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On the physical mechanisms of two-way coupling in particle-laden
isotropic turbulence
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The objective of the present study is to analyze our recent direct numerical simulation~DNS! results
to explain in some detail the main physical mechanisms responsible for the modification of isotropic
turbulence by dispersed solid particles. The details of these two-way coupling mechanisms have not
been explained in earlier publications. The present study, in comparison to the previous DNS
studies, has been performed with higher resolution~Rel575! and considerably larger number~80
million! of particles, in addition to accounting for the effects of gravity. We study the modulation of
turbulence by the dispersed particles while fixing both their volume fraction,fv51023, and mass
fraction, fm51, for three different particles classified by the ratio of their response time to the
Kolmogorov time scale: microparticles,tp /tk!1, critical particles,tp /tk'1, large particles,
tp /tk.1. Furthermore, we show that in zero gravity, dispersed particles withtp /tk50.25~denoted
here as‘‘ghost particles’’! modify the spectra of the turbulence kinetic energy and its dissipation rate
in such a way that keeps the decay rate of the turbulence energy nearly identical to that of
particle-free turbulence, and thus the two-way coupling effects of these ghost particles would not be
detected by examining only the temporal behavior of the turbulence energy of the carrier flow either
numerically or experimentally. In finite gravity, these ghost particles accumulate, via the mechanism
of preferential sweepingresulting in the stretching of the vortical structures in the gravitational
direction, and the creation of local gradients of the drag force which increase the magnitudes of the
horizontal components of vorticity. Consequently, the turbulence becomes anisotropic with a
reduced decay rate of turbulence kinetic energy as compared to the particle-free case. ©2003
American Institute of Physics.@DOI: 10.1063/1.1532731#
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I. INTRODUCTION

Understanding the physical mechanisms of the two-w
interaction between dispersed particles and the turbulenc
simple homogeneous carrier flows is a prerequisite to
development of mathematical models, including SGS mod
for LES, for practical flows in complex geometries.

Since isotropic turbulence is the simplest homogene
turbulent flow, it has been the subject of a number of ear
DNS studies on the effects of particles on isotrop
turbulence.1–5 The objective of the present study is to an
lyze our recent DNS results to explain in some detail
main physical mechanisms responsible for the modifica
of isotropic turbulence by dispersed solid particles. The
tails of these two-way coupling mechanisms have not b
explained in earlier publications. In addition, the effects
gravity on the two-way coupling mechanisms are included
our study. The present study, in comparison to the previ
DNS studies, has been performed with higher resolut
~Rel575! and with considerably larger number~80 million!
of particles. We also show that, in zero gravity, dispers
particles with tp /tk50.25 ~denoted here as‘‘ghost par-
ticles’’! modify the spectra of the turbulence kinetic ener
and its dissipation rate in such a way that keeps the de
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rate of the turbulence energy nearly identical to that
particle-free turbulence; thus, the two-way coupling effe
of these ghost particles would not be detected, e.g., in mi
gravity environment, by examining only the temporal beha
ior of the turbulence energy of the carrier flow either nume
cally or experimentally.

The paper is organized as follows. The mathematical
scription is presented in Sec. II including the governi
equations in Sec. II A and the numerical method in Sec. II
The results are discussed in Sec. III including the turbule
and particles parameters in Sec. III A and the physi
mechanisms of the two-way coupling in Sec. III C. The su
mary is presented in Sec. IV.

II. MATHEMATICAL DESCRIPTION

A. Governing equations

The governing dimensionless equations for a partic
laden incompressible isotropic turbulent flow are t
Navier–Stokes equations

]uj

]t
1

]~ujuk!

]xk
52

]p

]xj
1n

]2uj

]xk]xk
2 f j , ~1!

and the continuity equation

]uj

]xj
50, ~2!
© 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



316 Phys. Fluids, Vol. 15, No. 2, February 2003 A. Ferrante and S. Elghobashi
TABLE I. Flow parameters~dimensionless! at initial time (t50), injection time (t51), and for case A at timet55.

t u0 « l l h Rel Rel l /h tk t l

0.0 0.0503 7.431024 0.0684 0.0345 0.002 02 150 75 33.8 0.177 1.36
1.0 0.0436 9.831024 0.0685 0.0259 0.001 88 129 49 36.4 0.154 1.57
5.0 0.0233 2.031024 0.0891 0.0305 0.002 80 90 31 31.9 0.338 3.83
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wherej 51,2,3 for the three coordinate directionsx1 ,x2, and
x3, andn is the dimensionless kinematic viscosity.2 f j is the
net force per unit mass of fluid exerted in thexj direction by
M particles within the integration control volume, and
computed from

f j5
1

mf
(
p51

M

f jp , ~3!

where f jp is the drag force acting on particlep in the xj

direction, andmf is the mass of fluid within the integratio
control volume.

The particle equation of motion, derived by Maxey a
Riley,6 can be written for large ratio (rp /r) of the particle
density to fluid density as

mp

dv j

dtp
5mp

~uj2v j !

tp
1~mp2mf !gj , ~4!

wheremp is the mass of the particle, d/dtp is the time de-
rivative following the moving particle,v j is the particle in-
stantaneous velocity,uj is the instantaneous fluid velocity a
the particle location, andgj is the gravitational acceleration
tp is the particle response time, which for Stokes drag law

tp5
d2

18n

rp

r
, ~5!

whered is the particle diameter.

B. Numerical method

We performed direct numerical simulation~DNS! to
solve the unsteady three-dimensional Navier–Stokes
continuity equations@Eqs. ~1! and ~2!#. These governing
equations were discretized in space in an Eulerian framew
using a second-order finite-difference scheme on a unif
staggered mesh of (256)3 grid points. This grid allows an
initial microscale Reynolds number Rel0575. Time integra-
tion was performed via the Adams–Bashforth scheme wi
time stepDt5Dx/2, where Dx is the grid spacing. The
simulations were stopped after 2560 time steps at nondim
sional time t55. Pressure was treated implicitly and w
obtained by solving the Poisson equation in finite-differen
form using a combination of a two-dimensional fast Four
transform~FFT! in the x1x2 plane, and Gauss elimination i
thex3 direction. Periodic boundary conditions were impos
in the three directions. More details about the numeri
method are given by Gerzet al.7

The initial velocity field was generated by prescribin
the turbulence kinetic energy spectrumE(k) and ensuring
that the initial random velocity field is isotropic, divergenc
Downloaded 08 Jan 2003 to 128.200.90.173. Redistribution subject to A
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free with respect to the discretized form of the continu
equation, and that the velocity cross-correlation spec
Ri j (k), satisfy the realizability constraints.8

The initial energy spectrum at timet50 was prescribed
via

E~k!5S 3u0
2

2 D S k

2pkp
2D expS 2

k

kp
D , ~6!

wherek is the wave number,kp is the wave number of pea
energy, andu0 is the initial dimensionless rms velocity. I
the present work the wave numbers are normalized by
lowest nonzero wave number,kmin52p/L, whereL is the
length of the computational domain (L51). Prescribing the
values ofkp and u0 determinesE(k) according to Eq.~6!.
The dimensionless kinematic viscosity,n, was computed
from the prescribed initial microscale Reynolds numb
Rel0, and the computed initial energy dissipation rate,«(0).
The values of the dimensionless parameters at timet50
were kp54, u050.0503, Rel0575, «(0)57.431024, and
n52.3131025. Table I shows dimensionless flow param
eters (l and t l the integral length and time scales, Rel the
Reynolds number based onl, l the Taylor microscale,h and
tk the Kolmogorov length and time scales! at timest50, 1,
and 5 for the particle-free flow~case A!. The values of the
reference length and time scales used in normalizing
above quantities wereL ref50.3733 m andt ref50.2144 s,
which are consistent with the value of dimensional kinema
viscosity of the fluid~air! ndim51.5031025 m2/s. The ac-
curacy of the computations of the single phase flow has b
verified via comparison with the well-known properties
decaying isotropic turbulence, e.g., the asymptotic value
the skewness of the velocity derivative, the decay rate
turbulence kinetic energy~TKE!, and spectra of TKE and its
dissipation rate. In addition, the smallest scales of turbule
are well resolved as indicated byhkmax>1 at all times,
wherekmax52pN/2 is the maximum resolved wave numb
andN5256 is the number of grid points in each direction
our computational grid.

Particles were released with a random distribution in
computational domain at timet51, when the skewness o
the velocity derivativeSu has reached the value20.50, indi-
cating an established nonlinear energy transfer across
spectrum. The timet51 will be referred to hereinafter as th
‘‘injection time,’’ t inj . The initial velocity att inj of each par-
ticle was set equal to the instantaneous fluid velocity at
particle position. Particles trajectories were then tracked
time. It should be emphasized that, in decaying turbulen
the prescription of different initial conditions for the particle
will have an impact on the two-way coupling effects. A d
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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TABLE II. Particle properties~dimensionless! at injection time (t51) with fv51023 andfm51.0 ~for rp /r51000).

Case tp tp /t l tp /tk d d/ l d/h d(mm) Mc Mr /Mc Rep,max v t /u0*

A ••• ••• ••• ••• ••• ••• ••• ••• 0 •••

B 0.0154 0.0098 0.1 0.8031024 0.001 17 0.043 30 803106 46.7 0.11 0.0
C 0.0385 0.0245 0.25 1.2631024 0.001 85 0.067 47 803106 11.8 0.31 0.0
D 0.1540 0.0979 1.0 2.5331024 0.003 69 0.134 94 803106 1.5 1.34 0.0
E 0.7700 0.4895 5.0 5.6631024 0.008 25 0.300 211 10.63106 1.0 5.33 0.0
F 0.0385 0.0245 0.25 1.2631024 0.001 85 0.067 47 803106 11.8 0.32 0.25
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tailed examination of the effects of the initial conditions
the results lies outside the scope of the present study.
particle equation of motion@Eq. ~4!# was solved in time for
each particle using the second-order Adams–Bashf
scheme to compute the particle velocity. The fluid veloc
uj , at the particle location which is needed to solve Eq.~4!,
was computed via a fourth-order accurate fully thre
dimensional Hermite cubic interpolation polynomial. Th
particle position was then computed from the time integ
tion of the particle velocity. In order to account for the e
fects of particles on the turbulence, the drag force acting
a particlep was linearly projected to the eight grid nod
surrounding the particle to computef jp , andf j from Eq.~3!.
We tracked up toMc5803106 compuational particles in ou
computational domain as shown in Table II in order to ma
the ratio,Mr /Mc , of the number of real to that of the com
putational particles as close to 1 as possible.

The computations were performed on 256 processor
the highly scalable supercomputer CRAY T3E. The co
puter program was written inFORTRAN 90 and parallelized
with the Message Passing Interface~MPI! library. The
particle-free simulation~case A! was the least expensive, re
quiring 1 CPU hour per processor and 8 GB of maximu
total memory, whereas each of cases B,C,D, and F (Mc

5803106) required 11 CPU hours per processor and 58
of maximum total memory.

III. RESULTS

A. Turbulence and particles parameters

We studied six cases to understand how particles w
different inertia,tp , modify the decay rate of isotropic tur
bulence in both zero- and finite-gravity conditions. The flo
parameters are shown in Table I, and the particle prope
are shown in Table II. Case A represents the particle-f
flow, whereas cases B–E represent particle-laden flows
different inertia particles in zero gravity, and case F rep
sents the particle-laden flow infinite gravity. All five cases
~B–F! of particle-laden turbulence have the same volu
fraction of particles,fv51023, and the same mass loadin
ratio fm51.0 ~for rp /r51000). We only changed the pa
ticle diameter for each case to obtain a different ratio (tp /tk)
of the particle response time to the Kolmogorov time scale
the injection time, e.g.,tp /tk50.1 in case B, andtp /tk55.0
in case E. The effects of gravity are studied in case F wh
tp /tk50.25~as in case C! andv t /u0* 50.25, wherev t is the
Downloaded 08 Jan 2003 to 128.200.90.173. Redistribution subject to A
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terminal velocity (v t5gtp) of the particle andu0* is the rms
velocity of the surrounding fluid at the injection time, an
gravity is in the negativex3 direction.

B. Turbulence modification by particles

In the following two subsections, Secs. III B 1 an
III B 2, we describe briefly the temporal evolution of th
turbulence kinetic energy, TKE, and its spectra,E(k), for all
six cases~A–F!. The detailed discussion of the physic
mechanisms of the two-way interaction in these cases is
sented in Sec. III C.

1. Time evolution of turbulence kinetic energy

Figure 1 shows the temporal evolution of the turbulen
kinetic energy normalized by its initial value,E(t)/E0, for
the zero gravity cases~A–E!, and Fig. 2 shows the tempora
development of the decay rate dE(t)/dt for the same cases
They show that microparticles~case B! with tp /tk,0.25
initially (1 ,t<2.1) reduce the decay rate of TKE resultin
in TKE being larger than that of case A at all times, where
particles with higher inertia~critical particles, case D, and
large particles, case E!, tp /tk.0.25, initially enhance the

FIG. 1. Time development of the turbulence kinetic energy normalized
its initial value.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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TKE decay rate considerably resulting in TKE being sma
than that of case A at all times. Figure 1 also shows t
particles withtp /tk50.25 ~case C! keep TKE nearly identi-
cal to that of case A at all times, with a percentage differe
smaller than 0.6%. Thus, we denote the particles in cas
‘‘ghost’’ particles, since their effects on the turbulence cann
be detected by TKE’s temporal behavior,E(t). However, as
we will discuss later~Fig. 3! these ghost particles do modif
the spectrumE(k) of TKE. Figure 1 shows that at timet
55, in comparison to TKE in case A, TKE in case B

FIG. 2. Time development of the turbulence energy decay rate dE(t)/dt.

FIG. 3. Three-dimensional spatial spectrum of energyE(k) at t55.0.
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larger by more than 5%; TKE in case C is nearly identic
TKE in case D is smaller by about 13%; and TKE in case
is smaller by about 30%.

Figure 4 displays the effects of gravity on the time ev
lution of TKE by comparing cases C and F. The figure sho
that in presence of gravity~case F! particles reduce the deca
rate of TKE as compared to both case C, the flow laden w
ghost particles, and the particle-free flow, case A.

The basic physical mechanisms that are responsible
all the above-described modifications ofE(t) by the dis-
persed particles are discussed in Sec. III C.

2. Energy spectrum

Figure 3 shows the three-dimensional energy spe
E(k) for the five cases A–E at timet55. Microparticles
~case B! increaseE(k) relative to case A at wave numbe
k>12, and reduceE(k) relative to case A fork,12, such
that *E(k)dk[ TKE in case B is larger than in case A a
shown in Fig. 1. For ghost particles~case C!, althoughE(t)
is nearly identical to that of case A at all times~Fig. 1!, it is
clear in Fig. 3 that the energy spectrum in case C differs fr
that in case A, but in such a unique way that its integr
TKE, is nearly identical to that of case A. Figure 3 show
that ghost particles reduceE(k) relative to that of case A for
k,15, and increase it above that of A fork>15. Critical
particles~case D! increaseE(k) above that of case A fork
>27, and reduce it for smaller wave numbers. In this c
~D! the modulation ofE(k) is such that its integral, TKE, is
smaller than in case A~Fig. 1!. Large particles~case E! con-
tribute to a faster decay of TKE by reducing the energy c
tent at almost all wave numbers, except fork.87, where a
slight increase ofE(k) occurs.

FIG. 4. Time development of the turbulence kinetic energy normalized
its initial value.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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319Phys. Fluids, Vol. 15, No. 2, February 2003 Physical mechanisms of two-way coupling
In order to understand how the particles modifyE(k),
we write the evolution equation of the three-dimensional
ergy spectrum, derived in the Appendix@Eq. ~A4!#

]E~k!

]t
5T~k!2«~k!1Cp~k!. ~7!

Equation~7! states that in particle-laden isotropic turbule
flows, the rate of change of spectral turbulence kinetic
ergy at wave numberk is the net result of the spectra
energy-transfer rateT(k) @Eq. ~A5!#, the spectral viscous
dissipation rate«(k) @Eq. ~A6!#, and the spectral two-way
coupling~fluid–particle drag interaction! energy rateCp(k)
@Eq. ~A7!#. Discussion of the behavior ofT(k), «(k), and
Cp(k) and their effects onE(k) is provided in the following
section.

C. Mechanisms of modification of isotropic
turbulence by the particles

In this section we discuss the mechanisms respons
for the modification of decaying isotropic turbulence by t
particles for the six cases listed in Table II. In zero grav
microparticles (tp /tk!1, case B! are analyzed in Sec
III C 1, large particles (tp /tk.1, case E! in Sec. III C 2,
critical particles withtp /tk'1 ~case D! in Sec. III C 3, and
ghost particles withtp /tk'0.25 ~case C! in Sec. III C 4. In
the presence of gravity, the behavior of ghost particles~case
F! is analyzed in Sec. III C 5.

1. Microparticles „tp Õtk™1…

Microparticles ~case B! behave almost like flow tracer
because their response time,tp , is much smaller than the
Kolmogorov time scale,tk , but since their material density
rp , is much higher than that of the carrier fluid,r, they
cause the fluid to behave like a ‘‘heavy gas’’~Saffman9!.

In order to explain the physical mechanism of the tw
way coupling, we write the time-evolution equation of TK
which is obtained by multiplying Eq.~1! by uj and ensemble
averaging

FIG. 5. ~Color! Case B: microparticles~white dots! superimposed onv2

~color contour! at x250.5 andt55.0.
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dE~ t !

dt
52«~ t !1Cp~ t !, ~8!

where«(t) is the viscous dissipation rate ofE(t), andCp(t)
is the energy rate of change due to the particles drag fo
~Ahmed and Elghobashi10!

Cp~ t !5fm^uj~v j2uj !/tp&, ~9!

andfm is the mass loading ratio (fm5fvrp /r).
Now, we show how the microparticles contribute toboth

Cp(t) and«(t). Because of their fast response to the turb
lent velocity fluctuations of the carrier flow, the micropa
ticles are not ejected from the vortical structures of th
initial surrounding fluid. Figure 5 shows contours of the i
stantaneous vorticity componentv2 ~in a small zone whose
area is 2.2531022 of the vertical midplane,x1x3, of our
computational domain! and particles locations att55 for
case B. It is seen that the solid particles are not ejected f
the vortex cores, and that the contours of maximum posi
and negative values of vorticity occupy a larger fracti
(;18%) of that zone than in case A (;9%) in Fig. 6. Fur-
thermore, the inertia of the microparticles causes their ve
ity autocorrelation to be larger than that of their surround
fluid (^v jv j&.^ujuj&, Fig. 7!, indicating, as expected, tha
the microparticles retain their kinetic energy longer than
surrounding fluid. Since the microparticles’ trajectories a
almost aligned with fluid points’ trajectories, and their k
netic energy is larger than that of their surrounding flu
then the correlation̂ujv j& remains higher than the fluid ve
locity autocorrelation̂ujuj& ~Fig. 7!. Consequently,Cp pro-
vides a positive contribution to dE(t)/dt in Eq. ~8! as shown
in Fig. 8, and henceCp is responsible for the reduction o
the decay rate of TKE relative to case A.

On the other hand, the microparticles increase the
cous dissipation rate,«(t), relative to that of case A~Fig. 8!.
The reason is that microparticles remain in their initially su
rounding vortices~Fig. 5!, and the correlation̂ujv j& remains
larger than̂ ujuj& as discussed above, thus causing the v
tical structures to retain their initial vorticity and strain rat

FIG. 6. ~Color! Case A:v2 ~color contour! at x250.5 andt55.0.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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320 Phys. Fluids, Vol. 15, No. 2, February 2003 A. Ferrante and S. Elghobashi
longer than the particle-free flow~case A!. Table III shows
that at timet55, the enstrophy in case B is about 86% larg
than that in case A. Table III also shows that the mean squ
of the strain rate

si j 5~]ui /]xj1]uj /]xi !/2, ~10!

FIG. 7. Case B: time development of fluid velocity autocorrelation^u1u1&,
correlation ^u1v1& between the fluid velocity and particles velocity, an
particle velocity autocorrelation̂v1v1&.

FIG. 8. Time development of the opposite of the energy dissipation r
2«(t) and the fluid–particle drag interaction energy rateCp(t).
Downloaded 08 Jan 2003 to 128.200.90.173. Redistribution subject to A
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for case B is nearly 80% higher than that of case A at
55. The square of the strain rate tensor is related to the th
eigenvalues ofsi j , respectively the extensional (a), inter-
mediate (b), and compressive (g) strain rates (a>b>g
and a1b1g50 due to incompressibility!, through the re-
lation

si j si j 5a21b21g2. ~11!

At time t55, Figs. 9–11 confirm that the values ofa, b,
andugu in case B are larger than in case A~i.e., the probabil-
ity of finding a large value ofa is higher in case B than in
case A!. The viscous dissipation rate is related to the str
rates via

«~ t !52n^si j si j &52n^a21b21g2&, ~12!

and thus the viscous dissipation rate in case B is larger t
in case A at all times as shown in Fig. 8. This increase
«(t) is manifested in the reduction of the growth rate of t
Kolmogorov time scaletk(t) in Fig. 12. Figure 8 also show
that the magnitude of increase of«(t) in case B relative to
case A is less than the magnitude ofCp(t) in the former,
with the net result of a reduction in the decay rate ofE(t) in
case B according to Eq.~8! and shown in Fig. 1.

TABLE III. Mean values of enstrophy and strain rate at timet55.

Case ^v2& ^si j si j &

A—no particles 8.37 4.05
B—microparticles 15.6 7.26
C—ghost particles in zero gravity 13.1 6.20
D—critical particles 8.61 4.05
E—large particles 3.13 1.52
F—ghost particles in finite gravity 33.6 15.6

FIG. 9. Probability distribution of the principal extensional strain ratea at
t55.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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321Phys. Fluids, Vol. 15, No. 2, February 2003 Physical mechanisms of two-way coupling
Now, we discuss the effects of the microparticles on
energy spectrumE(k) ~Fig. 3! of the carrier fluid. The time
evolution of E(k) is governed by Eq.~7!. Microparticles
contribute toall the terms on the right-hand side of Eq.~7!
~Figs. 13–15!. The time evolution ofE(k), not shown here,
indicates that the microparticles first modify the high wa
number portion of the spectrum, before the smaller wa

FIG. 10. Probability distribution of the principal intermediate strain rateb
at t55.

FIG. 11. Probability distribution of the principal compressive strain rateg at
t55.
Downloaded 08 Jan 2003 to 128.200.90.173. Redistribution subject to A
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numbers are affected as time increases. Because of
properties, microparticles (d!h and tp!tk) directly inter-
act with the small scales of motion, augmenting their ene
content. Thetriadic interaction of wave numbers@Eq. ~A5!#
then alters the energy content of the other scales of mot
such that after few integral time scales,t l , E(k) is modified
at all the wave numbers as compared to the particle-free
~Fig. 3!.

FIG. 12. Time development of the Kolmogorov time scaletk5(n/«)1/2.

FIG. 13. Three-dimensional spatial spectrum of two-way coupling flui
particles drag interaction energy rateCp(k) at t55.0.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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322 Phys. Fluids, Vol. 15, No. 2, February 2003 A. Ferrante and S. Elghobashi
We have explained earlier in this section how microp
ticles produce a positiveCp(t) ~Fig. 8!. Since Cp(t)
5*Cp(k)dk at timet, thus in case B this integral should b
positive. Figure 13 shows thatCp(k) in case B is positive a
almost all the wave numbers, and thus microparticles prov
a positive two-way coupling contribution to]E(k)/]t @Eq.
~7!#. On the other hand, we have explained how the mic
particles increase the dissipation rate,«(t), in case B as

FIG. 14. Three-dimensional spatial spectrum of energy dissipation rate«(k)
at t55.0.

FIG. 15. Three-dimensional spatial spectrum of nonlinear energy tran
rateT(k) at t55.0.
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compared to the particle-free flow~Fig. 8!. Since «(t)
5*«(k)dk at time t, thus *«(k)dk in case B should be
larger than in case A~Fig. 14!. Also «(k)52nk2E(k), thus,
in accordance withE(k) in Fig. 3, Fig. 14 shows that«(k)
in case B is larger than in case A at medium-high wa
numbers. The increase of dissipation at high wave numb
causes a larger transfer rate of energy to the largek from the
small k. The energy transfer rateT(k) is thus modified,
shifting thek at whichT(k)50 towards higher wave num
bers for case B as compared to case A~Fig. 15!. Because of
the increased transfer of energy from the smallk, the decay
rate ofE(k) at smallk is increased, and thusE(k) in case B
is smaller than in case A at smallk ~Fig. 3!.

2. Large particles „tp ÕtkÌ1…

Large particles~case E! here denote particles whose r
sponse time,tp , is larger than the Kolmogorov time scal
tk . Because of their largetp , large particles do not respon
to the velocity fluctuations of the surrounding fluid a
quickly as microparticles do, but rather ‘escape’ from th
initial surrounding fluid, ‘‘crossing’’ the trajectories of th
fluid points ~Yudine,11 Elghobashi and Trusdell12!. Whereas
microparticles remain in the vortical structures of their init
surrounding fluid, large particles are ‘‘ejected’’ from the
structures.

We now discuss how large particles modify bothCp(t)
and «(t) to increase the decay rate of TKE~Fig. 2!. Large
particles retain their kinetic energy longer than their s
rounding fluid does, thus resulting in̂v jv j&.^ujuj&, as
shown in Fig. 16. However, because of the ‘‘crossing traj
tories’’ effects, the surrounding fluid velocity autocorrelatio
is larger than the correlation between particle velocity a

er

FIG. 16. Case E: time development of fluid velocity autocorrelation^u1u1&,
correlation ^u1v1& between the fluid velocity and particles velocity, an
particle velocity autocorrelation̂v1v1&.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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fluid velocity, ^ujuj&.^ujv j&, as shown in Fig. 16. Accord
ingly, Cp(t) becomes negative@Eq. ~9! and Fig. 8#, and thus
enhances the decay rate of TKE@Eq. ~8!, Figs. 1 and 2# at
early times.

The effect of large particles on«(t) is analyzed by ex-
amining how they modify the vorticity field. Figure 1
shows a schematic of the profile of the drag force impar
on the fluid when a group of large particles moving in thex1

direction interacts with a simple two-dimensional vortex
the x1x3 plane. The particle drag force@first term on the
right-hand side of Eq.~4!# is proportional to the relative ve
locity (u12v1). Thus, the effect of this interaction is to cre
ate a drag force on the fluid, in thex1 direction, whose gra-
dient in thex3 direction is negative@recall that the net force
exerted by the particles on the carrier fluid in thex1 direction
is 2 f 1}(v12u1)]. This means that large particles interac
ing with a clockwise vortex create a counterclockwise torq
on the fluid, which in turn reduces the vorticity. The fact th
large particles contribute to a faster decay of vorticity c
also be shown via the vorticity equation, obtained by tak
the curl of the Navier–Stokes@Eq. ~1!# equations

Dv i

Dt
5vk

]ui

]xk
1n

]2v i

]xk]xk
1bi , ~13!

wherebi52« i jk] f k /]xj is the curl of the force field exerte
by the particles on the fluid (2 f k). Rewriting Eq.~13! for
i 52 to examine the two-dimensional vortex of Fig. 17, w
obtain the evolution equation forv2

Dv2

Dt
5vk

]u2

]xk
1n

]2v2

]xk]xk
2

] f 1

]x3
1

] f 3

]x1
. ~14!

Figure 17 shows that2] f 1 /]x3,0 for v2.0. The last term
in ~14! vanishes sincef 350 as the particle motion is inx1

direction only. Thus, the decay rate ofv2 is enhanced by the
fluid–particle drag interaction. Table III shows at timet55
that the enstrophy in case E is nearly 63% smaller than
case A, and Fig. 18 shows that the maximum positive
negative values ofv2 in case E are much smaller than
case A ~Fig. 6!, confirming the faster decay of vorticit
caused by the presence of the large particles.

We have just shown that large particles reduce the l
time of eddies; thus in case E the turbulence length- and t
scales grow faster than in case A, in particular the Kolm

FIG. 17. Schematic of the drag interaction between large particles a
clockwise eddy (v2.0). 2 f 1}(v12u1)⇒2] f 1 /]x3,0.
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orov time scaletkE
(t).tkA

(t) in Fig. 12. Consequently, the
local velocity gradients in case E decay faster than in cas
and hence a faster decay of the magnitude of the local st
rate, defined in Eq.~10!. Table III shows that the strain rat
for case E is about 60% smaller than that of case A at
55. Equation~11! shows that smaller local strain rate mea
smaller values of the strain ratesa, b, andg. Figures 9 –11
confirm that, at timet55, the values ofa, b, and ugu in
case E are smaller than in case A. Thus, according to
~12!, the viscous dissipation rate in case E issmaller than
that in case A at all times. Figure 8 shows that the magnit
of the negativeCp(t) of case E is larger than the magnitud
of the reduction of«(t) relative to case A. The net result o
these two opposing effects is the reduction ofE(t) of case E
relative to A at all times.

We now discuss the effects of the large particles on
energy spectrumE(k) of the carrier fluid, Fig. 3. Large par
ticles contribute toall the terms on the right-hand side of E
~7! for the time evolution ofE(k), as seen in Figs. 13–15
We have explained earlier in this section how large partic
produce a negativeCp(t) in the physical space, Fig. 8. Fig
ure 13 shows thatCp(k) in case E is negative at almost a
the wave numbers, and thus the drag force of large parti
represents a sink to]E(k)/]t @Eq. ~7!#.

On the other hand, we have discussed how the la
particles also reduce the dissipation rate,«(t), in case E as
compared to the particle-free flow~Fig. 8!. Figure 14 shows
that «(k) in case E is smaller than in case A at nearly
wave numbers. The reduction of dissipation at medium-h
wave numbers causes a reduction of the transfer rate of
ergy to the largek from the smallk. T(k) is thus modified
as indicated by the shifting of the wave number at wh
T(k)50 towards smallerk for case E as compared to case
~Fig. 15!. Thus, the modifications of bothT(k) and«(k) by
large particles contribute to the reduction of the decay rate
E(k). The net result of the two opposing effects ofCp(k)
on one side, andT(k) and«(k) on the other, is the reduction

a

FIG. 18. ~Color! Case E: large particles~white dots! superimposed onv2

~color contour! at x250.5 andt55.0.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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of E(k) in case E at nearly all wave numbers relative to c
A ~Fig. 3!.

3. Critical particles „tp ÕtkÉ1…

We label the particles in case D (tp /tk51) as‘‘critical’’
particlesbecause of their property of maximum preferent
accumulation in comparison to other particles, as will
discussed later in this section. We will show that these p
ticles are ejected from the large-vorticity cores of the edd
soon after injection, and remain in certain orbits~Fig. 22! not
moving from one eddy into another as larger particles
~case E!.

Now, we examine how these critical particles affe
Cp(t) and «(t) to increase the decay rate of TKE with r
spect to case A~Fig. 1!. For critical particlesCp(t) is nega-
tive after injection~Fig. 8! and becomes positive at late
times,t.2.3't inj1t l511t l , wheret l is the turnover time
of the large scale motion~Table I! . At early times (1,t
,11t l) critical particles, as large particles, are centrifug
from their initial surrounding fluid and thuŝujv j&,^ujuj&
as shown in Figs. 19 and 20. Consequently, according to
~9! Cp(t) becomes negative~Fig. 8! and thus contributes to
the faster decay of TKE as compared to case A.

At later times (t.11t l) after they have been ‘‘ejected
from the cores of vortices, the critical particles do not ha
sufficient inertia to cross the convergence regions~of high-
speed fluid between the counter-rotating vortices! and enter
new eddies, as large particles do, but rather accumulat
these regions of low vorticity and high strain~Maxey,13

Wang and Maxey14!. The occurrence of preferential accum
lation can be indicated by the time development of theDc

factor ~Wang and Maxey14!, which measures the sum of th

FIG. 19. Case D: time development of fluid velocity autocorrelation^u1u1&,
correlation ^u1v1& between the fluid velocity and particles velocity, an
particle velocity autocorrelation̂v1v1&.
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squared differences between the actual probability of c
centration,Pc(C), and the probability of random distribu
tion, Pc

m(C),

Dc5 (
C50

Np

~Pc~C!2Pc
m~C!!2, ~15!

whereNp is the total number of computational particles~de-
noted Mc in Table II!. The random distribution probability
function is calculated as

Pc
m~C!5S Np

C D S 1

Ng
D CS 12

1

Ng
D Np2C

, C51,2, . . . ,Np ,

~16!

whereNg is the number of grid points of the computation
domain@Ng5(256)3#, and

S Np

C D 5
Np~Np21! . . . ~Np2C11!

C!
. ~17!

Figure 21 shows the time development ofDc for the four
cases~B–E!. It is clear that in case D~critical particles! the
preferential accumulation is much larger than in the ot
three cases. Figure 22 clearly shows the preferential accu
lation of the critical particles in orbits outside the regions
largev2.

The higher inertia of the critical particles relative to th
carrier fluid causes their velocity autocorrelation to be hig
than that of the surrounding fluid,^v jv j&.^ujuj&, in Figs.
19 and 20, indicating that critical particles retain the
kinetic energy longer than their surrounding fluid. On
these particles are in the high velocity convergence regio
characterized by pathlines of small curvature, their trajec
ries become more aligned with those of the fluid points. C

FIG. 20. Case D: time development of fluid velocity autocorrelation^u1u1&,
correlation ^u1v1& between the fluid velocity and particles velocity, an
particle velocity autocorrelation̂v1v1&.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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sequently the correlation̂ujv j& becomes larger than̂ujuj&
for t.11t l ~Fig. 20!. Thus,Cp(t) becomes positive@Eq.
~9!# for t.11t l ~Fig. 8!. Since the high vorticity cores ar
nearly free of particles, then the two-way coupling forcef k

'0 inside these cores, resulting in2« i jk(] f k /]xj )'0 in
Eq. ~13!, and thus the evolution equation of vorticity reduc
to that of particle-free flow. Table III confirms that the valu
of mean enstrophy at timet55 in case D is nearly equal t
that of case A with a difference smaller than 3%.

Since the vortical structures in case D evolve nearly a
case A, the growth rates of the turbulence scales are ne
identical in both cases@tkD

(t)'tkA
(t) in Fig. 12#. Conse-

quently, the decay rate of the local velocity gradients will
the same in both cases, resulting in a similar decay of
magnitude of the local strain rate. Table III shows that
strain rate for case D is identical to that of case A att55. At
time t55, Figs. 9–11 confirm that the values ofa, b, andg
in case D are almost identical to those in case A. Acco
ingly, the viscous dissipation rates in these two cases
nearly the same~Fig. 8!. Thus, the net effect of the modifi
cations ofCp(t) and«(t) in case D~Fig. 8! is the reduction
of E(t) relative to case A.

The modification of the energy spectrumE(k) of the
carrier flow by the critical particles~case D! is displayed in
Fig. 3. It is seen thatE(k) for case D lies between those o
case B~microparticles! and case E~large particles!. Accord-
ingly, the magnitudes ofCp(k), «(k) and T(k) of case D
are intermediate between those of cases B and E~Figs. 13–
15!. Cp(k) is positive at largek as for microparticles, and
negative at smallk as for large particles.«(k) is such that
«(t)5*«(k)dk is nearly identical to that of case A~Fig. 8!
as discussed above. The net result of these modification

FIG. 21. Time development of theDc factor.
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that in case D the crossover wave number of itsE(k) with
that of the particle-free case~A! lies in between the crossove
wave numbers of cases B and E.

4. Ghost particles in zero gravity

It is clear from Fig. 1 and the discussion in the Se
III C 1 and III C 3 that in comparison to the particle-fre
flow ~case A!, microparticles~case B,tp /tk50.1! reduce the
decay rate of TKE, and critical particles~case D,tp /tk51.0!
enhance that rate. These two opposing effects in cases B
D lead us to search for particles which have a‘‘neutral’’
effect on that decay rate. More specifically, we searched
particles whosetp is in the range 0.1,tp /tk,1.0 and which
maintain the decay rate of TKE as that of the particle-fr
flow ~case A!. Our DNS results show that particles wit
tp /tk50.25 ~case C! satisfy this condition at all times, a
shown in Figs. 1 and 2. Thus, we denote these particle
‘‘ghost’’ particles because their presence in the flow cann
be detected by examining only the temporal developmen
TKE. It is important to emphasize that the value
tp /tk50.25 is not universal, but depends on Rel0

, fm , and
the magnitude of the gravitational acceleration~zero in our
case!. However, the significance of this finding is that di
persed particles are capable of modifying the turbulence
ergy spectrum~Fig. 3! in such a unique way that the amou
of energy gained by the turbulence at high wave numb
balances exactly the amount of energy lost at low wave nu
bers, with the net result of retaining the integral of the sp
trum equal to that of the particle-free flow at all times~Figs.
1 and 2!.

Similar to microparticles, ghost particles are not ejec
from the vortex cores~Fig. 23!, and thus they enhance th
lifetime of the vortical structures such that at timet55 the
enstrophy and the strain rate in case C are larger than in
A by about 56% and 53%, respectively~Table III!. Since
ghost particles have larger inertia than microparticles, th
trajectories tend to deviate from those of their surround
fluid points more than the trajectories of microparticles d
Thus, the magnitudes ofCp(t) and «(t) for the ghost par-
ticles ~Fig. 8! are smaller than those for the microparticle
However, the magnitudes ofCp(t) and «(t) for the ghost
particles are in a ‘‘unique’’ proportion such that the positi
Cp(t) is just equal to the increase@D«(t)# in the magnitude
of «(t) with respect to case A, resulting in the net su
@Cp(t)2D«(t)# being equal to«(t) of case A. Conse-
quently, the decay rate of TKE in case C is the same a
case A~Fig. 2!.

5. Ghost particles in finite gravity

In case F, we study the effect of gravity on the two-w
coupling between the ghost particles of case C (tp /tk50.25!
and decaying isotropic turbulence. A gravitational accele
tion is imposed in the negativex3 direction, and its magni-
tude is prescribed such that (v t /u0* )50.25 ~Table II!.

Figure 4 shows that due to gravity, the particles in cas
reduce the decay rate of TKE relative to cases A and C a
times. Figure 24 compares the temporal developments of
three rms velocity components,ui ,rms(t) of the fluid in both
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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cases A and F. It is seen that only the decay rate of
velocity component in thex3 direction,u3,rms, has been con-
siderably reduced relative to the other components, i.e.,
two-way coupling in the presence of gravity in thex3 direc-
tion resulted in augmentingu3,rms. The mechanisms respon
sible for this modulation will be discussed below by comp
ing the vorticity fields in cases C~zero gravity! and F~finite
gravity!.

Figures 23 and 25 display the contours of the instan
neous vorticity componentv2 ~in a small zone of the vertica
midplanex1x3 of our computational domain! and particles
locations att55 for cases C and F, respectively. We see t
most of the vortical structures in case F are stretched in
x3 direction in a ‘‘banana-like’’ shape, and the values o
maximum~positive and negative! vorticity are larger than in
case C.

We also see that the particles in case F tend to accu
late in patches according to the mechanism of‘‘preferential

FIG. 22. ~Color! Case D: critical particles~white dots! superimposed onv2

~color contour! at x250.5 andt55.0.

FIG. 23. ~Color! Case C: ghost particles in zero gravity~white dots! super-
imposed onv2 ~color contour! at x250.5 andt55.0.
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sweeping’’described by Wang and Maxey.14 The solid par-
ticles, settling under the effect of gravity, tend to follow
path where the local fluid instantaneous velocity is in t
direction of gravitational acceleration~negativex3 direction!.
Figure 25 shows that the particles accumulate on the r
side of a vortical structure with positive~clockwise! vorticity
~red color! or on the left side of a structure with negativ
vorticity ~blue color!. This preferential accumulation
sweeping, as expected, creates zones that are nearly d
of particles. Thus,only the side of the vortical structure
sweptby the trajectories of the particles will be subjected
a drag force,2 f 3, directed downward. As a consequence
this asymmetry of the force acting on the fluid, local gra
ents ] f 3 /]x1 and ] f 3 /]x2 are generated in the horizonta

FIG. 24. Time development of rms fluid velocity components.

FIG. 25. ~Color! Case F: ghost particles in finite gravity~white dots! super-
imposed onv2 ~color contour! at x250.5 andt55.0.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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plane, increasing the magnitudes of the source terms,bi , of
the horizontal components of vorticity,v1 andv2 @see Eqs.
~13! and ~14!#, in addition to stretching the structures in th
x3 direction. This physical behavior is confirmed in Fig. 2
which shows the pdf’s of the three vorticity components
time t55.0 in case F. We observe higher probabilities forv1

and v2 than for v3 at larger values ofv i , thus explaining
why u3,rms is larger thanu1,rms and u2,rms in Fig. 24. The
anisotropy of the vorticity components is also indicated
the preferential alignment of the vorticity vector with th
horizontal,x1x2, plane. Figure 27 shows that the pdf of th
angle, f, between the vorticity vector and the horizont
planex1x2, is larger in case F forf'0 relative to cases A
and C, where the pdf off has a normal distribution.

IV. SUMMARY

We have presented in the previous sections a deta
discussion of the physical mechanisms by which so
spherical particles, whose diameters are smaller than
Kolmogorov length scale, modify the structure of isotrop
decaying turbulence. We classified the particles that we s
ied into four different categories based on the value of
ratio of their response time,tp , to the Kolmogorov time
scale of the carrier flow at the time of starting the parti
trajectory calculation. We denote the particles whosetp /tk

!1 as microparticles, those withtp /tk'1 as critical par-
ticles, and those withtp /tk.1 as large particles. In all the
cases studied, both the volume fraction and mass fractio
the particles were fixed atfv51023 and fm51, respec-
tively. The different values oftp were obtained by only
changing the particle diameter.

FIG. 26. Case F: probability density function of vorticity componentsv i at
t55.0.
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We explained how microparticles reduce the decay r
of turbulence kinetic energy~TKE! and large particles en
hance that rate as compared to particle-free turbulence.
then introduced ghost particles~whosetp /tk50.25! which
kept the decay rate of TKE nearly identical to that
particle-free turbulence by modifying the energy spectr
E(k) in a unique way such that the energy gained by
turbulence at high wave numbers exactly balances the en
lost at small wave numbers. The two-way coupling effects
the above four cases, microparticles, large, critical, and gh
particles, were in zero-gravity conditions. We explained h
the particles modify the carrier flow turbulence both in t
physical and spectral spaces. We then studied the effec
finite gravity on the two-way coupling of ghost particles. Th
main findings can be summarized as follows.

~1! Microparticles (tp /tk!1) remainin their initial sur-
rounding vortices with their trajectories almost aligned w
those of the initial fluid points, but with higher inertia. Thu
they allow the vortical structures to retain their initial vorti
ity and strain rates for longer time as compared to those
the particle-free flow. As a result, both the turbulence kine
energy and the viscous dissipation rate are larger than th
in particle-free turbulence at all times.

~2! Large particles (tp /tk.1) escapefrom their initial
surrounding fluid, and bycrossingthe trajectories of the fluid
points, enter new eddies. The two-way coupling interact
~drag force! creates a torque on the fluid, counter to the lo
eddy’s rotation, thus enhancing the decay rate of the vorti
as compared to the particle-free flow. Accordingly, the turb
lence length- and time scales grow faster, and the turbule
kinetic energy and the strain rate decay faster than thos
particle-free turbulence.

~3! Critical particles (tp /tk'1), at early times after in-

FIG. 27. Probability density function of the vorticity anglef at t55.0. f is
the angle between the vorticity vector and the horizontal planex1x2.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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jection (t inj,t,t inj1t l), areejectedfrom the cores of their
initial surrounding vortices to peripheries of these vortic
(^ujv j&,^ujuj&), thus creating a negativeCp(t), which en-
hances the decay rate of TKE as compared to the part
free flow. Consequently, the TKE in this case is smaller th
in the particle-free case at all times. After the ‘‘ejection
process, critical particles do not enter new eddies, as la
particles do, but ratheraccumulatein the convergence re
gions of the flow. Since the high vorticity cores are nea
free of particles the two-way coupling force is then nea
zero inside these cores, and thus they evolve like those o
particle-free flow. Consequently, the turbulence scales
nearly identical at all times to those in case A, and so are
enstrophy, the strain rate, and the viscous dissipation ra

~4! Ghost particles in zero gravity (tp /tk50.25 for
Rel0575 andfm51) cannot be detected, either experime
tally or numerically, by examining only the temporal beha
ior of the turbulence kinetic energy, since they have aneutral
effect on the decay rate of TKE compared to that of partic
free turbulence. However, they modify the turbulence ene
spectrum in such a unique way that the amount of ene
gained by the turbulence at high wave numbers balances
actly the amount of energy lost at low wave numbers, w
the net result of retaining the integral of the spectrum eq
to that of the particle-free flow at all times.

~5! Ghost particles in finite gravity (tp /tk50.25 and
v t /u0* 50.25) through the mechanism ofpreferential sweep-
ing ~Wang and Maxey14! accumulate on the side of the vo
tical structures whose local instantaneous velocity has
same direction as the gravitational acceleration~negativex3

direction!. Thus, only the side of the vortical structures d
rected downward issweptby the particles trajectories an
subject to a drag force directed as gravity. In this configu
tion the particles stretch the vortical structures in thex3 di-
rection in abanana-likeshape, and, creating local gradien
of the drag force (] f 3 /]x1 and] f 3 /]x2), increase the mag
nitudes of the source terms,bi , of the horizontal component
of vorticity, v1 and v2. In turn, the flow becomes aniso
tropic becauseu3,rms becomes larger thanu1,rms and u2,rms,
which explains the reduction of the decay rate of TKE
compared to the particle-free case. Further, the vorticity v
tor becomes preferentially aligned in the horizontal pla
x1x2.

~6! In the spectral~Fourier! space, all particles modify
the spectra of bothT(k) and «(k) in addition to creating
Cp(k).
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APPENDIX: EVOLUTION EQUATION OF THE
SPECTRAL TURBULENCE KINETIC ENERGY E„k… IN
A PARTICLE-LADEN ISOTROPIC TURBULENT
FLOW

In order to derive the evolution equation for the thre
dimensional energy spectrumE(k) ~time dependence is
omitted for a more compact notation!, we first need to per-
form the Fourier transformation of the Navier–Stokes@Eq.
~1!# equations to obtain the evolution equation of the Four
coefficient of velocityû j (k)

]û j~k!

]t
1nk2û j~k!52 ik l Pjk~k!(

k8
ûk~k8!ûl~k2k8!

2 f̂ j~k!, ~A1!

where ‘‘ ˆ ’’ denotes Fourier transform, and

Pjk~k![d jk2
k jkk

k2
~A2!

is the projection tensor, withd jk the Kronecker symbol,f̂ j is
the Fourier coefficient off j , k is the wave number vector
and k its magnitude. The evolution equation of the ener
spectrum

E~k!5 (
k<uku,k11

1
2@ û j* ~k!û j~k!#, ~A3!

is obtained by multiplying each term of Eq.~A1! by û j* (k),
where ‘‘ * ’’ denotes the complex conjugate, then sum t
real part of each term over spherical shells of radiusk and
thicknessDk51. The resulting equation is

]E~k!

]t
5T~k!2«~k!1Cp~k!, ~A4!

whereT(k) is the spectral nonlinear energy-transfer rate
wave numberk

T~k!5 (
k<uku,k11

k l Pjk~k!IH(
k8

ûk~k8!ûl~k

2k8!û j* ~k!J , ~A5!

«(k) is the spectral viscous dissipation energy rate

«~k!52nk2E~k!, ~A6!

and Cp(k) is the spectral two-way coupling fluid-particl
drag interaction energy rate,

Cp~k!52 (
k<uku,k11

R$û j* ~k! f̂ j~k!%, ~A7!

whereR$% andI$% denote the real and imaginary part.
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