 pm at the flow rate of 15
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LPM, while PFrp in the left lung has the greatest difference when
inhaling particles ranging from 0.1 to 3 pm at the flow rate of 60 LPM.
Specifically, the maximum disparity of 93 % occurs in the RML-RLL
when 7 pm particles are inhaled at the flow rate of 15 LPM. This in-
dicates that two methods have significant differences in predicting
particle penetration rates in lobes. Fig. 6(c) illustrates the relative
disparity of DF in two methods. The maximum DFgyp in the truncated
model is 6 % when inhaling 7 pm particles at a flow rate of 15 LPM. In
the pharynx and larynx, the DFgyp is relatively small. However, in the
TLB region, the disparity between two methods is the highest, due to
discrepancies in airflow vortex structures in the TLB using two methods.
Specifically, when inhaling 5 pm particles at the flow rate of 60 LPM,
there is a maximum DFgp of 30 %.

3.2. Deposition and penetration fraction

This paper reveals the particle transport in the mouth-to-lobar
bronchi model with EBN method. Fig. 7(a—c) shows the particle depo-
sition in each part of the mouth-to-lobar bronchi model. In the model,
the probability of particle deposition in the upper respiratory tract
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Fig. 6. Comparison of CFPD simulation results using the UP and EBN methods on the mouth-to-lobar bronchi model: (a) Comparison of vortex structures in the
mouth-to-lobar bronchi model using two methods. (b) Relative disparity of PF at different inhalation volumes. (c) The relative disparity of DF at different inhala-

tion volumes.
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increases with the larger size of micron particles and higher flow rates.
For the same size particles (i.e. d, = 5 pm), DF of the model increases
with higher inhalation volume. Most of the inhaled 5-10 pm particles
deposit in the larynx when they are inhaled at the flow rate of 15 LPM.
While at the inhalation of 60, 90 LPM, the most likely deposition region
shifts from the larynx to the oral-pharynx with the increasement of
particle size. In addition, when particles with the diameter more than 6
pm are inhaled at the flow rate of 15 LPM or more than 3 pm are inhaled
at the flow rate of 60 LPM, particles will deposit in the model with a
likelihood of 40 %. DF in the model is more than 80 % for particles with
diameter larger than 3 pm inhaled at the flow rate of 90 LPM. Therefore,
when designing inhalation drugs for the treatment of lung diseases, it’s
preferable for the particle size to be less than 3 pm with the inhalation
volume ranges from 15 to 90 LPM. Furthermore, pollutants with size
larger than 3 pm are more likely to deposit in the upper respiratory tract,
then be removed to the mouth and cause less harm.

The probability of particles penetrating into different lobes from
lobar bronchi is shown in Fig. 8(a-c). When 0.1 ~ 1 ym particles are
inhaled, flow rate and particle size have little impact on PF and more
than 90 % particles will penetrate deeper into the lung lobes, while PF
will be more than 95 % at the rate of 15 or 60 LPM. For microparticles
(dp > 1 um), PF decreases with the increasement of particle size and
flow rate, in contrast to the trend of DF. When PF>20 %, the probability
of particles entering RML-RLL is the highest among lobes, while PF of
RUL and RML-RLL bronchi will be comparable when PF<20 %. Hence,
when designing inhalation medications for the treatment of lung dis-
eases, particles should ideally have a diameter ranging from 0.1 to 1 pm

and be inhaled at the flow rate of 15 or 60 LPM. However, this also
indicates that when 0.1 and 1 pm pollutant particles are inhaled, they
are highly likely to transport deep into the lungs, potentially causing
lung diseases.

3.3. Deposition hotspot and deposition mechanism

Deposition mechanisms of the particle in the respiratory tract
include diffusion deposition, gravitational deposition and inertial
deposition. Gravitational deposition typically plays a role in small
bronchi and alveoli. Additionally, Peclét number Pe indicates that
diffusion deposition can be neglected when 0.1-10 pm particles deposit
on the wall of the truncated respiratory tract model. Peclét number Pe =
%‘1" at inlet is more than the magnitude of 1e7 in this study, where
characteristic length D is the hydraulic diameter of the mouth, U is the

average velocity at the mouth. Subsequently, the inlet Reynolds number

2
and Stokes number (Stk = ”{3{#

number of the airflow and inertia deposition of particles, respectively.
Deposition efficiency (DE) is used to characterize the particle deposition
probability in each part.

The variation of DE concerning Stk and Re in the truncated respira-
tory tract model is in Fig. 9(a—c, e). The segments of the respiratory tract
and corresponding observation direction of the respiratory tract are in
Fig. 9(b). When Stk<0.01, DE of all parts of the model is less than 10 %
and does not vary significantly with Stk, indicating particles can closely
track the streamline of airflow. When Stk>0.01, DE of particles at all

) are used to be the characteristic
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Fig. 8. Penetration fraction of particles into lobes from lobar bronchi: (a) Q;, = 15 LPM (b) Qi = 60 LPM (c)Q;, = 90 LPM.

parts of the respiratory tract rapidly rises with the increasement of Stk.
In the oral-pharynx, Re significantly influences DE when Stk>0.01,
while minimal influence of Re on DE occurs in the larynx and TLB.
Although the variation of DE might not be significant with Re and Stk,
the deposition hotspots of particles change with Re and Stk.

The deposition hotspots of particles are determined by the flow
structure such as vortex and jet flow, as well as the particle inertia. When
Re number varies, the vortex structure in the oral-pharynx changes
accordingly, leading to different deposition shapes even with the similar
Stk number of particles, as shown in Fig. 9(a) (B, C, D). When Re ~1000,
as depicted in Fig. 9(a), most of the deposited particles concentrate on
the sidewalls and anterior wall of the pharynx(Anterior, posterior, left
and right sides are regulated in Fig. 2(b)), since no vortex rope near the
posterior wall of the oral-pharynx, as shown in Fig. 9(d). However,
deposited particles tend to concentrate on the posterior wall of the oral-
pharynx when Re is about 5000 and 7000 due to vortex ropes near the
posterior wall. When Re ~5000, four vortex ropes arise near the pos-
terior wall of the oral, with two of them extending from the mouth to the
pharynx in Fig. 9(d). Thus, when Stk of particles is about 1, ribbon-like
deposition forms on the posterior wall of the pharynx, with a blank
stripe in the center, shown in Fig. 9(a) (A). In Fig. 9(a) (C), a deposition
streak appears on the center of the posterior wall in pharynx for Stk ~
0.1. When Re ~7000, two vortex ropes arise near the posterior wall of
the oral and a blank deposition stripe also appears with Stk ~0.2, shown
in Fig. 9(a) (B), and deposited particles with Stk ~ 0.1 scatter more
uniformly on the posterior wall shown in Fig. 9(a) (E).

As shown in Fig. 9(c) (G), when Stk<0.01, the amount of particle
deposition in the larynx is small but most of the deposited particles will
be concentrated around the glottis. When Stk = 0.01-0.1 (Fig. 9(c) (D, E,
F)), there is a high probability of deposited particles scatter on the lower
anterior side of the glottis, the posterior corner of the epiglottis and the
sidewalls from the epiglottis to the glottis. As Stk>0.2 (Fig. 9(c) (B)), the
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deposition hotspot is a narrow streak extending from the pharynx to the
posterior corner of the epiglottis, as well as the deposition below the
glottis in larynx. When Stk ~1, the deposited particles below the glottis
diminishes greatly (Fig. 9(c) (A)). The deposition in the sidewall of
epiglottis to the glottis is also mainly influenced by the vortex in the
larynx, as illustrated in Fig. 9(f). In Fig. 9(f), a local low-speed region
closing to the anterior of the epiglottis-glottis area, suggests the presence
of vortex, which is also shown in Fig. 6(c). Moreover, inertia particles
deposited around the posterior corner of the epiglottis and around the
glottis are affected by the abrupt change of airflow direction near the
corner, shown in Fig. 9(f). The high-velocity jet flow near the lower
anterior posterior wall of the glottis enhances the deposition.

In TMB, as shown in Fig. 9(e), DE is primarily influenced by Stk. Few
of particles with Stk>0.1(Fig. 9(e) (A, B)) enter the TLB region and over
60 % of them will deposit on the upper half wall of the trachea. More
particles with Stk = 0.01-0.1(Fig. 9(e) (C, D, E)) enter the trachea and
deposit in the upper half wall of the trachea, at the junction of branches
as well as on the outer curved side of bronchi. Most of the particles with
Stk<0.01 enter the lobes (Fig. 9(e) (C, D)). Particle deposition in the
trachea is primarily affected by the laryngeal jet flow in Fig. 9(f) and the
laryngeal vortex extending to the trachea in Fig. 9(d). Moreover, inertial
particles deposit at the junction of bronchi for sudden change in fluid
direction, and the inertial particles move towards the outer curved side
wall as the centrifugal force on the airflow in bronchi.

3.4. Discussion

The EBN method for particle transport in the mouth-to-truncated
bronchial tree model has broad applicability across both idealized and
image-based models. Additionally, this method can be applied to
simulate breath with respiratory waveform and avoid manually trans-
ferring the data of the flow field between 1D and 3D simulation at the
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Fig. 9. Particle deposition efficiency, deposition hotspots, and airflow (a) Particle deposition efficiency and deposition hotspots in the oral-pharynx regions (b)
Corresponding orientation of the model in the deposition hotspot map, as well as the corresponding parts of the model in the deposition efficiency map (c) Particle
deposition efficiency and deposition hotspots in the larynx (d) Vortex structures in the model at three inhalation volumes (e) Particle deposition efficiency and
deposition hotspots in the TLB region (f) Cross-sectional velocity magnitude contour of the airflow in the model.

truncation. This study employs a transient algorithm in CFPD to simu-
late breath with steady waveform, indicating that the EBN method is
well-suited for simulating the inspiratory process. However, certain
parameters in the simulation of the breathing process, such as time steps
at different scales, need to be carefully selected to ensure both the
convergence of the flow field and the accuracy of the coupling
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algorithm. Moreover, it is necessary to modify the pore scale model
when the quasi-static assumption is no longer valid [36], such as in cases
of higher respiratory rates. Additionally, EBN modeling method reveals
the airflow from mouth-to-terminal bronchioles, laying the foundation
for studying aerosol transport throughout the whole respiratory tract
model.
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Future research could improve the network model of the bronchial
tree and CFPD of the mouth-to-truncated model. This study ignores the
deformation of the lung, which might play a role in less inhalation flow
rate. EBN method assumes equal alveolar pressure at the terminal
bronchioles, while slight physiologically variations may exist among
them due to factors such as gravity, total lung capacity, compliance, and
inhalation rate. In this paper, the results are validated, suggesting that
these factors can be neglected. However, at lower inhalation rates,
alveolar pressure may become a key factor influencing airflow distri-
bution. Moreover, the results of steady-state inhalation simulations in
this study may exhibit some deviations compared to those of high-
frequency breathing at the equivalent inspiratory volume.

4. Conclusions

This study proposes a multi-scale modeling method for the aerosol
transport in a mouth-to-truncated bronchial tree model, called EBN,
which provides a more physiologically consistent boundary condition
than the widely used uniform pressure boundary condition for CFPD
simulation. Compared with previous studies on multi-scale simulation of
airflow in the whole respiratory tract, the coupling algorithm between
scales is more readily implementable and flexible with EBN boundary
condition. Moreover, this method is suitable for both image-based and
idealized respiratory tract model. It can also be applied to simulate
breathing with a respiratory waveform.

A comparison between EBN method and UP method is presented.
The results indicate that the maximum difference between these two
methods in flow distribution of lobes is about 20 %. The maximum
relative disparity of aerosol penetration fraction of the RML-RLL lobes is
93 % when inhaling 7 pm particles at the flow rate of 15 LPM.
Furthermore, the maximum relative disparity of aerosol deposition
fraction within the TLB is 30 % when inhaling 5 pm particles at the flow
rate of 60 LPM.

Results of the simulation of the nano-micro particles transport in the
mouth-to-lobar bronchi model using EBN method show that: Particles
for drug delivery into the lung should ideally have a diameter ranging
from 0.1 to 1 pm and be inhaled at the flow rate ranging from 15 to 60
LPM. However, these particles will be harmful if get inhaled as pollut-
ants. Meanwhile, particle deposition fraction and deposition efficiency
at each part of the truncated model are revealed. This paper also qual-
itatively analyzes deposition hotspots forming reason corresponding to
inlet Stk and Re. The dominating deposition mechanism of 0.1-10 pm
particle of 5 g/m? inhaled at the flow rate of 15~90 LPM is inertia
deposition.

This work provides a reference for the optimization of drug delivery,
targeted therapy, and the prevention and control of pollutants. It also
lays a foundation for the simulation of aerosol transport in the whole
respiratory tract.
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k: Average kinetic energy

FBM: Brownian force

T: Temperature of fluid

G;: Zero mean variant from a Gaussian probability density function
Snn: Spectral intensity function

Dy,: Diffusion coefficient of particle

DF: Deposition fraction

DE: Deposition efficiency

PF: Penetration fraction

PFgp: Relative disparity of PF using EBN method and UP method
DFgp: Relative disparity of DF using EBN method and UP method
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N: Number of particles

PFgp: Relative disparity of PF using EBN method and UP method
DFgp: Relative disparity of DF using EBN method and UP method
LPM: Liters per minute

: Momentum relaxation time of diffusion

y: Correlation coefficient of Poiseuille flow

kp: Boltzmann constant

Gj: Zero mean variant from a Gaussian probability density function
u;: Eddy velocity

Vrms: Root mean square of the fluid isotropic fluctuating velocity
MSD: Mean Squared Displacement
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