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The particle motions of dispersion and transport in air channel flow are investigated using a large eddy simulation
(LES) and Lagrangian trajectory method. The mean and fluctuating velocities of the fluids and particles are obtained,
and the results are in good agreement with the data in the literature. Particle clustering is observed in the near-wall and
low-speed regions. To reveal the evolution process and mechanism of particle dispersion and transport in the turbulent
boundary layer, a multi-group Lagrangian tracking is applied when the two-phase flow has become fully developed: the
fluid fields are classified into four sub-regions based on the flow characteristics, and particles in the turbulent region are
divided accordingly into four groups when the gas—particle flow is fully developed. The spatiotemporal transport of the
four groups of particles is then tracked and analyzed. The detailed relationship between particle dispersion and turbulent

motion is investigated and discussed.
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1. Introduction

Particle-laden air channel flow is an important issue in
many natural and industrial processes, such as pneumatic con-
veying systems, fluidized beds, pollutant particle transport in
atmospheric boundary layers, and fuel particle dispersion in
combustors.'=31 It is also the foundation of gas—particle two-
phase turbulent combustion in many industrial processes.*!
Therefore, it is vital to understand the processes and mecha-
nisms of particle dispersion and transport in turbulent airflows
to apply industry controls and improve combustion efficiency.

The influence of fluid motion on aerosol particle behav-
ior is crucial in predicting particle dispersion and transport.!!
Traditional theories assume that particles are randomly dis-
tributed in turbulent flows according to the diffusion of pas-
sive scalars. However, Crowe et al., Squires and Eaton, and
Wang and Maxey have found that there are highly nonuni-
form concentration distributions of particles in turbulent flow
fields.[>~!!] This inhomogeneous spatial distribution of parti-
cles in turbulent flow, known as preferential concentration, %]
is caused by differences in inertia between particles and flu-
ids. Moreover, turbulent motion and particle properties are
two key factors determining the preferential concentration of
particles.!12-18]

The particle distribution and transport are mainly con-
trolled by turbulent motion and structures. McLaughlin!!"’!

and Brooke et al.?"! found that particles tend to accumulate
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in the viscous sublayer near the wall. Eaton and Fessler!?!]

identified the mechanism driving preferential concentration as
the centrifuging of particles away from turbulent vortex cores.
Kaftori et al.!>>?3 investigated the motion of solid particles
near the wall in a turbulent boundary layer using flow visual-
ization techniques. They found that particles are controlled by
the actions of coherent wall structures. Tanaka et al. 1**! found
that the interaction between particle clusters and vortical struc-
tures plays an essential role in the nonuniform distribution of
particles when the particle response time is of the order of the
Kolmogorov timescale.

In addition, the Stokes number of the aerosol particles,
St, also plays an important role in how the particles respond
to turbulent motion. St is defined as the ratio of particle relax-
ation time to the Kolmogorov timescale of turbulent flow (St =
Tp/T). Wang and Maxey!!%!!
accumulation of particles occurs when the particle response

I showed that the strongest

time is comparable to the Kolmogorov timescale. Fessler et
al.”>® imaged the distributions of particles in turbulent flow
and found the strongest preferential concentration for St = 1.
Wang and Squires!?®! investigated particle transport in fully
developed turbulent flow using a numerical simulation. They
found that particles for St = 1 exhibit preferential concentra-
tion near the wall and appear more nonuniform than particles
with other St values.

In summary, it has been confirmed that particles accumu-
late in the specific regions of turbulent flow fields and that the
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strongest preferential concentration occurs for particles with
St = 1. However, the detailed particle dispersion behavior
and transport mechanism in turbulent flow are not well un-
derstood and require further investigation.?’! In the present
study, the particle dispersion and transport is examined in a
three-dimensional fully developed turbulent airflow by means
of a large eddy simulation (LES) coupled with the Lagrangian
trajectory method. The objective of this study is to understand
how particles are transported into the specific accumulation
regions of turbulent flow fields and why they can maintain a
high concentration in these regions. A better understanding of
these issues will be useful and important for further industrial
design and engineering applications. As it has been found that
particles with St = 1 present strongly nonuniform concentra-

w, 23261 we focus on analyz-

tion distributions in turbulent flo
ing and discussing this specific case.

To reveal the spatiotemporal transport process and mech-
anism of particles in turbulent flow, a multi-group Lagrangian
method is proposed: at some specified time, the fully devel-
oped airflow fields are split into four sub-regions according
to the flow characteristics. The particles are divided into four
groups based on their positions in the flow fields. The tra-
jectories of the multi-groups of particles in the different flow
sub-regions are then tracked. The detailed evolution processes
involved in particle dispersion and clustering toward the wall
are analyzed and discussed, and then the mechanisms of parti-
cle accumulations in the specific flow regions are investigated
over long time periods.

2. Numerical methods
2.1. Large eddy simulation of the airflow fields

A particle-laden turbulent airflow is simulated in a sym-
metric channel, as shown in Fig. 1. The channel dimensions
are 27h, 2h, and mh in the streamwise (x), wall normal (y),
and spanwise (z) directions, respectively.
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Fig. 1. Schematic diagram of particle-laden turbulent airflow in a channel.

LES is employed to simulate the turbulent airflow.
The three-dimensional incompressible continuity and Navier—
Stokes equations are shown in Egs. (1) and (2), respectively,
after using a classical box filter:
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where #; and i; are the velocity components, and P is pres-
sure. The friction Reynolds number based on the friction ve-
locity u- and half channel height H is Rex = u-H /1. 7 is the
fluid kinematic viscosity, and 7;; is the sub-grid-scale stress,
which is approximated by the eddy viscosity hypothesis as

- 1
Tij = —Z}LTSij—‘y-gS,’kak. 3)
The eddy viscosity pit and strain rate tensor S; ; are defined as

pir = pCsasAl 1S, )
= 1/ da; 8ﬁj
Sij_2(8xj+8xi>’ (5)

where Csgs is an empirical constant (taken to be 0.1 in this

study). For the channel flow, a damping function f; is ap-
plied to Eq. (4), because the Smagorinsky model has over-
large dissipation predictions near the wall and the viscosity
must be zero at the wall. A Van Driest-type damping function
fs =1 —exp(—y*/25) is employed in the simulation, where
yT is the distance from the wall.

Equations (1) and (2) are solved using a fractional step
method.?® The viscous term is discretized by a second-order
central scheme and the advective term is discretized using a
second-order hybrid scheme to reduce aliasing errors and in-
stability. The momentum equations are integrated explicitly
using the third-order Runge—Kutta algorithm. The pressure
Poisson equation is solved by means of Fourier series expan-
sions in the streamwise and spanwise directions with tridiago-
nal matrix inversion. Periodic boundary conditions are applied
in the streamwise and spanwise directions. No-slip boundary
conditions are imposed at the walls for fluids.

A constant mean pressure-gradient in the streamwise di-
rection drives the flow, and the flow friction Reynolds number
is set to 180. Staggered grids are used in the simulations, with
262,144 grid points in the x, y, and z directions. The grids are
uniform in the streamwise and spanwise directions, whereas
the grid points are denser in the near-wall region in the di-
rection normal to the wall according to the hyperbolic tangent
function

_ tanh(a(¢ —0.5))

tanh(a/2) ©

In wall units, the grid spacings are Ax™ = 17.93, Az = 8.82,
Ay’ =0.49 near the wall and Ay;;,, = 11.42 at the center
of the channel. The Kolmogorov scale of turbulent flow at the
present Reynolds number is about two wall units.**) As the
present gird space never exceeds ten times the Kolmogorov
scale, the sub-grid scale turbulence effects on particle motion
can be ignored.
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2.2. Lagrangian trajectory method for the particle phase

To describe the particle motion, a Lagrangian trajectory
method is employed under the assumption of one-way cou-
pling. The modification of particles in turbulent airflow and
the interaction between particles are ignored, because the par-
ticle concentration in this study is very dilute. The particles are
assumed to be spheres. The particle diameter is sufficiently
small compared with the Kolmogorov length scale that the
point force model can be used to simulate the particle motion.
Under such conditions, the particles are governed only by the
Stokes drag force,*"! as other particle forces are significantly

smaller. The particle equation of motion is

=—"=C—|v—u|(v—w), @)

where v; and u; are the particle and the fluid velocities at the
particle position, respectively; pr and pj, are the fluid and par-

ticle densities, respectively; and d, is the particle diameter. Cp
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is the drag coefficient, which is given by

24Cr
C =
D Rep )

®)

where Re, is the particle Reynolds number, Rep, = dp|v —
u|/n, N is the fluid kinematic viscosity, and Cr = (1 +
0.15Reg'678) is the correction coefficient. The fluid veloc-
ities seen by the particles are obtained by interpolating the
fluid velocities of the staggered meshes to the particle loca-
tions using a fourth-order Lagrangian interpolation. If the par-
ticle is located at (xp,yp,zp) and its nearby coordinates are
(%0,50,20)s - - -, (x1,51,21), the Lagrangian interpolation can be
given as
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Fig. 2. (color online) Mean velocities for fluid phase (a) and particle phase (c), and fluctuating velocity for fluid phase (b) and particle
phase: streamwise fluctuating velocity (d), wall-normal fluctuating velocity (e), and spanwise fluctuating velocity (f).
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where i, j, k, and [ are the cell indexes and n = 4. The parti-
cle density is 700 kg/m> and the particle diameter is 30 um.
The Stokes number is approximately 1. The Stokes number
(St = Tp/7¢) is based on the Kolmogorov timescale of turbu-
lent flow. 7, and 77 are the particle relaxation time and char-
acteristic fluid timescale, respectively. T, can be calculated
by

Tp = %’

18u

where p, and d;, are the density and diameter of the particles,

(10)

respectively, and u is the dynamic coefficient of viscosity. ¢

can be computed as
% =h/U, (1)

where £ is half the channel height and Uk is the center veloc-
ity of the air channel flow. The friction Reynolds number is
180. The corresponding flow Reynolds number is 3300, based
on the mean centerline velocity and channel half-height. The
number of particles released into the flow fields is 150,000.
The corresponding particle mass loading ratio is 0.08%. A pe-
riodic boundary condition is adopted at the inlet and outlet of
the channel. This means that particles moving out of the com-
putational domain from the outlet pass into the channel again
from the inlet. Perfectly elastic collisions at the walls are as-
sumed when the particle center is at a distance less than one

particle radius from the wall.

2.3. Numerical simulation verification

To verify the present numerical methods and the in-house
codes, the mean and fluctuating velocities of fluids and parti-
cles were calculated and compared with previous data in the
related literature (see Fig. 2). The mean velocities and fluctu-
ating velocities are all normalized according to the frictional
velocity ur. It can be observed that the mean and fluctuat-
ing velocities of fluids from the present LES agree very well
with the DNS results of Kim et al.,*! as shown in Figs. 2(a)
and 2(b). This indicates that the turbulent airflow is well re-
solved by the present numerical methods and codes. More-
over, the statistical mean and fluctuating velocity profiles of
particles are also compared with previous DNS and LES data
reported by Wang and Squires!?®! and Wang,3!-3%! as shown in
Figs. 2(c)-2(f). It can be observed that both the mean and fluc-
tuating velocities of particles are in good agreement with the
previous results. These verifications indicate that the present

numerical algorithms simulate the particle motion very well.

3. Preferential concentration of particles

The preferential concentration refers to the tendency of

dense particles in a turbulent flow to present inhomogeneous

spatial distributions, forming clusters and depleted regions. In
this study, we focus on particle dispersion and transport mech-
anisms in the well-developed turbulent airflow. The preferen-
tial concentration of particles in turbulent airflow is illustrated
in Fig. 3. Three-dimensional spatial distributions of particles
overlaid with the iso-surface of the Q-criterion are displayed
in Fig. 3(a). The colors in Fig. 3(a) represent the streamwise
fluctuation of airflow velocities. To investigate the relevance
of turbulent vortex structures and particle spatial distributions,
the Q-criterion, which was developed by Hunt ez al.,[*3 is used
to display intense vortical structures in turbulent airflow. The
Q-criterion represents the normalized second invariant of the

velocity gradient tensor, and is defined as
1
0= E(Qijgij —S8ijSij), 12)

where Qi = 0.5(du;/dx;— du;/dx;) and Sj; = 0.5(du;/dxj+
duj/dx;) are the symmetric and anti-symmetric parts of the
velocity gradient tensor, respectively. Positive values of the Q-
criterion indicate regions where flow rotation dominates over
straining. Large-scale turbulent vortical structures within the
150,000 particles can be observed in Fig. 3(a). The particles
present a three-dimensional highly non-uniform structure in
the airflow fields, and obviously cluster in the regions of low
vorticity.

Figure 3(b) shows the spatial distributions of particles
with St = 1 overlaid with instantaneous streamwise velocity
fields of fluids in the vertical XY plane at Z = 1.57. It is clear
that the particles form obvious clusters and depleted regions
in the flow fields, and become preferentially concentrated in
the near-wall regions, as shown by the arrows in the figure.
Figure 3(c) shows the spatial distributions of particles overlaid
with instantaneous streamwise fluctuating velocities of fluids
in the near-wall XZ plane at y© = 5.6. The streaked patterns
in Fig. 3(c) are low-speed regions in the streamwise direc-
tion, which produce low-speed streaky structures in the near-
wall region. Low-speed streaks are typical large-scale turbu-
lent coherent structures induced by quasi-streamwise vortices
(QSVs). The generation of low-speed streaks is spatiotempo-
rally indeterminate, although once generated they rise, oscil-
late, and finally break up with strong ejections. It is observed
that particles obviously cluster in low-speed streaks very near
the wall at y© = 5.6, as shown in Fig. 3(c). Moreover, the
patterns of particle streaks are very similar to the fluid phase.
This indicates the strong preferential concentration of particles
in the near-wall region, approximately in the viscous sublayer.
The above results indicate that intense particle clusters appear

in the near-wall and low-speed regions of the turbulent flow.
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Fig. 3. (color online) Non-uniform spatial distribution of particle with
St=1 in turbulent airflow fields. (a) Three-dimensional spatial distribu-
tions of particles and iso-surface of the Q-criterion. Spatial distributions
of particles in the vertical plane of Z = 1.57 (b) and in the near-wall
plane at y* = 5.6 (c).

The particle number density profile versus the distance
to the wall is shown in Fig. 4. It can be seen that the maxi-
mum particle number density appears in the viscous sublayer
(y* < 5), and can reach 3.2%. The particle number density
then decreases rapidly as the distance to the wall increases
(5 < yT < 40). In the middle and center layers (y© > 40), the
particle number density remains almost constant at approxi-
mately 0.5%.
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Fig. 4. The particle number density profile versus the distance to the
wall.

4. Spatiotemporal evolution of particles trans-
port in airflow fields

4.1. Multi-group Lagrangian tracking

The particle behavior in different flow field regions of
turbulent channel flow is strongly affected by the turbulent
structures and flow characteristics. However, the traditional
Lagrangian tracking method cannot identify these differences,
because all of the particles are tracked together. Thus, it is dif-
ficult to distinguish where the particles have been and where
they are going. To resolve this problem, a multi-group La-
grangian tracking method is proposed in this study. As the
low-speed streaks and near-wall structures are significant re-
gions in turbulent channel flow, the flow regions are divided
into three regions in the wall-normal direction, as shown in
Fig. 5(a): the first region is 0 < y* < 40, where low-speed
streaks exist; 34 the second region is 40 < y* < 100, as the
near-wall region is defined as y* < 100;*¥ and the third re-
gion is 100 < y™ < 180, as the center of the channel flow is
at y© = 180. These three regions are defined as streaky layer,
middle layer, and center layer, respectively. The streaky layer
is divided into a low-speed streaky region and the region with
no low-speed streaks, as shown in Fig. 5(b). Particles in the
different flow regions have different dispersion characteristics.
Therefore, the particles are divided accordingly into the four
groups shown in Figs. 5(a) and 5(b): particles in the low-speed
streaks (y© < 40), particles outside the low-speed streaks
(yt < 40), particles in the middle layer (40 < y™ < 100), and
particles in the center layer (100 < y* < 180). These are re-
ferred to as inner particles, outer particles, middle particles,
and center particles, respectively. The trajectories of the four

groups of particles are recorded once the fluid is fully devel-

oped.
(a) y* =100—180
- center particles
—_—
flow y+ =40—100
middle particles
yT =0-—40
4 -bottom particles

yt=0-—40
bottom particles

|

- outer particles

.+ .
inner particles

x

Fig. 5. (color online) Partitions of flow fields and particles: divided in y
direction (a) and in z direction (b).
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4.2. Spatiotemporal evolution of multi-groups of particles

Once the turbulent gas—particle flow is fully developed
at t = 150, the particles in low-speed streaks at this time are
marked and named inner particles. The spatial distribution of
these inner particles is then tracked over the period ¢ = 150-
155.25, as shown in Fig. 6. It is observed that all particles are
in low-speed streaks at ¢+ = 150, as shown in Fig. 6(a), and no
particles are in the middle layer or the center layer shown in
Figs. 6(b) and 6(c). When ¢t = 150.25, most particles are still in
low-speed streaks, although some have been transported into
the middle layer, as shown in Figs. 6(d) and 6(e). Note that the
inner particles in the middle layer shown in Fig. 6(e) are dis-
tributed similarly to those in the low-speed streaks in Fig. 6(d).
It can be concluded that these inner particles are directly en-

trained up to the middle layer by the ejection of wall turbu-
lence. Att = 151.25, more inner particles have been trans-
ported into the middle layer, and these particles begin to dif-
fuse in the spanwise direction under spanwise fluctuations in
turbulence, as shown in Fig. 6(h). However, there are still par-
ticle streaks in the middle layer at this time. Moreover, some
inner particles in the middle layer have been transported into
the center layer, as shown in Fig. 6(i). This indicates that the
inner particles are not just clustered in low-speed streaks all
the time, but are transported and dispersed in the whole chan-
nel flow. When ¢ = 152.25 and 155.25, there are still a large
number of particles clustered in low-speed streaks; however,
the patterns and positions of the low-speed streaks have var-
ied. This indicates that most of the particles will reside in low-
speed streaks for a long period once they have been captured.

(m) y*=0—-40, t =155.25

(n) y*=40—100, t = 155.25

(o) y+=100—180, t = 155.25

Fig. 6. (color online) Temporal evolutions of spatial distributions of the inner particles.
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The spatial distribution of the outer particles was also in-
vestigated over the period t = 150-155.25, as shown in Fig. 7.
It can be observed that all the particles are outside of the low-
speed streaks at # = 150, and no particles appear in the middle
layer or the center layer, as shown in Figs. 7(a)-7(c). When
t = 150.25, some of the outer particles have become clus-
tered in the low-speed streaks, and a few have been transported
into the middle layer, as shown in Figs. 7(d) and 7(e). These
outer particles in the middle layer appear as similar particle
streaks with turbulence. These results demonstrate that a por-
tion of the outer particles are first transported into the low-

speed streaks through spanwise migration, and are then en-
trained by ejections of turbulence into the middle layer. There-
fore, entrainment by ejection is the main mechanism of parti-
cle transport to the middle layer from the streak layer, whether
for inner particles or outer particles. When the outer particles
move into low-speed streaks, their dispersion is very similar to
that of the inner particles discussed above. Some of the outer
particles move into the middle and center layers. It is interest-
ing that the distributions of outer particles in the three layers

are very similar to those of the inner particles at t = 155.25.

N 17 R P
e “"?iiﬁ"»‘?“ i P AL
1 2 3 4 5 6 1 2 3 4 5 6
X X
(k) y+=40—100, t =152.25 (1) y™=100-180, t = 152.25
N

(m) yt=0-40, t =155.25

(n) y*=40—

100, t =155.25 (o) y*=100—180, t =155.25

Fig. 7. (color online) Temporal evolutions of spatial distributions of the outer particles.
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Figure 8 shows the temporal evolution of the spatial dis-
tribution of the middle particles. These particles are only in
the middle layer when ¢ = 150, as shown in Fig. 8(b). Some
of the middle particles are then conveyed into the streak and
center layers at + = 150.25, as shown in Figs. 8(d) and 8(f).
Note that the particles in the streak layer are strongly prefer-
entially concentrated in the regions of high streamwise veloc-
ity, as shown by Fig. 8(d). When ¢ = 151.25, the particles
in the streak layer begin to diffuse into the low-speed streaks,
as shown in Fig. 8(g). Thus, the outer particles are captured
by sweeps of turbulence and transported to high-speed regions
of the streak layer first, and are then diffused into the low-
speed streaks. An increasing number of middle particles move

(m) y*=0-40, t =155.25

(n) y*=40—100, t = 155.25

into the streak layer and accumulate in low-speed streaks with
time, as shown in Figs. 8(j) and 8(m). At the same time, some
of the middle particles are also transported to the center layer,
forming particle clusters.

Finally, the temporal evolution of the spatial distribution
of the center particles is presented in Fig. 9. The center par-
ticles are only in the center layer when ¢t = 150, as shown in
Fig. 9(c). Some of the center particles have been conveyed
into the middle layers by ¢ = 150.25, as shown in Fig. 9(e).
The transport process of the center particles is then similar to
that of the middle particles. Finally, a number of center par-
ticles also cluster in low-speed streaks in the streak layer, as

shown in Fig. 9(m).

(o) y+ =100—180, t = 155.25

Fig. 8. (color online) Temporal evolutions of spatial distributions of the middle particles.
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(m) y* =0—-40, t =155.25

(n) y+*=40-100, t = 155.25

(0) y+=100—180, t = 155.25

Fig. 9. (color online) Temporal evolutions of spatial distributions of the center particles.

yT=100—180
- center particles
yT =40—-100
- middle particles
yt=0-—40
bottom particles

yt=0-40
bottom particles

|

- outer particles

inner particles

Fig. 10. (color online) Particle migration routes in turbulent boundary
layer. Particle migrations in the wall-normal direction (a) and in the
spanwise direction (b).

Based on the above analysis, a schematic diagram of

the particle migrations in turbulent airflow is summarized in
Fig. 10. Ejections and sweeps of turbulence are the main
mechanisms for transporting particles toward or away from
the wall in the turbulent boundary layer. In the near-wall re-
gions, particles are transported to low-speed streaks through

spanwise migration.

4.3. Mechanisms of particle transport

The number of particles entering or leaving the low-speed
streaks is shown in Fig. 11. It can be observed that 40-100
particles entered the low-speed streaks, whereas 25-80 moved
away from the low-speed streaks. As the particle flux into the
low-speed streaks is greater than that moving out of the low-
speed streaks, particle clusters can be observed in this region.
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Fig. 11. (color online) Particle flux entered into and left out of low-
speed streaks.

Moreover, the transverse exchange of particles between
the inner and outer regions is mainly influenced by the span-
wise particle velocity fluctuations. To investigate the mech-
anism of particle transverse exchange in low-speed streaky
structures, figure 12 shows the statistical spanwise velocity
fluctuations of inner particles, outer particles, and all of the
particles in the streaky layer. The statistics are obtained from
yT = 0-40 in the wall-normal direction, because turbulent
streaky structures exist in this region.[>* It can be seen that
the spanwise velocity fluctuations of inner particles are sig-
nificantly weaker than those of outer particles. This implies
that the inner particles find it difficult to escape from the low-
speed streaks once they have been captured. On the contrary,
the outer particles are more likely to be transported into the
low-speed streaks because they are active and unstable in re-
gions of high streamwise velocity. Therefore, the particle flux
into the low-speed streaks is positive. This mechanism results
in a large number of particles clustered in low-speed streak
structures.
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Fig. 12. Spanwise fluctuating velocities of particles in the streaky layer.

To investigate the particle trajectory following the vor-
tex evolution, figure 13 shows the particle spatial distribution
overlaid on the vorticities in the YZ plane at X = 3.14. The ar-
rows and colors in the figure represent the velocity vectors in

the plane and the vorticity values. The large-scale QSVs can
be clearly observed. Moreover, it can be seen that the middle
particles were captured by QSV and entrained into the streaky
layer through the sweep motions, as shown by the arrows in
Fig. 13. These particles were transported in the spanwise di-
rection by the vortex motion. The breakup of a QSV can be
observed. This induces intense ejection motion. A large num-
ber of particles are transported into the middle layer by this
vortex breakup, as shown by the arrows. Therefore, the near-
wall QSV evolution, including sweep and ejection motions,
is the main mechanism of particle transport in the near-wall
regions.
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Fig. 13. (color online) Particle trajectory following the vortex evolution
inYZ plane at X = 3.14.

5. Conclusion

The detailed particle transport processes and mechanisms
in turbulent airflow have been investigated by means of LES
and the Lagrangian trajectory method. The detailed evolution
processes of particle transport and clustering in the near-wall
region and low-speed streaks were studied by tracking four
groups of particles. The results showed that although some of
the inner particles are transported to the middle layer through
the entrainment of ejections, most particles still accumulate in
low-speed streaks for a long period. Outer particles immedi-
ately move to low-speed streaks, where they are subjected to
similar transport processes as the inner particles. Most of the
middle particles are captured by the sweeps and conveyed into
the high streamwise velocity regions of the streak layer. They
also diffuse in low-speed streaks through the spanwise move-
ments. Center particles are transported to the middle layer, and
then become middle particles with similar dispersion behavior.
Over time, the four groups of particles all preferentially con-
centrate in the low-speed streaks of the near-wall regions.
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