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Abstract

Transport and deposition of nanoparticles in bend tube with circular cross-section were simulated numerically for different Reynolds
numbers and Dean numbers. A finite-volume code and the SIMPLE scheme were used to solve the equations. The results show that the
distribution of nanoparticle concentration is symmetrical with respect to the top and bottom sides of the tube. The diameter of the nano-
particles has a weak effect on the distribution of nanoparticle concentration. The maximum and minimum of the deposition enhancement
factor occur near the outside and inside walls of the bend tube, respectively. The higher the Reynolds number is, the shorter is the time
for nanoparticle deposition. The bend curvature radius has a slight effect on the deposition enhancement factor.
� 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in

China Press. All rights reserved.
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1. Introduction

Our surroundings are filled with thousand kinds of
ultrafine particles. Mechanism of the motion of these ultra-
fine particles is of interest, and has been investigated for
decades. Ultrafine particles suspended in tubes have lots
of applications, such as enhanced heat transfer with nano-
particles in micro heat exchangers, toxic particle transport
in the human lung, contamination control of microelec-
tronic manufacture, and control of surface fouling of
microfluidic devices.

It is well known that the flow in a bend tube is much
different from that in a straight tube, through which par-
ticle penetration has been systematically studied. A smal-
ler secondary flow occurs as a result of the centrifugal
force and the central air flow to the outer wall. Tsai

and Pai [1] studied particle deposition in a 90� bend using
a realistic three-dimensional developing flow field, and
found that the deposition efficiency increases with the
increasing Dean number and the decreasing curvature
ratio at a fixed Stokes number. Cheng and Wang [2] cal-
culated the equation of particle motion using a developed
laminar flow field, which was proposed and experimen-
tally tested by Mori and Nakayama [3], and the result
shows that the flow Reynolds number has significant
effects on particle deposition in bends. Peters and Leith
[4] also investigated the bend angle and found that parti-
cle penetration was not a multiplicative function of bend
angle as predicted by theory. Pui et al. [5] experimentally
found that for the turbulent case, there was no relation-
ship between the particle deposition and the flow Rey-
nolds number.

When the particle diameter is in the order of nanometer,
the Brownian diffusion instead of the inertial force is the
dominant factor of the particle deposition [6]. However,
the transport and deposition of nanoparticles in bend tube
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with circular cross-section have not been examined in
detail. In this study, we focus on the transport and deposi-
tion of nanoparticles in bend tubes for different Reynolds
numbers and Dean numbers.

2. Governing equations

A coordinate system is shown in Fig. 1, the curved tube
axis s is placed on the X–Y plane, and the coordinates r and
h are the polar coordinates defined on a given cross-section
of the tube. The velocity components in the directions of r,
h, s are u, v, w, respectively. The geometrical parameters of
the tube are as follows: the radius of the tube is a, and the
curvature radius of the bend is R. So the relations between
the global rectangular Cartesian coordinates and the local
bend coordinate system are

X ¼ ðR� r � cos hÞ cos
s
R
;

Y ¼ ðR� r � cos hÞ sin
s
R
; Z ¼ r � sin h ð1Þ

By assuming that the airflow is laminar, isothermal and
incompressible with mono-disperse nanoparticle suspen-
sions in smooth rigid conduits, the continuity and momen-
tum equations of the fluid are

r � V ¼ 0 ð2Þ

q
DV

Dt
¼ �rp þ lr2V ð3Þ

where q is the flow density, V is the velocity vector, p is the
pressure, and l is the viscosity.

Methods which can be used in representing nanoparticle
fields in fluid-particle systems include Lagrangian methods
[7,8], moment methods [9–11], and sectional methods [12].
The equation of the nanoparticle mass transfer is

DQ
Dt
¼ r � ½DpðrQÞ� þ SQ ð4Þ

where Q is the species mass fraction, SQ is the source term,
Dp is the diffusivity as defined in Ref. [13]

Dp ¼
kTCslip

3pldp

ð5Þ

where k = 1.38 � 10�23 J/K is the Boltzmann constant, T is
the temperature, dp is the particle diameter, and Cslip is the

Cunningham slip correction factor, which is calculated as

Cslip ¼ 1þ k
dp

2:514þ 0:8 exp �0:55
dp

k

� �� �
ð6Þ

Here, k is the mean free path of air, which can be calculated
based on the following formula [14]:

k ¼ m
pm
2kT

� �1=2

ð7Þ

where m is the kinematic viscosity, m is the molecular mass
of air.

Assuming that the airflow is fully developed, i.e.
@
@t ¼ 0; @u

@s ¼ @v
@s ¼ @w

@s ¼ 0; @p
@s ¼ const; @Q

@s ¼ const, according to
the tensor analysis, we can write Eqs. (2)–(4) in coordinates
(r,h, s) as follows:
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where M = (R � rcos h)/R.

3. Numerical method and parameters

The continuity, momentum and mass transfer equations
were solved numerically using finite-volume method. WeFig. 1. Coordinate system for a bend tube.
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choose the power-law scheme to discretize the convection
term, and the SIMPLE scheme to deal with the problem
of velocity–pressure coupling. The power-law scheme is a
piece-wise approximation to the exact solution of a one-
dimensional convection–diffusion type of equation. The
scheme is numerically robust, and always leads to physi-
cally realistic solution. A staggered mesh system and an
alternating direction line-by-line iterative method (ADI)
are used to solve the discretized equations. Variables, such
as pressure, axial velocity component w and particle con-
centrations, are located at the centroids of the control vol-
umes, while the cross-section velocity components u and v

are located at the boundaries. Details of the numerical
implementation can be obtained in the book of Patankar
[15]. To calculate the flow field for a given case (e.g. Rey-
nolds number), a value of axial pressure gradient op/os is
firstly assumed and an iterative procedure is applied to
obtain the specific op/os, which can mostly fill the given
flow rate.

There are some main parameters about the transport
and deposition of nanoparticles in bend tube with circular
cross-section. The Dean number is used to depict the
strength of the secondary flow, which can be expressed as
Dn ¼ Re

ffiffiffiffiffiffiffiffi
a=R

p
, where a and R are shown in Fig. 1, Re is

the Reynolds number (Re = 2aU0/m with U0 being the
mean axial velocity and m is the kinematic viscosity of the
fluid). Although the velocity of the secondary flow is sev-
eral orders of magnitude less than that of the main flow,
its influence on the nanoparticle deposition cannot be
neglected, because the nanoparticle deposition depends
on the flow pattern.

The mechanism of Brownian diffusion dominates the
transport of nanoparticles. So we can define the diffusive
mass transport rate per unit area to the wall based on
Fick’s first law [13]

J wall ¼ �q � Dp � rQjwall ð17Þ

The ith local wall mass flux of nanoparticles can be deter-
mined by [16]

_mi ¼ �qAi � Dp �
@Q
@n

����
i

ð18Þ

where Ai is the area of the ith wall cell. For a given wall sur-
face area, the wall flow rate is

_mw ¼ q � Dp �
Xwall @Q

@n

����
i

� Ai

� �
ð19Þ

Then, the local deposition of nanoparticles can be quanti-
fied by a deposition enhancement factor which is defined as

DEF i ¼
_mi=Ai

_mw

Pwall

Ai

� ð20Þ

where DEFi shows the local deposition flux intensity. Fur-
thermore, the maximum of DEF can indicate the most ‘‘hot
spots” of particles deposition in a given region. The less the
margin of the maximum and the minimum of the DEF is,
the more uniform the local deposition flux intensity on
the wall is.

In the computation, some diffusivities of the nanoparti-
cles are given in Table 1.

4. Results and discussion

4.1. Flow field

Fig. 2 shows the pressure contour, the u–v components
vector and the w component (i.e. the axial velocity) contour
on the fully developed cross-section in the bends with dif-
ferent Dean numbers in the case of Re = 251. The left side
of the cross-section is the outside edge of the bend, and the
right side is the inside edge as shown in Fig. 1. We can see
that the flow patterns are similar for different Dean num-
bers. Because of the presence of curvature, the centrifugal
force of the fluid always points to the outer edge of the
bend, which makes w large within the region near the outer
edge. On the cross-section, pressure has a positive value
near the outer wall and has a negative value near the inner
bend. The maximum of the pressure increases with the
increasing Dean number. The gradient of the pressure
increases from the inside edge to the outside edge
gradually.

The slower moving fluid near the inside edge of the bend
is driven towards the core region, while the faster moving
fluid near the outside edge flows towards the inside edge,
and a secondary boundary layer develops on the wall. A
pair of counterrotating vortices placed symmetrically with
respect to the plane of symmetry can be observed, which
is also reported by Pui et al. [5]. Furthermore, when the
curvature of the bend is increasing, the positions of the
two vortices move towards outside, and the region of the
peak w component velocity tends to be elongated.

4.2. Nanoparticle concentration distribution

The nanoparticle concentration distribution can be rep-
resented by the species mass fraction, i.e. mass concentra-
tion, of the nanoparticle as shown in Eq. (4). The
transport of nanoparticles in the bend tube is related to

Table 1
Diffusivities of nanoparticles.

dp (nm) 1 5 8 10 20 50 80 100
Dp (m2/s) 4.99e�6 2.02e�7 7.94e�8 5.11e�8 1.34e�8 2.29e�9 9.79e�10 6.64e�10
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the particle diameter, the Reynolds number and the Dean
number. In engineering applications, it is important to find
out the effects of curvature of bend on the nanoparticle
concentration distribution. Fig. 3 shows the variations of
the nanoparticle concentration distribution at two given
particle diameters for different values of Dean number on
the cross-section.

From Fig. 3, we can see that the distribution contour
is symmetrical with respect to the top and bottom sides
of the bend, and there are a series of concentric close
lines placed in both the top and the bottom semicircles.
The nanoparticles with different diameters have a similar
concentration distribution. The only difference is that the
larger size particles (dp = 80 nm) diffuse more slowly than
the tiny particles, and hence the concentration is lower.

In addition, the concentration gradients are also lower
in all sections. The maximum species fraction decreases
slightly and becomes more skewed towards the outside
edge as the Dean number increases. It can also be seen
that higher concentration appears within the vortex core.
This phenomena can be explained as follows: there are
three forces exerted on the particle moving along the tan-
gent; the second is the centrifugal force caused by the
curvature, which makes the particle move outward; and
the third is the pressure gradient force formed in the flow
field, which makes the particle move inward. The centrif-
ugal force is smaller than the pressure gradient force,
because the inertial force of the nanoparticle is insignifi-
cant. The gross force results in the inward motion of the
particles.

Fig. 2. Pressure contour, u–v vector and w velocity contour on cross-section for different Dn (Re = 251, IE, inside edge; OE, outside edge). (a–c), Dn = 85;
(d–f), Dn = 100; (g–i), Dn = 120.
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4.3. Nanoparticle transport and deposition

Fig. 4 shows the maximum and minimum of deposition
enhancement factor (DEF) on the bend wall for different
particle diameters and Reynolds numbers. It can be seen
from Fig. 4(b) that the minimum of DEF occurs near the
inside edge (h = 0 as shown in Fig. 1), and the maximum
of DEF occurs near the outside edge (h = 3.14). We can
also see that there is a ‘‘hot” deposition region near the
outside edge as expected, and the maximum of DEF

decreases but the minimum of DEF increases with the
increasing particle diameter. In other words, for the larger
nanoparticles, the intensity of nanoparticle deposition onto
the wall is more uniform because of the lower diffusivity
and lower capacity of mixing. With the increasing of the
Reynolds number, this phenomenon becomes more pro-
nounced because a higher Reynolds number offers a lower

chance for the nanoparticles to deposit in a shorter resi-
dence time, and then the margin between the maximum
and minimum DEF is less.

To observe the bend geometrical parameters’ influence
on the deposition, the maximum and minimum of DEF

for different curvature radius of the bend (the Dean num-
bers are different as a result) are shown in Fig. 5. When
the bend curvature radius decreases from 0.02 to 0.01 m
(a half value of the former), indicating an increase in the
Dean number, the maximum of the DEF decreases
slightly, even becomes equal, for the large diameter (e.g.
dp = 150 nm), and the difference of the minimum of the
DEF is much more small. The little difference in value and
circumference position could tell us more or less that the
influence on the nanoparticle deposition of the flow Rey-
nolds number is more notable than that of the bend curva-
ture radius if we should sometime control the nanoparticle

Fig. 3. Nanoparticle concentration distribution for different Dn and dp (Re = 251). (a) dp = 20 nm, Dn = 85; (b) dp = 80 nm, Dn = 85; (c) dp = 20 nm,
Dn = 100; (d) dp = 80 nm, Dn = 100; (e) dp = 20 nm, Dn = 120; (f) dp = 80 nm, Dn = 120.
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deposition loss in bend. Furthermore, the particle deposi-
tion loss due to the intensity of the secondary flow is more
significant for smaller particles.

5. Conclusions

The following conclusions can be drawn from the simu-
lation results:

(1) Nanoparticle concentration distribution contour is
symmetrical with respect to the top and the bottom
sides of the bend, and there are a series of concentric
close line placed in both the top and bottom
semicircles.

(2) Nanoparticles with different diameters have a similar
behavior in concentration distribution, and larger
particle only makes the concentration smaller.

(3) The particles deposition loss enhancement due to the
secondary flow is more significant for smaller parti-
cles. The maximum and minimum of the deposition
enhancement factor occurs near the outside and
inside edges, respectively. The deposition enhance-
ment factor all over the tube tends to be more uni-
form with the increasing nanoparticle diameter.

(4) In the case of higher Reynolds number, the nanopar-
ticles take a shorter time for deposition. The effect of
Dean number on the deposition enhancement factor
is small.
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