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Abstract

The transport and deposition of nano-particles in annular threaded pipes under laminar flow
conditions was studied compared with smooth annular pipes. A 2-D axisymmetric model was used
for fluid flow simulation and the Lagrangian particle tracking method was used for particle

simulating. The effects of thread size and nano-particle diameters in the range of 5 to 200 nm were
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studied for different annular pipe lengths. For the smooth annular pipe, the Brownian excitation is
the dominant force for particle deposition in the range of nanoparticles without any external force.
The simulation results showed enhancement of particle deposition for pipes with threads especially
for larger particles due to their inertia effects. However, for particles smaller than 40nm, the
addition of threads had little influence on increasing the deposition efficiency. The maximum
increase in the particle deposition was found for a thread length of 3mm where the hydraulic
diameter and height of the threads are equal to 1mm. The increase was 5.3% and 33.9% for 10nm
and 100nm particles, respectively, compared with a smooth annular pipe with the same length.
For deposition of large size nanoparticles, the study also showed that the effect of thread decreases

as the annular pipe length increases.

Keywords: Nano-particle Deposition; Lagrangian particle tracking method; Threaded geometry;

Annular pipe; Axisymmetric model.

1. Introduction
Developing new effective methods for trapping emitted particulate matters from engines have
attracted the attention of many researchers (Kittelson 1998; Wichmann 2007; Kennedy 2007; Lin
et al. 2015) due to its importance on human health. In particular, the negative health consequences
of nano-particles are being more recognized. It is now well-known that diesel engines emit
significant amounts of nano-particles in the size range of 5 to 500 nm (Talebizadeh et al. 2014;
Paul et al. 2013). Petrol and compressed natural gas engines also emit significant amount of nano-
particles as well as diesel engines (Ristovski et al. 2004). However, due to the higher amount of

nano-particles emitted from diesel engines, more concerns are attended to them compared to petrol



engines. Furthermore, in the past, after treatment devices are focused and developed based on the
mass emission standards. However, it is reported that the number and diameters of the emitted
particles should also be considered (Kwak et al. 2014; Jayaratne et al. 2008; Xinling and Zhen
2009). Therefore, after Euro 5a standard in Euro 5b and Euro 6 (2011 and 2014), the permissible
number of particles emitted from diesel passenger cars was added to the Euro standard, being 6 x
10'%/km (Johnson 2009).

Transport and deposition of nano-particles in different configurations for various applications have
been studied (Lin, Lin, and Chen 2009; Wang et al. 2009; Lin et al. 2014; Tian et al. 2017,
Chaumeil and Crapper 2014; Sardari et al. 2018). In particular, using Eulerian and Lagrangian
approaches, nano-particle deposition in tubular pipe flows was investigated extensively (Longest
and Xi 2007; Chen, Simon, and Lai 2006). The original model for the Brownian motion of nano-
particles in Lagrangian simulations was introduced by Li and Ahmadi (1993) and Ounis et al.
(1993). Earlier, Eulerian diffusion-based theoretical models and empirical expressions for particle
deposition in smooth tubes were developed (Thomas 1967; Ingham 1975, 1991; Yeh and Schum
1980; Cohen and Asgharian 1990; Martonen, Zhang, and Yang 1996). In addition, the Eulerian-
Lagrangian particle tracking method was used for evaluating the deposition of nano-particles in
respiratory passages and nasal cavity in the literature (Zamankhan et al. 2006; Inthavong, Zhang,
and Tu 2009; Ge, Inthavong, and Tu 2012) . In these studies, the simulation results were verified
by comparing the predicted nano-particle deposition efficiency with the empirical equations for
duct flows.

In contrast to the rather large number of studies on tubular pipe flows, the Brownian diffusion of
nano-particles in annular pipes has hardly been reported in the literature. Annuli with circular or

rectangular cross-sections have many industrial applications including heat exchangers and



electrostatic precipitators. Chang et al. (1995) studied experimentally and numerically the effects
of Brownian diffusion and thermophoresis on the deposition of glass aerosols in annular flows
with thermal gradients between two cylinders. Using experimental and computational approaches,
Tsai et al. (2004) investigated the deposition of nano-particles in the range of 38 to 500 nm in a
tube considering electrostatic, thermophoretic and Brownian diffusion. Talebizadeh et al. (2016a)
performed Lagrangian particle tracking simulations and analyzed the dispersion and deposition of
nano-particles in tubular and annular pipes with application to dielectric barrier discharge reactors.
A time history analysis of particle deposition was performed aims to achieve a higher particle
removal.

An effective method for increasing the particles deposition rate, as well as, the particle residence
time in a passage, is adding threads or baffles in the flow passage (Talebizadeh et al. 2015). While
the influence of adding threads on particle deposition is well known, a quantitative analysis of the
enhancement of capture efficiency has not been fully reported in the literature. Goula et al. (2008)
performed a CFD simulation on the effect of a feed flow control baffle on the efficiency of
sedimentation tanks in potable water treatment. Their results showed the presence of baffle
significantly improves the sedimentation rate.

In this study, the effect of adding threads in annular pipes on enhancement of nano-particle
deposition efficiency was analyzed. The threads were added to the inner cylinder and act as
sequence of obstacle in the flow direction. The Lagrangian particle tracking method was used and
the deposition efficiencies of nano-particles in annular pipes with and without threads under the
laminar flow condition were evaluated for different pipe lengths. An axisymmetric computational
model was used and the deposition efficiencies for different thread geometries for a range of

particle sizes were calculated. Validation of the computational model was performed for the fluid



and particle flows in smooth annular pipes in the absence of treads. The results of this paper could
find applications in the use of thread for enhancing particle removal efficiency in gas-particle

separation devices.

2. Mathematical modelling and methodology

2.1. Fluid Flow modelling
For incompressible, steady and laminar airflow, the governing equations are the well-established
conservations of mass and momentum. For the numerical solution, the discretized forms of these
equations including the Navier-Stokes equation are obtained by integrating over the control
volume. An axisymmetric model was used, due to the geometry of the duct and since there is not
circumferential gradient in the flow ("ANSYS Fluent Theory Guide, ANSYS, Inc." 2018). A
constant inlet velocity of 3.86m/s is used at the inlet, which is equivalent to a flow rate of 8 I/min.
The outer and inner diameters of the annular pipe is 6 mm and 5 mm, respectively, and two
different lengths of 40 cm 60 cm are also considered. The density and viscosity of the air are 1.225
kg/m?® and 1.84E-05 kg/m-s, respectively. The Reynolds number based on the flow velocity and
the annulus gap of 1mm is 257 in this study. It is noteworthy that the selected value for the flow
rate is lower than those of the diesel engines flow rate. The employed condition is suitable for after
treatment systems such as dielectric barrier discharge reactors and separation devices which need
higher residence time for the flow and therefore operate at lower fluid velocity (Talebizadeh et al.
2016b). As mentioned, due to higher amount of nanoparticles produced by diesel engines, the
results of this study could also provide guidelines more for diesel engine application rather than
petrol engines. However, the flow of the exhaust gas form diesel engines is typically in turbulent

flow region if the after treatment system is directly placed after the engine.



2.2. Lagrangian particle equation of motion
A one-way coupled assumption was used and the trajectories of mono-disperse submicron particles
ranging from 5 nm to 200 nm were modelled using the Lagrangian trajectory analysis (Abouali
and Ahmadi 2005). Due to the nano-particle size range used in this study, the Brownian excitation
is the dominant force for particle dispersion and deposition. Other forces such as gravity and
Saffman lift forces were not considered as they are negligibly small (Talebizadeh et al. 2016b).
Therefore, the appropriate equation for spherical particle motion can be expressed as (Li and

Ahmadi 1992b; He and Ahmadi 1999):
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where U’ and u’are, respectively, the components of the particle and local fluid velocity, 4 is the
fluid viscosity, and p,, is the particle density. Here C, is the Cunningham correction factor to the

Stokes drag law and is given as (Li and Ahmadi 1992a):
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where A is the mean free path of air which is equal to 65 nm under normal conditions.
The Brownian excitation is modeled as a white noise process. In the simulations, the amplitude of

the Brownian force is given as (Ounis, Ahmadi, and McLaughlin 1993),
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where ¢ is a zero-mean, unit-variance independent Gaussian random number, At is the time-step
used for integration of particle equation of motion, and S, is the spectral intensity of Brownian

excitation given as,
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In the above equation, T is the absolute temperature of the fluid, v is the kinematic viscosity, k,

Sy =

is the Boltzmann constant and p, is the gas density.

3. Geometry, boundary condition and material

Adding the baffles inside a passage is expected to increase the particle deposition rate, as well as,
the gas and particle residence times. The effect of baffles on the gas residence time in the annulus
was studied by (Talebizadeh et al. 2015), in this study the effect of threads on particle deposition
efficiency is investigated. In contrast to the usual usage of threads that are placed as obstacles in
the flow direction, the threads in this study is carved into the pipe walls along the flow direction,
which has not been studied in the literature. This helps making sharp points in the domain which
is useful in some applications such as non-thermal plasma in dielectric barrier discharge reactors
results in a higher electrical discharge intensities. Moreover, the studied threads helps to prevent
reducing the flow rate and enhancement of pressure drop. Three different thread configurations in
the annulus behaving as baffles inside the annulus passage were examined. The thread height was
fixed at 1 mm and the gap between threads, and thread lengths were varied in these simulations.
The gap sizes used were 1, 2 and 3mm, while the thread lengths were equal to the gap between the
threads in all cases.

Figure 1 shows a schematic of the sectioned of axisymmetric annular pipe with the different
geometric parameters. Here “a” and “b” are the height and the length of the thread, respectively,
and “t” is the distance between two consecutive threads. The height, “a” is fixed at 1 mm, and “b”

and “t” are assume to be equal, being set to 1, 2 and 3 mm. The total annulus length was 400mm



and the threaded region length was 200mm. In this study, the particles were injected at the inlet

surface 100mm upstream from the first the thread.
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Figure 1. A schematic view of the annular pipe with threads.

Carbon was considered as the particle material which has a particle to air density ratio of 2000.
The commercial ANSYS-Fluent software is used for solving the governing equations using the
second-order upwind scheme for the continuity and momentum equations.

A constant velocity was imposed at the inlet boundary. For a gap size of 1mm, it is found that after
a short distance about 5 cm from the inlet, the flow reached a fully developed condition. Therefore,
to study the deposition efficiency in a fully-developed flow, the deposition efficiency is calculated
after x=5cm, where the flow was fully developed and the analysis ended at x = 40cm. The outflow
boundary condition was set at the outlet and a no-slip condition at the wall. It also is assumed that
when a particle reaches a wall, it will stick to it with no rebound due to the van der Waals force
which is quite large for the size of the nanoparticles. The computational grid contained uniform
quad mapped mesh elements with different numbers of nodes in the x and y direction generated
using the ICEM CFD code. The total number of grids for the smooth and threaded pipes were,

respectively. 120,000 and 150,000. It should be noted that different numbers of particles are tested



to make sure that the results are independent of the number of particles used. Figure 3 shows the
variation of particle deposition efficiency (DE) in terms of number of injected 20nm particles.
The deposition efficiency is defined as the ratio of number of deposited particles to the number of
injected particles. Figure 3 shows that the value of DE for different number of particles approaches
an asymptote as the number of particle increases to 20,000; however, in order to increase the

accuracy of the results, 60, injected particles were used in these smulations.
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Figure 2. The variation of deposition efficiency in terms of number of injected particles.

4. Results and discussion

4.1.Validation
To verify the flow field of the axisymmetric model, the predicted velocity profile for the smooth
annular pipe is compared with the exact solution. The velocity profile for a fully developed
laminar annular flow is given as (Lamb and Caflisch 1993):

9
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In the above equations, r, and I, are, respectively, the outer and inner radius of the annular pipe.
Figure 3 compares the predicted fully developed velocity profiles at different locations in the
smooth annular pipe with Eq. (5). The predicted velocity profiles show excellent agreement with
the analytical solution verifying the present computational model. Furthermore, the velocity
profiles at different locations are displayed show that the flow reaches to the fully developed

condition in the annular pipe at the distance of x = 5cm from the inlet.
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Figure 3. Comparison of predicted velocity profile with the exact solution for fully developed

annular flows.
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For pipe diffusional deposition of nanoparticles, a dimensionless diffusion parameter o; was
defined by (Ingham 1976), which is given as,

DLyipe (")

O = V>
2
Uindy,

Here D is the diffusivity, L. is the length of the pipe, U, is the inlet velocity and d, is the

pipe
hydraulic diameter.
In the case of a flat rectangular channel, (Ingham 1976; Kerouanton, Tymen, and Boulaud 1996)

developed an asymptotic solution for the deposition efficiency for o; < 0.005 that is,

DE = 7.39455." + 1.65, + 0.8030,"* ®)

In was shown by Kerouanton et al. (1996) that for o; < 0.005 and when the ratio of inner to the

outer diameter of d./d, >0.25, the diffusional deposition efficiency for annular pipe is the same

as that for a flat rectangular duct developed by Ingham (1976). These analytical approaches was
also matched with experimental studies in the literature (Malet et al. 2000).

For evaluating the deposition efficiency in a fully developed flow, at the injection plane at the
inlet, the particle flux profile was generated using the velocity given by Eq. (5). Then, the
deposition efficiency is calculated based on the ratio of mass deposition rate on the wall to the inlet
mass flow rate of particles as (Longest and Xi 2007). That is,

m
DE = %

. 9)
min

where 1, and m;,, are, respectively, the mass flux of deposited and injected particles.

For integrating the particle equation of motion, as well as, for evaluating the Brownian force term,

the integration time-step size should be selected. The time-step size is defined as the ratio of length

scale factor (L) to the summation of particle and continuous phase velocities. That is,

11
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where L, is an approximate distance that the particle moves in one time step (Inthavong, Tian, and
Tu 2016) which is considered 1 micron after assessing different values of the length scale factor.
To validate the computational model, in Figure 4 the predicted deposition efficiency of particle in
a smooth annulus sing the axisymmetric model are compared with the Ingham’s equation given
by Eq. (8), Here the particles are injected at x=5cm in the fully developed region. It is seen that
there is a good agreement of the simulated deposition efficiency with the Ingham equation. Not
that the value of g is less than 0.005 for the conditions used in this study and therefore the Ingham
equation can be used. The favorable comparison in Figure 4 indicates that the axisymmetric flow

model in conjunction with the Lagrangian particle tracking approach can be used to evaluate the

deposition of nano-particles in annular pipes.
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Figure 4. Comparison of the predicted deposition efficiency versus particle diameter with

Ingham’s equation.
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4.2.Flow field and particle deposition analysis
Figures 5 and 6 display, respectively, the velocity contours and the velocity vector fields in the
cavities of different studied tread geometries. The formation of recirculating vortices inside the
thread cavities is clearly seen from these figures. Inside the thread cavities, the velocity magnitude
is small and if a particle enters into the recirculation region, is likely the particle will deposit by
the diffusional mechanics, which is large for nanoparticles. In smooth annulus pipes, only the
Brownian diffusion contributes to the particle deposition. In annular pipes with threads, however,
the generated vertical flow inside the thread cavity caused particle capture by the recirculating

flows and enhances the deposition rate.
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Figure 5. The velocity contours for different studied tread geometries in annular pipes. a)

Smooth pipe. b) Immcavity. ¢) 2mm cavity. d) 3mm cavity..
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From Figure 6, it is seen that the recirculation region is stretched as the thread cavity length
increases. It is conjectured that for longer thread length, the particle deposition rate increases due

to the availability of additional surface area.

(a) (c)

Figure 6. The velocity vectors for different studied tread geometries in annular pipes. a)
Smooth pipe. b) 1mm long thread cavity. ¢) 2mm long thread cavity. d) 3mm long thread

cavity.

Figure 7 displays sample trajectories of 5 nm particles inside the annular pipe with two 2mm long

threads. In this case, the flow mean velocity is 3.86 m/s and 100 particles were released within the
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height of 0.05 mm from the inner surface of the main channel. The figure shows three sample
trajectories of the deposited particles by different mechanisms:

1- The particles are deposited due to the Brownian diffusion in the main passage outside the
thread in the entrance length, between the threads and in the exit length.

2- The particles are deposited in the thread cavity due to the effect of Brownian motion, which
cause the particle to deviate from the flow streamlines and be captured by the wall. For
5nm particles, the inertia effect is negligible compared to the Brownian diffusion, so the
deviation from the streamlines is mainly due to the Brownian motion.

3- The particles are captured by the recirculating flow in the thread cavity and after some

time, they are deposited on the walls by the Brownian motion.

= D P T —— S
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Figure 7. Sample trajectories of deposited 5nm particles in the annulus with 2mm threads.

Figure 8 displays the trajectories of 200nm particles near the thread. Particles were initially
released within a distance of 0.05mm from the main channel surface. It is seen that most of the
particles that enter the thread cavity are deposited on the wind side wall. It is conjectured that this
is due to higher inertia of 200 nm particles compared to the 5 nm particles. In addition, a small
fraction of 200nm particles are deposited on the main channel walls due to Brownian diffusion,
although the particle diffusion intensity is low. Compared with 5nm particles, the 200nm particles

15



are rarely captured by the recirculating flow inside the thread cavities due to their high inertia and

they typically deposit at the wind side wall inside the thread cavity.

{a) (b)

Figure 7. Sample trajectories of deposited 200nm particles in a thread.

Figure 8 illustrates the simulated deposition efficiency when the particles are injected from the
inlet. As mentioned before, the deposition efficiency is calculated as the ratio of number of
deposited particles to the total number of injected particles. For particle diameters less than 40nm,
the deposition efficiency in the annular pipe with and without threads are almost the same.
However, for larger particle diameters, the presence of thread increases the deposition efficiency.
The reason is that in the threaded cases, the inertia effect becomes more important causes
additional deposition. Note that in addition to the near wall particles, particles may deviate from
the streamlines due to the Brownian diffusion and get captured into the recirculating flow inside
the thread cavities and then deposited. It is also seen that the deposition efficiency of the annuli
with 2mm and 3mm threads are roughly the same. Furthermore, the deposition results are the same
when the particles are injected at the fully developed region at x=5cm and therefore the results are

not repeated for the sake of brevity.

16



100

— ——Without threads
X
3 H 1mm threads
§ 2mm threads
(&)
= O
ﬂq:_) 10 3mm threads
[
2
2
g N
8 w

1

1 10 100 1000
Particle diameter (nm)

Figure 9. Comparison of deposition efficiencies of nanoparticles released at the inlet for

annular pipes with and without threads.

Table 1 presents the deposition efficiencies of nanoparticles inannular pipes with the lengths of
40cm and 60cm for the thread lengths of 2mm. Note that, the lengths of flat entrance and exit
section are constant equal to 10cm for both cases. Table 1 shows that by increasing the length of
annular pipe, more particles are deposited on the walls. However, the effect of pipe length reduces
as the diameter of nanoparticles increases. The reason is due to the increasing effect of Brownian

diffusion for smaller nanoparticles.

Table 1. Deposition efficiency of nanoparticles for various lengths of threaded annular pipe

Particle diameter 5nm 10nm 20nm 40nm 100nm 200nm
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DE: L=60cm 36.57% 14.67% 5.76% 3.08% 2.51% 2.33%

DE: L=40cm 28.41% 11.44% 4.79% 2.88% 2.371% 2.25%

Figure 10 illustrates the number of deposited particles at different surfaces of the annular pipe for
various nanoparticle diameters for a pipe length of 60cm. The surfaces include the upper wall and
the flat part of the inner wall in the entrance region, the exit region, the walls between the thread
cavities (shown as between threads), the walls inside the thread cavities (shown as inside threads),
and the total walls of the inner tube (inner wall). As mentioned before, for the 60cm long threaded
annular pipe, the entrance, the threaded area and the exit length are, respectively, 10cm, 40cm and
10cm. For particles less than 40nm, the number of deposited particles on the upper wall are higher
than other parts of the annular pipe. However, for larger 200nm nanoparticles, the number of
deposited particles inside the threads is higher than the upper wall. An important finding is that as
the particle diameter increases, smaller number of particles is deposited on the flat surface between
the thread cavities and the exit wall. The number of deposited particles for 100nm and 200nm on
the flat surface of the exit wall and between thread cavities are zero and also is also negligible for
40nm particles. The reason is that due to their higher inertia these larger nanoparticles move along
the streamlines and do not deviate from them. Therefore, they pass over the walls including those
between the thread cavities and do not deposit. Generally the total number of deposited particles
on the inner tube is higher than that on the upper tube due to the larger surface area of the inner

pipe. This is particularly the case for larger 200nm and 200 nm particles.
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Figure 10. The variation of the number of deposited particles at different surfaces of the

annular pipe with a length of 60cm.

5. Conclusions
In this paper, the Lagrangian particle tracking method was used and the deposition of nano-
particles in annular pipes with threads was predicted. Different configurations of annular pipes
with threads, as well as, a smooth annular pipe were examined. Effects of the tube length and size
of nanoparticles were also studied. The computational models for flow velocity and particle
deposition efficiency were verified by comparing the results with the analytical solutions and
empirical equations reported in the literature. The results showed that an axisymmetric flow model
and the Lagrangian particle tracking approach can evaluate the deposition of nano-particles in
annular pipe with and without threads. Furthermore, adding threads to the inner surface of the
annulus increases the deposition rate of 100 to 200nm particles due to the inertia effect which are
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deposited on the flat surface of the exit wall and inside the tread cavities. It can be concluded that
for 5 to 200 nm nanoparticles, it was confirmed that the Brownian diffusion was the main
deposition mechanism in both treaded and non-threaded annular pipes. The effect of the threads
on deposition of smaller nanoparticles was quite small due to their negligible inertia compared to
their Brownian diffusion. In other words, for the threaded annulus, for small nanoparticles (less
than 40nm), the Brownian diffusion is the dominant mechanism of particle diffusion. For larger
particles (more than 100nm), the inertia effect appears to also contribute to particle deposition.

It is noteworthy that this paper provides a numerical investigation on the application of thread
addition in nano-particle deposition in a laminar annular pipe flows. The small amount of the
collection efficiency is hardly detected in the experimental configuration and real applications;
however, this study proves the application of threaded annular pipe which can be used in different
applications of nanoparticle technology. The collection efficiency can be improved by increasing
the length of the system or optimizing the thread configuration. The results of this study provide
insight into the effect of presence of threads on the increasing the capture efficiency of
nanoparticles, which may find applications in improving the effectiveness of after treatment

systems.
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