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It is a complex transfer process of nanoparticles in a tube. In this paper, in order to quantify the penetration efficiency of
nanoparticles in different flows condition through horizontal tubes, the experiments have been carried out with particles diameter
between 6 nm and 560 nm in various lengths of sampling tube. The results were in good agreement with the theory of Gormley
and Kennedy and the experiment results of Kumar et al. for particles size smaller than 100 nm. Particles penetration rate increases
with increasing of the Schmidt number (Sc), and it decreases with increasing Reynolds and tube length. Particles deposition on
the wall induces the changes of the mass and average diameter of particles continuously. Therefore, a nondimensional parameter
(𝜍) defined dependency on Reynolds number and particle residence time in tube has been used to express total mass penetration
efficiency and mean size growth rate through a straight tube.

1. Introduction

Nanoparticles deposition inside tubes occurs inmany impor-
tant technological problems in biology, immunology, crystal-
lization, and colloid and polymer science, such as enhanced
heat transfer in heat exchangers [1], toxic particle transport in
human lung contamination [2], pollutant particle emission
from coal combustion in power plants, and the rail tube
of a moving car [3]. For badly stable suspension of micro-
sized particles, nanoparticles suspended inside a tube may
coagulate or deposit on the wall due to various mechanisms
that may act in combination with Brown motion and fluid
turbulence [4].The process of coagulation causes the particle
clusters to grow up, and then the dynamic characteristics of
large clusters are different from that of small clusters. There
are five main mechanisms which may lead to particle losses
on the surface of a tube, that is, gravitation, thermophoresis,
electrostatics, inertial impaction, and diffusion [5].The diffu-
sion, inertial impaction, and turbulence are most important
for deposition process. When nanoparticles deposit on the
tube wall, the characteristics of the delivery particles such
as number and mass concentration, average diameter, and
size distribution will be changed. However, the mechanism
of deposition and evolution of the nanoparticles still remains
to be clarified.

In recent years the transport and deposition processes
of nanoparticles in tube are of increasing concern since
nanoparticles are more toxic and diffusible than larger
particles. The analyses of the forces acting on nanoparticle
in flow and its deposition processes have been made by
many researchers [6–8]. The research of particle deposition
has been studied, such as in bends [6] and a rotating
curved tube [9], respectively. Numerous authors have devel-
oped theoretical expression for aerosol penetration fraction
through a smooth or rough tube in laminar flow [10]. Several
experimental validations of these theories have been carried
out for aerosols particles with diameters smaller than 100 nm
[11]. For turbulent tube flow, the deposition onto tube surfaces
is more complicated and equations describing it cannot be
solved explicitly, and these studies give very different results
[8, 12].

The number penetration efficiency through a tube 𝜂
𝑁
is

defined as the ratio of outlet number concentration to inlet
concentration, which is

𝜂
𝑁

=
𝑁outlet
𝑁inlet

, (1)

where𝑁 is the number concentration per cubic meter.
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Figure 1: A sketch of the experimental apparatus.

Gormley and Kennedy [10] firstly developed laminar
flow through a straight cylindrical tube as a function of a
dimensionless deposition coefficient of particle sizes ranging
from 3 to 50 nm.The well-known equation is

𝜂
𝑁

= 1 − 2.56𝜉
2/3

+ 1.2𝜉 + 0.177𝜉
4/3

(if 𝜉 < 0.02) , (2a)

𝜂
𝑁

= 0.819𝑒
−3.657𝜉

+ 0.097𝑒
−22.3𝜉

+ 0.032𝑒
−57𝜉

(if 𝜉 > 0.02) ,

(2b)

where 𝜉 = 𝐷𝜏/(𝑑/2)
2,𝑑 is the tube inner diameter, and 𝜏 is the

flow residence time in the tube.𝐷 is the diffusion coefficient,
given by Stokes-Einstein equation:

𝐷 =
𝑘𝑇𝐶
𝑐

3𝜋𝜇𝐷𝑝
, (3)

where 𝑘 (= 1.38 × 10−23 J K−1) is Boltzmann’s constant, 𝑇 is
the absolute temperature, 𝜇 is the viscosity of air, 𝐶

𝑐
is the

slip correction factor, and𝐷𝑝 is the aerodynamic diameter of
particles. Allen and Raabe [13] developed the slip correction
factor for solid particles for all size ranges, which is

𝐶
𝑐
= 1 +

𝜆

𝐷𝑝
[2.34 + 1.05 exp(−0.39

𝐷𝑝

𝜆
)] , (4)

where 𝜆 is the particle mean free path.
Hinds [14] simplified the equation, and Ramamurthi et al.

[15] andAlonso et al. [16] confirmed the accuracy of the above
equation. Noble et al. [17] measured particles in a continuous
field measurement for laminar flow using scanning mobility
particle sizers (SMPS) (TSI Inc.) and aerodynamic particle
sizer (APS) (TSI Inc.) through a 3m long aluminium tube
with slight bends for connections to the sampling instru-
ments. Their results show that the penetration efficiency
was substantially smaller than the theoretical penetration
efficiency.

When Reynolds number is larger than 2300, the flow
is in the turbulent tube flow condition. The deposition on
tube surface is more complicated than a laminar flow. Lee
and Gieseke [12] presented a penetration empirical equation
of particles through a tube considering diffusion, inertial
impaction, and turbulence, which is

𝜂
𝑁

= exp(
−8V
𝑑
𝑙

𝑑V
) , (5)

where V
𝑑

is diffusive deposition velocity through the
laminar sublayer for turbulent flow in a tube, V

𝑑
=

(0.04V/Re1/4)(𝜌
𝑔
𝐷/])2/3, 𝑙 is the tube length, and 𝜌

𝑔
is the

density of the particle. Re = V𝑑/] is the flow Reynolds
number based on the pipe diameter and average flow velocity
V = 4𝑄/𝜋𝑑

2 and 𝑄 is the fluid volumetric flow rate in tube.
Equation (8) is only significant for particles larger than

100 nm. Kumar et al. [11] studied particles (𝐷𝑝 < 100 nm)

losses in sampling tube of various lengths on typical diesel
car exhaust emissions and compared penetration efficiencies
with particle loss models of laminar and turbulent flows.
Their results show that when the flow is laminar, the turbulent
penetration model of Lee and Gieseke [12] is better than the
laminar model of Hinds [14].

Since the results of the previous studies are incompat-
ible and insufficient, the mechanisms of the nanoparticle
deposition in tube should be clarified more deeply for its
important application. Therefore, the aim of this study is to
investigate the nanoparticlesmass and number concentration
penetration efficiency through different flow conditions tubes
using an experimental approach.

2. Experimental Techniques

Ignore thermophoresis and electrostatics effect on nanopar-
ticles and coagulation process. Assume that only diffusion,
inertial impaction, and turbulence have the impact on depo-
sition process. Experiments were made under different flow
conditions. A sketch of the experimental setup is shown
in Figure 1. The nanoparticles are generated by aerosol
generator. The compressed air has been cleaned by a filter.
Particles and compressed air have been mixed in a pressure
chamber and placed twenty-four hours for mixture uniform
in the vessel. The flow required for the tube is regulated
using a valve downstream of the mixing chamber. In order
to obtain a fully developed flow profile, there is a sufficient
length between valve A and valve B. Between valve B and
valve C and valves B, C, and D there are three-way valves
used to regulate the fluid flow rate and direction. When the
fluid passes through valves A, B, and D and a fast mobility
particle sizer (FMPS3091, TSI Inc.), the entrance parameters
are measured. When the aerosol passes through valves A and
B, the sampling tube, valve C, valve D, and FMPS3091, the
exit parameters are measured. The sampling tube is made of
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Figure 2: Particles size distribution for experiments.

plexiglass andmeasurements are carried out in the laboratory
with temperature of 20∘C.

The FMPS3091 system uses an electrical mobility detec-
tion technique to measure particle size spectra, which has
been widely applied to quantify particle size and number
distribution [18, 19]. FMPS measures particles distributions
in 6–560 nm size range using 32 channels (16 channels per
decade of size) and enables rapid determination of particle
size distribution. FMPS consists of three components, (1)
a bipolar radioactive charger for charging the particles, (2)
a differential mobility analyzer for classifying particles by
electrical mobility, and (3) multiple, low-noise electrometers
for particle detection. FMPS can provide a good time reso-
lution to measure particle number concentrations and size
distributions in 1 s. During the experiments, the sampling
frequency is 1Hz and is continuous for 1 minute in each
measurement. The sampling flow rate is 0.01m3/min, which
is 3.3m/s corresponding to the tube inner diameter of 8mm.
So the experimental velocity must be larger than this value.

The LaVision Aerosol Generator generates polydisperse
particles by atomizing vegetable oil into particles. The parti-
cles larger than 560 nmhave been filtered by FMPS. To ensure
accuratemeasurement, these experiments have been repeated
at least three times with essentially the same results. Figure 2
shows the nanoparticles size distribution at air supplied
pressure of 7 bars. The geometric mean size of particles is
80 ± 5 nm.

3. Results and Discussion

3.1. Parameters. Three main mechanisms including gravita-
tional setting, molecular diffusion, and turbulent dispersion
are responsible for deposition of the particle on the wall of the
tube. The deposition fraction for a straight tube depends on
the geometry of the test section (pipe internal radius 𝑑 and
length 𝑙), the characteristics of air flow and aerosol particles
(the volumetric flow rate 𝑄, kinematic viscosity of air ], the
particle diameter 𝐷𝑝, density 𝜌

𝑝
, and number concentration

𝑁), and the diffusion coefficient of aerosol particle in air
(𝐷). Thus the penetration efficiency is a function of different
parameters. However, through dimensional analysis using
Buckingham Pi theorem, we can get 𝑝 = 𝑓(Re, Sc, 𝜏), where
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Figure 3: Penetration efficiencies for different particle size.

Sc = ]/𝐷 is the Schmidt number, 𝜏 = 𝑙/V
𝑝
⋅ V/𝑑 is the

dimensionless particle flow residence time in the tube, and
V
𝑝
is the velocity of particle passing through the tube.
If the volume concentration of particles in the flow is

very small (<0.0001%), we can assume themotion of particles
is affected by the air flow but the air flow is not affected
by the particles. In the present experiments, the volumetric
concentration of particles is of the order of 10−9. Thus, it
is reasonable to assume that the flow is not influenced by
particles and particles interactions including nucleation and
coagulation are negligible.

3.2. Nanoparticles Number Penetration Efficiency through
Tubes. TheBrownianmotion is themainmechanism leading
to deposition on tube surface of particle-laden multiphase
laminar flow (when Re < 2300). Particle losses for various
cases are compared below with diffusion models for laminar,
which is represented by (2a) and (2b). A comparison of the
penetration efficiencies 𝜂

𝑁
through tubes is shown in Figure 3

as a function of the particle diameter. In this figure, the data
points with error bars are the measured penetration efficien-
cies through tubes for 𝜏 = 375 and Re = 1700. The previous
similar condition experimental results are shown using trian-
gle. The lines represent the number penetration efficiencies
through the straight tube predicted by (2a) and (2b). Because
of only concerning Brownian diffusion and ignoring the
surface effect, the theorical results of Gormley and Kennedy
show higher penetration efficiencies than the experimental
results of Kumar et al. and this paper. So from Figure 3,
a good agreement is obtained between this paper and the
previous work. The penetration efficiency through the tube
has been found to increase with increasing particle size. The
losses efficiencies for particles below 20 nm are more than
10% stronger than the larger size particles due to the higher
diffusivity of smaller particles.

Figure 4 shows the particles penetration efficiency
changes with the Reynolds number at 𝜏 = 375. With
Reynolds number increasing, the flow turns from being
laminar to turbulent. The result from Figure 4 indicates with
the increasing of Reynolds number the particles penetration
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Figure 4: Penetration efficiencies for different Re at 𝜏 = 375.
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Figure 5: Penetration efficiencies for different 𝜏 at Re = 1412.

efficiency declines because both Brownian and turbulent
motions dominate the particle diffusion in turbulence
flow. The turbulence diffuser enhances particle deposition
process, especially for larger particles in long tube. But
most of particles larger than 100 nm have high penetration
efficiency (>90%) in the tube with 𝜏 = 375.

Figure 5 shows the particles penetration efficiency for
different 𝜏 at Re = 1412. The result means the change of
penetration efficiency is obvious with the tube length. Large
𝜏means particles have more residence time in pipe and have
more opportunities to deposit on the surface. As the tube
length increases, the loss of particles in tube surface increases.
There is near 10% increment of deposition rate when the
dimensionless residence time increasing from 375 to 625.

Figure 6 indicates the particles penetration efficiency
changes with the Schmidt number. Schmidt number char-
acterizes the ratio of mass diffusion and convection process
of nanoparticles, which is in the range from 51.7 to 172573
when particle size changes from6nm to 523 nm.Theparticles
penetration efficiency is almost constant for the large Schmidt
number but increases with Schmidt number growth when
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Figure 6: Penetration efficiencies for different Sc.

Sc < 5 × 104. Particle losses are very significant as high as 35%
with particle diameter being 100 nm.

3.3. Change of the Particle Parameters through a Tube. There
are lots of functions about the particles penetration efficiency
of number concentration, but few studied the mass con-
centration and average diameter of particles. In this part,
the change of particles mass and average diameter will be
discussed.

Particles deposition will reduce the mass concentration
outlet of the tube. The mass penetration efficiency through a
tube can be expressed as

𝜂
𝑀

=
𝐶outlet
𝐶inlet

, (6)

where𝐶outlet and𝐶inlet are the outlet total mass concentration
and inlet total mass concentration of the tube, respectively.

The total mass concentration 𝐶 in the experiment is
expressed as follows:

𝐶 = 𝜌
𝑔

32

∑

𝑖=1

𝜋𝐷𝑝
3

𝑖

𝑁
𝑖

6
, (7)

where 𝑁
𝑖
is the particle number concentration per cubic

meter of 𝑖th channel.
Analysis of (2a), (2b), (5), and Figure 5, the length and

diameter of the sampling tube, the particle diameter and the
sample flow rate, and themean velocity are variables affecting
the particle losses when temperature keeps constant. So a new
nondimensional parameter 𝜍 is used to describe the particles
total mass concentration loss in straight tube which is defined
as follows:

𝜍 = Re ⋅𝜏. (8)

Figure 7 shows nanoparticles total mass concentration
penetration efficiency through tubes including laminar and
turbulence flow with 𝜍 changing. A new function of 𝜂

𝑀
and 𝜍

is

𝜂
𝑀

= −7 × 10
−8
𝜍 + 0.974. (9)
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Figure 8: Change of the particles mean size growth rate.

Figure 7 shows the well agreement of curve and data in
the experimental conditions of Reynolds number ranging
from 640 to 5120 and particle residence timefrom 250 to 500.

According to Figures 3, 4, and 5, the nanoparticles deposit
on the tube wall is affected by particle size, Reynolds number,
and tube length, and the small particles (<50 nm) are easy to
deposit on the surface. As a result, the moving particles mean
size will increase during the delivery process. So the particle
mean size growth rate (𝜑) is defined as

𝜙 =

(𝐷𝑝
𝑔
)
outlet

− (𝐷𝑝
𝑔
)
inlet

(𝐷𝑝
𝑔
)
inlet

× 100%, (10)

where𝐷𝑝
𝑔
is the particle geometric mean size.

Figure 8 shows the change of particle geometricmean size
growth rate according to 𝜍. The particles average diameter of
the tube outlet will always be larger than the inlet position.
But the particle mean size growth rate 𝜑 is fluctuation with
flow condition changing. 𝜑 increases with 𝜍 in laminar flow.
The reason is that Brownian diffusion dominates the particles
deposition process. The particles smaller than geometric
mean size are easy to deposit on the tube surface. As

a result the particles mean size increases and with tube length
increasing 𝜑 increases. When Reynolds number increases,
the flow is in turbulence condition. Both of Brown motion
and turbulence diffusion have effect on the particles. Some
of the particles are larger than geometric mean size affected
by turbulence diffusion deposition on the tube surface which
make the particles mean size decrease. On the other hand
the particles smaller than 50 nm are affected by Brownian
diffusion deposition which make the particles mean size
increase. The small particles are easy to deposit on tube
surface compared to the large one, and the turbulence effect
is complex, so 𝜑 will fluctuate with 𝜍 in turbulence flow. The
regression equation with experimental conditions is

𝜙 = 6 (𝜍 × 10
−6
)
3

− 20 (𝜍 × 10
−6
)
2

+ 20 (𝜍 × 10
−6
) + 6.8.

(11)

4. Conclusions

In this study, penetration efficiency of nanoparticles (6–
560 nm) has been experimentally studied in different flow
conditions (Re in the range of 1412–5120) in horizontal tubes
of various length. Measurements were carried out in an
experimental setup involving FMPS3091.

It has been found that particle losses for nanosized
particle-laden multiphase tube flow are affected by particle
diameter, tube length, and flowpattern. Penetration efficiency
of nanoparticles through horizontal tubes can be expressed
by Schmidt number, Reynolds number, and particle residence
time in tube. Particles penetration rate increases with increas-
ing of the Schmidt number, and it decreases with increasing
Reynolds and tube length. The turbulent flow structures of
the tube play an important role in the mechanisms and
magnitude of the deposition of the nanoparticle especially
for particle size larger than 100 nm, while the losses of
particles smaller than 50 nm are more obvious. For a better
understanding of the transfer mechanisms and particles size
distribution, the expressions of total mass concentration
penetration efficiency and particle average size growth rate
dependency on Reynolds number and particle residence time
in tube have been acquired in this study.
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