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ABSTRACT: The aim of this paper is to study the deposition and dispersion of nano particles in fully
developed laminar pipe flows numerically. To simulate particle transport and to locate the position of
particles, the Eulerian - Lagrangian method is used under the conditions of one-way coupling. Due to
studied range of particle diameters from 5 nm to 100 nm, the main effective force for particle deposition
is the Brownian diffusion force. After studying the mesh independency and validating results, time
history analysis of particle transport is also performed by injecting the particles from the inlet surface
and tracking them at each moment. Furthermore, the effective parameters, i.e. particle diameter, pipe
length and diameter, temperature and particle density are studied comprehensively. The results of time
history analysis of particle transport show that nano particles with less diameters are more deposited in
less time. Furthermore, maximum number of escaped particles from the pipe occurred at 0.035 s after
injecting the particles for all studied particle diameters due to the studied flow rate and length of the pipe.
The output of this study can provide a guideline for evaluating nano particle transport and deposition in
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1- Introduction

Dispersion and deposition of aerosol particles have attracted
attention of many researchers due to their wide applications
in medical, environmental, and industrial fields [1]. Particle
separator devices, particle released from combustion and
aftertreatment systems, drug delivery and particle deposition
in human respiratory tract are some applications of particle
transport study. Moreover, the negative effect of particles
especially nano particles on human health and the environment
as well as more stringent exhaust emission regulations in
recent years are the other reasons to show the importance of
this phenomenon more than before [1-4].

Nano particle deposition in tubular pipe flows has lots of
application and has been investigated earlier in the literature.
A few studies have developed theoretical and empirical
expressions for particle deposition in smooth tubes for
developing and fully developed flows due to their Brownian
diffusion [5, 6]. Thomas [7] developed a mathematical model
for particle deposition in a wide range of particle diameters.
Ingham [5, 8, 9] presented different models for particle
deposition for plug, Poiseuille and combination of plug and
Poiseuille flows. Yeh and Schum [10] presented a model
for particle deposition in fully developed tubular flows. The
presented model is a little different with the Ingham equation.
Cohen and Asgharian [6] developed a model for particle
deposition with the diameters higher than 10 nm in fully
developed turbulent flows. Most of these studies have used
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the mass convection-diffusion equation for concentration
of particles and developed analytical correlations for the
deposition efficiency.

In addition to the analytical approaches, there are a number
of studies in the literature that employed the Eulerian-
Lagrangian particle tracking method to evaluate the
deposition efficiency of nano-particles. Original model for the
Lagrangian Brownian simulation model was introduced by Li
and Ahmadi [11, 12] and also Ounis et al. [13]. Zamankhah et
al. [14] studied particle deposition in a tubular pipe in order
to validate the results of particle deposition in the nasal cavity
and oral air path. Inthavong et al. [15] studied the deposition
of particles in nasal cavity and trachea. They simulated
particle deposition in fully developed tubular pipe flows for
different particle diameters and Reynolds numbers using the
FLUENT software. They developed a User Defined Function
(UDF) to simulate the Brownian motion in the FLUENT
software. Longest and Vinchurkar [16] investigated particle
transport in oral air path using the Lagrangian particle
tracking method. They simulated particle deposition in
both fully developed and developing tubular pipe flows and
compared the results with the Eulerian method. They showed
that the Lagrangian method due to considering the inertia
effect as well as all the effective forces in particle equation of
motion is more effective than the Eulerian method. Krause et
al [17] numerically and experimentally studied nano particle
deposition in mouth cavity for both laminar and turbulent
flows. They studied particle deposition in a tubular pipe and a
bend for their code validation. Shi et al. [18] also studied two-
phase flows in oral air path and used a tubular pipe for their
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code verification. Yin and Dai [19] experimentally studied
particle deposition in horizontal pipes and compared their
results with the existing empirical equations. They showed
that particle deposition efficiency decreases by increasing the
Reynolds number. There are more papers in the literature that
studied particle deposition in tubular pipes [20-26]

Most of the previous studies have studied the transport of
nano particles in pipes and compared them with the exact
solutions in order to verify their codes [14]. Therefore, in
this study, a comprehensive investigation on deposition and
dispersion of nano particles in tubular pipes is performed
using the Lagrangian particle tracking method. Furthermore,
different effective parameters, i.e. length and diameter of the
pipe, nano particle diameter, temperature and particle density
on the deposition of nano particles are studied. Furthermore,
time history analysis of particle transport is studied. It
should be mentioned that the results of this study have a
complementary role for the previous studies and the novelty
of the paper is studying the time history analysis of particle
transport, not presented in previous papers.

2- Mathematical modeling

In the following, first, governing equations of flow feild and
nano particles are discussed. Then, the geometry, as well as
the boundary conditions are presented.

2- 1- Fluid flow and particle governing equations

For an incompressible, steady and three-dimensional air flow,
governing equations are the well-established conservations
of mass and momentum. Due to low concentration of
nano particles in the flow field, effect of particles on the
flow is negligible. Therefore, the governing continuity and
momentum equations for the fluid flow are given as:

(o) +div(pP9-T, grad §)=3, 1)

where p is the fluid density, ¢ is the dependence variable, ¥
is the velocity vector, I” is the conversion coefficient and S,
is the source term.

In the Lagrangian study of particles, by employing the
Newton’ law for a particle with a mass of m, the particle
equation of motion is given as [27]:

du”

m—r=2F @)
In the above equation, F can be each applied force on the
particle such as drag, lift, thermophoresis, gravity or the
Brownian. For nano particles due to considering a diluted
flow and also constant temperature throughout the pipe, the
particle equation of motion including the drag and Brownian
forces is given as:

P f_p
dui _ 3 —uf) d,(1+0.15Re")
dt C, 3)

+F Brownian

The first term in the above equation is related to the Drag
force for a Reynolds number below 1000, where u? and u#
are the components of the particle and local fluid velocity,
respectively. u is the fluid viscosity and p is the particle
density. Here C is the Cunningham correction factor to the

Stokes drag law defined as [11,12]:

71.1dp/2,1)
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where is the mean free path of air which is equal to 65 nm
[27]. The amplitude of the Brownian force is given as [11]:

/ﬁS
F, = padad 'R 5
Brownian é/ At ( )

where  is a zero-mean, unit-variance independent Gaussian
random number, A¢ is the time step for particle integration
and S, is the spectral intensity function defined as [11]:

216vk,T

2
o
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g

S, =
(6)

In the above equation, 7 is the absolute temperature of the
fluid, v is the kinematic viscosity, &, is the Boltzmann constant
and P, is the gas density.

2- 1- The geometry

The studied geometry in this paper is a tubular pipe, which
is shown in Fig. 1. Different diameters of 2.25, 4.5 and 9 mm
and pipe lengths of 1 to 6 cm are studied.

M\ A

Flow
direction

R —

L Wall

|
Fig. 1. A schematic view of the studied geometry

Computational mesh is generated by using ICEM CFD,
which is presented in Fig. 2. The illustrated mesh consists
of 2013165 hexahedral cells with an -increased mesh density
near the wall for handling near-wall particle deposition
correctly.

Fig. 2. Computational mesh at different cross sections of the
pipe
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2- 3- Boundary conditions

To have a fully developed flow, the exact solutions for laminar
velocity profiles were imposed at the pipe inlet. Then, the
flow was driven by solving the governing continuity and
momentum equations in a 3D domain. The parabolic velocity
profile for the fully developed laminar tubular flow is given
as:

2

u(r)zzuava—%) 7

where R is the pipe radius and u, is the average velocity.
Furthermore, the outflow condition is used for the outlet
surface and no-slip condition is used for the walls.

Spherical particles were released uniformly at a distance of
2 mm from the inlet in the flow field to prevent any spurious
data due to particles exiting the inlet upon immediate release.
A separate code is prepared in the MATLAB software to find
the locations of the particles, which is then imported into the
FLUENT software.

In order to account for the variation of velocity on the flux of
the particles, the fully developed inlet profile given by Eq. (7)
is used for the tubular pipe. Then, the deposition efficiency
is calculated based on the ratio of mass deposition rate to the
inlet mass flow rate as:

m
DE =—=

" ®)
Note that 70000 particles are considered for the simulations
[28, 29]. Furthermore, in the FLUENT software, particles
are deposited when they hit the walls and then exit from
the solution domain. This is corrected due to the considered
range of studied particles [27].
As mentioned, the ANSYS Fluent® code was used to
solve the governing equations of motion. A second order
discretization was used with the pressure—velocity coupling
resolved through the SIMPLE method.

in

3- Results and discussion

As mentioned, the fully developed tubular flow profile at
the inlet is used to reach a fully developed flow throughout
the entire pipe. In other words, the Navier-Stokes equations
are solved with a fully developed boundary condition. Fig. 3
shows variation of the velocity at three cross sections of the
pipe. As shown, the velocity is completely fully developed in
the entire domain.

225 ¢
15 t
’é‘ 0.75
= —Inlet (exact solution)
‘; 0 F ox=3cm
=
T O-0.75
(a2
-1.5
225 @
0 0.5 1 1.5 2 25
Velocity (m/s)
Fig. 3. Comparison of velocity profile at different cross sections
of the pipe
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Before studying the effect of different parameters and
validation of the code, the mesh independency analysis
is performed. In Table 1, cell numbers as well as particles
deposition efficiency for 10 nm particles, a pipe with diameter
of 4.5 mm and length of 6 cm are presented. As shown, the
results of the three studied computational grids are close to
each other due to considering a similar dense mesh at the
near-wall region for all the computational meshes. At last,
since deposition efficiency is highly close for the second
and third grids, we chose the second mesh for the following
studies.
Table 1. Mesh independency analysis for 10 nm particles in a
pipe with a diameter of 4.5 mm and length of 6 cm

Mesh number Cell numbers Deposition efficiency (%)

1 780615 1.82
2 2013165 1.89
3 3812405 1.91

Validity of the present study is examined by comparing
the simulation results for particle deposition efficiency in
tubular pipes with the existing analytical correlations in the
literature. These correlations were developed based on the
dimensionless diffusion parameter 4 for fully developed
laminar pipe flows with the parabolic velocity profile at the
inlet. One of the frequently used correlations was developed
by Ingham [5] which is given as:

DE =1-(0.819¢7** +0.0976¢ " +

23 9
0.0325¢7** +0.0509¢'24) ®
where

:_gLZP; (10)

and L. is the pipe length, U, is the average inlet velocity

and d is the pipe diameter. D is the diffusion coefficient which
is determined as Eq. (11) [11].

Be k,TC,
3rud,

(11)

Fig. 4 displays the simulated deposition efficiency of 5 nm to
100 nm particles for a tubular pipe with a diameter of 4.5 mm
and different lengths. Here the inlet fluid velocity is 1 m/s. It
is seen the simulation results show excellent agreement with
the empirical equation of Ingham [5]. Note that the Ingham
equation [5] is obtained by solving the mass equation at the
steady condition for fully developed tubular pipes.

Most of the previous studies compare their results with
Ingham equation [5]. However, there are more equations in
the literature to calculate the deposition efficiency by the
Brownian diffusion in fully developed tubular pipes. Yeh and
Schum [10] presented the deposition efficiency as:

DE =1-(0.819¢™*"* +0.0976¢ " +
0.0325¢ 2 +0.0509¢ ™4™

Gormley and Kennedy [30] also developed an equation for
DE as:

(12)

DE =6.61A** —4.8A —1.123A*? (13)
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Fig. 4. Deposition efficiency versus particle diameter for fully
developed tubular flow for various pipe lengths for an inlet
fluid velocity of 1 m/s and pipe diameter of 4.5 mm

Fig. 5 displays the simulated deposition efficiency for a
tubular pipe with a diameter of 4.5 mm and length of 4 cm.
Here the inlet fluid velocity is 1 m/s. In this figure, all the
mentioned equations are used for validating the present study.
It is seen that the simulation results show a good agreement
with different empirical equations.

® Present study r

—Ingham

Deposition Efficiency (%)

+ Gormley and Kennedy
O Yeh and Schum

001

s 100 20 40 100
Particle Diameter (nm)

Fig. 5. Deposition efficiency versus particle diameter for fully
developed tubular flow compared to different empirical
equations for an inlet fluid velocity of 1 m/s and pipe diameter

of 4.5 mm

Note that in Fig. 4, both axes are displayed in Logarithmic
scale. However, in Fig. 5, only the y axis is shown in
Logarithmic scale.

3- 1- Effect of different parameters on deposition of nano
particles in tubular pipes at steady condition

3- 1- 1- Effect of pipe diameter

Fig. 6, below, displays the determined deposition efficiency
for different particle diameters for a pipe with a length of
5 cm and various diameters. As shown, DE increases by
decreasing the particle diameter due to the stronger Brownian
force for smaller particles. Furthermore, by decreasing the
pipe diameter, for a constant mean velocity and a constant
number of injected particles, DE increases due to the higher
area of the wall.
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Fig. 6. The effect of pipe diameter on deposition efficiency of
various particle diameters for fully developed tubular flow with
an inlet mean velocity of 1 m/s and a pipe length of 5 cm

3- 1- 2- Effect of inlet velocity

Fig. 7 displays the determined deposition efficiency for
various mean fluid velocities for different particle diameters.
As shown, DE increases by decreasing the fluid velocity.
Because, by increasing the velocity, the gas residence time in
the pipe decreases and therefore the particles have less time
to deposit on the wall.

BU=0.5m/s
OU=1m/s

U=2 m/s

Deposition efficiency (%)

Snm 10nm 20nm 40nm 100nm

Particle diameter

Fig. 7. The effect of fluid velocity on deposition efficiency of
various particle diameters for fully developed tubular flow for
a pipe diameter of 4.5 mm and a pipe length of 5 cm

3- 1- 3- Effect of pipe length

Fig. 8, shows the effect of pipe length on particle deposition
efficiency. As expected, by increasing the pipe length, higher
number of particles are deposited on the pipe walls and
therefore higher DE can be achieved. However, the increase
rate of DE decreases by increasing the pipe length. For
example, for 5 nm particles, DE is equal to 1.31% and 2.13%
in 1 cm and 2 cm pipes, respectively. Therefore, in the first
1 cm of the pipe, more particles are deposited on the walls.

3- 1- 4- Effect of temperature

When the temperature changes, the fluid properties and
intensity of the Brownian force are altered. Therefore,
the deposition efficiency also changes. Increasing the
temperature, increases the diffusion coefficient, which
results in a higher random movement of nano, particles, and
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Som 20nm

Particle diameter
Fig. 8. The effect of pipe length on deposition efficiency of
various particle diameters for fully developed tubular flow for
a pipe diameter of 4.5 mm and inlet velocity of 1 m/s

10nm

therefore, increases the Brownian force. On the other hand,
it increases the viscosity of the fluid, which decreases the
diffusion coefficient of the particles, and therefore decreases
the Brownian force. Fig. 9, displays the effect of temperature
on particle deposition efficiency for a pipe with the length
of 5 cm and diameter of 4.5 mm with an inlet velocity of
1 m/s. As shown, by increasing the temperature of the
fluid and particles, deposition efficiency increases for all
particle diameters. Therefore, the effect of higher collisions
of the particles due to increasing the temperature is more
pronounced than a higher viscosity of the air.

5

BT=15C
OT=100C

BT=200C

Deposition efficiency (%)

20nm

Particle diameter

Fig. 9. The effect of temperature on deposition efficiency for
various particle diameters for fully developed tubular flow for
a pipe diameter of 4.5 mm, pipe length of 5 cm with the inlet
velocity of 1m/s

To gain a better understanding of the effect of temperature,
Fig. 10 displays the deposition efficiency for different particle
diameters with constant properties of the fluid at 15 °C for
the mentioned pipe. As shown, increasing the temperature
alone has a considerable effect on the particles deposition
efficiency.

As shown in Figs. 9 and 10, increasing the temperature has the
highest effect on 5 nm particles and by increasing the particle
diameter, this effect is reduced, so that for 100 nm particles,
the temperature has a negligible effect on DE. The reason
is due to the increase in the Brownian force by decreasing
the particles diameter. In other words, the Brownian force
is increased equally for all the particles diameters by
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Fig. 10. The effect of temperature on deposition efficiency of
various particle diameters considering constant viscosity of
air for fully developed tubular flow with a pipe diameter of 4.5
mm, pipe length of 5 cm and the inlet velocity of 1 m/s

100nm

increasing the temperature. However, due to higher effect of
the Brownian force on smaller particles, this increase in the
Brownian force shows a higher impact on smaller particles.

3- 1- 5- Effect of particle density

Fig.11 shows the effect of particles density on DFE in a pipe
with 4.5 mm diameter and 5 cm length. The inlet velocity
is equal to 1 m/s. As shown, due to the dominance of the
Brownian diffusion mechanism on particles deposition and
less relation of nano particles to density due to their size,
changing the density has a negligible effect on the DE.
Moreover, due to the random characteristics of the Brownian
force, the results for each diameter are a little different [3].
It can be shown that from Ingham equation, the deposition
efficiency is not a function of particle density [5].

3-2- Time history analyses of particle transport and deposition
in a fully developed pipe flow

For a pipe with a length of 6 cm and diameter of 4.5 mm, time
histories of particles transport and deposition are evaluated
for different nano particle diameters. In the simulations, the
mean airflow velocity is 1 m/s. The particles were uniformly
injected and at one time, from the injection surface and then
the number of deposited and escaped particles are determined

4.5

OPd=100 kg/m3
OPd=500 kg/m3
BPd= 1000 kg/m3
3 s OPd= 2000 kg/m3

BPd= 5000 kg/m3

Deposition efficiency (%)

20nm
Particle diameter
Fig. 11. The effect of particle density on deposition efficiency
for various particle diameters for fully developed tubular flow
for a pipe diameter of 4.5 mm, pipe length of 5 cm and the inlet
velocity of 1m/s
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at different periods. Therefore, the residence time of particles
with different diameters can be determined.

Fig. 12a shows number of deposited, escaped, suspended
inside particles as well as the total number of simulated
particles at each moment for 5 nm particles. Fig. 12b shows
total number of deposited and escaped particles through
the time for 5 nm particles. Note that the total number of
deposited particles at time ¢ is equal to the sum of number of
deposited particles from the beginning to time #. The number
of deposited and escaped particles was evaluated from the
simulation at every 4¢ = 0.005 s. It means that at every 0.005
s, the number of deposited or escaped particles are evaluated.
It should be noted that the time interval should be small
enough to show perfectly any changes in the particle number.
The results show that at 0.32 s after the particle injection, all
particles leave the domain, and almost 17.5% of the particles
are deposited on the walls and the rest escape from the outlet.
The maximum number of escaped particles over 4t = 0.005
s occurs at 0.035 s after the injection. Furthermore, after 0.2
s from the injection, majority of particles leave the domain
and just a few particles remain at the domain. As shown in
Fig. 12b, after this time, the total number of deposited and
escaped particles almost remains constant. Figs. 13a and 13b
are presented for 40 nm particles.

The variation of deposited and escaped particles for 40 nm
particles is similar to 5 nm particles. The difference is in the
number of deposited particles and the time duration that all
particles leave the domain.
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- Deposited particles
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=
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Fig. 12. The variation of (a) number of deposited, escaped,

inside as well as all particles and (b) total number of deposited
and escaped particles at each moment for 5 nm particles
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Fig. 13. The variation of (a) number of deposited, escaped,
inside as well as all particles and (b) total number of deposited
and escaped particles at each moment for 40 nm particles

Fig. 14a shows the total number of deposited particles as a
function of time for all the studied diameters. As shown, for
smaller particles, higher number of particles are deposited in
a shorter time. In Fig. 14b, the variation of the total number of
escaped particles is shown for all particle diameters. As also
shown, smaller particles leave the domain faster.

Table 2, lists the DE as well as the time that the last particle
leaves the solution domain. As shown, the time for 5 nm
particles is less than the other studied particle diameters.
Furthermore, 5 nm particles are more deposited on the walls.
Note that at the time history analysis, particle deposition
efficiency is calculated by the ratio of deposited particles and
the total number of injected particles.

Table 2. Mesh independency analysis for 10 nm particles in a
pipe with a diameter of 4.5 mm and length of 6 cm

Particle diameter (nm) Deposition efficiency (%)  Time (s)
5 17.53 0.31
10 11.11 0.415
20 7.14 0.66
40 4.68 0.985
100 2.65 1.745

Fig. 15 shows the number of escaped particles from the pipe
at each moment for different particle diameters. As shown,
for all the studied diameters, the maximum number of
escaped particles occurred at 0.035 s after the injection. This
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Fig. 14. The variation of the total number of (a) deposited and
(b) escaped particles through the time for different diameters of
nano particles

is an important issue that helps improve the deposition at the
moment of maximum escaped particles. The reason is due
to the inlet velocity and length of the pipe. Since the inlet
velocity is 1 m/s, the maximum velocity in the pipe is 2 m/s
and due to the length of the pipe equal to 6 cm, the time that
maximum number of the particles escape from the domain
occurred after the first time step which is equal to 0.035 s
[31].

4- Conclusion
The aim of this paper was to study the transport of nano
particles in a gas-solid two-phase flow in tubular pipes using
the Eulerian-Lagrangian method. After the code verification,
the effects of all parameters on the deposition efficiency are
studied. In the time history analysis, the effect of particle
diameter on the particles deposition and the time duration
of escaped particles from the pipe is studied. The following
results are achieved in this study:

*  DE decreases by increasing the pipe diameter, decreasing
the pipe length and increasing the inlet velocity.

* Increasing the temperature increases the deposition of
nano particles. However, particle density has no effect
on DE.

*  Decreasing the particle diameter causes an increase
on deposited particles and also a decrease in the time
duration of escaped particles from the domain.

*  The maximum number of escaped particles happened at

19

12000

O 5mmn

woo | B O 10nm

< 20nm
8000 F
A 40nm

6000 - +100nm

4000

2000 F

Number of escaped particles

0%

0 0.05 0.3 0.4 0.5

0.2

01 015 0.25
Time (s)
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0.35 0.45

0.035 s after the injection.
The results of this paper help in better understanding of the
deposition of particles in pipes and also finding new ways to
increase the deposition of particles in after treatment systems
especially for diesel engines.
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