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The present study is concerned with answering the question: What are the physical mechanisms
responsible for the modification of the turbulence structure by solid particles dispersed in a
homogeneous shear flow? We employ DNS~direct numerical simulations! to examine the effects of
the two-way interaction between the two phases on the turbulence structure. Our results indicate that
particles affect the rate of production of turbulence energy via modifying the vorticity dynamics. It
is known that regions of large production rate of turbulence energy are sandwiched between counter
rotating vortices whose vorticity,vs , is aligned with the axes of the longitudinal vortex tubes. These
longitudinal vortex tubes are strongly inclined toward the streamwise direction due to the imposed
mean shear. The strongervs is, the larger the production rate. The dispersed solid particles modify
the alignment of the local vorticity vector,v, with the axis of the longitudinal vortex tube.
Increasing this alignment increasesvs , which in turn augments the turbulence production rate, and
vice versa. In addition, due to the enhanced strain rate of the carrier fluid by the particles, the
dissipation rate of turbulence energy is always increased. The particles also reduce the alignment of
the vorticity vector with the intermediate eigenvector~b! of the strain rate tensor. This reduction in
alignment is due to an increase in the rotational term and particle-source term in the governing
equation of the cosine of the angle between the vorticity vector and the intermediate strain
eigenvector. ©2000 American Institute of Physics.@S1070-6631~00!50411-5#
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I. INTRODUCTION

Particle-laden turbulent shear flows occur in a wide
riety of practical applications and thus have received con
erable attention during the past few decades, resulting
number of numerical and experimental studies. Howev
due to the complexity of these practical flows, there are
mathematical models at present that can accurately pre
their properties. The complexity stems from the fact that t
bulence itself~without dispersed particles! is not completely
understood, and particles considerably increase that c
plexity. With the advent of powerful supercomputers, dire
numerical simulations~DNS! have become a viable tool fo
studying particle-laden turbulent flows in simple configu
tions. However, due to the necessity of resolving all the
evant turbulence length- and time scales, DNS is still limi
to moderate Reynolds number flows.

Experimental and DNS studies of particle-laden turb
lent flows show that particles modify the turbulence struct
and the temporal development of its kinetic energy. Rog
and Eaton1 studied experimentally the turbulence modulati
due to particles in a planar turbulent boundary layer. Th
found that particles of Reynolds number'5 and mass load
ing of 20% cause a significant reduction of the turbulen
kinetic energy. This reduction was observed in all resolv
turbulence scales. Rashidiet al.2 conducted a flow visualiza
tion of a turbulent channel flows laden with particles. Th
found that polystyrene particles of 1100mm diam increase

a!Electronic mail: selghoba@uci.edu
2901070-6631/2000/12(11)/2906/25/$17.00
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the turbulence intensity by increasing the number of w
ejections. Smaller polystyrene particles of 120mm diamde-
creasedthe turbulence intensity by decreasing the numbe
wall ejections.

The number of DNS studies concerned with turbulen
modulation ~two-way coupling! by dispersed particles is
quite small. A review of these studies can be found in
paper by McLaughlin.3 Squires and Eaton4 used DNS to
study the two-way interaction between particles and stati
ary ~forced! homogeneous isotropic turbulence in zero gra
ity. They found that particles increase the turbulence dis
pation and reduce the turbulence kinetic energy. They, a
found that the tendency of particles to accumulate in l
vorticity or high strain regions decreases for light partic
and increases for heavy particles. Elghobashi and Trues5

studied the effect of particles on the spectrum of turbule
energy in isotropic turbulence, using DNS with 963 mesh
points. They found that for particles in gravity, a rever
energy cascade takes place where the energy is transf
from the large wave numbers to small wave numbers.
cently, Maxey et al.6 used DNS to study particles–
turbulence interaction and presented a new method to ca
late the two-way coupling source term, in which the partic
force is distributed within a narrow envelope center
around the particle’s position. Pan and Banerjee7 used a
pseudospectral method to study the modulation of turbule
in a channel flow laden by solid particles. They found th
particles smaller than the Kolmogorov scale in the near w
region suppress the turbulence while larger particles
hanced it. They attributed these modifications to the red
6 © 2000 American Institute of Physics
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tion of the sweep frequency by small particles and the
crease of the sweep frequency by large particles. A sw
event occurs when the fluid velocity fluctuation is positive
the streamwise direction and negative in the direction nor
to the wall.

Recently, Mashayek8 ~1998! used DNS, with 963 grid
points, to study droplet–turbulence interactions in a hom
geneous shear flow. He considered both one-way and
way couplings for nonevaporating and evaporating dropl
He showed that in the case of nonevaporating droplets,
turbulence kinetic energy is reduced and the flow anisotr
is increased due to the two-way coupling. In the case
evaporating droplets he found that the turbulence kinetic
ergy and the mean internal energy of the carrier flow
increased by mass transfer. Unfortunately, the study
Mashayek8 is of purely parametric nature and does not d
cuss the physical reasons for the observed changes in tu
lence due to the particles.

The objective of the present paper is to answer the qu
tion: What are the physical mechanisms responsible for
modification of the turbulence structure by solid partic
dispersed in a homogeneous shear flow? In our simulati
we use DNS to study the effects of dispersed solid partic
on turbulence structure in a homogeneous turbulent s
flow. We observe a reduction as well as an increase in
turbulence kinetic energy of the carrier flow under differe
conditions, and we provide, for the first time, an explanat
of the physical mechanisms responsible for these modifi
tions. Moreover, we consider the role played by grav
which was not considered by Mashayek.8

Our results show that dispersed particles modify the
bulence structure via changing the turbulence energy pro
tion rate. The change in the turbulence energy produc
rate is caused by the modification of the vorticity dynami
It is known that regions of large turbulence production r
are sandwiched between counter rotating longitudinal vo
tubes~Adrian an Moin9 and Kida and Tanaka10!. The stron-
ger the vorticity,vs , of these longitudinal vortex tubes is
the larger the production rate. The dispersed solid parti
modify the alignment of the vorticity vector,v, with the axis
of the longitudinal vortex tube. Increasing the alignment b
tween the vorticity vector and the axis of the longitudin
vortex tube increasesvs , which in turn increases the turbu
lence production rate, and vice versa.

The paper is organized as follows. In Sec. II, the go
erning equations are discussed. The results are present
Sec. III. Turbulence and particles parameters are present
Sec. III A. Turbulence modification by the particles are d
cussed in Sec. III B. The mechanisms of modification of t
bulence energy production by the particles are introduce
Sec. III C. The effect of particles on modifying the alignme
between vorticity and strain eigenvectors are shown in S
III E. A summary of the findings of this paper is presented
Sec. IV.

II. MATHEMATICAL DESCRIPTION

The study of the two-way coupling between the partic
and fluid requires the simultaneous solution of the Navie
Downloaded 12 Feb 2007 to 130.194.10.86. Redistribution subject to AIP
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Stokes and continuity equations that describe the time e
lution of the flow field, plus the dynamic equation that d
scribes the particle motion. The dimensionless Navie
Stokes and continuity equations for a homogeneous s
flow are:

]ui

]t
1

]

]xj
~ujui !1Sx3

]ui

]x1
1Su3d i15

1

Re

]2ui

]xj
2 2

]p

]xi
2 f i ,

~1!

]ui

]xi
50, ~2!

wherei 51,2,3 refer to the three space directionsx1 ,x2 ,x3 .
f i is the force that represents the effect of theM particles
that are within the fluid integration cell, and is calculat
from

f i5
1

mf
(
k51

M

f ik , ~3!

where f ik is the drag force on particlek, see Eq.~5! below,
in xi direction.mf is the mass of the fluid in the integratio
cell. An expression forf i is derived in the Appendix. For
one-way coupling flowsf i is zero.ui(t) is the deviation of
the instantaneous fluid velocityũi(t) from the imposed mean
velocity (U5Sx3) according to

ui5ũi2~Sx3!d i1 , ~4!

whereS is the dimensionless mean velocity gradient, giv
by S5(dU/dx3)(L/DU)51 in our simulations.DU is the
difference between the mean velocities at the top and bot
boundaries of the computational domain~Fig. 1!. L is the
computational domain length which equals unity in the v
tical and spanwise directions, and equals two in the stre
wise direction to allow for the growth of the integral leng
scale without violating the periodicity boundary condition
that direction. It should be noted that since the particles v
ume fraction is small,fv,1023, we neglect the effect of the
presence of the particles on the continuity equation~2! of the
carrier fluid.

FIG. 1. Schematic of flow configuration.
 license or copyright, see http://pof.aip.org/pof/copyright.jsp



ha

e
y

,
w

a
s

gr
-

ite

c

o

c
a
a

m

he

c-
m
he
ty
in

-

nce

at
ion-
e

an

In
nal
he

s-
ob-

le
o-
n
-
di-

ar-
y
as-
um

re-
ro-
the
ty
el-
he
on.

n
died
ese
-free
d C
se

2908 Phys. Fluids, Vol. 12, No. 11, November 2000 A. M. Ahmed and S. Elghobashi
The equation that describes the particle motion is t
derived by Maxey and Riley11 and which for large particle–
fluid density ratio can be written as

mp~dv i /dtp!5mp~ui2v i !/tp2mp@d~Sx3!/dtp#d i1

1~mp2mf !gi , ~5!

wherev i(t) is the deviation of the instantaneous particle v
locity ṽ i(t) in xi direction from the local mean fluid velocit

v i5 ṽ i2~Sx3!d i1 , ~6!

d/dtp is the time derivative following the moving particle
and tp is the particle response time, which for Stokes flo
reads

tp5
2rpa2

9rv
, ~7!

wherea is the particle radius;rp is the particle density, and
r is the fluid density.

The flow field governing equations are discretized in
Eulerian framework using a second-order accurate Adam
Bashforth scheme for time integration on a staggered
containing 160380380 grid points. This grid allows an ini
tial microscale Reynolds number ofRl,0520. The pressure
is treated implicitly by solving the Poisson equation in fin
difference form using a Fast Fourier Transform~FFT!. The
boundary conditions are periodic in thex1 andx2 directions
and shear periodic in thex3 direction. The shear periodi
boundary condition for any variablef (t,x1 ,x2 ,x3) is pre-
scribed as

f ~ t,x11m1 ,x21m2 ,x31m3!5 f ~ t,x12Sm3t,x2 ,x3!,
~8!

wheremi are integer numbers. More detailed description
the solution procedure is given by Gerzet al.12

The initial turbulent velocity field is isotropic, periodi
in the three directions and divergence free. This flow is
lowed to develop until the skewness of the velocity deriv
tive '20.45, then a constant mean velocity gradient is i
posed on the flow. The initial energy spectrum,E(k,0), is
prescribed by

E~k,0!516~2/p!1/2~3/2!u0*
2 k4

kp
5 exp~22~k/kp!2!, ~9!

wherekp is the wave number at which the maximum of t
energy spectrum occurs, andu0* is the initial root-mean-
square velocity. All the wave numbers appearing in~9! are
normalized by 2p. Equation~9! produces an energy spe
trum with most of the energy content confined in wavenu
bers surroundingkp . This spectrum allows us to increase t
duration of the simulation without violating the periodici
boundary condition in the streamwise direction. Specify
u0* and kp are sufficient to calculateE(k,0). The initial di-
mensionless kinematic viscosityv is calculated from the ini-
tial prescribed Reynolds numberRl,0 and computed initial
energy dissipation ratee0 . The values of the initial dimen
sionless parameters used in our simulation are shown
Table I.
Downloaded 12 Feb 2007 to 130.194.10.86. Redistribution subject to AIP
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Since the mean velocity gradient (dU/dx3) is constant
and is set equal to unity, we use its inverse as a refere
time Tref51, which results in a reference lengthL ref

50.390 36 m.
In order to ensure that our DNS resolves the motion

the smallest scales we monitor the values of the dimens
less quantityhkmax, wherekmax is the highest resolved wav
number@52p(N/2)#. N is the number of grid points in a
given direction. In our simulations 1.6<hkmax<1.8 for 1
<T<6. Moreover, we ensure that the two point Euleri
velocity autocorrelation in thex1 direction diminishes to zero
in less than half the length of the computational domain.
order to satisfy this criterion we extend the computatio
domain in the streamwise direction to twice its size in t
lateral directions.

The particle equation of motion is integrated in time u
ing a second-order accurate Adams–Bashforth scheme to
tain the particle velocity. The fluid velocity at the partic
position is obtained using a fourth-order accurate, tw
dimensional, four-point, Hermitian cubic interpolatio
scheme,~Truesdell13!. The particle position is obtained by in
tegrating the particle velocity in time. The boundary con
tions for the particle equation are periodic in thex1 and x2

directions and shear periodic in thex3 direction.
In order to calculate the number of computational p

ticles required for a given volume fraction for the two-wa
coupling and avoid excessive computational time, we
sume that each computational particle represents a maxim
of 45 real particles. Elghobashi and Truesdell5 showed that
the DNS results using one computational particle to rep
sent about 100 actual particles are within 2% of that is p
duced using half of that number. Particles are injected in
flow at T51 at which time the skewness of the veloci
derivative reaches its first peak, thus signifying fully dev
oped turbulence. The prescribed initial particle velocity is t
same as that of the surrounding fluid at the point of injecti

III. RESULTS

A. Turbulence and particles parameters

In our simulations of the two-way interaction betwee
particles and a homogeneous turbulent shear flow we stu
five different cases. The properties of the particles in th
cases are shown in Table II. Case A represents a particle
flow with which other cases are compared. Cases B an
study the effect of increasing particle inertia or respon

TABLE I. Dimensionless flow parameters atT50. h0 is the initial Kolmo-
gorov length scale andl 0 is the initial integral length scale.

Rl 20.0
kp/2p 5.0
u0* 0.035 30
v0 0.000 1050
e0 0.000 5546
l 0 0.072 980
l0 0.059 510
h0 0.006 761
hkmax 1.699
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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TABLE II. Particle parameters at injection,T51. Dimensionless quantities (tp and d! are normalized by a
reference time51 s and a reference length50.390 36 m. Sh5Sl0 /u0* is the shear number.

Case Sh tp d rp /r tp /te tp /tK d/h fv fm v t /u0* gxi

A 2 0.0 0.0
B 2 1.0 1.031023 1890 0.4140 2.330 0.1479 5.031024 1.0 0.0
C 2 0.10 6.031024 525 0.0414 0.233 0.0887 1.931024 0.1 0.0
D 2 0.10 6.031024 525 0.0414 0.233 0.0887 1.931024 0.1 1.59 x1

E 2 0.10 6.031024 525 0.0414 0.233 0.0887 1.931024 0.1 1.59 x3
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time, tp . The particles mass loading in case B equals o
i.e., one order of magnitude larger than that of case C.
effect of gravity is studied in cases D~gravity in 2x1 direc-
tion! and E~gravity in 2x3 direction!.

B. Turbulence modification by particles

In this subsection we discuss the effect of two-way co
pling on modifying the structure of turbulence for cases B
listed in Table II. We have performed 10 simulations
which we selected these four cases. Careful examinatio
our results showed that these four cases are sufficient to
plain the physical mechanisms that are responsible for m
fying the structure of the turbulent homogeneous shear fl
by dispersed solid particles. In Sec. III D, we present
results of all the ten simulations in a parametric form th
shows the effects of varying the mass loading, particle ine
and drift velocity.

Figure 2 shows the time development of the turbulen
kinetic-energyE(T) and its rate of dissipatione(T) normal-
ized by their initial values for cases A~no particles!, B and
C. It should be noted that, due to the particles small ine
and mass loading of case C, the two-way coupling effects
small. The figure shows that for timesT.2, the particles
reduceE(T) for case B relative to A, whereas they increa
it in case C. The reasons for this different behavior will
discussed in the next paragraph. The rate of turbulence

FIG. 2. Time development ofE(T) and its rate of dissipatione(T). Case B
~solid lines!, case C~dashed lines!, case A~dash–dot lines!.
b 2007 to 130.194.10.86. Redistribution subject to AIP
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sipation,e(T), increases in both cases with case B hav
the largest initial increase. However, near the end of simu
tion where the turbulence energy of the coupled flow in c
B becomes substantially smaller than that of case A~the
uncoupled flow!, the rate of dissipation of turbulence energ
e(T), of case B becomes smaller than that of case A. C
tinuing the simulation forT.6 would result in a signifi-
cantly weaker turbulence, sinceRl of case B declines to 13.8
at that time, and thus we terminate all simulations atT56.
The temporal behavior of the three components of turbule
kinetic energy is displayed in Fig. 3 where it is clear th
relative to case A, all three components of the root-me
square~rms! velocities are reduced in case B, while they te
to increase in case C, especially in thex1 direction~the other
two directions show a negligible change!. It should be noted
that in case B, although the reduction inu2,rms is the largest
compared to the other two components, the relative reduc
in ui ,rms, i 52,3 is almost the same~the relative reduction in
u2,rms at T56 is 33%, while it is 29% foru3,rms at the same
time! as expected for particles in zero gravity. The reason
the largest reduction inu2,rms will be discussed later on in
this section.

In order to understand the reason for the above m
tioned modifications of the turbulence energy, we consi
the transport equation for turbulence energy for a turbul

FIG. 3. Time development of rms velocity components. Case B~solid
lines!, case C~dashed lines!, case A~dash–dot lines!.
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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2910 Phys. Fluids, Vol. 12, No. 11, November 2000 A. M. Ahmed and S. Elghobashi
homogeneous shear flow laden with particles. This equa
can be derived from Eq.~1! by multiplying throughout byui

and ensemble averaging to obtain

dE~ t !

dt
52S^u1u3&2e1Sp , ~10!

where the first term on the right-hand-side~RHS! of ~10! is
the rate of turbulence production by mean shear; the sec
term is the rate of turbulence viscous dissipation, and
third term,Sp , is the source term due to the particles whic
for particles in zero gravity, is given by

Sp52fm^ui~ui2v i !/tp&, ~11!

The increase in the rate of turbulence energy dissipat
e(T), shown in Fig. 2 is one factor that reduces the turb
lence energy. The effect of the other two terms on the R
of ~10! are discussed next.

Figure 4 shows the time development of^u1u3& for
cases A–C. SinceS51 in our flow, the time rate of chang
of 2^u1u3& represents the rate of production of turbulen
energy by the mean shear. The figure shows that the ma
tude of the rate of production of turbulence energy by me
shear is reduced in case B relative to case A, while i
slightly increased in case C with a tendency to decrease
the end of the simulation. This modification of the rate
energy production is consistent with the modification of t
turbulence energy shown in Fig. 2. In Sec. III C we w
show that the change of the alignment between the vorti
vectors and their longitudinal vortex tubes is the physi
mechanism responsible for this modification of the turb
lence energy production rate.

The RHS of Eq.~11! shows that the magnitude ofSp

depends on the correlation between the fluid and parti
velocities,ui andv i . Figure 5 shows the time developme
of the components of the source termSp in xi directions for
cases B and C. It is seen that this term is a source of en

FIG. 4. Time development of the velocity correlation,^u1u3&. Case B~solid
lines!, case C~dashed lines!, case A~dash–dot lines!.
Downloaded 12 Feb 2007 to 130.194.10.86. Redistribution subject to AIP
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in the x1 direction in both cases, while it is a sink of energ
in the other two directions. Due to the imposed mean vel
ity gradient and the initial condition of equal local velocitie
of particle and fluid, and due to particle inertia, the partic
velocity in thex1 direction becomes larger than that of th
fluid. Thus the particles are able to align the fluid veloc
along their direction of motion, resulting in higher^u1v1&
correlation than that of the energy component^u1u1& as seen
in Fig. 6 for case B. In the other two directions (x2 ,x3),
there is no mean velocity gradient and thus the particles
the fluid, resulting in^uiv i& being smaller than̂ uiui& in
these directions. The temporal developments of the com
nents ofSp , shown in Fig. 5, help explain the changes in t
rms velocity components in Fig. 3. The reduction ofu2,rms

FIG. 5. Time development of the particles source term in thexi directions.
Case B~solid lines!, case C~dashed lines!.

FIG. 6. Time development of̂uiv i& ~solid lines! and ^uiui& ~dashed lines!
of case B.
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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of case B being larger than that ofu1,rmsandu3,rms is consis-
tent with that of thex2 component ofSp of case B, having
the largest negative value compared to the other two di
tions. The positive source term of case B in thex1 direction
does not result in an increase in itsu1,rms, indicating that the
reduction inu1,rmsof case B is mainly due to the reduction
the production rate of turbulence energy seen in Fig. 4.

The spectral equation of energyE(Ki) can be obtained
from the momentum equation~1! by Fourier transformation
resulting in

]E~Ki !

]t
5A~Ki !1G~K1!1T~Ki !1P~Ki !1e~Ki !

1F~Ki ! i 51,2,3, ~12!
ju

bu

th
n
ti
bu
r

er
e
a

n
.

be

ay
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c-

where A(Ki) is the linear energy transfer rate due to t
mean shearing deformation of the turbulent eddies~Domar-
adzkiet al.14 and Deissler15!, G(K1) is the turbulence energy
production rate,T(Ki) is the nonlinear energy transfer ra
across the wave number space,P(Ki) is the rate of energy
transfer by velocity pressure-gradient correlation,e(Ki) is
the rate of energy dissipation, andF(Ki) is the rate of energy
gain ~or loss! due to the two-way coupling which equals th
spectrum of correlation between the net particle accelera
and local fluid velocity. The equations for the components
the RHS of Eq.~12! are

G~K1!52 1
2 S~ û~K1!û~K3!1û~K1!û~K3!!, ~13!
T~Ki !5
i

2
$û~Ki !@ û~K1!* ~K1û~Ki !!#2û~Ki !@ û~K1!* ~K1û~Ki !!#1û~Ki !@ û~Ki !* ~K2û~Ki !!#

2û~Ki !@ û~K2!* ~K2û~Ki !!#1û~Ki !@ û~K3!* ~K3û~Ki !!#2û~Ki !@ û~K3!* ~K3û~Ki !!#%, ~14!
er

ed
er

e
we

tic-
A~Ki !5
i

2
S@ ûi~ x̂3* ~k1û~Ki !!!

2û~Ki !~ x̂3* ~K1û~Ki !!!#, ~15!

P~Ki !5
i

2
$û~Ki !~Ki p̄̂!2û~Ki !~Ki p̂!%, ~16!

e~Ki !5
21

2 Re
$û~Ki !~K1

21K2
21K3

2!û~Ki !

1û~Ki !~K1
21K2

21K3
2!û~Ki !, ~17!

F~Ki !5
21

2
$û~Ki ! f̂ ~Ki !1û~Ki ! f̂ ~Ki !%, ~18!

where the quantities with over bar denote complex con
gate, ‘‘* ’’ denotes complex convolution, ‘‘̀ ’’ denotes Fou-
rier transform. For a detailed derivation of~12! the reader is
referred to Ahmed.16

The spectral distributions of the three-dimensional tur
lence kinetic-energyE(K) and its rate of dissipatione(K) at
T54 are shown in Fig. 7 for case B. It is clear that bo
E(K) and e(K) are increased at large wave numbers a
reduced at small wave numbers. The net effect is a reduc
in turbulence kinetic energy and an increase in rate of tur
lence dissipation. The increase in turbulence energy at la
wave numbers is due to the increase in the nonlinear en
transfer, T(K), from small wave numbers to large wav
numbers. The reduction in turbulence kinetic energy at sm
wave numbers of case B is directly related to the reductio
the rate of turbulence energy production as seen in Fig. 8
addition, turbulence energy is reduced at small wavenum
due to particles drag.

Now, we discuss the combined effect of the two-w
coupling and gravity on the turbulence structure. Figure
-

-

d
on
-

ge
gy

ll
in
In
rs

9

showsE(T) ande(T) for cases A~no particles!, D ~coupled
flow with gravity in 2x1 direction! and E~coupled flow with
gravity in 2x3 direction!. It is clear that the effect of gravity
in the 2x1 direction is to substantially increase bothE(T)
ande(T) compared to the particle-free flow, A. On the oth
hand, for case E~gravity imposed in the2x3 direction!, Fig.
9, shows higher rates of increase inE(T) and e(T) till T
'2.5 for E(T) andT'3.5 for e(T) after which the trend is
reversed. The effect of gravity direction is further manifest
in Fig. 10, where the rate of turbulence production is high
in case E than that of case D forT.2 and both rates becom
nearly equal near the end of the simulation. In Sec. III C

FIG. 7. Three-dimensional spectrum distribution of turbulence kine
energyE(K), and its rate of dissipatione(K), atT54. Case B~solid lines!,
case A~dashed lines!.
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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2912 Phys. Fluids, Vol. 12, No. 11, November 2000 A. M. Ahmed and S. Elghobashi
will show that the change in the alignment between the v
ticity vectors and their longitudinal vortex tubes is the phy
cal mechanism responsible for this modification in turb
lence energy production rate.

The temporal development of the root-mean-square
locity components,ui ,rms, for cases A, D, and E are shown
Fig. 11. It is clear that the increase of energy is nonisotro
with most of the increase occurring in the direction of gra
ity. It is also clear that the increase in turbulence energy
cases D and E~Fig. 9! is not only due to the increase in th
turbulence production rate but also due to the transfer
energy from the particles, that have higher energy in
gravity direction, to the fluid via the drag. This argument c
be clarified by considering the coupling source term. T

FIG. 8. Spectrum of energy productionG(K1) at T54. Case B~solid lines!,
case A~dashed lines!.

FIG. 9. Time development ofE(T) and its rate of dissipatione(T). Case D
~solid lines!, case E~dashed lines!, case A~dash–dot lines!.
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source term in the fluid equation of motion@Eq. ~1!#,
(2 f i) can be written as~see the Appendix!

2 f i5
rp

r
f̄vgd ik2

rp

r
fvgd ik2

rp

r
fv

dṽ i

dt
. ~19!

The first term on the RHS of~19! is constant and its effect is
to balance the mean drift caused by the particles. The sec
term is the particles source term due to gravity. The th
term is an additional source term due to particles iner
When the particle is moving with its terminal velocity, it
acceleration,dṽ i /dt, in the direction of gravity becomes e
ther negligible in case E or becomes2(rp /r f)fvSv3 in
case D. Hence, the particle’s source term in the direction
gravity is mainly 2(rp /r f)fvg in both cases. Obviously

FIG. 10. Time development of the velocity correlation,^u1u3&.

FIG. 11. Time development of rms velocity components. Case D~solid
lines!, case E~dashed lines!, case A~dash–dot lines!.
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this force will cause the fluid to drift along the direction
particles motion. Thus, the fluid velocity will be positive
correlated with this force, i.e.,2ui(rp /r f)fvgd ik will be
positive on average. The additional source term in case
2(rp /r f)fvSv3 , is responsible for the higher turbulenc
level of case D compared to case E afterT'2.5 in Fig. 9.

Turbulence energy produced by the mean shear
particles–turbulence interaction in the gravity direction
transferred to the lateral directions by pressure-strain co
lations, ^pui ,i&. Figures 12 and 13 show the time develo
ment of^pui ,i& for cases A, D, and E. Figure 12, shows th
imposing gravity in the direction of the mean velocity e
hances the role of̂pui ,i&, i.e., more energy is transferre
from thex1 direction to the lateral directionsx2 andx3 . On
the other hand, when gravity is imposed in the2x3 direc-
tion, the pressure-strain correlation causes energy to be tr
ferred from thex3 direction to thex2 direction and slightly to
thex1 direction untilT'3. As turbulence energy productio

FIG. 12. Time development of pressure strain correlation^pui ,i&. Case D
~solid lines!, case A~dashed lines!.
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by shear increases the pressure strain correlation^pu1,1&
causes more energy to be transferred from thex1 direction to
the x2 direction forT.3.

C. Mechanisms of modification of turbulence energy
production by the particles

1. Creation of local velocity gradients

When particles at a relatively small volume fractionfv
'O(1023), are injected with a spatially uniform distributio
in a homogeneous turbulent shear flow, they create local
locity gradients. The creation of local velocity gradients c
be explained by reference to Fig. 14. The figure shows p
ticles moving with a uniform velocity in a certain directio
encountering a clockwise vortex. If the velocity of the so
particles islarger than that of the surrounding fluid, the dra
between the solid particles and fluid will increase the vel
ity of the fluid which was initially moving in the same direc

FIG. 13. Time development of pressure strain correlation^pui ,i&. Case E
~solid lines!, case A~dashed lines!.
FIG. 14. Local velocity gradient in the
carrier flow created by the interaction
of particles with a vortex.
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tion of the particles. The fluid that was moving opposite
the solid particles will experience a velocity reduction. T
net effect of this interaction is the creation of the veloc
gradient seen in Fig. 14. On the other hand, if particles
slower than the surrounding fluid, they will reduce the flu
velocity everywhere. However, the fluid points that we
moving in the direction of the particles will experienc
smaller reduction in their velocity than those opposing
particles motion, thus creating a local velocity gradient sim
lar to that in Fig. 14. This creation of local velocity gradien
leads to an increase in the magnitude of the local strain r
thus increasing the dissipation rate of turbulence kinetic
ergy of the coupled flow compared to the uncoupled flow
discussed in the previous subsection. The increase in the
sipation rate is manifested in the increase in the strain
eigenvaluesa ~the extensional strain!, b ~the intermediate
strain!, andg ~the compressive strain!. The strain rate tenso
eigenvalues are related to the square of the strain tensor
hence dissipation, through the relations

Si j 5~ui , j1uj ,i !/2, ~20!

Si j Si j 5a21b21g2, ~21!

e52vSi j Si j . ~22!

Figure 15 shows the probability density distribution ofa
eigenvalue atT53, and indicates an increase in its mag
tude in cases B and C as compared to case A. This incr
can be seen by comparing the amplitudes of the pdf~a! for
large values ofa. It is clear that cases B and C have larg
amplitudes for largea than that of case A. The increase
thea eigenvalue for cases D and E as compared to case
T53 is shown in Fig. 16. It is seen that the increase of
magnitude of the eigenvalue is proportional to the change

FIG. 15. pdf ofa strain eigenvalue atT53. Case B~solid lines!, case C
~dashed lines!, case A~dash–dot lines!.
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the dissipation rate seen in Figs. 2 and 9 atT53. It should be
noted that the eigenvaluesb, andg of the coupled cases als
increase~figures are not shown!.

As the flow develops, solid particles tend to accumul
in regions of low vorticity ~high strain!, ~Wang and
Maxey17!. This accumulation is quantified by calculating th
time development of the quantityDc which measures the
sum of the squared difference between the actual probab
of concentration of particles and the probability of rando
distribution ~Wang and Maxey17!

Dc5 (
C50

Np

~Pc~C!2Pc
u~C!!2, ~23!

whereNp is the total number of particles and represents
maximum value that can be assigned to C. The random
tribution probability function (Pc

u(C)) is calculated from

Pc
u~C!5S Np

C D S 1

Ng
D CS 12

1

Ng
D Np2C

,

C50,1,2,. . . ,Np , ~24!

where

S Np

C D5
Np~Np21!¯~Np2C11!

C!
, ~25!

and Ng is the number of grid points in the computation
domain. Figure 17 shows the temporal development ofDc

for case B. It is seen thatDc gradually increases untilT
53, then it varies slowly forT.3, signifying a slower rate
of accumulation. The slower rate of accumulation afterT
53 is due to the decrease in turbulence energy as see
Fig. 2. This preferential accumulation of particles, which
largest when the particle response time is equal to the K

FIG. 16. pdf ofa strain eigenvalue atT53. Case D~solid lines!, case E
~dashed lines!, case A~dash–dot lines!.
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2915Phys. Fluids, Vol. 12, No. 11, November 2000 On the mechanisms of modifying the structure . . .
mogorov time scale, leads to a further increase of the lo
velocity gradients of the surrounding fluid, which in tu
modifies the vorticity dynamics.

2. Modification of vorticity dynamics

Consider the vorticity transport equation which is o
tained by taking the curl of the momentum equation~1!

]v i

]t
5S 2Sx3

]v i

]x1

2uk

]v i

]xk
D 1S Sv3d i12S

]ui

]x2

1vk

]ui

]xk
D

1v
]2v i

]xk
2 1bi ~ i 51,2,3!, ~26!

wherev i are the fluctuating vorticity components, andbi is
the curl of the two-way coupling force term in Eq.~1!

bi52e i jk

] f k

]xj
. ~27!

The two terms in the first bracket on the RHS of~26! repre-
sent vorticity advection by both the mean velocity~due to
mean shear! and fluctuating velocity respectively, withou
changing the direction ofv i . It should be noted that thes
two terms advect the vorticity vectors and vortical structu
at the same rate. The first term in the second bracket conv
the vertical component of vorticity,v3 , to the horizontal
component,v1 , by mean shear. The second term in the s
ond bracket converts the mean vorticity,2S, to v1 andv3

components fori 51,3 respectively, and stretches the me
vorticity for i 52. The third term in the second bracket co
verts the vorticity fromvk to v i , iÞk, i.e., it changes the
vorticity direction. The termv]2v i /]xk

2 is the viscous diffu-
sion of vorticity. The last term represents a source/sink
vorticity due to the solid particles.

Kida and Tanaka18 studied numerically the temporal de
velopment of the vorticity field in homogeneous turbule
shear flows. They indicated that the imposed mean sh

FIG. 17. Time development ofDc of case B.
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stretches a randomly distributed initial vorticity field int
longitudinal vortex tubes~elongated high vorticity regions!
that are initially inclined at 45° to the downstream. The
elongated vortex tubes become more inclined toward
mean-stream direction as the flow develops in time. T
elongated vortex tubes induce a strong swirling mot
around them. The term (2S]ui /]x2) in Eq. ~26! which con-
verts the mean vorticity (2S) into the direction of the span
wise derivative of the induced velocity vector (]u/]x2), be-
gins to take part in the dynamics. Figures 18~a! and 18~b!
show two longitudinal vortex tubes with the vorticity vecto
represented by solid arrows along their centerline for po
tive and negative vorticities, respectively. The velocityu in-
duced by these vortices is shown by curved arrows aro
the longitudinal vortex tubes. The spanwise derivative of t
induced velocity is in the direction ofu, and is denoted by
the bold arrows, i.e., it is in the same direction as that of
induced velocity. Thus, due to (2S]ui /]x2), the vorticity
vectors move away from the centerlines of the longitudi
vortex tubes and turn into the directions depicted by the b
ken arrows in the figures, hence always increasing the a
between the vorticity vectors and the streamwise direct
compared to that of the centerline of the longitudinal vort
tubes. Our DNS results show that the solid particles
change the magnitude of this term (2S]ui /]x2), and thus
modify vorticity dynamics. Figure 19 shows the pdf o
(2S]ui /]x2) for cases A–C atT53. The figure indicates an
increase in the magnitude of (2S]ui /]x2) for cases B and C
as compared to that of case A. This is seen in the increas
the amplitude of the pdf of cases B and C at large values
u2S]ui /]x2u and a decrease in the amplitude of the p
around2S]ui /]x250. Thus, the vorticity vectors of case
deviate more from the axis of their longitudinal vorte
tubes than those of case C. Figure 20 shows
pdf(2S]ui /]x2) for cases A, D, and E atT56. It is seen
that the tails of the pdf(2S]ui /]x2) for cases D and E have
larger amplitudes than those of case A, signifying an incre
in the value of2S]ui /]x2 for cases D and E as compared
case A. Also, it is clear that the value of2S]ui /]x2 for case
D is larger than that of case E, causing a larger deviat
between the vorticity vectors and the axis of their longitu
nal vortex tubes of case D than those of case E. It should
noted that the larger the deviation of the vorticity vect
from the longitudinal vortex tube axis, the smaller the ma
nitude of the vorticity component along the vortex tube ax

3. Modification of the orientation of vorticity vectors

Further evidence of the changes in the directions of
vorticity vectors due to the particles, discussed above
manifested in the changes of the anglesf andc, between the
vorticity vector and the horizontal and spanwise directio
respectively~Fig. 21!. These angles are calculated from t
three vorticity components

v15uvucosf sinc, v252uvucosf cosc,

v35uvusinf. ~28!

Figure 22 shows the pdf(f) for cases A–C atT54. It is
seen that the amplitude of the pdf of case B, compared to
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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FIG. 18. Deviation in orientation between a longitudinal vortex tube and vorticity therein.
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of case A, increases mainly around large values ofufu and
slightly aroundf50, signifying an increase in the probabi
ity of having large values off (45°,ufu,90°) in case B as
compared to case A. On the other hand, the pdf(f) of case C
is nearly the same as that of case A, except to a slight
crease aroundf50. Thus, on the average the vorticity ve
tors of case C will be more aligned with the streamw
direction as compared to case A, while those of case B
viate more from the streamwise direction. The increase of
in case B is due the increase in the magnitude o
(2S]ui /]x2) discussed in the previous subsection. The
crease in the pdf aroundf50, in cases B and C as compare
to case A, is due to the increase in the termSv3 @the first
term in the second bracket of Eq.~26!#. This term converts
the vertical vorticity into the streamwise direction and
shown by Kida and Tanaka18 to cause the vorticity vector to
move towards the streamwise direction. SinceS51 in our
flow, the termSv3 equalsv3 . Our results show thatv3 of
cases B and C is larger than that of case A.

Figure 23 shows the pdf(f) of cases A, D, and E atT
54. The figure shows that the increase in the anglef of case
D as compared to case A is in the range 45°,ufu,90°,
Downloaded 12 Feb 2007 to 130.194.10.86. Redistribution subject to AIP
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FIG. 19. pdf(2S]ui /]x2) at T53. Case B~solid line!, case C~dashed
line!, case A~dash–dot line!.
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while that of case E is for smaller values off. The behavior
of the anglef of cases D and E relative to that of case A c
be explained partially by the increase in (2S]ui /]x2) in
cases D and E as discussed in the previous subsection. H
ever, the effect of the particles source term~due to the grav-
ity! on vorticity is dominant. Figures 24–26, show the sou
termsbi ,i 51,2,3, respectively, atT54 for cases D and E
Comparing the pdf ofbi of cases D and E with those ofv i of
the two cases seen in Figs. 38–40, we see a direct pro
tionality. For case E,v1 increases~Fig. 38! due tob1 ~Fig.
24!, and the increase inv3 for case D~Fig. 40! is due tob3

~Fig. 26!. The increase inv1 due to the increase ofb1 in case
E leads to the inclination of the vorticity vector towards t
streamwise direction, thus increasing pdf(f) of case E
aroundf50 ~Fig. 23!.

FIG. 20. pdf(2S]ui /]x2) at T56. Case D~solid line!, case E~dashed
line!, case A~dash–dot line!.

FIG. 21. Vorticity vector anglesf andc.
Downloaded 12 Feb 2007 to 130.194.10.86. Redistribution subject to AIP
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Now, we consider the pdf of the anglec ~the angle be-
tween the vorticity vector andx2 direction, Fig. 21!. Figure
27 shows the pdf(c) for cases A–C atT54. It is seen that
the pdf(c) of case C is nearly identical to that of case
whereas the pdf(c) of case B increases aroundc50 and
c56180° as compared to case A. Figure 28 shows
pdf(c) for cases A, D, and E atT54. It is seen that the
vorticity vectors in case D~gravity in 2x1 direction! tend to
be aligned in the spanwise direction, as indicated by
larger magnitude of the pdf aroundc50 and c56180°.
Also, the vorticity vectors in case E~gravity in 2x3 direc-
tion! tend to be aligned with the spanwise direction but to
lesser extent than in case D as indicated by larger amplitu

FIG. 22. pdf of vorticity anglef at T54. Case B~solid line!, case C~dotted
line!, case A~dashed line!.

FIG. 23. pdf of vorticity anglef at T54. Case D~solid line!, case E
~dashed line!, case A~dash-dot line!.
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2918 Phys. Fluids, Vol. 12, No. 11, November 2000 A. M. Ahmed and S. Elghobashi
of the pdf(c), as compared to case A, aroundc'6135°
instead ofc56180° seen in case D. The increase in pdf(c)
at c50 is smaller in case E compared to case D.

In order to explain the reasons for the behavior of
anglec, we consider the transport equation of the spanw
vorticity v2 , written in thexs2xn coordinates of the longi-
tudinal vortex tube~see Fig. 29!

Dv2

Dt
5vs

]u2

]xs
1vn

]u2

]xn
1~v22S!

]u2

]x2
1v¹2v21b2 .

~29!

FIG. 24. pdf of the particles source term inv1 equation atT54. Case D
~solid line!, case E~dashed line!.

FIG. 25. pdf of the particles source term inv2 equation atT54. Case D
~solid line!, case E~dashed line!.
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The first two terms on the RHS of~29! represent vorticity
conversion from thevs andvn components tov2 by veloc-
ity fluctuations. The third term represents a contribution fro
the spanwise stretching of both the mean vorticity (2S) and
v2 . The fourth term is vorticity diffusion, while the last term
is the particles source term in thexs2xn coordinates.

Figures 29~a! and 29~b! show two longitudinal vortex
tubes with the vorticity vectors deviating from their longitu
dinal vortex tube axis, as explained earlier in Fig. 18, for~a!
positive vorticity and~b! negative vorticity. The velocity in-
duced by the vortices is represented by the curved arr
around the longitudinal vortex tubes. Figures 29~a! and 29~b!
show that the termvn]u2 /]xn always has a positive contri

FIG. 26. pdf of the particles source term inv3 equation atT54. Case D
~solid line!, case E~dashed line!.

FIG. 27. pdf of vorticity anglec at T54. Case B~solid line!, case C~dotted
line!, case A~dashed line!.
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FIG. 28. pdf of vorticity anglec at T54. Case D~solid line!, case E
~dashed line!, case A~dash–dot line!.
Downloaded 12 Feb 2007 to 130.194.10.86. Redistribution subject to AIP
bution tov2 for both positive and negative vortices@e.g., in
Fig. 29~a!, vn is positive and the derivative ofu2 of the
induced velocity,]u2 /]xn , is also positive; both quantitie
are negative in Fig. 29~b!#. Our results show that the
pdf(vn]u2 /]xn) for case C atT54 is nearly identical to that
of case A~figure is not shown!, in agreement with the be
havior of the anglec, seen in Fig. 27 for the two cases. I
case B, the tail of the pdf(vn]u2 /]xn) has larger amplitude
than that of case A~figure is not shown!, indicating an in-
crease in the value ofvn]u2 /]xn of case B as compared t
case A. The increase invn]u2 /]xn contributes to the in-
crease of positivev2 . The particles source termb2 also in-
creasesv2 . Our results show thatbi of case B are larger than
those of case C~figures are not shown!. The effect of this
source term is to increase the vorticity component in each
the three directions.

Kida and Tanaka18 showed that the third term in~29!
represents a transformation of the mean vorticity into fluc
ating negativev2 , i.e., in the direction of the mean vorticit
2S. Our results ~figure is not shown! indicate that the
FIG. 29. The turning of vorticity vectors towardsx2 axis.
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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2920 Phys. Fluids, Vol. 12, No. 11, November 2000 A. M. Ahmed and S. Elghobashi
pdf((v22S)]u2 /]x2) of case C is nearly identical to that o
case A, i.e., consistent with pdf(c), Fig. 27. In case B, the
magnitude of pdf((v22S)]u2 /]x2) at T54 is less that that
of case A~figure is not shown!. Thus, the main reason for th
increase ofv2 in case B is the particle source termb2 . The
increase ofv2 causes the vorticity vector to move towar
thex2 axis, and hence the increase in the the probability oc
nearc50,6180°.

As discussed earlier, the termvn]u2 /]xn always has a
positive contribution tov2 , while (v22S)]u2 /]x2 has a
negative contribution on average as shown by Kida a
Tanaka.18 Thus, the increase of either of these two terms w
lead to the inclination of the vorticity vector in either th
positive or negative spanwise direction, respectively. Fig
30 shows the pdf(vn]u2 /]xn) for cases A, D, and E atT
56. The figure shows that the magnitude of the pdf of ca
D and E is larger at the tails than that of case A, signifyi
an increase in the value ofvn]u2 /]xn for cases D and E
over that of case A. The pdf((v22S)]u2 /]x2) for the same
cases atT56 is shown in Fig. 31. It is seen that the amp
tude of the pdf tails for cases D and E has larger values t
that of case A, reflecting an increase in the value of (v2

2S)]u2 /]x2 for cases D and E compared to case A. T
increase in the values ofvn]u2 /]xn and (v22S)]u2 /]x2

for cases D and E over that of case A leads to an increas
the inclination of the vorticity vectors towards the positi
and negative spanwise directions for cases D and E as c
pared to case A. In addition, the increase in the magnitud
the particles source termb2 shown in Fig. 25 increases th
magnitude ofv2 and hence increases the alignment of v
ticity vector with the spanwise direction.

In order to visualize the changes in vorticity field due
the particles, we extracted the topology of the centerline
the tubular vortices from our DNS results for all the cases
T56. Figures 32~a! and 32~b! show the extracted tubula

FIG. 30. pdf(vn]u2 /]xn) at T56. Case D~solid line!, case E~dashed line!,
case A~dash–dot line!.
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vortices for cases A and B, respectively. The figures sh
the lines connecting the loci of the vortex cores identified
the local minimum pressure as outlined by Miura and Kida19

The color intensity denotes the sum of the two positive
genvalues of the pressure Hessian@]2/]xixj (p)# and repre-
sents the strength of vortices. It is clear that the angle
tween the horizontal plane and the centerlines of the vort
in case B, Fig. 32~b!, is larger than that of case A, Fig. 32~a!.
On the other hand the inclination of the tubular vortices
case C~figure is not shown! is nearly the same as in case A
consistent with the behavior of the vorticity angles in th
case. Our results of the extracted tubular vortices for case
and E~figures are not shown! show that the tubular vortice
of case D are more aligned with the vertical and spanw
directions than in case A, while in case E the tubular vortic
are more inclined towards the spanwise direction and
some extent toward the streamwise direction, consistent w
the behavior of the anglesf andc discussed earlier.

The effects of the particles on the orientation angles~f
andc! of the vorticity vectors are reflected in the changes
the magnitudes of vorticity components,v i . Figures 33–35,
show the pdf ofv i ,i 51,2,3 for cases A–C atT54. It is
seen that in case C, the three components of vorticity
increased as compared to case A with the largest incre
occurring inv1 , consistent with the increase in the pdf(f)
near f50 ~i.e., vorticity vector is more aligned withx1!
seen in Fig. 22. On the other hand, in case B, the vortic
vector is more inclined towards the vertical and spanw
directions and away from the streamwise direction consis
with the increase inv2 andv3 and the reduction ofv1 . The
changes inv i ,i 51,2,3 of cases B and C are reflected in t
changes invs andvn as shown in Figs. 36 and 37. It is see
that with the increase in the magnitude of the pdf(f) for f
50 in case C, the vorticity vectors become more align
with the axes of their vortex tubes resulting in largervs and

FIG. 31. pdf((v22S)]u2 /]x2) at T56. Case D~solid line!, case E~dashed
line!, case A~dash–dot line!.
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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FIG. 32. ~Color! Extracted tubular
vortices at T56. ~a! Case A, ~b!
case B.
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smallervn than in case A. On the other hand, in case B,
increase in the pdf(f) for large values off, is associated
with larger deviation between the vorticity vectors and th
longitudinal vortex tubes. This increase in deviation resu
in a smallervs ~36! and largervn ~37! for this case. Figures
38–40 show the distribution ofv i ,i 51,2,3 for cases A, D,
and E atT54. It is seen that in case D, where the vortic
vector is inclined towards thex2 andx3 directions, the vor-
Downloaded 12 Feb 2007 to 130.194.10.86. Redistribution subject to AIP
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ticity componentsv2 and v3 increased substantially, while
v1 increased only slightly as compared to case A. Simila
the vorticity increase in case E is mainly inv1 and v2 ,
while v3 increased the least, is consistent with the chan
in f and c. The same results are reflected in the relat
distribution ofvs andvn . Figures 41 and 42 show the pdf o
vs andvn for cases A, D, and E atT54. The figures show
that due to the increase in vorticity strength and the relativ
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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2922 Phys. Fluids, Vol. 12, No. 11, November 2000 A. M. Ahmed and S. Elghobashi
small changes in the anglef in case E, bothvs andvn are
increased relative to case A. On the other hand, the la
increase in the magnitude of pdf(f) for large values off in
case D is consistent with the deviation of the vorticity ve
tors more from their longitudinal vortex tube axis than
case A, and a smaller increase invs than invn .

4. Modification of the production rate of turbulence
energy

The decrease or increase invs leads respectively, to a
reduction or augmentation in the turbulence energy prod

FIG. 33. pdf of vorticity componentv1 at T54. Case B~solid line!, case C
~dashed line!, case A~dash–dot line!.

FIG. 34. pdf of vorticity componentv2 at T54. Case B~solid line!, case C
~dashed line!, case A~dash–dot line!.
Downloaded 12 Feb 2007 to 130.194.10.86. Redistribution subject to AIP
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tion rate, S,u1u3.. Kida and Tanaka10 showed that the
regions of high turbulence energy production are conc
trated between counter-rotatingvs vortices. Figures 43~a!
and 43~b! show contours of typically high Reynolds stres
u1u3520.002, denoted by black closed contours super
posed on contours ofvs in anx22xn plane atT54 for cases
A and B. The figures show that regions of large turbulen
production rate are sandwiched between pairs of counter
tating vs vortices. Note that regions where Reynolds stre
magnitude 0.002 are enclosed within the black contou
Also, it is clear that the magnitude ofvs is reduced in case B
compared to case A, as indicated by lower color intens

FIG. 35. pdf of vorticity componentv3 at T54. Case B~solid line!, case C
~dashed line!, case A~dash–dot line!.

FIG. 36. pdf of vorticity component along the longitudinal vortex tubevs at
T54. Case B~solid line!, case C~dashed line!, case A~dash–dot line!.
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~blue and red! in Fig. 43~b! as compared to Fig. 43~a!. Fur-
thermore, black closed contours of large turbulence prod
tion rate regions occupy smaller area in Fig. 43~b! as com-
pared to Fig. 43~a!, signifying a reduction in turbulence
energy production in case B. In case C~figure is note shown!
the changes are smaller, consistent with the small increas
the production rate in this case. Similar results are obtai
for cases D and E~figures are not shown!, where larger zones
of turbulence production rate are sandwiched betw
counter-rotatingvs vortices, than those of case A.

FIG. 37. pdf of vorticity component normal to the longitudinal vortex tu
vn at T54. Case B~solid line!, case C~dashed line!, case A~dash–dot
line!.

FIG. 38. pdf of vorticity componentv1 at T54. Case D~solid line!, case E
~dashed line!, case A~dash–dot line!.
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In order to further examine the relation between turb
lence energy production rate and the vorticity, we derive
equation for̂ u1 u3& based on Lele’s20 equation for the Rey-
nolds stresses and vorticity@Eq. ~6! in his paper#. Here, we
rewrite this equation after dropping the diffusion, dissipatio
advection, pressure strain, and source terms. It should
noted that, since we are only interested in a relation betw
the production rate of̂u1u3& and vorticity components, we
kept only the terms that haveu3v. The resulting equation
for ^u1u3& takes the form

FIG. 39. pdf of vorticity componentv2 at T54. Case D~solid line!, case E
~dashed line!, case A~dash–dot line!.

FIG. 40. pdf of vorticity componentv3 at T54. Case D~solid line!, case E
~dashed line!, case A~dash–dot line!.
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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]^u1u3&
]t

'^u1~u3v!3&1^u3~u3v!1&, ~30!

which can be expanded in the form

]^u1u3&
]t

'^u1u3v3&2^u3u3v2&1^u1u1v3&

2^u1u2v1&. ~31!

Let z be the angle between the longitudinal vortex tube a
the x1 axis. We then obtain the following relations betwe
v1 , v3 , vs andvn :

FIG. 41. pdf of vorticity component along the longitudinal vortex tubevs at
T54. Case D~solid lines!, case E~dashed lines!, case A~dash–dot lines!.

FIG. 42. pdf of vorticity component normal to the longitudinal vortex tu
vn at T54. Case D~solid lines!, case E~dashed lines!, case A~dash–dot
lines!.
Downloaded 12 Feb 2007 to 130.194.10.86. Redistribution subject to AIP
d

v15vs cosz2vn sinz, ~32!

v35vs sinz1vn cosz. ~33!

Substitution of~33! in Eq. ~31!, we get

]^u1u3&
]t

'^~~u1u31u1
2!sinz2u1u2 cosz!vs&

1^~~u1u31u1
2!cosz2u1u2 sinz!vn&

1^u1u3v2&. ~34!

The three terms on the RHS of Eq.~34! represent the contri-
bution of vs , vn , andv2 to the production rate of̂u1u3&,
respectively. Time development of these three terms

FIG. 43. ~Color! Contours ofu1u3520.002~closed black contours! super-
imposed onvs at T54. ~a! Case A,~b! case B.
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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shown in Fig. 44 for cases A and B. It is clear that thevs

term has the dominant contribution to the production rate
^u1u3& in both cases, and its magnitude is reduced due to
coupling between the solid particles and fluid~case B!,
which is consistent with the reduction of turbulence prod
tion rate in case B. Similar results are obtained for the ot
cases and hence are not shown here.

The results and discussion presented above in S
III C 1–III C 4 show that solid particles injected in a hom
geneous turbulent shear flow modulate the turbulence st
ture by modifying the dynamics of vorticity. The mai
mechanisms responsible for this modification can be sum
rized as follows. The particles, due to their drag, create lo
velocity gradients in the surrounding fluid, leading to an
crease in the magnitude of the local strain rate, which res
in an increase in the dissipation rate of turbulence kine
energy. Furthermore, particles whosetp'tK tend to accu-
mulate in regions of low vorticity, resulting in a further in
crease of the local velocity gradients of the surround
fluid, which in turn modifies the vorticity dynamics. Th
augmented velocity gradients change the alignment of
vorticity vectors with their longitudinal vortex tubes. If th
alignment between the vorticity vector and its longitudin
vortex tube increases, so does the magnitude of the vort
component along the axis of the vorticity tube,vs , and vice
versa. Since regions of high turbulence production rate

FIG. 44. Time development of the terms contributing to Reynolds st
production.vs term ~solid line!, vn term ~dashed line!, v2 term ~dash–dot
line!.
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sandwiched between counter-rotatingvs vortices. An in-
crease invs augments the rate of turbulence production, a
vice versa.

D. Effect of varying the mass loading, particle inertia,
and drift velocity on turbulence modulation

It was mentioned earlier that for a clear presentation
the physical mechanisms responsible for modifying the t
bulence structure we selected only four out of the ten sim
lations we performed. In this section, we examine the res
of all the ten simulations to perform a parametric study of
effects of varying mass loading, particle inertia and drift v
locity on turbulence modulation. The parameters of the
additional cases are presented in Table III below.

In order to vary mass loading, we consider case B, wh
the particle time constant is unity, and vary the number
particles in the computational domain. Changing the num
of particles while keeping the particle inertia consta
changes the mass loading. In order to vary particle iner
we keep the particle diameter constant and vary the par
material density. On the other hand, fixing the mass load
while varying the particle inertia, changes the number
particles. The heavier the particle is, the smaller the num
of particles used. In the following we discuss only the mo
fications of the turbulence kinetic energy,E(T), and its rate
of dissipation,e(T).

Figure 45 shows the effect of varying the particle iner
on the temporal development of turbulence kinetic ene
E(T), and its rate of dissipation,e(T). We consider four
particles whose response times are:tp50.1,0.25,0.5, and
1.0. It is seen that the smallest particles (tp50.1) increase
the turbulence kinetic energy, while heavier particles (tp

.0.1) reduce it. Druzhinin and Elghobashi25 obtained simi-
lar results for micro-particles (tp!tK) in decaying isotropic
turbulence where the micro-particles reduced the decay
of turbulence energy. Druzhinin and Elghobashi used
two-fluid approach in their simulations and provided an e
planation of this phenomenon based on asymptotic solut
As the particle inertia increases, the rate of reduction of t
bulence kinetic energy is increased, with the largest incre
observed fortp51.0. The figure also shows that, as e
pected, the modification of the rate of turbulence energy d
sipation,e(T), is proportional to that ofE(T). The turbu-
lence energy dissipation rate for all the two-way coupli
cases starts larger than that of the particles-free case. H

s

TABLE III. Particle parameters at injection,T51. Dimensionless quantities (tp and d! are normalized by a
reference time51 s and a reference length50.390 36 m.

Case Sh tp d rp /r tp /te tp /tK d/h fv fm v t /u0* gxi

F 2 1.0 1.031023 1890 0.4140 2.330 0.1479 5.031025 0.1 0.0
G 2 1.0 1.031023 1890 0.4140 2.330 0.1479 2.531024 0.5 0.0
H 2 0.5 1.031023 945 0.2070 1.165 0.1479 1.031024 0.1 0.0
I 2 0.25 1.031023 472.5 0.1035 0.583 0.1479 2.131024 0.1 0.0
J 2 0.10 6.031024 525 0.0414 0.233 0.0887 1.931024 0.1 0.80 x1

K 2 0.10 6.031024 525 0.0414 0.233 0.0887 1.931024 0.1 0.80 x3
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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ever, as the turbulence kinetic energy of the two-way c
pling flow continues to decrease lower than~that of the
particles-free case!, e(T) similarly decreases and becom
smaller than that of the particles-free case. The crossing-
time depends on the particle inertia. The particle with sm
est inertia (tp50.1) did not show any reduction ine(T)
below that of the particles-free case~i.e., no crossing-over!,
since the turbulence kinetic energy is increased in the cas
mentioned above.

Figure 46 shows the effect of varying the mass load
on the temporal development of the turbulence kinetic

FIG. 45. Effect of particle inertia on the time development ofE(T) and its
rate of dissipatione(T). tp50 ~solid lines!, tp50.1 ~dashed lines!, tp

50.25 ~dash–dot lines!, tp51.0 ~long dashed lines!.

FIG. 46. Effect of particle’s mass loading on the time development ofE(T)
and its rate of dissipatione(T), for the case withtp51.0. fm50 ~solid
lines!, fm50.1 ~dashed lines!, fm50.5 ~dash–dot lines!, fm51.0 ~dash–
dot–dot lines!.
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ergy E(T), and its rate of dissipation,e(T). It is clear that,
as the mass loading increases, the rate of turbulence m
lation is increased. In all cases, the rate of turbulence di
pation,e(T), is increased with the largest increase being
the case with mass loading of unity. However, as the tur
lence kinetic energy is further reduced due to coupling,
turbulence dissipation is also reduced. The effect of vary
particle drift velocity on the temporal development of th
turbulence kinetic energyE(T), and its rate of dissipation
e(T) is shown in Figs. 47 and 48 for gravity in the2x1 and
2x3 directions, respectively. It is seen that in both cases,

FIG. 47. Effect of particle’s drift velocity on the time development ofE(T)
and its rate of dissipatione(T), for the case with gravity in the2x1 direc-
tion. v t50 ~solid lines!, v t50.25 ~dash–dot lines!, v t50.5 ~dashed lines!.

FIG. 48. Effect of particle’s drift velocity on the time development ofE(T)
and its rate of dissipatione(T), for the case with gravity in the2x3 direc-
tion. v t50 ~solid lines!, v t50.25 ~dash–dot lines!, v t50.5 ~dashed lines!.
 license or copyright, see http://pof.aip.org/pof/copyright.jsp



k

in

o

th

,
n

t i
n
to

e

-
ll

i
th
en
s
u

it

a
nt.

HS
ty

in

le

rm

2927Phys. Fluids, Vol. 12, No. 11, November 2000 On the mechanisms of modifying the structure . . .
increase in drift velocity increases both the turbulence
netic energy and its rate of dissipation.

E. Modification of the alignment of vorticity and
strain eigenvectors

It has been established by many researchers~e.g., Kerr,21

Ashurstet al.,22 and Sheet al.21–23!, that the vorticity vector
in incompressible turbulent flows tends to align with the
termediate eigenvector~b! of the strain rate tensorSi j . In
this section we examine the effects of dispersed particles
modifying this alignment.

Figure 49 shows the pdf of cosine the angle between
vorticity vector and the principal directions (ea ,eb ,eg) for
cases A–C atT53. It is seen that, for the uncoupled flow
the vorticity vector is aligned with the intermediate eige
vector,eb , as stated earlier. In case C, wheretp and mass
loading are small, the effect of coupling on the alignmen
small at all times. In case B, where the particle inertia a
mass loading are large, the alignment of the vorticity vec
with the intermediate eigenvector,eb is reduced, while the
alignments with the other two eigenvalues are increas
Similar results are seen in Fig. 50 for cases D~gravity in the
2x1 direction! and E~gravity in the2x3 direction! as com-
pared to case A~particles-free flow!. The decrease in align
ment of the vorticity vector witheb is largest for case E at a
times.

In order to understand the reason for this change
alignment we derived the evolution equation of cosine
angle between the vorticity vector and the principal eig
vectors in strain coordinates~i.e., where the strain tensor i
diagonal!. This equation was first derived by Dresselha
and Tabor24 for flows without particles. The evolution equa-
tion for the absolute of cosine the angle between vortic
vector and principal strain eigenvectors (uV̂ ( i )u) is re-derived

FIG. 49. Alignment of vorticity with the principal eigenvalues atT53. Case
B ~solid lines!, case C~dashed lines!, case A~dash–dot lines!.
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here to include the particles effect. This equation is

DuV̂ ( i )u

Dt
5si uV̂ ( i )u2zvorticity

i uV̂ ( i )u2@V83V̂# ( i )

uV̂ ( i )u

V̂ ( i )

2@~ ĉ3V̂!3V̂# ( i )

uV̂ ( i )u

V̂ ( i )

, ~35!

where there is no summation on (i ). si are the strain rate
eigenvalues, such thats15a ~the extensional strain!, s25b
~the intermediate strain! ands35g ~the compressive strain!.
The eigenvalues are ordered such thata>b>g and a1b
1g50. The vorticity exponential-stretching ratezvorticity

i is
calculated from

zvorticity
i 5siV̂ i

2 . ~36!

V8 is the strain rotation vector.ĉ is a vector representing
source term due to direct particles effect on the alignme
The components ofĉ are calculated from

ĉi5j i j bj /uvu, ~37!

wherebj is calculated from~27!; j i j is the j ’s component of
the eigenvectori , and uvu is the magnitude of the vorticity
vector. For a detailed derivation of~35! the reader is referred
to Ahmed.16

The changes in the magnitudes of the terms on the R
of ~35! directly affect the alignment between the vortici
vector and the principal strain directions. The increase
vorticity stretching@second term of~35!# increases the vor-
ticity alignment with the extensional strain direction, whi
the increase in the rotational term@third term in ~35!# de-
creases this alignment. The last term on the RHS of~35! acts
as an additional rotational term, i.e., the increase in this te
reduces the alignment.

FIG. 50. Alignment of vorticity with the principal eigenvalues atT53. Case
D ~solid lines!, case E~dashed lines!, case A~dash–dot lines!.
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Now, we examine these terms with the objective of fin
ing out why the particles reduce the alignment between v
ticity vector and the intermediate eigenvector~b!. It was
shown earlier, that the magnitudes of the strain eigenva
are increased due to coupling~Figs. 15 and 16!, thus increas-
ing the alignment of vorticity and strain eigenvectors~35!.
Similarly, the increase in the vorticity stretchingzvorticity

i in
the equation of (uV̂ (2)u) increases the alignment of the vo
ticity vector and the intermediate eigenvector. Figure
shows the pdf(zvorticity

i ) for cases A~particles-free flow! and
B ~large particle inertia and mass loading! at T53. The fig-
ure shows that the value ofzvorticity

i of case B is overlapping
that of case A. However, the average value ofzvorticity

i of case
B is larger than that of case A, signifying an increase
zvorticity

i of case B as compared to that of case A on avera
Similar results are shown in Fig. 52 for cases D~gravity in
the 2x1 direction! and E ~gravity in the2x3 direction! at
T53. It is seen that case D has the largest increase
zvorticity

i , which is consistent with the reduced alignment
case D compared to case E shown earlier. However, the
tational term which reduces this alignment is increased
to coupling atT53 as seen in Fig. 53 for case B and Fig.
for cases D and E. It should be noted that the rotational t
is one order of magnitude larger than the other terms, an
exhibits the largest increase due to coupling. Moreover,
particles source term atT53, seen in Fig. 55 for cases B, D
and E acts as an additional rotational term and thus red
the alignment between vorticity and the intermediate eig
vector, eb . Thus, the main reason for the reduction in t
alignment between vorticity and the intermediate eigenve
is due to the increase in rotational term and particles sou
term in Eq.~35!. It should be noted that the vorticity rota
tional term@third term in~35!# is a function of vorticity and
strain rate squared~see Dresselhaus and Tabor24!. Since the
dispersed particles increase the magnitude of these

FIG. 51. pdf(zv) in b-strain direction atT53. Case B~solid line!, case
A ~dash–dot line!.
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IV. CONCLUSIONS

Our DNS study has been conducted to understand
physical mechanisms responsible for modifying the turb
lence structure by dispersed solid particles in a homogene
turbulent shear flow. Our simulations show that particles
crease the local velocity gradients, thus augmenting the lo
strain rate, which in turn increases the turbulence ene

FIG. 52. pdf(zv) in b-strain direction atT53. Case D~solid line!, case
E ~dashed line!, case A ~dash-dot line!.

FIG. 53. pdf(V83V̂) in b-strain direction atT53. Case B~solid line!, case
A ~dash–dot line!.
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dissipation rate. The preferential accumulation of particles
low vorticity regions further increases the local velocity gr
dients, thus modifying the vorticity dynamics. It is know
that regions of large production rate of turbulence energy
sandwiched between counter rotating vortices whose vo
ity, vs , is aligned with the axis of the longitudinal vorte
tubes. These longitudinal vortex tubes are strongly inclin
toward the streamwise direction due to the imposed m
shear. The strongervs is, the larger the production rate. Th
dispersed solid particles modify the alignment of the vort
ity vector, v, with the axis of the longitudinal vortex tube

FIG. 54. pdf(V83V̂) in b-strain direction atT53. Case D~solid line!, case
E ~dashed line!, case A~dash–dot line!.

FIG. 55. pdf of the source term inb-strain direction atT53. Case D~solid
line!, case E~dashed line!, case B~dash–dot line!.
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Increasing the alignment between the vorticity vector and
axis of the longitudinal vortex tube increasesvs , which in
turn increases the turbulence production rate, and vice ve
Another effect is the reduction of the alignment between v
ticity and the intermediate eigenvector~b! direction of the
strain. This reduction is due to an increase in the rotatio
and particle source terms in the equation for the cosine of
angle between vorticity vector and the intermediate str
eigenvector.
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APPENDIX: PARTICLE’S SOURCE TERM IN THE
COUPLED MOMENTUM EQUATION

In order to find an expression for the source termf i in
Eq. ~2!, we start from the instantaneous momentum eq
tions of fluid and particle. The instantaneous fluid mome
tum equation is

r
Dũi

Dt
5m

]2ui

]xj
2 2

]P

]xi
2rgd ik1 f̃ i , ~A1!

where f̃ i is the instantaneous particle’s source term wh
can be calculated from the instantaneous particle equatio
motion

mp~dṽ i /dtp!5mp~ ũi2 ṽ i !/tp2mpgd ik . ~A2!

The force exerted on the fluid by the particles is opposite
that of the drag force exerted on the particles by the fl
~Newton’s third law!. Thus f̃ i is given by

f̃ i52rpfv~dṽ i /dtp1gd ik!, ~A3!

wherefv is local volume fraction of the particles. Now, w
prescribe a reference state whereũ50 andfv5fv , where
fv is the particles volume fraction calculated from

fv5
Np~4/3! pa3

2
, ~A4!

where the factor of 2 in the denominator of Eq.~A4! is the
dimensionless volume of our computational domain, anda is
the particle radius. Also, at the reference stateṽ i5v t , the
particle’s terminal velocity, anddṽ i /dtp50. Substituting in
Eq. ~A1!, we get

052
]P0

]xi
2rgd ik2rpfvgd ik . ~A5!

Substituting forP in ~A1! from P5P01p, and the reference
state~A5! is subtracted from~A1!, we obtain in nondimen-
sional form

Dũi

Dt
5

1

Re

]2ui

]xj
2 2

]p

]xi
2

rp

r
fvgd ik1

f̃ i

r
, ~A6!

Comparing Eq. ~2! with ~A6!, where the left-hand-side
~LHS! is the same in both, and using~A3! for f̃ i , we obtain
the following expression for2 f i :
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2 f i5
rp

r
fvgd ik2

rp

r
fvgd ik2

rp

r
fv

dṽ i

dt
. ~A7!

It should be noted that this expression can be used to ob
the particle’s source term,Sp , in the coupled equation fo
the case of zero gravity@Eqs.~10! and~11!#. Wheng50, the
particle’s source term becomes

2 f i52
rp

r
fv

dṽ i

dt
. ~A8!

Substituting fordṽ i /dt from Eq. ~A2!, taking into account
that g50, we get

2 f i52fm~ui2v i !/tp , ~A9!

where fm5rpfv /r. Multiplying Eq. ~A9! by ui and en-
semble averaging, we obtain Eq.~11!.
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