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Abstract

To investigate the collective behavior of solid particles in the particle-induced turbulence, a direct numerical simulation of

homogeneous flow including a lot of settling particles was conducted. The flow around each particle was fully resolved by the finite-

difference method. A particle was assumed to be rigid and spherical. The number of solid particles was up to 2048 and the number of

grid for fluid flow was 268 millions. Particles moving with Reynolds number 300 formed clusters (high-concentration regions) due to

wake-attractions. Influences of the loading ratio and particle rotation were particularly investigated. The rotation drastically affected

numerical results. Irrotational particles were absorbed into clusters but rotational ones escaped. Such difference was caused by

reverse direction of lift in the shear flows. Moreover, it was found that the particle-induced turbulence became severalfold of the

total of disturbance by vortex shedding from each particle when particles formed clusters.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Solid particles significantly affect the transfer of

momentum, heat and mass in turbulent flows. Extensive

researches have therefore been conducted for the tur-

bulence modulation by particles (Gore and Crowe, 1989;

Elghobashi, 1994). The direct numerical simulation
(DNS) is hopeful for such a purpose because the

simultaneous measurement for particle motion and fluid

force on the particle is difficult in experiment. DNS

principally deal with all physics involved in a compu-

tational domain. Thus, in order to investigate the tur-

bulence modulation by particles, flow around each

particle should be resolved, avoiding the use of any

empirical point-source models for particle motion.
The interaction in larger scale is more dominant for

turbulence modulation. The largest scale is not close to

the particle size but it is related to the particle distri-

bution. So the non-uniformity in particle distribution is

particularly considered, in the multiple-scale interac-

tions between particles and turbulence. The objective of
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this study is to clarify the dominant factors for the

collective behaviors of particles. Especially, the influ-

ences of loading ratio and rotation of particles are

considered.

Hereafter particles are assumed to be rigid spheres of

uniform diameter. The sphere is the simplest three-

dimensional shape, but the flow around it has quite a
wide variation, even for the fixed particle in a uniform

stream, as known experimentally (Achenbach, 1974;

Sakamoto and Haniu, 1990) and numerically (Shiray-

ama, 1992; Johnson and Patel, 1999). They suggested

the pattern of wake as follows, but one must note that

there remains some diversity in critical Reynolds num-

bers. A steady and axisymmetric vortex ring attaches at

the sphere for Reynolds number, based on the sphere
diameter and relative velocity, less than approximately

210. A vortex ring becomes non-axisymmetric, but

steady and plane-symmetric, for Re between 210 and

270. For the Reynolds number greater than approxi-

mately 270, the unsteady vortex shedding takes place.

The orientation and period of vortex shedding seems

nearly constant for Re ’ 300 but they become more

random for higher Reynolds number. The present study
deals with the Reynolds number at around 300. The
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above-mentioned patterns have been successfully

reproduced by our method (Takiguchi et al., 1999;

Kajishima et al., 2001), which will be outlined below.

This paper reports DNS results for interactive phe-
nomenon between particles settling by gravity and flow

induced by them in a homogeneous domain. First, the

numerical method for full-scale computation from flow

around particle to particle-induced turbulence is sum-

marized. Then results are discussed from a viewpoint of

particle distribution. Particular attention is focused on

the factors of loading ratio and rotation of particles.

Especially the latter was not accounted for in our pre-
vious work (Kajishima and Takiguchi, 2002) and it

might have been often ignored or inaccurately treated in

previous simulations.
2. DNS method

2.1. Numerical scheme

A DNS method has been successfully developed for

the full scale simulation of flow including thousands of

particles moving with the Reynolds number range of

vortex shedding (Takiguchi et al., 1999; Kajishima et al.,

2001). In this method, flow around each particle is re-

solved and then the force on particle is evaluated based

on the surface integral of fluid stress.
The Cartesian coordinate system is selected for our

DNS. The computational mesh, cubic in this study,

does not fit the surface of spherical particles. To ac-

count for the immersed boundary, we use the volume

fraction of the particle in a computational cell that

includes solid–fluid interface. The volume-weighted

average of velocity u ¼ aup þ ð1� aÞuf is defined for

two-way coupling. a represents the volume fraction of
the solid in the computational cell, uf the fluid velocity,

upð¼ vp þ xp � r: the second term was mistyped but

not used in Kajishima and Takiguchi, 2002) the

velocity inside the solid body moving with translational

velocity vp and angular velocity xp. r denotes the rel-

ative position from the center of rotation. Considering

the Navier–Stokes equation for uf , we give a governing

equation for u by

ou

ot
¼ �r p

qf

� u 	 ruþ mfr2uþ f p; ð1Þ

where qf is the fluid density and mf the kinematic vis-

cosity. They are assumed to be constant. The additional

term is f p ¼ aðup � ûfÞ=Dt, where ûf is a predicted
velocity through the Navier–Stokes equation for uf and
Dt the time-increment. The value of f p is meaningful in a

cell of a > 0 so as to represent the momentum exchange

between the phases (Kajishima et al., 2001).

The integral of the fluid stress on the particle surface

can be replaced by the volume integral of f p (Kajishima
et al., 2001). Thus the equations of translational and

rotational motion of a particle become

dðmpvpÞ
dt

¼
Z
Vp

f p dV þ gp; ð2Þ

dðIp 	 xpÞ
dt

¼
Z
Vp

r� f p dV þ hp; ð3Þ

where mp denotes the mass of the particle and Ip the

inertia tensor. The domain Vp can be slightly larger than

the particle and it must include all interfacial cells

around it. The last terms, gp and hp, are external force

and moment, respectively gp ¼ �½ðqp � qfÞ=qp�mpgez
and hp ¼ 0 in this computation.

We apply the above method to homogeneous tur-

bulence including spherical particles. Grid points for

the simulation of fluid turbulence are distributed uni-

formly in a periodic computational domain. The

spatial derivative is approximated by a central finite-

difference method of the fourth-order accuracy. The

second-order schemes are applied for time marching,
namely the Adams–Bashforth method for the equa-

tions of motion for fluid and solid particle and the

Crank–Nicholson method for the particle movement.

The SMAC method is used for velocity–pressure cou-

pling. More details on the two-way coupling method

were given in our previous paper (Kajishima and

Takiguchi, 2002).

2.2. Computational setup

The non-dimensional diameter of a particle is Dp ¼ 1.

Assuming the settling velocity of a particle in a sta-

tionary field to be U0 ¼ 1, the kinematic viscosity of

fluid is given as mf ¼ DpU0=Repsð¼ 1=RepsÞ by a desired

Reynolds number Reps. Then the gravitational force is

given so as to be balanced with the drag, which is esti-
mated by the standard Reps–CD correlation for a fixed

sphere in a uniform flow (Clift et al., 1978). In this

calculation, the Reynolds number is Reps ¼ 300 and the

density ratio is qp=qf ¼ 8:8. The setup is corresponding

to a copper particle having diameter of 0.85 mm in

water.

The periodic boundary condition is applied in all

directions assuming the uniformity of the flow field. The
computational cell is cubic. The number of them is 512

in the horizontal ðx; yÞ directions and 1024 in the vertical

ðzÞ direction. The ratio of particle diameter to grid

spacing is Dp=D ¼ 10, which allowed sufficient accuracy

for vortex shedding at the particle Reynolds number

range of interest (Takiguchi et al., 1999; Kajishima

et al., 2001). The ratio of the grid spacing to Kol-

mogorov length scale of particle-induced turbulence is
D=gK ¼ 2–4. This condition is fairly reasonable to re-

solve a dissipation scale of turbulence.



Fig. 1. A part of instantaneous flow field caused by shed vortices from

settling spheres: projection of r2p in a part of vertical plane and

computational grid.
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Four cases for the number of solid particles are cal-

culated: Np ¼ 256, 512, 1024 and 2048. The volume-

loading ratio are correspondingly U ¼ 0:0005, 0.001,

0.002 and 0.004, respectively. 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 simplicity in this
study.

Initially, uniformly distributed particles and fluids are

at rest. Hence, particles fall down by gravity. To keep

the mass flow rate of the mixture at zero, we add a

constant vertical gradient of pressure in the equation of

fluid motion.

Fig. 1 shows an example of instantaneous flow field

obtained for Np ¼ 1024. The resolution can be evaluated
from this figure. Local low pressure regions are indi-

cated by the contour of r2p. It is often used for the

visualization of vortical motion. Due to the immersed

boundary method on the Cartesian coordinate system,

the vicinity of particle is somewhat noisy. However,

hairpin vortices shed from particles are smoothly cap-

tured in this calculation.
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Fig. 2. Average Reynolds number of particles, based on slip velocity

and diameter. (a) Irrotational particles; (b) rotational particles.
3. Results and discussion

The influence of Reynolds number on the collective

behavior of solid particles has already reported (Kaji-

shima and Takiguchi, 2002). Thus particular attentions

are focused on the rotation and loading ratio of particles

in this section. A particle released in fluid is of course
‘rotational’. On the other hand, the computation in

which the particle rotation is ignored is hereafter de-

noted as ‘irrotational’. An irrotational particle is hypo-
thetical situation for the investigation of a particular

factor, which is possible only in the computational

simulation.

3.1. Time evolution of flow field

Fig. 2 shows time evolutions of averaged Reynolds

number Rep of settling particles. Rep is based on the

average slip velocity, which is different from Reps be-

cause of the collective behavior of particles. For most

cases, average Reynolds number of particles Rep be-

comes larger than Repsð¼ 300Þ and the temporal fluc-
tuation is significant. The increase in settling speed is

approximately 20% for irrotational particles and it does

not depend on the particle loading ratio. The increase

for rotational particles is slightly smaller than that for

irrotational ones. Furthermore, the motion of rotational

particles is significantly affected by the loading ratio.

Fig. 3 shows time evolutions of mean distance to the

nearest particles, Lp. After the developed stage is
reached in tU0=Dp J 2000, the inter-particle distance

decreases when Rep in Fig. 2 increases. This negative

correlation between Lp and Rep suggests the falling
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Fig. 3. Average distance to the nearest particle. (a) Irrotational parti-

cles; (b) rotational particles.
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Fig. 4. Intensity of fluid velocity fluctuation due to rotational particles.

(a) Vertical component; (b) horizontal component.
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velocity becomes larger when particles form high-den-

sity regions. In this paper, such a region of particles is

denoted as ‘cluster’. The drag on a particle trapped into

the wake of the other becomes smaller and it reaches to

the other. Such a ‘wake-attraction’ is the mechanism of

clustering in our case (Kajishima and Takiguchi, 2002).

Since many particles have less drag in the cluster, the
average Reynolds number increases. Clusters of irrota-

tional particles seem to be maintained continuously. For

rotational ones, on the other hand, the collective

behavior is much affected by the loading ratio. The di-

lute addition cannot form clusters. In this case, Res of
separately falling particles at U ¼ 0:0005 is smaller than

Reps. This may be due to the drag increase by turbulence

effect. According to the increase in loading ratio of
rotational particles, clusters develop and then break up

periodically at U ¼ 0:001. The period becomes shorter

and more irregular for higher loading ratio.

Fig. 4 shows time evolutions of intensities of fluid

turbulence (root-mean-square values) caused by rota-

tional particles. There exists close correlation between

fluid turbulence and particle distribution in case of
U P 0:001. By comparing Figs. 2(b) and 4(a), velocity

fluctuation in the vertical ðzÞ direction vfz rms increases

with slight delay of increase in particle Reynolds number

due to clustering. Then the horizontal ðh ¼ x; yÞ com-

ponent vfh rms follows with additional delay as shown in
Fig. 4(b). The averaged ratio of vfz rms=vfh rms is, roughly

speaking, 3 and this value is similar to the ratio between

mainstream and lateral components in turbulent flows

along a plane wall. This horizontal fluctuation can be a

cause for the break-up of clusters (Kajishima and Taki-

guchi, 2002).

Figs. 2 and 3 shows a clear difference between actual

particles and rotation-ignored particles. Irrotational
particles keep cluster structure with weak fluctuations.

On the other hand, rotational particles cause quasi-

periodic formation and break-up of clusters and such a

collective behavior is affected by the loading ratio.

To consider the reason of such a difference in col-

lective behavior, Fig. 5 shows the horizontal behavior of

particles: namely, time evolution of the intensity of

translational and angular velocities. The correlation
between Figs. 2(b) and 5(b), particularly for U ¼ 0:002
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Fig. 5. Horizontal components of translational and angular velocity

fluctuations of particles. (a) Translational velocity; (b) angular

velocity.
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loading and in non-dimensional time from 1000 to 5000,

indicate that the rotation xph rms increases gradually in

the period of clustering. The angular momentum is

generated in high-shear region around clusters, which

are falling with high velocity. Thus particles receive

continual lift force due to their rotation and tend to slide

to horizontal directions as shown in Fig. 5(a). The lift by
the rotation obtained in high-shear region acts into the

outward direction from clusters as shown later. As a

result, clusters are reproduced periodically but cannot

be stable in comparison with ones formed by irrota-

tional particles.

Fig. 6 shows the time evolution of energy dissipation

rate of fluid turbulence, ef . The time-average of ef is

identical with that of the energy production rate by
particles since there is no additional source of turbu-

lence. In the lowest loading case without collective

behavior, ef is thought to be the total of energy caused

by the vortex shedding from each particle. The turbu-

lence intensity does not increase proportionally with the

particle loading ratio but becomes several times larger

than linear expectation, when particles form clusters.
3.2. Instantaneous distribution of particles

Fig. 7 shows the instantaneous distributions of par-

ticles for U ¼ 0:002 at the developed stage to compare

the effect of particle rotation. Fig. 8 is a projection of

irrotational particles shown in Fig. 7(a) to a horizontal

plane. Fig. 9 shows horizontal projections for rotational

particles at some typical instants. Angular velocity vec-

tors are also included in the figure.
Vertically elongated clusters are observed in Fig. 7(a)

and the horizontal scale of them is clear in Fig. 6. Par-

ticles trapped in these high-concentration regions fall

faster than average. By the movie, one can observe

irrotational particles, even if they once drop out from a

cluster, return to it or go into another cluster. Clusters

behave somewhat dynamically but the structure is

maintained.
When the particle rotation is accounted for, firstly

developed clusters shown in Fig. 9(a) have similar size

and strength with those by irrotational ones shown in

Fig. 8. But the break-up is more complete as shown in

Fig. 9(b). At the next step, regenerated clusters shown

in Fig. 9(c) become larger but the local concentration of

particles is lower. During the repetition of this process,

the particle rotation grows as shown in Fig. 5(b). Con-
sequently, the high-concentration clusters such as initial

ones are never reproduced. By the movie, one can con-

firm the sliding motion of particle in the horizontal

plane is in the direction 90� anticlockwise from its

angular velocity vector. Namely, it is due to the Magnus

lift force. In the clustering stage, Fig. 9(a) and (c) for

example, the angular velocity of particles in the core of

high concentration is smaller than that of separated
ones.

The difference between rotational and irrotational

particles is due to the difference in the direction of lift as

schematically shown in Fig. 10. Clusters cause faster
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Fig. 7. Instantaneous distribution of particles (Reps ¼ 300, Np ¼ 1024). (a) Irrotational ðt ¼ 3000Dp=UÞ; (b) rotational ðt ¼ 5000Dp=UÞ.

Fig. 8. Horizontal projection of Fig. 7(a).
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downward current of fluid and make high-shear layer

around them. In this region, particles without rotation

receive the lift force to the direction of cluster center,

resulting in the absorption. This is corresponding to the

finding by Kurose and Komori (1999), in which they

reported the lift is in the direction to less relative velocity

side for Reynolds number greater than 60. It is opposite

to the Saffman lift force model (Saffman, 1965). When
particles receive angular momentum in the shear region,

the Magnus lift force is in the direction outward from
cluster center. In addition, the rotation tends to sustain

the sliding motion because the orientation of unsteady
vortex shedding tends to be fixed. Then, rotational

particles have continuous horizontal motion, which is

originally in the direction dropping out from clusters. As

a consequence, they travel randomly and unlikely form

high-concentration clusters.
4. Conclusion

DNS was applied to elucidate interactions involved in

particle-laden turbulent flows. Particular attention was

focused on the distribution of particle concentration in

this study. This is because temporal and spatial scales

related to particle clusters are thought to be the largest

scale for energy input to fluid turbulence. From such a

viewpoint, efficient and accurate scheme was successfully
developed to track thousands of particles. In this calcu-

lation, flow around each particle was directly resolved.

In our previous paper (Kajishima and Takiguchi,

2002), it was reported that particle clusters develop when

particle Reynolds number based on its diameter and slip

velocity is in the range of vortex shedding. In the present

study, the influences of particle rotation and loading ratio

were discussed for Reynolds number 300. Particles in
cluster fell faster than average because of the smaller fluid

drag in the wake of other particles. It is due to the high

density in mixture, in other words. Then clusters made

high-shear region around them resulting in the turbulence
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production. The effect of particle rotation manifested it-

self after such a process. Irrotational particles maintained

cluster structure while rotational ones moved randomly
in the horizontal direction. Moreover, the collective

behavior of rotational particles was affected by the

loading ratio. The major reason of difference was the

direction of lateral component of fluid force, that is lift

force. A dominant factor of actual (rotational) particles

was Magnus lift force, which was given by the fluid shear

and preserved due to the inertia of rotation.
The collective behavior of particles with vortex

shedding affected significantly the mean slip velocity,

distribution of particle concentration and intensity of

particle-induced turbulence. Namely, the cluster struc-

ture caused 20% increase in mean slip velocity in this

case. Furthermore, fluid turbulence became several

times larger than the total contribution of vortices shed
from each particle. These results suggest that further

improvements of practical models for particle motion

and fluid turbulence are necessary.
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