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ARTICLE INFO ABSTRACT

Keywords: Fiber transport and deposition in the complete respiratory airway is of great significance for human health risk
Fiber assessment. Thus far, the literature has mainly focused on limited branches of the upper airway and assumes
Overall and regional deposition spherical particles by neglecting fiber anisotropy. To fill the gap, this paper utilized an extended realistic res-
S-econdary ﬂo_w piratory airway from the nasal cavity to the distal bronchial tracts, up to the 15th generation. Fibers with
Fiber deposition pattern . g . .
Lobes deposition aerodynamic diameters from 2 to 12 pm and aspect ratios of 1, 10, and 50 were released at the inlet of the
Computational fluid dynamics respiratory airway model, and the coupled translational and rotational motion were computed. Overall and
regional fiber deposition fractions, including the nasal cavities, laryngeal airway, and lungs were predicted and
compared with earlier numerical results. The study also investigated: 1) secondary flow and distributions of the
fibers at the lower respiratory airway entrance; 2) upstream conditions toward fiber deposition efficiencies; 3)
fiber deposition patterns and detailed deposition fractions in the five lobes. Utilizing the realistic fiber transport
model, the current study found that the upstream airway geometry and the flow condition have a significant
impact on the fiber transport and deposition in the downstream airway regions. The fiber depositions in the
lower and middle lobes are sensitive to the fiber aerodynamic diameter, but insensitive in the upper lobes. This
study expects to generate innovative knowledge on the unique fiber motion characteristics toward potential
inhalation health risks.

1. Introduction indicated that carbon nanotubes (CNTs) can result in lung inflammation,

granuloma, and fibrosis based on animal studies. Other CNTs toxicity

Human respiratory airways have a high risk of infection as they are in
direct contact with the atmosphere that may contain various hazardous
aerosols. Human respiratory exposure to airborne elongated mineral
particles (EMPs) is of particular interest due to severe adverse health
consequences [1]. The occurrence of malignant respiratory diseases,
such as lung cancer, mesothelioma, and asbestosis, has a close rela-
tionship with occupational exposure to asbestos, one of the most noto-
rious EMPs [2,3]. Although the usage of asbestos has been strictly
banned and the handling of existing materials is required to follow strict
protocols, in most countries, new alternative materials, such as
man-made vitreous fibers (MMVFs), carbon nanofibers, and carbon
nanotubes are increasingly being utilized. The extremely small scale of
these particles and their elongated needle-like appearance, like asbestos,
have raised concerns of similar adverse health effects [4-6]. A report
from the National Institute for Occupational Safety and Health (NIOSH)
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studies drew similar conclusions with lung inflammation, granuloma,
and fibrosis observed in mice [7-10].

Particle deposition in human respiratory airways has been widely
investigated in recent years. For spherical particles, Smith et al.
compared the nanoparticle deposition in human lungs between a 3-year-
old child and a 23-year-old young adult through an experimental mea-
surement [11]. The results indicated that geometric variations between
human subjects have a higher impact on particle deposition rate than the
inhalation flow rate. Kelly examined micro-spherical particle deposition
in two human nasal cavity replicas utilizing different stereolithography
machines [12]. The results demonstrated that small differences in nasal
cavity models can contribute to a significant difference in particle
deposition. Garcia et al. investigated the nasal filtration of
micron-ranged spherical particles by using five different nasal replicas,
where the effects of the nasal filtration were measured by a series of
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Stokes-based impaction parameters [13]. This study found that the
usage of appropriate pressure-based impaction parameters can collapse
the data in different nasal cavities to a single curve at varying flow rates.
Rissler et al. recruited ten healthy volunteers to study human respiratory
airway exposure to diesel exhaust particles [14]. Their results revealed
that the common dose models, such as the multiple-path particle
dosimetry, can accurately predict the deposition of diesel exhaust par-
ticles with the spherical particle assumption.

A few studies investigated the elongated particle, or fiber, deposition
in respiratory tracts by in-vivo and in-vitro experiments. Timbrell,
Lippmann, and Berman et al. reported that the deposition of fibers in the
respiratory tracts could induce pathological changes [15-18]. Su and
Cheng [19-21] investigated carbon micro-fiber deposition patterns in a
human nasal replica at different flow rates. The results demonstrated
that the inertia force dominates the fiber motion and deposition, and the
anterior region of nasal cavities can easily trap micro-fibers with high
inertia. Wang et al. utilized three realistic human nasal models made by
stereolithography technology to investigate glass fiber deposition pat-
terns at different flow rates [55]. This study also concluded that the
micro-fiber deposition is sensitive to the impaction of particles, similar
to the study of Su and Cheng [19-21].

In comparison to experiments, numerical measures, such as
computational fluid dynamics (CFD), can predict more detailed quan-
titative data than traditional methods due to the limitations of high-
precision measuring instrumentations. For example, numerical simula-
tion can be applied to study the Ca®* diffusion in human nervous sys-
tems [22,50]. A two-dimensional Ca®" neuronal model was developed
to investigate the Ca®" spatiotemporal behaviors in neurodegenerative
diseases [51]. A numerical simulation was performed to investigate the
circulation flow and mass transfer inside atmospheric water drops
(Wang et al.) [54]. In the field of inhalation studies, the prediction of
spherical particle transport and deposition in human respiratory airways
by CFD has been utilized in many years. Zhang et al. numerically built a
four-generation airway model to study the nano-scale spherical particle
deposition [23]. Their results indicated that the distribution of deposited
nanoparticles is widely scattered in the human airway surface. Xu et al.
investigated the inhalation health risk assessment for human tracheo-
bronchial trees under particulate matter (PM) exposure at a bus stop
scene [24]. Dong et al. simulated the spherical nanoparticle deposition
in an extended large-to-small conducting lung airway model [25]. The
results indicated that the inhalation flow rate plays a significant role in
spherical particle deposition. Furthermore, Dong et al. evaluated the
spherical particle deposition in two approximate upper tracheobron-
chial tree models and one realistic tracheobronchial airway model [26].
This investigation revealed that the airway model developed by Kitaoka
(a semi-realistic airway using four algorithms [27]) can be used to
predict reliable airflow and ultrafine particle motions.

The prediction of fiber deposition is more challenging compared to
spherical particles since the coupled translation and rotation of the fiber
are required in the simulation. Very few studies investigated the exact
fiber motion in human respiratory tracts. Tian and Ahmadi [28,29]
performed fiber transport and deposition simulations in a 2D duct and a
3D human lung bifurcation model. The hydrodynamic drag,
shear-induced lift, and torque were considered. Single fiber trajectories
were visualized. Effects of the airflow pattern, airway morphology, fiber
size, and length on the ellipsoidal fiber deposition were investigated.
Dastan et al. simulated the fiber deposition in three realistic human
nasal airways at the airflow rates of 2.5, 5, 7.5, and 10 L/min per nostril
[30]. Their results revealed that the Stokes-based aerodynamic diameter
is an appropriate parameter to characterize the fiber deposition fraction.
Tian and Ahmadi studied the effects of Brownian diffusion on nanofiber
transport and deposition in human upper tracheobronchial airways [31,
32]. It revealed that the Brownian excitation could either increase or
suppress the fiber deposition according to a different combination of
fiber diameters and lengths. Tavakol et al. studied impactions of tur-
bulence fluctuations on fiber motion [33]. They found that turbulence
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fluctuations have strong effects on fibers with impaction parameters
between 100 and 2000 um? e L/min. More recently, Li et al. evaluated
the transport and deposition of fibers and spheres in a human nasal
cavity model and a 2D channel [52,53]. Detailed effects of the fibrous
particle size, length, rotation, and interaction with the local flow were
analyzed. It was found that the fiber length is a key parameter affecting
the micro-fiber motion and deposition in the human nasal cavity, and
the shear-induced lift is important in certain scenarios. More details of
the current state of the art on fiber transport and deposition can be found
in the review work of Tian and Ahmadi [34].

It is seen that most of the prior studies were focused on the fiber
motion in human nasal cavities, and very few studies investigated the
fiber transport and deposition in the complete realistic respiratory air-
ways from the nasal cavity to the distal bronchial tracts. Studies in the
lower respiratory airways are extremely rare. Adverse respiratory health
consequences may occur when a high penetration rate is observed for
bio-persistent fibers while the human airway clearance mechanism is
not able to remove them effectively. Detailed knowledge of the transport
and deposition of elongated particles in human respiratory airways is of
considerable importance to better assess the risks of human respiratory
exposure to elongated particles. Along the inhalation pathway, mitiga-
tion and management of these risk scenarios can be effectively proposed.

In this study, the work of Li et al. was extended from nasal cavities to
complete human respiratory airways up to the 15th generation [52]. The
emphasis was on three local regions: the nasal cavities, the laryngeal,
and the lower respiratory airways. The impact of the upstream airflow
and fiber dynamics toward the lower airways was analyzed. The fibrous
particle transport, rotation, and deposition were performed in a realistic
human large-to-small conducting airway model. A constant inhalation
breathing rate of 18 L/min was assumed, and the airflow field was
evaluated under the k — @ SST model using the ANSYS FLUENT™ 19.2
(ANASYS., Lebanon, NH). A laminar-to-turbulent flow condition was
simulated The coupled translation and rotation of the ellipsoidal fiber
were modeled by using the ANSYS FLUENT™ User Defined Function
(UDF), and the hydrodynamic drag, shear-induced lift, gravitational
sedimentation, and torque experienced by each fiber were accounted for
in the simulation. Deposition fractions of the fibrous particles in the
human respiratory airways were predicted. Regional deposition effi-
ciencies of fibers in the nasal cavities, laryngeal airway, and lungs were
analyzed, and compared with earlier numerical results. Secondary flow
and distributions of the fibers at cross sections of the lower respiratory
airways, which have not been revealed in the past, were investigated
and visualized. Deposition patterns and deposition characteristics of the
micro-fibers in the five lung lobes were analyzed and discussed.

The potential impact of fibers on human health is crucial. The pre-
sent work provides valuable insight to reveal the outcome of a complete
human respiratory airway exposure to fibers, especially at distal bron-
chial tracts that is difficult to investigate by experiment. This study aims
to generate innovative knowledge on the unique role of fibers toward
deposition, and potentially improve the overall risk assessment
capabilities.

2. Methodology
2.1. Computational model of the human respiratory airway

The realistic human respiratory tract used in this study is shown in
Fig. 1. The geometry was originally reconstructed and validated by
Shang et al. [36]. It has been used by Tu et al. [37], Dong et al. [25,38].
This airway model consists of the upper respiratory airway, including
the nasal cavities, pharynx, larynx, and the lower respiratory airway
extended from the trachea to terminal bronchioles up to the 15th gen-
eration. The geometric model is reconstructed from computed tomog-
raphy (CT) scans of a healthy adult. Although a human bronchial tree
consists of 23 generations from the trachea (generation 0) to the last
terminal bronchioles (generation 23) [39], current geometry only
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Respiratory
Airway

| Lower Respiratory Airway |

(a)

includes up to the 15th generation due to limitations of the CT image
resolution. The airway model is meshed with polyhedral elements using
ANSYS FLUENT™ 19.2 (ANASYS., Lebanon, NH). According to research
from Ref. [40]; polyhedral elements are less sensitive to stretching and
computationally less expensive when compared to other types of
meshing elements. Prism layers (5 layers) are applied near the wall to
accurately capture the boundary flow and particle behavior. Following a
mesh independence test, approximately 2.9 million meshing cells are
utilized in the current simulation. Cross-sectional meshing samples are
shown in Fig. 1 (b) where 3 transverse slices at the locationsa— a’, b —
b, and ¢ —c are displayed. The detailed model reconstruction and
verification can be found in the work of [25,36-38,41].

2.2. Fiber geometry and kinematic modeling

In this study, the micro-fiber is modeled as an elongated ellipsoid
with a semi-major axis b and a semi-minor axis a, as shown in Fig. 2.
Compared to spherical particles where only the translational motion is
prescribed, the fiber motion requires the governing equations prescrib-
ing both the coupled translation and rotation due to the anisometric
shape. Fiber kinematics is described by a set of coordinates (Fig. 2),
where [X, y, z] is the global coordinate fixed in space, and [X,y,2] is
attached to the fiber mass center with the coordinate axes parallel to the
fiber’s principal axes. Here the 2 axis superimposes the ellipsoid’s major
principal axis. A co-moving coordinate [X,Y, 2] is also attached to the
fiber mass centroid, however with its coordinate axes parallel to the
global coordinate [x, y, z]. The detailed kinematic relationship of the
three coordinates can be found in the work of Li et al. [52], and also be
found in the Appendix.

N>

4
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=

Computers in Biology and Medicine 163 (2023) 107180

a

Nasal
Cavity

Laryngeal
Airway

| Lower Respiratory Airway |

(b)

Fig. 1. Geometry of human respiratory airway and polyhedral mesh.

2.3. Governing equation of the fiber

2.3.1. Translational motion

The fiber, or ellipsoid particle, is acted upon by the air and gravity.
Due to the shape of the ellipsoid particle, both the translational and
rotational motion need to be resolved. A dilute condition is assumed
where particle collisions are neglected. A creeping flow with a very low
slipping velocity between the fiber and the air is assumed. The trans-
lation of an ellipsoid particle in a flow field is described as:

d
mp% =m'g+f" +f* €Y)

Where mP is the particle mass expressed in Eq. (2), vy is the particle

centroid velocity, g is the gravitational acceleration, f* and f* are the
hydrodynamic drag and shear-induced lift, respectively.

mh = gmf B’ 2

here f is the aspect ratio of the ellipsoid particle expressed as:
p==- 3

b and a are the semi-major and semi-minor axes, respectively.

[42] formulated the hydrodynamic drag f* experienced by a small
particle as:

= ;mal?(uf —v) (4)

Where u; and vy are the flow and particle centroid velocity respectively.

K is the translational dyadic tensor given by Eq. (5):

Fig. 2. Schematic of the coordinate systems of a fiber.



J. Lietal
K=a"'RaA (6]
Where K is the diagonal matrix constituted by the diagonal elements k.,

ky; and k;;. For an ellipsoidal particle, the expression of K is given by
Refs. [43,44] as:

P 16(* - 1)
. {(2/),23)1,1@] +p 6)
-1
e 8(F —1)

[(2/f2 - I)MW} ~p

(7)

[45] extended the shear-induced lift force f* at low Reynold numbers
as:

fL:ﬂ_Zapr\/E.Lg (8)

Where L, is the generalized lift vector given as:

ou, Ou,
= -~ Uy — Vx
L,= %EQLX‘QZJF azlz.Lk ok o|: —Vy :|
D) Gty o
dy 0z
o, o, . ©
i axlﬁ.LyX.Z_,_ 021E.L)Z.Z o|:u).—vy:|
p op) o
“l ox 0z
au. auz
s R R R v,
[~k e L okt aylkOLZyOk -{ - }
%12 il e v
- ox dy

Here Ly, Ly;, Ly Ly, L, L, are the lift tensors of the ellipsoid particle,
and calculated as:

A B O
Ly=|D E 0

0 0 C]
[A 0 B]
L.=|0 C 0

|D 0 E]
[E D 0]
L.=|B A 0

0 0 C
:c00: (10)
L,=|0 A B

|0 D E|
[E 0 D]
L.,=|0 C 0

B 0 A]
[C 0 0]
L,=|0 E D

|0 B A]

where A = 0.0501, B = 0.0329, C = 0.0373, D = 0.0182, andE =
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0.0173.

2.3.2. Fiber rotational motion
The governing equations for the fiber rotational motion are:

dwy
L ;; - wyo:(l, — ;) = T¢ an
Iyd;;}v — a)gw,}(lg — I,}) = T\ﬁ (12)

Where I, I, and I; are the fiber moments of inertia, wy, y, and w; are the
angular velocities, and T?, T;}, and T! are the hydrodynamic torques

acting on the fiber about its principal axis.
For the hydrodynamic torques, Jeffery proposed [43]:

s 6mud’p 2 ) B
7= 30t gy ()t () (v = )] a9
7= D (5 1)de (14 87) (v~ )] as)

3 (050 + ﬂzl’o)

h 327ua’p

= """ (W, —w, 16
0 3(ao +By) (W'\X w() (16

Where o, f, and 7, are the dimensionless parameters given by Eq. (17)
and Eq. (18) [46], dzy, dx;, and wyy, Wy, Wy, are the deformation rate
tensors and spin tensors of the fluid respectively (Eq. (19)).

w=po=tp L PP ] a7
—Fo— 3
F=1 -1} [p+VF -1
yo= —e P | VP 1 (18)
Y-l (o)t VR
1 (Ou; Ou
-l
1 (Ou; = Ou:
& i(aﬁ*ax)
1 0145 0145»
v =3 (5 %) a9
B L
AT
10wy dui
Mm%
Here %, iil, etc. are the velocity gradients given by
y 1z
G=AGA" (20)

Where G and G are the dyadic’s expressed in the particle and co-moving
coordinates, respectively.

2.4. Equivalent aerodynamic sphere

An equivalent diameter of a sphere is frequently proposed to char-
acterize the motion of non-spherical particles. Researchers have intro-
duced different equivalent diameters to study non-spherical particle
deposition under different situations. For particles of large diameters,
the main mechanisms contributing to the deposition are inertial
impaction and gravity. Stober formulated an equivalent aerodynamic
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diameter d, to characterize the elongated ellipsoidal particles [47],
which is widely used:

|
d, =dy K. (21)

Where dy is the diameter of a sphere with an equivalent volume, p? is the
particle density, p, is the density of water (1000 kg/m?), K, is the dy-
namic shape factor of the ellipsoid, expressed as:

11 2
K 3K, + KL (22)
Here K, and K| are the dynamic shape factors of the ellipsoid particle in
the perpendicular and parallel orientations to the main flow direction.
When the principal axis of the fiber is perpendicular to the mainstream,
K, is given by:

- 8(— )8 .
{[F = 3ym(p+ VF-T) /VFE—1]+p}

K,

(23)

When the principal axis of the fiber is parallel to the mainstream, K| is
given by
_ 4 -1p
Ky = 2 2 2 ’
3{{(2/; - 1)ln(ﬁ+ V- 1)/\//1 - 1] —/)’}

(24

2.5. The ellipsoid deposition scenarios

When a fiber comes into contact with a boundary, it is assumed to
deposit due to the van der Waals adhesion force. Fiber orientation and
its centroidal distance from the boundary determine the deposition
criterion. Three fiber-boundary scenarios are listed: 1) if the centroidal
distance from the boundary is smaller than fiber’s semi-minor axis,
deposition occurs; 2) if the centroidal distance from the boundary is
larger than the semi-major axis, the particle is not deposited; 3) if the
centroidal distance from the boundary is in between the semi-major and
semi-minor axis, the fiber’s orientation determines its deposition. Fig. 3
shows the deposition scenario 3. The inclination angle of the fiber to the
boundary is § — a, and the fiber capture distance dy is defined as:

dy =bcosa (25)
Where cos o can be obtained as:

_— —
Ve o Vi

cosa =
Ve | x| Vy

(26)

here Vy and VT,J are the unit vectors of the fiber’s principal axis and the

Fig. 3. Fibrous particle deposition schematics.
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wall-normal, respectively.

When the fiber centroidal distance from the boundary is smaller than
the fiber’s capture distance dy, the fiber is considered deposited. The
current study assumes that the deposited fibers will not re-enter the flow
due to external forces.

3. Results and discussion
3.1. Airflow field simulation

In this study, a human nasal breathing rate of 18 L/min under normal
breathing conditions is considered. To simulate the inhalation process,
the inlet pressure is set as 0 Pa atmospheric at the nasal enclosure
(Fig. 1a), while the outlet velocity is set at the bronchial exits to satisfy
the breathing condition. The inhalation breathing air is assumed steady,
laminar to turbulent in transition, incompressible, and isothermal. Ac-
cording to the equivalent lumen diameter and local velocity at cross-
section b-b’ (Fig. 1), the narrowest point in the larynx, the Reynolds
number is calculated as 3000. The laminar-to-turbulent flow is simu-
lated by using k — @ SST model [35], which has an accurate prediction of
particle transport and has been widely used [35,48,49]. The density p of
the airflow is 1.125kg/m®, and the dynamic viscosity u is 1.85 x
1075 Ns/m?2.

Fig. 4 shows the flow field under a breathing rate of 18 L/min at the
sagittal and coronal planes in the upper and lower respiratory airways
respectively. Static air accelerates and enters the lateral vestibule, and
expands into the main nasal passage at a low velocity (<2 m/s). The
airflow accelerates along the posterior nasopharynx due to the bending
and narrowing of the airway. Flow enters the laryngeal airway with a
high velocity which forms the larynx jet, and a maximum velocity of 8
m/s is achieved at the larynx. Due to a gradual expansion following the
laryngeal airway, the bulk flow slows down, and a fraction forms small
vortices near the rugged wall. When the airflow enters the trachea, the
bulk flow velocity drops to 2.5 m/s. The airflow continues developing in
the trachea, where separations and recirculations are observed in the
posterior trachea. The airflow slows down further through the right and
left bronchus.

Fig. 5 shows the y' value of the airway model in the upper and lower
respiratory airways respectively. Clearly seen, most of the airway region
has very low y* (<1), and the highest y" is in the laryngeal region and is
smaller than 4. This indicates a sufficient refinement of the flow field at
the boundary to ensure an accurate near-wall resolution.

3.2. Total deposition efficiency

Carbon fibers of density 1830 kg/m® are grouped into three config-
urations based on the aspect ratio  (1,10,50). For each group, a series of
aerodynamic diameters from 2 to 12 pm are included in the simulation.
It should be noted that fibers with an aspect ratio of 1 are spherical
particles.

Fig. 6 shows the predicted fiber deposition efficiencies versus the
fiber aerodynamic diameters in the complete human respiratory airway
at a breathing rate of 18 L/min. The deposition efficiency (DE) is defined
in Eq. (27). For each configuration with a different aspect ratio, the DE
curve grows steadily and monotonically with the aerodynamic di-
ameters, indicating domination by the inertia. It is seen that the DE’s are
very low (<20%) when the fiber aerodynamic diameters are less than 3
um for all three configurations. Beyond 3 um, DE'’s of the fibers increase
dramatically with the aerodynamic diameters up to 10 ym. At about 10
um, the DE’s of the fibers approach 90% and reach the maximum of
100% as the aerodynamic diameters arrive at 12 ym.

__ the number of particles depositing in the local region

DE (27)

the number of released particles in the inlet

For fibers with aerodynamic diameters less than 4 ym, spherical
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Fig. 4. Velocity magnitude contours of the extended respiratory airway model at selected cross-sections.
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Fig. 5. The y" value of the airway model: a) upper respiratory airway; b) lower respiratory airway.
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Fig. 6. Comparison of simulated fiber total deposition efficiencies versus aerodynamic diameter in the entire respiratory airway at a breathing rate of 18 L/min.



J. Lietal

particles (3 = 1) have the highest DE’s. However, differences in the DE’s
among the three configurations are small and may indicate a limited
impact on human health. For aerodynamic diameters from 4 to 10 um,
fibers with # = 50 have the highest DE’s, and the DE’s of fibers with g =
1 and 10 are about the same. The maximum difference between fibers
with = 50 and 1 reaches 40% at 6 ym. It can be concluded that the
aerodynamic diameter alone is not sufficient to characterize fiber
deposition in the human respiratory airways. The aspect ratio f, or the
fiber length, has non-negligible effects in the particular aerodynamic
diameter ranges. Longer fibers exhibit remarkably higher DE’s than the
shorter ones, especially for the aerodynamic diameters in the range from
5 to 9 ym. However, it is difficult to draw general conclusions since the
deposition scenarios are drastically different in different respiratory
regions. A detailed regional DE comparison should be performed for an
accurate and reliable understanding.

3.3. Regional deposition efficiency

Simulated fiber DE’s in the regional nasal cavity (blue shaded region,
Fig. 7a) versus the fiber aerodynamic diameters at a breathing rate of 18
L/min are displayed in Fig. 7 (a). In general, DE’s monotonically in-
crease with the aerodynamic diameters for all three fiber configurations.
The trends are similar to the overall DE’s as shown in Fig. 6. Specifically,
the DE’s are about the same in the range from 2 to 4 ym. Beyond 4 um,
the DE’s of the fibers with g = 50 increase dramatically until reaching
100% at 12 ym. The fibers with # = 10 have the lowest DE’s below 6 um,
and they gradually surpass the DE’s of the spherical particles (8 = 1)
with the increase of the aerodynamic diameters. At 12 ym, the DE’s of
the fibers with = 1 and 10 both reach 90%. The nasal cavities have
strong filtration capacity for the longer fibers with § = 50. Fewer fibers
with long aspect ratios can enter the deep respiratory airways.

Fig. 7 (b) compares the predicted fiber DE’s versus the impaction
parameters (IP), defined as dﬁeQ, in the nasal cavity with data from
previous simulations and experimental investigations [19,52]. Here dg,
is the aerodynamic diameter in ym, and Q is the breathing rate in ml/s.
IP is frequently used for the dynamic characterization of inertial parti-
cles due to the combined effect of the diameters, sizes, material com-
positions, and flow conditions. A previous study by Li et al. used the
same simulation method, however with a different nasal model [52]. In
addition, the tracheobronchial airway is not included and the breathing
rate is 15 L/min. The current prediction agrees very well with the prior
studies. However, when the impaction parameter is larger than 2 x
10* um?ml/s, the current prediction is higher which may be attributed to
the difference in geometries and flow conditions.

The experimental results from Su and Cheng [19] are displayed in
Fig. 7 (b) for comparison. In their study, carbon fibers (1830 kg/m3), ofa
monodisperse diameter of 3.66 ym and polydisperse lengths and aspect
ratios from 10 to 300 ym and 3 to 82, were released in a human nasal

100
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—8— =50

80 |

S \
LU f
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i AL
0 v . . . . . . .
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replica at breathing rates of 7.5, 15, 30 and 43.6 L/min respectively. The
measured DE’s of [19] exhibit a sharp increase at an impaction
parameter of 1.5 x 10% ym?ml/s. When the impaction parameter is
smaller than 1.5 x 10* ym?ml/s, the experimental results are similar to
the current predictions of # = 1 and 10. When the impaction parameter
is larger than 1.5 x 10* yum®ml/s, the results are similar to the current
predictions of § = 50. We consider a reasonable agreement in trend
versus the impaction parameters. The observed differences are mainly
attributed to the intersubject variability in different nasal models.

Fig. 8 displays the predicted DE’s of the fibers in the regional
laryngeal airway (blue-shaded region, Fig. 8 (c)). For DE’s versus the
aerodynamic diameters in the laryngeal airway (Fig. 8 (a)), inverted U
shapes are displayed. The DE’s experience a steady increase in the
aerodynamic diameters before the peak is reached around 7 pm. The
longest fibers with = 50 have the highest DE’s when the aerodynamic
diameter is below 5 ym, beyond that, DE’s of # = 50 are exceeded by the
fibers with # = 1 and 10, and they continue to increase until the peak
value of 20% is reached around 6 ym. The DE’s of =50 steadily
decrease to 0% around 12 pym. On the other hand, the fibers with g =
1 and 10 have very similar DE’s before reaching the peak values of 32%
and 34% at 7 um, respectively. After that, the DE’s of the fibers with g =
1 and 10 decrease gradually to 5% at 12 ym. In the aerodynamic diam-
eter range from 7 to 12 uym, DE’s of the spherical particles (5 =1) is
noticeably higher than the fibers with g = 10.

Below 5 um, the fibers have very high penetration rates in the nasal
airway as seen in Fig. 7 (a), since the fibers have a relatively low inertia
when the aerodynamic diameter is below 5 ym. They tend to transport
with the main flow instead of being captured by the wall due to gravity
and inertia impaction. The unfiltered fibers enter the laryngeal airway,
and their DE’s increase with the aerodynamic diameters, indicating a
more dominating inertia force. Beyond 5 yum, with the increase of DE’s as
shown in Fig. 7 (a), fewer fibers can penetrate into the laryngeal airway.
This results in a decrease of DE’s of the fibers in the regional laryngeal
airway (Fig. 8 (a)). The observation implies that upper respiratory tracts
have a significant impact on DE’s of the fibers in lower respiratory
airways.

To explicitly investigate fiber deposition in the laryngeal airway, a
local deposition efficiency (LDE) is defined as:

LDE — the number of particles depositing in the local region

the number of particles entering the local region

Fig. 8 (b) displays the LDE’s of the fibers versus the aerodynamic
diameters in the local laryngeal airway. LDE’s of all three fiber config-
urations increase gradually and steadily, and the differences are small
when the fiber aerodynamic diameter is below 6 ym. Beyond 6 um, fibers
with g =1 (or the spherical particles) take the lead and monotonically
increase with the aerodynamic diameters until reaching 92% at 12 uym.
Fibers with # = 10 and 50 experience a slower rate of increase of LDE’s

100
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Fig. 7. Comparison of simulated fiber deposition efficiencies in the regional nasal cavities: a) fiber deposition efficiencies versus the aerodynamic diameter; b) fiber
deposition efficiencies versus the impaction parameter (IP) — comparison with prior results.
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Fig. 8. Comparison of simulated fiber deposition efficiencies in the regional laryngeal airway: a) fiber deposition efficiencies; b) regional local deposition efficiencies

(LDE); c) fiber entry rate to the regional airway.

from 6 to 10 yum. Beyond 10 um, the LDE’s of the fibers with g = 50 have
a sharp increase and exceed that of the fibers with # = 10, and reach the
same level as fibers with = 1 (or the spherical particles). Overall, the
three LDE curves show an inertial-dominated phenomenon, and the
laryngeal airway has a high filtration capacity for large spherical
particles.

To explicitly investigate the upstream-to-downstream influence on
particle deposition, an entry rate is proposed as:

the number of particles entering the local region

Entry rate = the number of total released particles at the inlet

The entry rate is a good indication of the accessibility of the initially
released particles to the downstream regions. A low entry rate implies a
high upstream filtration capacity due to the combined effect of geometry
and flow complexity. A low entry rate results in a more complex particle
flow condition in the downstream locations.

Fig. 8 (c) shows the fiber entry rates versus the aerodynamic di-
ameters in the laryngeal airway. Clearly seen, all curves decrease with
the aerodynamic diameters. Below 4 um, the fibers have very high entry
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rates about 90%. It is apparent that the human nasal cavities cannot
effectively filter out fibers with aerodynamic diameters smaller than 4
um. However, with the increase of the aerodynamic diameter, fiber entry
rates decrease rapidly, especially for the longest fibers with an aspect
ratio of 50. This implies that the very long fibers have a lower chance to
penetrate deeper respiratory airways. Fibers with =50 can hardly
propagate into the laryngeal airway when the aerodynamic diameter is
above 10 ym.

Fig. 9 shows fiber transport and deposition in the lower respiratory
airway. The entry rates of all fibers entering the lower respiratory
airway are the highest at 88% at 2 ym and decrease gradually with the
increase of the aerodynamic diameters (Fig. 9 (a)). The entry rate pro-
files of the three fiber configurations are similar and high around
80-90% when the aerodynamic diameters are below 4 ym (Figs. 9 (a)
and Fig. 8 (c)). The entry rates of all fibers with a small aerodynamic
diameter of less than 4 pym are insensitive to the aspect ratio, aero-
dynamic diameter, and airway geometry. Small fibers have strong
flowability, and they can propagate with the main flow without being
deposited. Beyond 10 um, the fibers have very low entry rates (<10%).

Dae (p2m)
(b)

Fig. 9. Comparison of simulated fiber deposition efficiencies in the lower respiratory airway: a) fiber entry rate; b) fiber local deposition efficiencies.
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At aerodynamic diameters around 10 yum, most of the fibers are filtered
by the nasal cavities and the laryngeal airway. It is seen from Fig. 9 (a),
fibers with # = 1 and 10 have the highest entry rates. It is concluded that
the shorter fibers have higher penetration rates in the human respiratory
tracts, and are easier to penetrate the deeper airways. On the other hand,
the longest fibers with g = 50 have the lowest entry rates among all
examined aerodynamic diameters. In upper nasal airways, the airflow is
complex with sharp changes of angles. This results in high shear and
high vortices. The current study shows that the fibers with larger aspect
ratios have a higher possibility to get deposited in the upper airways.
The extremely long fibers are difficult to propagate into the lungs. When
the aerodynamic diameter is above 9 ym, entry rates of the fibers with
B =50 are less than 5%. They may pose less risk to human lower res-
piratory systems when compared to spheres and shorter fibers.

Fig. 9 (b) displays the LDE’s of the fibers versus the aerodynamic
diameters in the lower respiratory airway. The LDE’s of all fibers are
consistently very low (about 5%) when the aerodynamic diameters are
below 5 ym. Beyond 5 ym, the LDE’s of the fibers steadily increase with
the aerodynamic diameters. Particularly for the fibers with § = 50, the
LDE’s increase rapidly to 15% at 6 ym. After that, a steady increase is
seen from 6 um to 8 um before the LDE’s reach the highest value of 25%
at 9 um. Fibers with = 10 have the lowest LDE’s among all fiber con-
figurations and reach a peak value of 20% at 9 ym. Due to the low LDE’s
and the high entry rates of fibers with # = 10, a higher proportion of the
fibers with # = 10 can spread into the alveoli region. Spherical particles
(# = 1) have the highest LDE’s among all configurations when the
aerodynamic diameters are below 4.5 ym. and beyond that, two cross-
overs with fibers of # = 50 are observed. Fiber deposition efficiencies are
complicated to predict in the lungs as a result of the impaction from the
upstream. A similar observation can be made in Fig. 8 (b), where the LDE
curves of the fibers with = 10 and 50 have a slower rate of when the
aerodynamic diameters are between 6 and 8 uym. This indicates that fi-
bers are more sensitive to the upstream impaction than spherical par-
ticles, as the orientation is an additional contributing factor to the
deposition. Although the LDE’s of the spherical particles are slightly
lower than the fibers with g = 50, it is difficult to conclude that the fi-
bers with g = 50 have a lower potential risk in the human lower respi-
ratory airways, as the spherical particles have higher entry rates. The
spherical particles (= 1) and fiber of # = 50 may have a similar impact
on human health. Further investigations are needed.

To evaluate the effect of fiber initial release position on fiber LDE’s,
Fig. 10 plots fiber LDE’s versus the aerodynamic diameters in the lower
respiratory airway with two different release profiles. The solid lines
represent fiber LDE’s resulting from an initial release from the usual
breathing zone outside the nostrils (Fig. 10, yellow release profile, top

Computers in Biology and Medicine 163 (2023) 107180

illustration), while the dashed lines indicate the LDE’s of the fibers
released uniformly from the entrance of the lung with the local flow
velocity as shown in Fig. 10 (yellow release profile, bottom illustration).
In Fig. 10, all LDE curves start at about 5% at 2 ym and grow slowly.
Clearly seen from Fig. 10 that, without the upstream influence (fibers
released uniformly from the lung entrance), LDE’s of the fibers are
markedly smoother than the fibers released from the breathing zone.
Similarly, the steady and monotonically increased LDE’s against the
aerodynamic diameters indicate an inertia-dominated deposition pro-
cess. In summary, fibers with g = 50 have the lowest LDE’s when Dg, <
4 pm, however, the LDE’s grow and exceed the fibers with # = 10 when
Dge > 5 pm. Spherical particles have the highest LDE’s when the aero-
dynamic diameters are below 5 ym, beyond that, LDE’s of the spherical
particles (f = 1) are similar to that of the fibers with # = 10. Differences
between the solid and dashed lines are obvious when the aerodynamic
diameter is greater than 5 ym. For the same aspect ratio of # = 50, the
fibers released from the nasal breathing zone have higher LDE’s than the
release profile from the lung entrance. A similar observation is made for
the spherical particles (f = 1). However, for fibers with g = 10, an
opposite trend is seen. Fibers released at the lung entrance have higher
LDE’s than fibers released from the breathing zone. This difference im-
plies that the upstream conditions have a great impact on the down-
stream fiber deposition. Therefore, it is important to taking account the
upper respiratory airway effects when studying the deposition charac-
teristics of fibers in the lower respiratory airways.

Fig. 11 shows the fiber transport profiles and secondary airflow
streamlines at the cross-section of the tracheobronchial entrance. The
initial fiber-releasing position is from the breathing zone outside the
nostrils (Fig. 1 (a)). The profiles (Fig. 11 (a)) show that most of the fibers
concentrated along the bottom edge of the cross-section (front chest),
especially for high-inertia fibers with # = 50 or D, = 8 pm (Fig. 11 (a3),
(a6), (a7), (a8), (a9)), where the LDE’s are also high as shown in Fig. 10.
Compared with the case of uniform releasing from the lung entrance
(not displayed), fiber distribution is significantly different, leading to the
different LDE’s in Fig. 10. Meanwhile, a large number of fibers with g =
1 and 10 transports through the lower left corner of the cross-section
(front right chest side), especially for smaller Dg.'s of 6 pm and 8 pm
(Fig. 11 (al), (a2), (a4), (ab)). Fiber distributions at the cross section are
highly correlated to the high-inertia regions as indicated by the cross-
plane airflow streamlines as shown in Fig. 11 (b). The secondary flow
has a great influence on fiber transport profiles in the tracheobronchial
airways. Two apparent vortexes are observed at the top corner of the
cross-section (back chest), where the fibers tend to follow the vortexes,
especially for fibers with smaller aerodynamic diameters (Dge = 6 pm
and 8 pm). As seen, the inertia-dominated fibers tend to accumulate to
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Fig. 10. Comparison of fiber local deposition efficiencies (LDE’s) in the lungs with different initial release profiles.
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Fig. 11. Fiber transport profiles and the secondary airflow streamlines at the cross-section of the tracheobronchial entrance: a) fiber transport profile; b) secondary

airflow streamlines; c) cross-section location.

the front chest after impinging the right wall, which leads to an apparent
third vortex when the fibers leave the region. The non-uniform fiber
distributions and the secondary flow drive the fibers into complex tra-
jectories and induce additional depositions in the lungs. It is important
to account for the upstream effect to study fiber transport and deposition
in downstream airways.

3.4. Fiber deposition patterns

Fig. 12 compares the global deposition patterns of the fibers with g =
10 and D, = 4 pm, 6 pm, and 8 pm, respectively. Deposition patterns of
other fiber configurations are performed however not shown due to the
space limitation. Medium-length fibers with g = 10 are chosen to pre-
sent the fiber deposition characteristics, and the fibers with small-to-

Beta=10, Dae =4 um

large aerodynamic diameters of 4 pm, 6 pm, and 8 pm are representa-
tive corresponding to the variations of DE’s and LDE’s in Figure 6-10. It
can be seen that fiber depositions mainly concentrate in the vicinity of
the nasal vestibule, middle and inferior nasal meatus, glottis and sub-
glottis, proximal trachea, and five lung lobes. With an increase of the
aerodynamic diameter, the deposited fibers tend to be more concen-
trated, and the deposition “hot spots” resemble each other regardless of
the fiber sizes. The compartment deposition fractions of the nasal cav-
ities, laryngeal airway, and lower respiratory airway are summarised
and displayed in Fig. 12. For fibers with Dse = 4 pm and 6 pm, the
laryngeal airway has the highest deposition fractions (48.8% and
55.5%), due to a bending geometry of the glottis. For fibers with Do = 8
pm, under the action of a high inertial force, the nasal cavities capture
most of the fibers (75.7%). The deposition fraction is the lowest in the

Beta=10, Dae =6 um Beta=10, Dye =8 um

Fig. 12. Global deposition patterns of the fibers.

10



J. Liet al.

Table 1

Local deposition efficiencies (LDE’s) of the fibers in five lobes.
Location D, =4 pm D, =8 pm
LUL 6.8% 4.7%
LLL 18.8% 47.3%
TOT 25.6% 52.0%
Location Dge =4 pm Dy =8 pm
RUL 14.1% 15.1%
RML 4.9% 17.3%
RLL 29.1% 3.6%
TOT 48.1% 36.0%

lower respiratory airway regardless of the fiber size and the fiber
deposition fractions are gradually decreasing with the increase of the
diameter due to the upstream impact.

Detailed deposition data (LDE’s) of the fibers with § = 10 in the five
lung lobes up to the 15 generations are presented in Table 1. It is seen
that, with the aerodynamic diameter increasing from 4 to 8 pm, the
LDE’s in the left upper lobe (LUL) have a minor decrease from 6.8% to
4.7%, while in the left lower lobe (LLL) incease dramatically from 25.6%
to 52.0%. The LDE’s in the right upper lobe (RUL) remain unchanged
when the aerodynamic diameter increases. The LDE’s in the right middle
lobe (RML) increase from 4.9% to 17.3% with the aerodynamic diam-
eter, while in the right lower lobe (RLL) an opposite trend from 29.1% to
3.6% is displayed. Clearly seen that the LDE’s in the lower and middle
lobes are sensitive to the aerodynamic diameter size, while not sensitive
in the upper lobes. On the other hand, the total LDE’s in the left lobes
increase with the aerodynamic diameter, while they decrease in the
right lobes. According to fiber cross-sectional distributions as shown in
Fig. 11 (a4) and (a6), the fibers in the vicinity of the right chest are
decreasing when the aerodynamic diameter increases; however, the fi-
bers in the vicinity of the left chest remain unchanged. The secondary
flow in the airway affects the fiber entry profile in the lower respiratory
airways, and results in the variation of LDE’s in the left and right lobes.
Again, the complex upstream geometry and flow condition will have an
impact on the downstream fiber transport outcomes.

4. Conclusion

In this study, the transport and deposition of ellipsoidal particles
were systematically investigated in an extended human respiratory
airway model. The physiologically realistic anatomical airway model up
to the 15th generation, developed by Ref. [36]; was used in the present
study. This model reconstruction via the CT image scans captured the
fine anatomical features of the human respiratory airways and opti-
mized the airway structure for digital analysis. The airway model was
divided into three compartments, including the nasal cavities, laryngeal
airway, and tracheobronchial tree up to the 15th generation. The fiber
deposition efficiencies in the whole tracts and the specific regions were
numerically examined. Fiber transportation profiles at the selected
airway cross sections were studied.

The proposed human respiratory airway modeling approach is a cost-

Appendix

Fiber kinematic transformation
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effective way to perform the risk assessment and evaluate human res-
piratory exposure to fibers. The innovative knowledge of the unique
characteristics of fibers toward potential health risks can be extracted
from the fiber transport, rotation, and deposition in the complete and
regional human respiratory airways. The study found that, in human
nasal cavities, the longest fibers with g = 50 have the highest deposition
efficiencies in a large range of aerodynamic diameters. In the laryngeal
airway, the spherical particles have the greatest deposition efficiencies,
while in the lower respiratory airway, it is difficult to conclude. The
combined effects of the geometry and secondary flow complexity result
in a multifaceted fiber deposition trend in the lower respiratory airways.
Three distinct regions can be identified based on deposition classifica-
tions in the laryngeal and lower respiratory airways: a) for aerodynamic
diameters <6 pm, the deposition efficiencies increase with the aero-
dynamic diameters gradually; b) in the mid-range between 6 pm and 8
pm, the deposition efficiencies are steady; c) for aerodynamic diameters
>8 um, the deposition efficiencies increase rapidly until reaching 100%.
Fiber deposition characteristics are significantly impacted by the up-
stream conditions, such as the geometry, secondary flow, upstream
distribution, and orientation of the fibers. It is important to account for
the upstream impact, especially for high-inertia fibers with large aspect
ratios and aerodynamic diameters. In addition, the nasal cavities and
larynx airway have a strong filtration capacity that blocks the high-
inertia fibers from propagating into the deep lungs. The fibers with
smaller aspect ratios and aerodynamic diameters have higher entry rates
into the human deeper respiratory tracts. Fibers with large aspect ratios
and aerodynamic diameters may have a higher possibility to cause in-
fections in the nasal cavities and larynx airway, while fibers with smaller
aspect ratios and aerodynamic diameters could be more dangerous to
the deep lungs and alveolars.

Based on the outcomes of the regional deposition characteristics, it
was found that fibers with different lengths however of the same aero-
dynamic diameter could have different deposition efficiencies. The
aerodynamic diameter alone is not sufficient to characterize fiber
deposition in the human respiratory tracts. Additional investigations are
needed to clarify this point further. Last but not least, according to the
investigation of local deposition efficiencies in the five lobes, LDE’s of
the lower and middle lobes are sensitive to the aerodynamic diameter,
while they are less affected in the upper lobes. The LDE’s in the right and
left lobes are clearly impacted by the fiber size and upstream cross-
sectional flow and fiber conditions at the trachea entrance.
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The kinematic transformation between the fiber’s co-moving coordinate [X,y,2z] and the fiber coordinate [X,y, Z] is shown as:

)

X=A

(A1)

where A = [g;] is the transformation matrix between [x,y, 2] and [i;, %], and it can be described in terms of the Euler angles [56-58]:
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cos iy cos@ — cos @sin@siny  cos y sin@ + cos O cos@sin y  sin y sin 6
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sin 6 sin® —sin 6 cos@ cos 6

where, y, @ and 0 are Euler angles shown in Figure A1l (a).

(A2)

Due to the occurrence of singularity, alternatively, Euler’s four parameters (quaternions) are used in defining the transformation matrix [56-58],

and given as:

1-2(+¢) 2eea+em)  2(eies — )
A= [a,»j} = | 2(e261 —&3m) 1— 2(£§ + sf) 2(e265 + €11)
261 + &) 26 —en) 11— 2(8? + 8%)

(A3)

where €1, €3, €3, 17 are the Euler’s four parameters and the relation to the ellipsoid rotation vector e and rotation angle £ is illustrated in Figure A1 (b).

>
L %Y

(a) (b)

Fig. Al. Transformation of coordinate systems: (a) Euler angles and (b) Euler’s four parameters

The relationship between the Euler’s four parameters, rotation vector and angle are described in Egs. (A4) to (A5). The Euler’s four parameters also

follow the constrain of the rotation of a rigid body in the three-dimensional coordinate, expressed in Eq. (A6).
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The Euler’s four parameters are related to the elements of the transformation matrix A = [ay]. If  # 0,
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The angular velocity w; can be described as the time rate of change of the Euler’s four parameters, given by Eq. (A12).
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