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Abstract

The behavior of dispersed particles in turbu-
lent channel 
ow was investigated by using di-
rect numerical simulation (DNS). The particle-to-

uid density ratio �p=�f is changed to be 1.05, 8.0
and 713, whilst the relaxation time �+

p
3 and 7.

Among various dynamical e�ects acting on each
particle, the drag force, the added mass e�ect, the
pressure gradient of 
ow and the Sa�man lift force
are taken into account. The interaction between

uid turbulence and particle motion is treated by
either one-way or two-way coupling method.

It is observed that the turbulence intensity is
slightly changed by the dispersed particles in spite
of their low volume fraction �v � 10�6, but the
relative magnitudes of the forces acting on parti-
cles are not predicted much di�erently in one-way
and two-way coupling computations. In all cases
simulated, the drag is found to play a dominant
role, while the added mass e�ect remains minor.
In the case of �p=�f = 1:05, the pressure gradient
e�ect is also signi�cant. When �p=�f = 713, the
accumulation of particles into the near-wall low-
speed streaks is observed regardless of the parti-
cle relaxation time, and it is found that the drag
e�ect should be mainly responsible for this phe-
nomenon.

1. Introduction

Particle-laden turbulent 
ows are common in
natural and industrial processes and it is impor-
tant to understand the characteristics of the par-
ticle motion in 
uid turbulence, especially in wall
turbulence from both engineering and environ-
mental viewpoints. With the recent development
of computers and numerical techniques, direct nu-
merical simulations (DNSs) have been applied to
various types of turbulent 
ows. DNSs of particle-
laden turbulent 
ows have also been carried out
(see, McLaughlin (1994) and Crowe (1996)).

It is known that the 
uid turbulence is modu-
lated by the presence of dispersed particles (see,
e.g., Gore & Crowe, 1989), and some of the pre-
vious simulations have been carried out by tak-

ing into account the two-way interaction between

uid and particles (Elghobashi & Truesdell, 1993;
Squire & Eaton, 1990; Pan & Banerjee, 1996,
1997). However, in most of the simulations of
particle-laden turbulent 
ows, the reactive ef-
fect of dispersed particles on 
uid turbulence is
neglected, so that one-way coupling method is
adopted. In addition, it is assumed in many previ-
ous studies that only drag and gravitational forces
act on particles, though it is known that particles
in 
uid turbulence are driven also by other forces
such as lift, pressure gradient and added mass ef-
fect.

As for the lift force due to the shear of 
uid 
ow,
McLaughlin (1989) and Squire & Wang (1996a)
have clari�ed an important e�ect of the Sa�man
lift force on the deposition of heavy particles in
the viscous sublayer. In the case of solid-gas two-
phase 
ow, the drag and gravitational forces are
known to play major roles as mentioned by Stock
(1995). Little attention, however, has been given
to this argument in the case of solid-liquid two-
phase 
ow. Recently, Sato et al.(1997) made an
experimental measurement of the forces acting on
particles in a vertical channel 
ow. They have
shown that the drag and gravitational forces are
main contributors, and that when the particle-
to-
uid density ratio is nearly equal to unity the
pressure gradient and viscous stress can also be
signi�cant.

For developing a reliable numerical prediction
method which is applicable to particle-laden wall
turbulence, it is very much helpful to know when
and how each force acting on a particle would be
of primary signi�cance. Hence, the objective of
the present work is to investigate further various
dynamical e�ects on particles and the resultant
particle behavior near a solid wall via DNSs of the
particle-laden turbulent 
ow in a plane channel.

2. Numerical Procedure

The 
ow geometry and coordinate system are
shown in Fig. 1. The 
uid 
ow in a plane channel
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is described by the continuity and Navier-Stokes
equations. They are given in the following dimen-
sionless forms,
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where the variables with superscript * are those
normalized by the channel half width � and the
wall friction velocity u� =

p
�w=�. The last term

of Eq. (2), f�
i
, represents the reactive force by

particles.
In the present work, the above set of govern-

ing equations of 
uid motion are solved by us-
ing the pseudo-spectral method with Fourier se-
ries in the x� and z�directions and Chebychev
polynomial expansion in the y�direction (Kim et

al., 1987; Kuroda et al., 1995). The ordinary no-
slip boundary condition is imposed on the 
uid
velocity components at the walls and the peri-
odic boundary conditions are used in the x� and
z�directions. The Reynolds number based on �

and u� is prescribed as Re� = 150. The number of
the spectral modes used is 64�49�64 in the x�,
y� and z�directions, respectively. This number
is not su�ciently large, but it still o�ers an op-
portunity to study major dynamical mechanisms
of particle-turbulence interaction.
The trajectory of each particle is computed by

integrating the equation of particle motion numer-
ically. To do this, we use the equation proposed
for Rep < 173 by Mei (1994). Since this equation
includes no term representing a lift force due to
the 
ow shear, we introduce the so-called Sa�man
lift force. Thus, the equation of particle motion
used in the present study takes the following form,
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Each of the terms on the right hand side of Eq. (3)
is the drag, the 
uid pressure gradient and viscous
stress, the added mass term, and the Sa�man lift
force, respectively. The last term of F �

Li
is formu-

lated as:
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by McLaughlin (1989) and Wang & Squire
(1996a). The drag coe�cient of CD is given as,

CD =

(
24

Rep
(1 + 0:15Re

0:687

p ) (Rep � 800),

0:43 (otherwise),

(5)

with the particle Reynolds number Rep de�ned
as:

Rep =
j~v � ~ujd

�
= Re�d

�

j~v
�

� ~u
�

j: (6)

Note that moving particles are not necessarily lo-
cated at the numerical grid points where the 
uid
velocity is calculated, so we have to estimate it at
each particle position and each time step. For this
purpose, the cubic spline interpolation is adopted
(Yeung & Pope, 1988).
The in
uence of dispersed particles on the 
uid


ow is implemented as a source term fi in Eq.
(1). This term is introduced only in two-way cou-
pling simulation. Presently, fi is extrapolated to
eight grid points, which form the control volume
containing the particle by using volume-weighted
averages (Squire, 1990).
The present conditions of dispersed particles

are summarized in Table 1, where d+, �+
p
(�

�p(d
+)2=18�f ) and �v are the diameter, relax-

ation time and volume fraction of particles, re-
spectively. Superscript + denotes the normaliza-
tion with u� and �. Particles P1 and P2 cor-
respond to those of polystyrene in water and of
steel in water, respectively, whilst both P3 and
P4 correspond to olive oil droplets in the atmo-
sphere. The total number of particles dispersed
in the computational volume is 64800. Initially,
particles are distributed uniformly in space in a
fully developed turbulent �eld, and each particle
is assumed to have a velocity, which is equal to
the local 
uid velocity at the same position. For
Particle P1, only one-way coupling simulation is
carried out, whereas both one-way and two-way
coupling simulations are done for Particles P2, P3
and P4. The collision between the wall and par-
ticles is assumed to be inelastic, but frictionless
(Pedinotti et al., 1992).
The value of integral time step �t+ is set to 0.24

and the total steps of the computation is 6000.
The statistics of particle motion are calculated by
ensemble averaging over the period of t+ = 960�
1440.
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Figure 1: Computational domain and coordinate
system.
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Table 1: Particle conditions.

Particle �p=�f d+ �+
p

�v

P1 1.05 7.17 3 1:88� 10�2

P2 8.0 2.59 3 8:84� 10�4

P3 713 0.275 3 1:05� 10�6

P4 713 0.42 7 3:77� 10�6

3. Results and discussion

3.1. Statistics of 
uid turbulence and par-

ticle motion

The mean and 
uctuating velocity components
in particle-laden turbulent 
ows are shown in
Figs. 2 and 3. The two-way coupling treatment
would not be necessary under the present condi-
tion of �v according to Elghobashi (1991). It is
seen, however, in the present two-way coupling
computation that the 
ow �eld is discernibly af-
fected by the dispersed particles. The turbulence
intensity in the streamwise direction is slightly en-
hanced by the particles near the wall, and that in
the wall-normal direction becomes larger around
the center of the channel. Though it is known
that small particles tend to decrease the turbu-
lence intensity, whilst large particles enhance it,
such a fact is not evident in the present study.

Figure 4 shows the mean wall-normal compo-
nent of the particle velocity. It is found that the
velocities of P1 and P2 are almost equal to zero,
so that a stationary state has been reached, while
those of P3 and P4 are still in a transient state
moving toward the walls. Figure 5 shows the dis-
tribution of the mean particle Reynolds number
Rep, which takes maximum and minimum values
near the wall and around the channel center, re-
spectively. It is con�rmed that the assumption
of Rep < 173 for Eq. (3) is well satis�ed in the
present study. The distribution of the particle
concentration is shown in Fig. 6. All particles
but particle P1 (�p=�f = 1:05) show a tendency
to concentrate near the wall; this tendency is more
pronounced in the case of particles with larger �p
and �p=�f .

Figure 7 summarizes the root-mean-square ve-
locity 
uctuations of particle motion. It is evident
that the rms 
uctuations near the wall are larger
in the x� direction and smaller in the y� and z�

directions than those of 
uid turbulence. This
fact is in good agreement with the recent results
of LES of Wang & Squire (1996b). The di�erence
between the results obtained by the one-way and
two-way coupling simulations seems to be minor,
although it is clearly discernible.

3.2. Forces acting on particles

Each term acting on a particle in Eq. (3) has
been calculated in the present simulations, and
the averaged streamwise and wall-normal compo-
nents are shown in Figs. 8 and 9, respectively.
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The results for various particles as well as those
obtained by the one-way and two-way coupling
methods are compared each other. From these
�gures, it is found that the drag is a main force
in all cases, whereas the added mass e�ect is
very weak except for P1, of which density ratio is
�p=�f = 1:05. It is also evident that the one-way
and two-way coupling simulations give almost the
same results (see, e.g., Figs. 8(b) and (c)). For
Particles P3 and P4 of �p=�f = 713, the Sa�man
lift force in the wall-normal component is addi-
tionally signi�cant in the near-wall region. More-
over, for Particle P2 of �p=�f = 8:0, the role of
the lift force becomes even more important and
the force due to the 
uid pressure gradient also
exhibits its e�ect near the wall.

For P1 of �p=�f = 1:05, the pressure gradient
e�ect is one of the primary forces and this fact
is in good agreement with Sato et al. (1997). In
the wall-normal direction, the drag, lift and pres-
sure gradient have comparable e�ects near the
wall, whilst the force due to 
uid pressure gra-
dient is dominant in the rest of the channel cross
section. These three forces show the opposite sign
in contrast to other cases. Since the Sa�man lift
force working on particle P1 tends to push parti-
cles away from the wall, the particle concentration
decreases in the near-wall region as shown in Fig.
6. This fact, however, is contrary to the com-
mon knowledge that particles in wall turbulence
tend to concentrate into the near-wall region. The
reason is likely because we have not applied the
wall-correction to the drag coe�cient of particles
(McLaughlin, 1994) and underestimated it in the
near-wall region.

3.3. Preferential concentration of particles

in turbulent channel 
ow

In Fig. 10, an instantaneous near-wall distribu-
tion of particles at 0:97 < y=� < 0:99 for each par-
ticle condition is shown along with the gradation
contour of streamwise 
uid velocity at y=� = 0:98.
The area visualized is 5�� � 2�� in the x� and
z�directions, respectively. In Fig. 10(d), Particle
P4 clearly tends to concentrate into the low-speed
streaks. This preference can also be observed for
Particle P3 in Fig. 10(c) although it is weaker,
but can not be con�rmed for Particles P1 and P2
in Figs. 10(a) and (b). By comparing these facts
with the results in Figs. 8 and 9, it is concluded
that the drag force should be a main cause of the
particle accumulation into the low-speed streak.

It is also found that, since the increase of �+
p
is

accompanied with the decrease in the drag, parti-
cles with larger �+

p
are more likely to exhibit pref-

erential concentration. According to the result by
Wang and Squire (1996b), particles with larger �+

p

show more accumulation when �+
p
� 117, but the

opposite trend is observed when �+
p

> 117. The
present result is in conformity with their obser-
vation. Note that this preferential concentration

of particles is limited to a very thin region in the
close vicinity of the wall and that it has not been
observed even in the region of 0:93 < y=� < 0:96
in all cases.

From comparison between Figs. 10(b) and (c),
it is found that, if the particles have the same �+

p
,

those with larger �p=�f show more degree of accu-
mulation. In addition, since the other forces act
oppositely for the particles with smaller �p=�f as
shown in Figs. 8(a) and 9(a, b, c), they play a
role of preventing the particles from forming pref-
erential concentration.

In Fig. 11, the near-wall distributions of par-
ticles are shown with the instantaneous pressure

uctuation at y=� = 0:98. Although the e�ect of

uid pressure gradient is signi�cant for Particle
P1 as shown in Figs. 8(a) and 9(a), any sub-
stantial correlation between the particle concen-
tration and pressure distribution cannot be ob-
served. This con�rms again that the drag force
is a primary cause of preferential concentration of
particles near the wall.

4. Conclusions

The one-way and two-way coupling DNSs of
particle-laden turbulent 
ow in a channel were
performed. The following conclusions are derived:

(1) Although the volume fraction �v assumed
presently is very low (� 10�6), the 
ow �eld is
slightly a�ected by the interaction with the dis-
persed particles.

(2) The particles, which have been introduced
uniformly into the initial 
ow �eld, tend to con-
centrate toward the wall except those with �+

p
= 3

and �p=�f = 1:05. This tendency is more marked
with increasing �+

p
and �p=�f .

(3) The velocity 
uctuations of particle motion
are larger in the streamwise direction and smaller
in the wall-normal and spanwise directions than
those of 
uid turbulence. The di�erence between
the statistics of particle motion obtained by the
one-way and two-way coupling simulations ap-
pears minor, although it is clearly discernible.

(4) For the particles of �p=�f = 713, the drag
is dominant over the whole channel cross section
and the e�ect of lift force appears only near the
wall. In the case of �p=�f = 8:0, the e�ect of
pressure gradient and the lift force become ap-
preciable near the wall, although the drag is still
dominant. When the density ratio decreases even
more to �p=�f = 1:05, the drag, pressure gradi-
ent and lift reach comparable magnitudes near the
wall, whilst the pressure gradient e�ect is domi-
nant in the rest of the channel cross section.

(5) The particles of �+
p

= 7 and �+
p

= 3 with
�p=�f = 713 show a tendency to concentrate into
the low-speed streaks; this is mainly owing to the
drag force.

The authors thank Professor S. Banerjee at UC
Santa Barbara for his valuable discussions during
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=) Flow

(a) P1(one-way coupling)

(b) P2(one-way coupling)

(c) P3(one-way coupling)

(d) P4(one-way coupling)

Figure 10: Particle distribution in 0:97 < y=� <

0:99 and instantaneous �eld of streamwise 
uid
velocity 
uctuation at y=� = 0:98. White points
correspond to dispersed particles. Black to light

gray: u
0
+

f
= �1:1 to 1.1.

=) Flow

(a) P1(one-way coupling)

(b) P2(one-way coupling)

(c) P3(one-way coupling)

(d) P4(one-way coupling)

Figure 11: Particle distribution in 0:97 < y=� <

0:99 and instantaneous �eld of pressure 
uctua-
tion at y=� = 0:98. White points correspond to
dispersed particles. Black to light gray: p

0
+ =

�1:1 to 1.1.
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