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Abstract

This paper aims to investigate the numerical simulation of breathing for nanoparticle deposition of the human lung. The solid
particles in the air that are passing through the human respiratory channels (considered as the 18" generation bronchial tube,
which is narrow in diameter and short in length) have an impact on how our lungs exchange gases. In this study, a mathematical
model within this respiratory tube of the human lung is taken into consideration. The unsteady Navier- Stokes equation is used to
represent the fluid particles, and the equation of continuity is used to represent the nanoparticles. The governing equation is
simulated numerically using the finite difference techniques under some assumption of axial symmetry and laminar flow,
effectively reducing the problem into two dimensions. Results for velocity variation of air and dust particles have been
discovered in this discussion. Effects of parameters like Reynolds number and pulse frequency have also been found.
Additionally, results demonstrated that the axial velocity of fluid and particles increases with an increase in Reynolds number and
frequency along both the length and diameter of the tube. Later, a comparison between fluid and particles for the velocity profile
has been discussed.
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1. Introduction

The fluid dynamics of the breathing air and its constituent
particles are a part of respiratory physiology and lung archi-
tecture [1]. The function of breathing, specifically taking in
(inspiration) oxygen from the air and releasing (expiration)
carbon dioxide into the atmosphere, is known as respiration
[2]. The complex airway is strongly correlated with the
movement and deposition of particles. To analyze the con-
ducting zone, the airways from the mother generation (G0) to
16 generations are employed, whereas the gas exchange oc-
curs in the airways from 17 to 23 generations. To protect the
lower airway, the upper respiratory system, which runs from

the nasal cavity to the trachea, serves as both a channel and a
filter, while some microscopic pollutants may still manage to
pass through and harm the body. Every day each person in-
hales billions of particles along with the surrounding air.
Airborne particles, particularly nanoparticles, may be harmful
to human health. Particle sizes of nanoparticles are typically
less than 100 nm, according to their definition [3]. Nanopar-
ticles are very toxic not only depending on their biochemical
composition but also on the size and location of the deposition
[4]. These particles are subdivided in terms of their dimen-
sions [5], and named nanodots, nanowires, nanotubes, quan-
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tum crystals [6] etc. The respiratory system is more vulnerable
to nanoparticle exposure since airborne nanoparticles enter
the human body through inhalation [7]. The lung is an essen-
tial respiratory organ that is responsible for gas exchange. The
most vital part of the human lung is the alveolar region, which
contains millions of alveoli and was created expressly to
allow effective gas diffusion during the normal breathing
process [8]. There are three factors (namely, physical, physi-
ological, and morphological) that have a significant impact on
aerosol deposition in human respiratory airways [9].
According to estimates, burning solid, biomass, and fossil
fuels produced many airborne particulates [10]. Epidemio-
logical research discovered that air pollution has a negative
impact on health, especially if it is a nanoscale pollutant [11].
Thus, airborne contaminants that depend on nanoparticles and
ultrafine particles are given the most attention today. [9, 12,
13] described their measurement for mass transfer and depo-
sition of nanoparticles (3.6 — 150 nm). Their laboratory
study on nanoparticle deposition was introduced by M.
Lippmann et al. [14]. The effectiveness of nasally depositing
nanoparticles (5 — 150 nm) was described [15]. The local
deposition fractions of nanoparticles (40 — 100 nm) of
healthy adults in alveoli were developed by [16]. According
to a theoretical study by [17], nanoparticles are grouped to-
gether with highly erratic shapes because of their extremely
small size, and after inhalation, these particles are absorbed
by the lungs and are retained there for a longer time by epi-
thelial cells, where they promote the growth of cancerous
cells. The most important factors of these types of dust parti-
cles in different generations (G0-G23) of the lung include the
shape and size of particles, tidal volume of the lung, and in-
haling frequency [18]. Saini et al. [1] studied the deposition of
nanoparticles (100 nm) and obtained that the alveolar ducts
of the human lung eventually receive these particles after they
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have traveled further into the lung. Saini et al. [19] considered
the alveolar region as a biofilter and found that the lung is
effective in removing nanoparticles from the environment.

Based on the review it is discovered that there are numerous
theoretical and experimental research that state the effects of
nanoparticles on the respiratory system. These researchers
presupposed various generations of lungs in their analysis.
Thus, it is aimed to study the numerical simulation of breathing
for nanoparticle deposition through the 18" generation. For this
purpose, this paper considered a mathematical model intro-
duced by Saini et al. that has been developed to quantitatively
characterize the movement and deposition of nanoparticles that
allows the investigation in a lung area where direct experi-
mental data collection is insufficient. To analyze the impact of
breathing particles on the lung, it is assumed the governing
equation as the momentum equation. These equations are il-
lustrated numerically by the finite difference approach, which
assumes axial symmetry under some conditions so that the
problem effectively turns two-dimensional. The results of ve-
locity curves for the air and dust particles have been demon-
strated. The impact of different flow parameters (Reynolds
number, pulse frequency) has been investigated. A comparison
between fluid and dust particles has been discussed.

2. Mathematical Model

2.1. Physical Interpretation

To recognize the flow pattern, the study is assumed the
respiratory duct of 18" generation bronchiole tube with radius
r, where z and r represent the axial and radial direction of
flow, as drawn in Figure 1.

A

Respiratory Duct I
F4

Figure 1. Cross sectional view of respiratory bronchiole tube.

2.2. Governing Equations

A two-dimensional unsteady laminar Newtonian flow with
a pressure gradient that changes with time is taken into con-
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sideration. Since the change of density of the fluid (air) might
be negligible, the fluid is considered as an incompressible and
viscous. The motion of dusty air is along with axially of tube
and there is no flow in radially. Under these assumptions, a


http://www.sciencepg.com/journal/ajam

American Journal of Applied Mathematics

http://www.sciencepg.com/journal/ajam

two-dimensional mathematical model put forth by Saini et al.
[1] is considered to find out the effect of breathing particles.
The corresponding two-dimensional momentum equation
together with the continuity are given below:
Equation of mass

our . uy , Ouy

Ur - 1
or r 0z 0 ( )
vy | vr , 0Vy
ar r az 0 (2)

Equation of axial momentum

6u2 auz du, _  19p (azuz 10u, azuz)

+u +u Zﬁz_ p oz v 6r2+r6r+622 +
KNy
- (vz - uz) (3)
P
61;Z 6vz 0v, K _
+0, 240,22 = Xy, — 1) (4)
Equation of radial momentum
Dy By gy, D= 100 (P 100 Py
6t+ tu Uz 5, = por v Br2+r6r 922
KNO
)+~ ) ©)
vy vy ovy LS _
ot + vy ar + v, az m(ur vr) (6)

where, u, and u, represent the velocity components of the
air in axial and radial direction respectively, v, and v, be
velocity components of the dust particles in axial and radial
direction respectively, p is the fluid pressure, p is the fluid
density, v being the coefficient of kinematic viscosity, N, is
the number density, m is the mass of the dust particle, K is
the Stokes resistance coefficient. Consider the Stokes re-
sistance,

K = 6mur,

where, p is the dynamic viscosity of the fluid and, =, is the
radius of the particles. Since the wall radius R is approxi-
mately small for the pressure wave, equations (5) and (6)
simply turn to g—f = 0 and therefore it may be neglected.
Additionally, this study hypothesized a time-dependent
pressure gradient,g—z which is appeared in equation (3) as

follows:
dp
-, = Ay + Ajcoswt, t >0

where, A, is the fixed pressure gradient amplitude, A, is
the size of the pulsatile component,
w = 2xf, f is the frequency of the dust particle.
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2.3. Boundary Conditions
It is presumed that there exists no flow when t = 0.
u=0,v. =

0,u,=0,v,=0

The velocity gradient of the air in axial direction may im-

plicitly be equal to zero because no radial flow takes place
along the axial direction of the fluid and particles.

U =0,22=0,v,=0, 22=0

At the wall surface,

u-=0,v,=0,u,=0,v,=0

3. Methodology

3.1. Transformation of the Governing Equations

To illustrate above equations from (1) to (4) numerically,

construct the dimensionless form by using some
non-dimensional quantities as follows:
— U Yz o _Vr =¥ =TI ,_-Z
ux uo ,uy u() ;vx 0 lvy uO ,X R ’y R
_ 7 tuo Rug __ KRNg _ mug
p_puoz’ Re_ v *.B = pug V= %R

Now after transformation, equations (1) to (4) along with
the boundary conditions become:

duy |, uy , Ouy
ox x + ay - (7)
duy tu duy tu Juy __9 1 [azuy 1 6uy a2 uy] n

Uy ox Uy ay ay 0x? x 0x
B(vy, —uy)
v
—= + + =0 9
ov v ov 1
J/ Yy -y = —

~tu_ =ty % —y(uy vy) (10)

3.2. Transformation of the Boundary Conditions
u,=0,v,=0,u,=0,v,=0at7=0
=0,22=0v,=022=0a x=0

u, =0,v, = 0,

O,uy= vy=0,at x=1
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4. Numerical Simulation

Since the present governing equations are nonlinear, it is
quite challenging and time-consuming to determine the non-
linear equations analytically. As a result, it is executed nu-
merically to find the required results of the given model. The
finite difference technique is used to solve the present prob-
lem as it is simple and easy to calculate. The grid generation
is defined in the manner shown below:

where, i,j and nare the spatial and temporal indices, and
Ax, Ay represent the length for spatial variables and At is the
length for temporal variable respectively. The approximate
solution at grid points for axial velocity of fluid wu, (¢, x,y)

and particles v, (t,x,y) are written as uy(t",xi,yj) and
v, (™, x;,y;) respectively.

Now, the model equations are discretized using FTCSCS
and FTFSFS schemes.

The 1st order forward time difference formula

n+1 n
(uy)i_j ‘(uy)i_j

At

at

ouy ~

(11)

The 1% order forward space difference formula in radial
direction

n n
(uy)i+1,j_(uy)i—1,j
2Ax

ouy (12)
ox
The 1* order forward space difference formula in axial di-
rection

n n
(uy)i,j+1_(uy)i,j—1
2Ay

ouy -
ady =

(13)

The 2" order central space difference formula in radial
direction

n n n
(“y)Hl_]-‘z(uy)i’j*'(“y)i_l}

(ax)?

2
6uy~

9x2

(14)

The 2™ order central space difference formula in axial di-
rection

n n n
(uy)i,j+1_2(uy)i,j+ (uy)i.j—l

(ay)?

2
uy

(15)
ay? -

are used to execute the following computational scheme.
Substituting equations (11) to (15) into (8) and rearranging
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the time level that implies

n+1
(uy)l] = [1 (Ax)2Re  (Ay)? Re

- [(ux) (uy)?ﬂ‘j = (u)iy (uy)?_l,j]

1 At
Re (Ax)?

~ [( y)l,( y)l,“ (u Y)?f (uy)jj—l]-l_

1
Re 2x; Ax] ( y)l+1]

1 1
[Re (Ax)2 " Re 2x1Ax] ( J’) +

7))+ y)” 1]

+BAL(vy); + (AO + A, cos (””R)> At

1
Re (Ay)2

which, is the required discretization equation for axial ve-
locity of fluid particlesat 0 < Ax <1

Again, after discretization the axial velocity of dust parti-
cles (10) at 0 < Ax <1 becomes,

), =
(1-) @)y, + 5 (w);, -
] (oM @), ] -
2y ) ), =)
Also inserting equations (11), (12), (13) into (7) and (9)

respectively, the discretized velocity of fluid and dust parti-
cles in radial directionat 0 < Ax <1 give

n+l _ Ax n+1 _ AX et e
(wive) = (1 - x_L) (Wi (( J’)L]+1 - (uy)i,j )

netl Ax nel Ax n+1 n+1
(vx)z+1] ( x_L) (‘U ij (( y)1]+1 - (vy)i,j )

The stability condition for the schemes is shown in Table 1

Table 1. Stability Conditions.

Schemes Stability
FTFSFS Unconditionally Stable
FTCSCS 0 <max {5} <05

The discretized form of initial and boundary conditions,
imply to
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W)l =0, ol =0, (), =0, (1), =0

(Wi =0, (uy)z'j = (uy)z'j: ()1 =0, (Uy);j = (Uy);j

n n
@y =0, @)fyny =0, (), =0, (1), =0

5. Result and Discussion

Assume that the oxygen temperature at the 18" generation
bronchial tube is about 25°C. However, the 18™ generation
tube is very short in length, nearly about 1.2 mm and very
narrow in diameter, closely about 0.5 mm and its Reynolds
number is 0.2. At 25°C, the density (p) of air is

0.18 —==-1=03s ||
0.16 + t=0.6s ]
—1=0.9s
0.14 i
2
2 012
G
2 01 .,
2 008 \\-:..
=l Ve
% 0.06 e
< Ve
o
0.04 -
0.02
0 L c L . . . L c ¢
0 005 01 015 02 025 03 035 04 045 05
Radial distance
a) Fluid (Air)

1.185kgm™3 and dynamic viscosity (u) of air
is 1.845 kgm~1s~1. In the given model, mass (m) of the dust
particle is 0.0002 gm, radius (r,) of the dust particles
is 50um, lumen radius, R = 125 X 10~® m, number density
(that is, total number of particles per unit volume) (N,) is
0.02504 x 10?m3 , constant amplitude, A, = 100 kg/
m?s?, amplitude of the pulsatile component, 4; = 0.24,
and f = 1.2 Hz is the pulse frequency.

To compute numerically, the whole domain is divided by
150 nodes for x —axis and 100 nodes for y —axis and
2000 nodes for time.

Effect of velocity profile for different time periods

Axial velocity profiles of fluid and dust particles along ra-
dial distance (diameter) for various time is respectively shown
in the following figures 2(a) and 2(b).

2
S
b=
c
o
s
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S
>
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—t=0.9s

c c c . c
02 025 03 03 04

Radial distance

. .
005 01 015

b)Dust Particles

Figure 2. Axial velocity profile of fluid and particles for various period along radial distance.

Figure 2 demonstrates that the axial flow profile of fluid
and particles explains similar shapes at different time scales.
Here at time t = 0.9s (which is marked by a solid magenta
color curve), get the maximum axial velocity and at
t = 0.3s (indicated by the dashed red color curve), attain the
minimum axial velocity, and at t = 0.6s (indicated by the
dotted blue color curve), velocity lies in between the maxi-
mum and minimum value for both the fluid and particles,
respectively. As the pressure gradient term is time-dependent
function. From Boyle’s law, we know that at a constant tem-
perature pressure and volume are inversely related. Conse-
quently, air travels downward from a high-pressure region to a
low-pressure region.

Thus, this study concludes that as time grows from
t = 0.3s tot = 0.9s, the axial velocity increases gradually.

Radial velocity profiles along radial distance (diameter) for
different time is respectively shown in the following figure
3(a) and 3(b).
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Figure 3. Radial velocity profile of fluid and particles for various

period along radial distance.

The radial velocity component of air and dust varies radi-
ally during various time periods, as seen in figures 3(a) and
3(b). As one moves away from it, it is discovered that the
value on the axis increases from zero with positive values.
On the surface of the wall, it eventually approaches a certain

finite value.

Therefore, one can say that as time increases from
t = 0.3s tot = 0.9s, the radial velocity of fluid and particles

increases.

5.1. Effects of Reynold Number

The effects of Reynolds number for the velocity in axial
and radial directions of fluid and particles along the diameter
of the circular tube are depicted in figures 4 and 5 respec-

tively.
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Figure 4. Effect of Reynolds number for velocity in axial direction of

fluid and particles along the diameter of the tube.
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Figure 5. Effect of Reynolds number for velocity in axial direction of
fluid and particles along the tube.

According to figures 4 and 5, it is found that after increas-
ing the Reynolds number from 0.2 to 0.8, velocity of fluid
(air) and particles in axial direction increases gradually along
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the diameter and length of the tube respectively.

Since low Reynolds numbers result in high concentration
on the walls of airways, large Reynolds numbers result in a
low concentration on those walls, which encourages total gas
transmission.

Therefore, fluid viscosity decreased at high Reynolds
number Re=0.8 compared to Re=0.2 and, hence the fluid flow
increases for both air and particles.

5.2. Effect of Frequency

of
n

The effect of frequency for velocity in axial direction
fluid and particles along the diameter of the tube are found
figures 6 and 7 respectively.
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Figure 6. Effects of frequency on axial velocity of fluid and parti-
cles along the diameter of the tube.

According to figures 6 and 7, it is found that velocity pro-
files at f = 1.0 Hz for fluid and particles in both directions
respectively, which gives parabolic velocity profiles, and
these figures increase by increasing f = 1.9 Hz gradually.
These profiles attain maximum velocity at f = 1.9 Hz.
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Figure 7. Effects of frequency on the axial velocity direction of fluid
and particles along the tube.

6. Conclusion

In the present investigation, a 2D model defining the na-
noparticles of diameter 50 nm, of air through a circular tube of
airway duct is considered. It is solved the governing equations
numerically to show the effects of flow variation of fluid and
particles. The main conclusions of the current analysis are
listed below:

1. It is obtained that the axial and radial velocity of fluid
and particles increased for various time along radial
distance.

In this discussion, the overall axial velocity of fluid and
particles is significantly increased by increasing the
Reynolds number along both the axial and radial dis-
tance.

The figures show that the changes in fluid and particle
velocities are caused by the various frequencies of res-
piration.

It is obvious that velocity and density are inversely re-
lated. Now by comparing all the figures, it conclude that
the overall velocity variations of a fluid exceed the
overall velocity of particles along the radial distance.
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Therefore, fluid particles enter faster than dust particles.
In the current analysis, the study discussed flow in the ra-
dial direction only, but it can be expanded in axial direction
too. Wall shear stress plays a significant role during inspira-
tion and expiration. One can show the effects of wall shear
stress for various amplitudes. Since the present study is re-
stricted to nanoparticles, the size of the particle sample should
be increased to produce meaningful results for the particle
trajectory and local deposition fractions. Although the current
discussion is limited to two-dimensional flow, it can be ex-
panded into higher dimensional as well to analyze the prob-
lem more realistically. Additionally, the current model is
adaptable to simultaneous modifications.
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