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Abstract

To investigate the two-way interaction between particles and fluid turbulence, a homogeneous flow field including solid particles

was numerically simulated. Spherical particles are falling by gravity with the Reynolds number ranging from 50 to 400, based on slip

velocity. Particular attention was focused on the clustering of particles, which might enhance turbulence by energy supply through

larger scales in comparison with dispersed particles. In the higher Reynolds number case, particle clusters are formed due to the

wake, and vortex shedding enhances them. But clusters cause fluid turbulence resulting in their break-up. The Reynolds-number

dependence, the dynamics and the time scale of particle clusters are discussed in this paper. � 2002 Elsevier Science Inc. All rights

reserved.
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1. Introduction

Solid particles affect the turbulence transport of mo-
mentum, heat and mass in nature and industrial appli-
cations. Experimental and numerical investigations have
therefore been conducted for a wide variety of flows.
Some maps have been proposed to predict the turbulence
modulation due to solid particles (Gore and Crowe,
1989; Elghobashi, 1994). Parameters used in them were
not universal, however, probably, because the mecha-
nism was not understood completely. We believe direct
numerical simulation (DNS) is suitable to reveal vortex
structures dominating the turbulence modulation.

The objective of our study is to improve turbulence
models and particle-tracking methods for the unsteady
simulation of particle-laden flows. Especially for indus-
trial and geophysical interests, we intend to develop the
applicability of numerical simulation to flows including
many solid particles moving at relatively high Reynolds
number of O[102], based on slip velocity and particle
diameter.

Hereafter, we consider uni-scale spheres as solid
particles. Even for the most fundamental case, in which

a sphere is fixed in a uniform stream, the flow pattern
changes drastically in the above-mentioned Reynolds
number range as observed experimentally (Achenbach,
1974; Sakamoto and Haniu, 1990) as well as numerically
(Shirayama, 1992; Johnson and Patel, 1999). Fig. 1
shows typical examples of unsteady vortex shedding
obtained by our method (Takiguchi et al., 1999; Kaji-
shima et al., 1999, 2001) developed prior to this study.
The Reynolds-number dependence of flow patterns as
well as the time-averaged drag is in good agreement with
experimental data.

As shown in Fig. 1, unsteady vortex shedding takes
place when the Reynolds number Reps exceeds approx-
imately 300. The orientation of shed vortices alters
slightly at Reps ¼ 400. The period and shape of vortices
are becoming more irregular for Reps P 500.

When vortex shedding from solid particles takes
place, turbulence energy induced through the wake
is not fully dissipated in the region near a particle.
We estimated that approximately 20% of particle work
becomes an additional source of turbulence energy
through vortex shedding (Kajishima et al., 1999).
However, uniformly distributed particles attenuate tur-
bulence since wakes reduce the length-scale of back-
ground turbulence and modify it to a more dissipative
structure. On the other hand, turbulence is aug-
mented when non-uniformity of particle distribution
increases because turbulence energy is supplied at larger
scale.
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On the basis of above-mentioned observations, we
considered the particle Reynolds number and the inter-
particle distance as important factors of particle effects
on turbulence (Kajishima et al., 1999). To parameterize
them, we must clarify the dynamics of particle clusters
and its interaction with fluid turbulence.

The region with high concentration of particle is
sometimes referred to as the cluster. Note that particles
in the cluster are not always in contact with one another.
There have been some possible explanations for the
mechanism of clustering––for example, preferential
concentration of particles in particular portion of tur-
bulence eddies (realized numerically by Eaton and
Fessler, 1994, for example) and inelastic collision be-
tween particles (Goldhirsch and Zanetti, 1993, for ex-
ample). The former is observed for small (low Stokes
number) particles and the latter is an inter-particle effect.
Thus, the interaction between solid particles and fluid
turbulence is not so important in these cases. However,
the two-way interaction is essential in the Reynolds
number range of interest to us, O½102�.

In this study, we investigate the dynamics of the
wake-induced clusters of particles and the interaction
between particles and fluid flow by means of DNS. In
Section 2, the numerical scheme for two-way coupling
and the computational setups are explained. In Section
3, the Reynolds-number dependence and life cycle of
particle clusters are revealed on the basis of DNS. Fi-
nally in Section 4, concluding remarks will be given.

2. Computational method

To deal with O½102� range of particle Reynolds num-
ber, we developed an efficient two-way-coupling scheme
based on the finite-difference method (Takiguchi et al.,

1999; Kajishima et al., 1999, 2001). In our calculation,
the flow around a number of moving particles is directly
resolved, and the particle motion is described by the
surface integral of fluid stress together with body force
such as gravity. It is therefore a more complete DNS than
previous methods using point-source models (Maxey and
Riley, 1983; Elghobashi and Truesdell, 1992).

As the detail of numerical method has been given in
an earlier paper (Kajishima et al., 2001), only an outline
is given here. The computational mesh, cubic in this
study, does not fit the surface of spherical particles. The
volume fraction of the particle in the cell, including so-
lid–fluid interface, is taken into account.

The volume-weighted average of velocity

u ¼ ð1� aÞuf þ aup; ð1Þ

is introduced for two-way coupling. In Eq. (1), a repre-
sents the volumetric fraction of the solid in the compu-
tational cell, uf the fluid velocity, upð¼ vp þ r� xpÞ the
velocity inside the solid particle, vp the particle velocity
and xp the angular velocity. Based on the Navier–Stokes
equation for uf , a governing equation for u is given as

ou

ot
¼ �r p

qf

� u 
 ruþ mfr2uþ f p: ð2Þ

The additional term,

f p ¼ a up
�

� buuf�=Dt; ð3Þ

is given at the cell, including the solid–fluid boundary.
First, the unsteady equation for fluid flow

ouf
ot

¼ �r p
qf

� uf 
 ruf þ mfr2uf ; r 
 uf ¼ 0 ð4Þ

is solved as if the field were occupied by fluid, and the
result is denoted by buuf . Next, f p modifies buuf to u using a
discretized form of Eq. (2), u ¼ buuf þ Dtf p. Thus, f p is

Nomenclature

CD drag coefficient
Dp diameter of spherical particle
f p momentum exchange in the interface cell
Np numbers of solid particles
Nx, Ny , Nz numbers of grid points
p pressure
Rep particle Reynolds number based on slip ve-

locity and diameter
Reps particle Reynolds number (setup)
tp particle response time (Stokes)
uf velocity of fluid
vp velocity of particle
u, v velocity components in horizontal direction
w velocity component in vertical direction
x, y horizontal directions

z vertical direction
a volumetric fraction of solid in the interface

cell
D grid spacing
Dt time increment
ep volumetric fraction of particles
/p mass loading ratio of particles
q density
m kinematic viscosity
s fluid stress
xp angular velocity of particle

Subscripts
f fluid
p solid particle
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interpreted as the momentum exchange between the
phases.

The surface integral of the fluid stress s in the equa-
tions for the particle can therefore be replaced by the
volumetric integral of f p as

dðmpvpÞ
dt

¼
Z
Sp

s 
 ndS þ Gp

" #
¼ �

R
Vp
f p dV þ Gp;

dðIp 
 xpÞ
dt

¼
Z
Sp

r� ðs 
 nÞdS þNp

" #
¼ �

R
Vp
r� f p dV þNp

9>>>>>>>>>=>>>>>>>>>;
; ð5Þ

where mp denotes the mass of the particle, Ip the inertia
tensor of the particle, Sp the particle surface, n the unit
vector in the normal outward direction at the surface,
and r the relative position from the center of rotation.
The last two terms, Gp and Np, are external force and
moment, respectively. The domain Vp is slightly larger
than the particle, including all its interfacial cells. Since
the grid for the fluid-flow simulation is used for the
volumetric integral in Eq. (5), there is no residual in the
momentum exchange between the two phases.

Hereafter in this study, we ignore the rotation of
particles to reduce the computational complexity and
cost.

Fig. 1. Unsteady vortex shedding from a spherical particle fixed in a uniform stream: instantaneous vortex structures visualized by r2p iso-surfaces.
Reps ¼ 300 (a), 400 (b), 500 (c), 600 (d).
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We apply our DNS method to homogeneous turbu-
lence including spherical particles. The computational
setup is summarized in Table 1. Grid points for the fluid
turbulence simulation are distributed uniformly in a
periodic computational domain. The spatial derivative is
approximated by a fourth-order accurate central finite-
difference method. Second-order schemes are applied for
time marching, namely the Adams–Bashforth method
for the equations of motion for fluid and solid particle
and the Crank–Nicholson method for the particle
movement. The SMAC method is used for velocity–
pressure coupling in Eq. (4).

The ratio of particle diameter to grid spacing is 10,
which allowed sufficient accuracy for vortex shedding at
the particle Reynolds number range of interest (Kaji-
shima et al., 2001). The number of particles is limited so
that the volumetric fraction is 0.2%. In such a dilute
mixture, inter-particle collisions could occur, but are
unlikely to dominate the particle distribution and the
flow field. Thus, we assume elastic collisions for sim-
plicity in this study. The density of particles is assumed

to be about 10 times larger than that of fluid. Hence,
particles fall down by gravity. To keep the mass flow
rate of the mixture to zero, we adjusted the vertical
gradient of pressure in the equation of fluid motion.

The Reynolds number Reps in Table 1 is adjusted by
changing the fluid viscosity so that the gravity and drag
are in balance. This is based on the particle diameter and
the terminal velocity when a particle falls in a stationary
and infinite domain. The drag is estimated by the stan-
dard Reps–CD curve for a fixed sphere in a uniform flow
(Clift et al., 1978). On the other hand, Rep shown later is

Fig. 2. Coordinates and initial conditions: fluid and particles are at

rest.

Fig. 3. Drag coefficient on a sphere: comparison among results for a

single sphere fixed in a uniform stream, a single sphere in a periodic

box, and falling spheres in a periodic box.

Table 1

Numerical setup for DNS of homogeneous flow including falling

particles.

Case 1 Case 2

Number of grid points

Horizontal Nx � Ny 256� 256 512� 512

Vertical Nz 512 1024

Grid resolution for particle diameter

Dp=D 10 10

Properties of solid particles

Number of solid particles Np 128 1024

Density ratio qp=qf 10 8.8

Reynolds number Reps 50–400 350

Stokes number Stp 27.8–222 171

Volmetric fraction ep 0.20% 0.20%

Mass loading ratio /p 1.96% 1.73%

Fig. 4. Time evolution of averaged Reynolds number of falling parti-

cles.
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based on the average slip velocity between falling par-
ticles and fluid in a periodic domain. This is different
from Reps.

To identify the influence of Reynolds number, we
simulated four cases, Reps ¼ 50, 100, 200 and 400 by
Case 1. Initially, particles were arrenged in the manner
shown in Fig. 2, and particles and fluid were at rest.
Then the flow field was advanced in time to the fully
developed state.

3. Results and discussion

Fig. 3 shows the relationships between drag coeffi-
cient CD and particle Reynolds number Rep. The drag
on particles should be compared with that on a single

particle subject to the same boundary condition, namely
the periodicity assumption in all directions. The drag
on a particle in a periodic box, which is identical to one
of particles in the array, differs from that on a particle
in a uniform stream, because of the influence of wakes
of upstream particle. The result for a single particle,
shown in Fig. 3, was obtained in the domain covered by
128� 128� 512 grid points. At low Reynolds numbers,
the drag is reduced due to lower velocity in the wake. At
high Reynolds numbers, on the other hand, the drag is
increased due to the fluctuation of the wake. As a con-
sequence, the drag coefficient profile for a spherical par-
ticle in a periodic domain changes suddenly at around
Rep ¼ 200–300.

The drag on particles trapped in the wake of up-
stream ones is likely to be smaller than those falling

Fig. 5. Instantaneous flow field, including 128 falling particles, visualized by r2p projected in the horizontal (top row) and vertical (bottom row)

planes. (a) Reps ¼ 100, (b) Reps ¼ 200 and (c) Reps ¼ 400.
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individually. Thus, they approach ones present in lower
position. This is the mechanism of clustering due to the
wake. Since particles tend to form clusters at higher
Reynolds numbers, CD decreases in comparison with
that for a single particle, as shown in Fig. 3.

Fig. 4 shows the Reynolds-number dependence on the
time evolution of falling velocity. The decrease of CD

results in the increase in average Rep. For higher Rey-
nolds numbers, Rep of falling particles increases beyond
Reps and fluctuates with time. Particles at lower Rey-
nolds numbers, Reps ¼ 50 and 100, on the other hand,
fall with almost constant velocity.

Fig. 5 compares instantaneous flow fields including
particles. Particles at Reps ¼ 100 are dispersed. Thus,
only vortex rings attached to particles are visualized in
Fig. 5(a). In contrast, particles at Reps ¼ 400 form
clusters as illustrated in Fig. 5(c). For Reps > 300, the CD

value for single particles increases, as shown in Fig. 3,
but the wake including vortex shedding attracts other
particles far downstream. For lower Reps, on the other
hand, inter-particle interaction through wakes is not so
evident in such a dilute case. As for intermediate Rey-
nolds numbers, single particles at Reps ¼ 200 do not
shed vortices. But the particles form small clusters, as
shown in Fig. 5(b), and some of them shed vortices
similarly to a particle with a higher Reynolds num-
ber. We believe the monotonous decrease in CD shown
in Fig. 3 is the consequence of a continuous increase in
size and/or number of clusters with Reps, as shown in
Fig. 5.

Fig. 6 shows the three-dimensional spectrum of
horizontal velocity fluctuation u0f (and v0f ). With in-
creasing Reps, the energy increases at first in the low
wave number range and then in the higher wave-number

range. The former is due to the increase in non-uni-
formity of particle distribution, while the latter is due to
the vortex shedding. In addition, for Reps ¼ 400, the
energy at the smallest wave-number end in our com-
putational domain still grows due to the growing clus-
ter.

Fig. 7 shows a top view of the time evolution of the
particle distribution for the interval of particle response
time tp in the case of Reps ¼ 400. Clusters grow in size,
move and break up. Our computational domain is suf-
ficient for the observation of particle clusters, but seems
somewhat small for analyzing cluster–cluster or cluster–
turbulence interactions.

To consider the life cycle of particle clusters, the re-
lationship between particle motion and intensity of fluid
turbulence are shown in Fig. 8. Due to lower drag on
particles in the cluster, they fall faster than the terminal
velocity of single particles. So we can detect the cluster
by the particle Reynolds number Rep. At t ¼ 3tp, the
maximum of Rep shown in Fig. 8 is due to four small
clusters observed in Fig. 7. Then they are re-arranged to
form larger ones. A cluster causes a downward current
of fluid moving with it. As shown in Fig. 8, the vertical
fluctuation of fluid velocity w0

f synchronizes with Rep
and the horizontal component u0f also does so with a
slight delay through the redistribution among compo-
nents of velocity fluctuation. The turbulent shear stress
around clusters is consequently intensified and resists
the cluster motion, resulting in a break-up of the cluster.
This is a life cycle of a particle cluster in the homoge-
neous flow.

Spatial and temporal scales of clusters may depend
on the particle response time tp, the particle loading
ratio ep and the background turbulence. In our partic-
ular case, without extra source of turbulence other than
the existence of particles, the period from clustering to
break-up is supposed to be several times larger than tp,
as shown in Fig. 8. Of course, a series of computation
is required to parameterize the cluster dynamics for a
wider range of conditions.

Finally, a typical example obtained by a larger scale
computation is shown in Fig. 9. In Case 2, the domain
was enlarged to be twice that of Case 1 in each direction.
Thus, the number of grid points is 5122 � 1024, and the
number of particles is Np ¼ 1024 for the same volu-
metric fraction. The memory requirement for Case 2 was
32.2 GB. The particle properties, Reps ¼ 350 and qp=
qf ¼ 8:8, are slightly different from those in above-
mentioned case, but the result is qualitatively close to
that for Reps ¼ 400. A comparison of Figs. 7 and 9(a)
shows that the horizontal scale is not seriously affected
by the domain size even in the smaller computation.
We therefore believe the discussions on the Reynolds-
number dependence of the particle distribution and
the life cycle of particle clusters in this paper are reli-
able.Fig. 6. Three-dimensional spectrum of horizontal velocity fluctuations.
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4. Conclusions

DNS was used to reproduce particle clustering, in
particular the formation of high-concentration regions
of solid particles in homogeneous flow field. Since
clusters were caused by wakes from particles in our case,
a scheme to resolve the flow around all particles was
essential. Clusters grew with particle Reynolds number,
especially in the values exceeding 300. Particle clusters
induced large-scale eddies into the fluid flow and finally
broke up due to the turbulence stress generated around
them. The period from growing to break-up seemed to
be a function of particle response time for the case
without background turbulence.

Our result suggests that the turbulence energy in-
duced through particle wakes, the scale of particles
clusters and the Reynolds-number dependence of them

Fig. 7. Time evolution of particle distribution (top view, Reps ¼ 400). t ¼ tp (a), 2tp (b), 3tp (c), 4tp (d), 5tp (e), 6tp (f), 7tp (g), 8tp (h).

Fig. 8. Time evolutions of mean particle Reynolds number and tur-

bulence intensities in vertical and horizontal directions (Reps ¼ 400).
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are important factors in improving turbulence models
for particle-laden fluid flow.

We finally displayed a scale-up simulation in Fig. 9. It
proves that the size and behavior of particle cluster
discussed in this paper are not strongly affected by the

size of computational domain. In addition, cluster–
cluster interaction phenomena are coming into view by
the larger computation. Hence, we intend to increase the
scale range of DNS to observe the interaction between
solid particles and fluid turbulence for a better under-
standing of the turbulence–modulation mechanism.
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