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ABSTRACT

This paper proposes a mathematical model for nanoparticle deposition in the respiratory bronchiole of the human lung airways. The length of
the respiratory bronchiole of the human lung is 1.2 mm, and the diameter is 0.5 mm. Therefore, to investigate the impact of inhaled nanopar-
ticles within the lung bronchioles, first, we used the Navier—Stokes equation by including the Darcy term together with Newton’s equation of
motion. Then we non-dimensionalized the governing equation, and numerical solutions are obtained using the finite difference technique.
Under the assumption of laminar pulsatile flow conditions and axial symmetry, the problem is simplified to a two-dimensional computa-
tional domain. The computational framework is implemented using MATLAB R2018 through user-defined code. Velocity propagation, the
Reynolds number, and the Darcy number effect are performed to examine the flow conditions inside the respiratory bronchioles.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0239676

NOMENCLATURE

ao Amplitude

D, Darcy number

dp Aerodynamic diameter

€ Media porosity

f Pulse rate

K Permeability of parenchyma

ks Stokes resistance coefficient

P Particle load

Re Reynolds number

t Time

Uy The velocity of air particles in the radial direction
uy Air particles velocity in axial direction

Vx The velocity of dust particles in the radial direction
vy Dust particles velocity in axial direction

U Dynamic viscosity

v Kinematic viscosity

Pa Density of air particles

Py Density of dust particles

I. INTRODUCTION

Air pollution is becoming a more and more significant issue.
Humans inhale billions of particles from the surrounding air every
day."” In the human lung system, biological and other factors like
breathing rhythm, particle characteristics, and deposition mecha-
nisms affect airflow and particle transport. Different sizes of particles
may reach different positions in the human body. Particles between
0.1 and 10 ym in diameter deposit differently depending on the flow
rate from the mouth to the oropharynx.”* Particles in the 10-20 ym
range are likely to accumulate in the nasal cavity.” Extra thoracic
space contains particles ranging in size from 4.9 to 44.3 ym (that
is, in the nasal and oral airways, as well as the head and throat).®
Experimental methods commonly used include in vitro models (e.g.,
lung-on-a-chip systems), in vivo animal models, and human stud-
ies with computational simulations to predict deposition patterns.
Techniques like particle counters, impactors, and imaging methods
(e.g., electron microscopy) enable precise measurement and visual-
ization of deposition patterns.” Studied the most critical parameters
for particle lung deposition measurements with a particular focus
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on nano-sized particles (here diameter <300 nm) to guide for mea-
suring the lung deposition of inhaled nanoparticles, to facilitate
comparison and harmonization of data, and to improve the quality
of future particle lung deposition measurements.® Investigated the
binding and uptake of nanoparticles by alveolar macrophages using
flow cytometry analysis and confocal laser scanning microscopy.’
Researched the nanoparticle (physicochemical) properties with tox-
icological pathways and cellular uptake mechanisms, sufficient and
appropriate information for risk assessment and societal accep-
tance of nanomaterials and products made using nanotechnology. '’
studied the previous experimental investigations by also including
aerosols other than ETS (diesel and petrol emissions).!” They aimed
to test and interpret the findings against current theoretical models
of lung deposition.

Due to their minuscule size and incredibly high surface area-to-
volume ratio, nanoparticles pose a serious risk to human respiratory
health.!" Researched the toxicity of nanoparticles by inhalation with
great emphasis on the transport and deposition of nanoparticles in
the respiratory system. In addition,'” "’ researchers showed numer-
ical simulations for the deposition of nanoparticles. These studies
focus on the nasal or oral airways and the upper tracheobronchial
airways (from the trachea to generation G6). Recently”’ investigated
the deposition of 100 nm-diameter nanoparticles and found that
these particles eventually deposit in the alveolar ducts of the human
lung after entering the lung more deeply. In addition, the impact of
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FIG. 1. Idealized human airway configuration.
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the Darcy number, porosity, and Reynolds number of air and parti-
cles inside the permeable alveolar duct has been shown by Kori and
Pratibha.”!

From above, we found that several research works have inves-
tigated the effects of lung nanoparticle deposition. Though Kori
and Pratibha’’ and Saini et al.”’ investigated the alveolar duct,
we have studied the respiratory bronchiole. Understanding the
effects of nanoparticles on the lung and investigating the respira-
tory bronchiole’s flow characteristics are the reasons behind this
work.

Based on experimental results, a mathematical model was
created to quantitatively characterize the movement and deposi-
tion of nanoparticles. These days, understanding the characteristics
of pulmonary airflow in the human lung from the vast central
bronchial airways to the acinar areas requires the use of computa-
tional fluid dynamics, or CED. Therefore, to determine the effect of
inhaled nanoparticles inside the respiratory bronchiole, we used the
Navier-Stokes equation. The air and dust particle velocities are ana-
lyzed under several significant parameters, including the Reynolds
number, the Darcy number, and the media porosity.

Il. METHODS AND METHODOLOGY
A. Respiratory airways and configuration

Air enters the trachea through the nose or mouth during
inhalation. As seen in Fig. 1, it then travels via the respiratory
system’s bronchial tubes. To illustrate the flow of air through the res-
piratory bronchioles, a horizontal cylindrical tube of length 1.2 mm
and diameter 0.5 mm is considered. We assume the radius of the
cylinder is R, and it is assumed that the flow is perpendicular to the
radius, which is shown in Fig. 2, where x and y are the axial and
radial directions, respectively.

B. Mathematical modeling of the governing
equations

The human lung has its 23rd generation. Each subsequent gen-
eration looks like a cylindrical shape and is a smaller duplicate of
the parent. The cylindrical tube’s axis is traversed by an incompress-
ible, fully developed laminar Newtonian fluid that is driven by a
time-dependent sinusoidal pressure gradient. Saini et al. proposed
a mathematical model,”’ which includes, due to the lung’s porosity,
the Darcy term is used to determine the velocity of propagation and
the harmful effects of nanoparticles on the lung. Based on these pre-
sumptions, the fluid flow equations involving solid particles can be
expressed in the cylindrical system (7, z, t).

Equation of continuity for air particles,

Our . Ur . Ou,
or r 0z

=0. (1)

FIG. 2. The cylindrical shape of the
bronchial tube.
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Equation of continuity for dust particles,
oy v, Ov,
4+ T+ =<0 2
or r 0z @

Axial momentum equation for air particles,

ou, +&8uz &Buz ——i@+v &u, +18u2 . &u,
ot & Or & 0z  p. 0z ot  r or 972
& Py
+|-—=u, +k —(vz—uz)). 3)
( K" p,

Axial momentum equation for dust particles,

v, Ov; ; Ov:  ky(uz—vz)

— 4+ + Vv —
ot “ 9z " or m

where the radial and axial velocity components of air particles are
ur(r,2,t), uz(r,z,t) and v,(r, z, ), v2(r, 2, t) represent the radial and
axial velocity components of dust particles, respectively. K is per-
meability described by Ergun®” as follows, and it is dependent upon
media porosity (¢),”

(4)

_ 53’1172
150(1 —¢)*

The following is our assumption on the time-dependent
pressure gradient inside the respiratory bronchioles:

—B—‘Z = ap sin wt,
where f is the pulse rate and ay is the amplitude.
For spherical particles, the Stokes resistance coefficient (k) is
37ud,,. The coefficient of viscosity of air is 4, and the diameter of dust
particles is dj.

w=27nf,

C. Non-dimensional form of the governing equations

The non-dimensional quantities are

oM e ve v vz P
T uy’ ’ Uy . uy’ - Uy B R’y_ R’p_ puuoz’
t K Rk R
=2 D= P =P, = T Re= TH
R R Pa U v
On introducing the non-dimensional quantities, (1) and (2)
become
Oux ux Ouy
+—=+—-==0, 5
Ox x Oy ®)
Ovx  vx  Ovy
—+—+ =0 6
Ox x Oy (©)

Equation (3) becomes

Ouy  ux Ouy

Uy Oty
87+ & Ox

e Oy

_ 0p  1[du  10u, Ou
£8y+Re|:8x2 Txox " oy

+ (—ﬁux+8mpl(vy—uy)). 7)
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Equation (4) becomes
Ovy |, Oy 0wy Sulty—vy)

ar Oy T o m ®

D. Numerical scheme

For all spatial derivatives, we have used central difference
approximations, and for the temporal derivative, we have used for-
ward difference approximations. We have chosen A7 =4 x 107,
Ay =0.006, and Ax =0.003 as the grid spacing for a 151 x 201
grid size for 0.008 seconds with 2000 nodes for time. Equations
are then solved numerically using these results. The axial veloc-
ity discretization uy(x, y, 7) is written as (i, y;» ") or (uy)7;. We
define

xi=iAx;  i=0,1,2,3,..., N,
yi=jAy;  j=0,1,2,3,..., M,
" = (n-1)Ar; n=12,3,4,..., O,

where i,j, and n are the space and time indices. The fol-
lowing is the central difference scheme for each spatial
derivative:

duy (u)’);:j+l - (u}’);:j—l
~NoT

Oy 2Ay

Ay (w)isr; = ()i,
Ox 2Ax

*uy N ()i = 2(uy)ij + (uy)isy,
ox* (Ax)? ’

*u, ()i = 2(w)i + (wy)ij

oy’ (A4y)° ’

which is the second-order central difference in space.

To get the first-order time derivative at a point
(xi,yj>7"), we used the forward difference approximation as
follows:

Ouy N (“y);f;l - (w)i;
or AT '

With the help of the discretization methods, the axial velocity from
(7) at 0 <x < 1 becomes

AIP Advances 14, 125320 (2024); doi: 10.1063/5.0239676
© Author(s) 2024

14, 125320-3


https://pubs.aip.org/aip/adv

241
Re- (Ax)*

_ 2AT
Re-(ny)?

= (“y):f;l = (“y)ZjI:I

AIP Advances ARTICLE

- SmplAT:| -

pubs.aip.org/aip/adv

&sﬁ[(”x)zj(”y)?ﬂ,j = ()i ()i

AT AT . (wtR
- 7&2Ay[(”y)2j(”y)2j+l = (uy)ij(uy)ija ] + Re(Ay) [(w)ijer + (wy)iija ] + eao Sm( ” )AT
AT AT At At eAT
+ n . + + ?’_ . — +S nA - ’.1.’ 9
(uy)lJrl’J|:Re.(Ax)z Re.x.ZAx] () 1’J[Re.(Ax)2 Re.x.2ij| mpi(vy )i AT Da.Re(uX)”] ©)

which is the FTCSCS scheme for axial velocity of air particles,

n SmAT n SmAT n
= (Vy)i,}rl = ( -= )(Vy)i,j + mT(uJ’)i,j
AT n n n
- E(Vx)i,j[(vy)m,j - (Vy)i—l,j]
AT

- @(W)Zj[(vy)zj‘ﬂ - (V)’)Zj—l]: (10)
which is the FTCSCS scheme for the axial velocity of dust particles.

Following stability criteria, the accuracy of the results is ver-
ified, and it is discovered that the results converge to a certain
degree,”!

AT
Max{ — + <0.5, 11
{Ax2 } (1)

where V7 =4 x 107 and Vx = 0.003 are taken.

I1l. RESULTS AND DISCUSSION

Our goal in this work was to use a two-dimensional pulsatile
flow regime to determine the velocity profile of air and dust par-
ticles as well as the impact of lung porosity on the deposition of

Axial velocity of air particles
N

mo

05 0.4

Axial distance 0o

Radial distace

Axial velocity of dust particles

nanoparticles by varying Reynolds number between (10 <Re < 20)
and Darcy number (0.001 <Da < 0.1). The following parameter
values have been used in numerical calculations: R = 0.5 mm,
m = 00002 gm, dpy= 50 nm, f= 12 Hz Vr=4x10"°
Vx = 0.003, Vy = 0.006, v = 1.655 x 10° m? s™", ag = 1 kg/m? s?,
p, = 1.145 kg/m’, p, =0.02504x 10" m™>, Re= 10-20, £ =06,
t=1.895x 107" kgm™" 7! 70*

The mesh is a grid of points (nodes) that divides the area of
interest into discrete elements, allowing for numerical simulations
of fluid dynamics. Our mesh is generated for the grid size 151 x 201
with 2000 nodes for time. Figure 3 shows that due to alveolar expan-
sion, some inspired air moves axially to the distal airways during
inhalation, while the remaining inspired air moves radically, as seen
in Fig. 3. We saw that the axial and radial velocity profiles of the
air and dust particles are parabolic. For the flow field and aerosol
deposition, such a mesh size proved to provide precise answers.

Figures 4(a) and 4(b) show schematic diagrams of the airflow
and dust flow, respectively, in the respiratory bronchial tube. When
the inspiratory flow increases, the deposition increases for all parti-
cle sizes. The color bar on the right side of the figure stands for the
measurement of the velocity of the flow field of the tube.

We saw from contour Figs. 4(a) and 4(b) that the velocity of
air and dust particles decreases with distance. There is a maximum

0.4

Axial distance 0o

(b)

Radial distance

FIG. 3. Mesh for axial velocity of (a) air particles and (b) dust particles.
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FIG. 4. The contour of (a) air particles and (b) dust particles.

velocity for both the air and the dust particles on the tube’s axis and
a minimum along the radius.

The curve visible by the red line in Figs. 5(a) and 6(a) shows the
velocity profile of air and dust particles for the x = 125th position in
the radial direction and green, magenta, black, and blue colors for
other positions in the radial direction. Similarly, the curve is visible
by the red line in Figs. 5(b) and 6(b), showing the velocity profile of

air and dust particles for the y = 170th position along the tube and
so on. We found that velocity decreases with distance.

The Darcy number in fluid dynamics through porous media
represents the relative effect of the medium’s permeability relative
to its cross-sectional area. Since the lung is assumed to be a porous
medium, the porous layer is viewed as less permeable for small val-
ues of D, while due to an increment in D,, permeability increases.
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FIG. 5. Axial velocity of air particles (a) along the tube and (b) across the tube.
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. 10° The dimensionless Reynolds number is used to identify
' ' ' ' ' ' ' ' ' whether a channel’s flow pattern is laminar or turbulent. It rep-
18-/ \E resents the balance between inertial and viscous forces in the air-
1 \ flow. We get the Reynolds number Re = 10 for up = 0.331 ms™",
@ 1.6 - i v=1655x10" m* s7', and R = 0.5x 107> m. By varying the
s ga:g':” Reynolds number from 10 to 20 as shown in Fig. 8, we found the
5 14 o D:;O 001 | velocity profile for air particles in the axial direction, which shows
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We discovered that the velocity of air particles has a parabolic shape . . . . . . . . .
for all values between 0.001 and 0.1, as illustrated in Fig. 7 per- % 01 02 03 04 05 06 07 08 08 1
meability rises and medium pressure falls with increasing Darcy Axial distance
number. As a result, dust and air particles’ velocities steadily rise . L .
. . . . FIG. 8. Reynolds number impact on air particle’s axial velocity.
with distance, enabling the particles to enter the lungs deeply.
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the random movement of particles and viscosity, the velocity profile
decreases as the Re gradually decreases.

IV. CONCLUSIONS

The size of the particle determines how it is distributed
throughout the lung airways. Particles smaller than those of larger
sizes are spread uniformly. In this work, we study the inhalation and
deposition of nanoparticles into the respiratory bronchiole via a cir-
cular tube, from which alveolar regions originate and whose walls
are porous. Therefore, the following conclusions are reached after
the governing equations are solved:

1. Based on our velocity profile analysis, we observed that
the velocity of dust particles is lower than that of air par-
ticles. Because the density of dust particles (pp =0.02504

x 10" m™) is higher than the density of air particles
(p, = 1.145 kg/m?). In a flow with suspended particles, an
increase in particle density often results in a change in the
velocity profile of the fluid. Higher concentrations can lead to
reduced velocity in regions where particles are densely packed.

2. Analysis of Darcy numbers is used to examine the flow
conditions inside respiratory bronchioles. If the Darcy num-
ber increases, the media becomes more fluidic. When D, is
maximized, the greatest number of particles moves in the
direction of the deep lung. Relatively high Darcy numbers
(more porous lung tissue) can allow nanoparticles to penetrate
more readily deeper, enhancing deposition in the alveoli. Pro-
longed exposure to nanoparticles may lead to oxidative stress,
chronic inflammation, and increased risks for cardiovascular
diseases, as nanoparticles are more likely to translocate into
the bloodstream.

3. Various fluid flow situations can be predicted with the help
of the Reynolds number. In the respiratory tract, a low
Reynolds number signifies laminar (smooth) airflow, com-
mon in smaller airways, while a higher Reynolds number
indicates turbulent (chaotic) flow, often in larger airways.
When comparing the results at Re = 10 with those at
Re = 20, it becomes evident that the viscous forces over-
whelmingly control the fluid velocity at the lower Reynolds
number.

Finally, the numerical simulation of this work may provide
information on the lung condition so that various lung diseases can
be treated efficiently.
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