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Modulation on coherent vortex structures by dispersed solid particles
in a three-dimensional mixing layer
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Large-scale vortex structures and their effects on the dispersion of particles in turbulent free shear flows are
very important in many industrial applications, such as combustion, pollution control, and materials process-
ing. In order to understand large-scale vortex structures and particle dispersion in depth, as well as their
interaction effects, a two-way-coupled three-dimensional mixing layer laden with particles at a Stokes number
of 5 initially located in the upper half region is studied numerically. A pseudospectral method was used to
directly simulate the flow fluid, and the Lagrangian approach was used to trace particles. The concept of
computational particles is introduced to vary the mass loading of particles. The momentum coupling effect
introduced by a particle approximates to a point force. The simulation results show that coherent structures are
still dominant in the mixing layer, but the flow dynamics and particle dispersion are modulated. The length of
large-scale vortex structures is shortened and the pairing is delayed. Higher mass loading results in lower
energy of the fluid in the phase of Kelvin-Helmholtz rolling up, while in the pairing process of large-scale
vortex structures, the energy of the fluid increases as the mass loading increases. Higher mass loading also
leads to larger mixed fluid thickness and Reynolds stresses of the flow. In addition, the particle dispersion along
the transverse direction differs from that along the spanwise direction, which indicates that the effects of the
addition of a particle on the spanwise large-scale vortex structures are different from those on the streamwise
large-scale vortex structures.

DOI: 10.1103/PhysRevE.68.036309 PACS number~s!: 47.55.Kf, 47.32.Cc
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I. INTRODUCTION

Large-scale vortex structures and particle dispersion
turbulent free shear flows are of profound importance in
areas of mixing, combustion, and other related enginee
applications. A plane mixing layer is the classical field f
the study of turbulence in free shear layers, and has b
extensively studied both numerically and experimentally
decades. It is very important to understand the fundamen
of eddy pairing and particle dispersion in the plane mixi
layer for many processes such as boiler combustion, par
feed jets, and oil droplet fueled gas combustors.

A comprehensive investigation of the mixing layer gen
ated by a single stream discharging into a quiescent
rounding fluid was made by Liepmann and Laufer, w
proved that the flow is self-preserving@1#. The self-
preservation shows that the important parameters of the
are independent of Reynolds number and become sim
when rendered dimensionless through division by a sin
velocity and length scale. Large coherent eddies in a pl
turbulent mixing layer were first reported on the basis
flow visualization@2#. From then on, many researchers ha
focused on the large-scale vortex structures in the mix
layer. Studies of large-scale spanwise vortex structures
be found in@3#. In addition to the primary two-dimensiona
vortical structure, a well-organized array of streamwise v
tices that are superimposed on the spanwise eddies has
observed@4–7#. Although the two-dimensional large vorte
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structures are quite stable, some experimental results h
shown that they are still subject to three-dimensional ins
bilities. Investigations concerning three-dimensional evo
tion of a plane mixing layer have been simulated in detail,
which the mechanisms responsible for the growth of thr
dimensionality and the onset of transition to turbulence h
been described@8#. The development of the complex inte
actions between small and large vortex structures has
been visualized and characterized by experiment@9#.

Experimental investigations of a plane chemically rea
ing mixing layer ascertained that the coherent streamw
vertical structures were the result of an unstable respons
three-dimensional perturbations in upstream conditions
they were always first found on the braids between the sp
wise vortices@10#. The transition to three-dimensionality de
pends on the magnitude and location of the upstream dis
bances. Meanwhile, the streamwise vortex tubes unde
nonlinear interactions with the spanwise vortices on
spanwise vortex cores in the three-dimensional developm
of a plane free shear layer that is subject to small sinuso
perturbations periodically placed along the span direct
@9#. Moreover, the formation of streamwise vortices has be
theoretically predicted and numerically simulated@11–15#.
The streamwise vorticity emerging in the shear layer alw
stretches the braids between consecutive spanwise vor
under the positive strain existing in the region and th
propagates into their cores.

Many numerical and experimental studies have also b
examined the particle dispersion and the associated effec
organized large-scale structures. The Stokes number of
ticles was introduced to study the particle dispersion; p
ticles with small Stokes number closely follow turbule
©2003 The American Physical Society09-1
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flow and particles with large Stokes number are little affec
by the fluid flow. However, particles with intermedia
Stokes number might be dispersed significantly faster t
the fluid motion due to the centrifugal effect created by
organized vortex structures@16#. Particle dispersion in de
caying isotropic and homogeneous turbulence has also
simulated using a spectral method and finite-differen
schemes@17#. Recently, predictions of the three-dimension
features of particle dispersion in a plane mixing layer ha
been widely made@18–20#. The results showed that the pre
ence of streamwise vortices leads to additional effects
will modify the dispersion patterns of particles along t
spanwise and transverse directions. With the intense th
dimensional vortex stretching and folding, ‘‘mushroom
shapes of the particle distribution gradually form in the sp
wise direction.

The simulations above are all based on one-way coupl
i.e., ignoring the particles’ counteractive forces and cons
ering only the effect on particle dispersion of the fluid. Th
may be correct when the volume fraction of particles is un
1026. However, in some conditions the local volume fracti
of particles may reach 25 times the mean volume fraction
the whole flow region@21#. In this case, the particles ca
modify the structures of turbulence, and this modification
turn affects particle dispersion.

The particle-turbulence interaction has been extensiv
investigated. Available experimental data show that the a
tion of particles may increase or decrease the turbulence
netic energy of the carrier fluid. Particles with lower Re
nolds number cause suppression of the turbulence, w
particles with higher Reynolds number cause enhancem
of the turbulence due to wake shedding@22#. Larger polysty-
rene particles cause an increase in the number of wall e
tions, the measured values of the turbulence intensities,
Reynolds stresses, while smaller polystyrene particles b
about a decrease in the number of wall ejections, the m
sured intensities, and Reynolds stresses. In addition, t
effects are enhanced as the particle loading increases@23#.
All this work by various researchers was brought toget
and a simple physical model proposed to explain the incre
or decrease of turbulent intensity caused by the addition
particles. The ratio of the particle diameter to the length sc
of the most energetic eddy is a key parameter. When the r
is above 0.1 the turbulence intensity is enhanced, while f
ratio below 0.1 it is suppressed@24#. However, particles with
low Reynolds number can also increase the turbulence
ergy in a homogeneous particle-laden turbulence@25#. In
forced homogeneous, isotropic, stationary turbulence,
particles increase the turbulent kinetic energy at high w
numbers and decrease it at low wave numbers@26,27#. Re-
cently, the linear stability of a two-way momentum-coupl
particle mixing layer was studied by using the O
Sommerfeld equation and the results showed that the a
tion of particles with small Stokes number destabilizes
flow, particles with moderate and large Stokes numbers
bilize the flow, whereas particles with Stokes number of
der unity have the most stabilizing effect on the flow@28#.

How the particles affect the large-scale vortex structu
of the mixing layer have also been examined. The mom
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tum coupling delays the vortex development process with
noticeably affecting the mechanisms for vortex growth. T
roll-up and pairing process for two-way coupling is simil
to that for one-way coupling. But the time and length sca
become larger, and vortex structures segregate and even
out of the forcing from the momentum coupling terms f
particles at intermediate Stokes number in the tw
dimensional temporal mixing layer@29,30#. The two-way
coupled interaction between particles located in the wh
fluid field and mixing layer has recently been investigate
and the results showed that particles at intermediate Sto
numbers stabilize the flow, while particles at small Stok
numbers at a particular mass loading tend to destabilize
flow and enhance the mixing@31#.

The objective of this study is to examine the interacti
between particles located in the upper region initially a
large-scale vortex structures in a three-dimensional temp
particle-laden mixing layer. We place emphasis on the effe
on the large-scale coherent structures by particles with in
mediate Stokes numbers and different mass loadings. S
of the turbulence dynamic characteristics and particle disp
sion are also included.

Since the early 1970s, direct numerical simulation~DNS!
has become an increasingly useful tool to research turbu
flows. In this paper, we will first show the DNS results f
the flow field modulation and then give the results for t
particle dispersion.

II. NUMERICAL SCHEME

A. Governing equations and initial conditions for flow field

Figure 1 shows a sketch of the particle-laden turbul
free shear layer consisting of two parallel streams with d
ferent velocitiesU1 and U2 (U1.U2). If a particle’s mo-
mentum coupling effect can approximate to a point for
then the nondimensional momentum and continuity eq
tions for an incompressible flow with no body force can
expressed as follows:

]U

]t
5F2“P1

1

Re
¹2U1Fp , ~1!

“•U50, ~2!

FIG. 1. Sketch of the particle-laden turbulent free shear la
consisting of two parallel streams with different velocitiesU1 and
U2 (U1.U2).
9-2
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whereU is the instantaneous velocity of the fluid, the vorti
ity v5“3U, F5U3v, P is the total pressure, andt is the
time. Fp is the total counterforce caused by all particles
the control volume and can be defined asFp5( i

NFip

5( i
Nrp8 f (V2U)/St, whererp8 is the local bulk density of a

particle, N is the total number of particles in the contr
volume, V is the velocity of the i th particle, and U
is the corresponding flow velocity at the position of th
particle, which can be obtained by interpolation. St
the Stokes number of the particle defined as
5(rpdp

2/18m)/(u0 /U0), and f is the modification factor for
the Stokes drag coefficient, which is described byf 51
10.15 Rep

0.687 @33#. Rep represents the relative Reynold
number for particles, and is defined as Rep5uU2Vudp /n.
The flow Reynolds number Re5U0u0 /n, in which U05U1

2U2 and u0 , the initial momentum and thickness of th
flow, are taken as the velocity and length scale, respectiv
andn is the kinematical viscosity of the fluid. In the prese
paper, all the simulation parameters are changed to
dimensionless.

The initial conditions for the temporally developing mix
ing layer are described as follows.

~i! The base flow: a hyperbolic-tangent profile is used
describe the initial mean velocity field, which is given as
function of the transverse directiony: u050.5U0 tanh(y),
whereU05(U12U2).

~ii ! The two-dimensional perturbation: the stream funct
is derived from the linear Orr-Sommerfeld equations@32#, in
which the amplitudes were set asA150.15 andA250.08.
Corresponding to the most unstable perturbations, the fun
mental wave numbera1 was set to be 0.4446, and the su
harmonic unstable wave numbera2 satisfies the condition o
resonance (a25a1/2).

~iii ! The initial three-dimensional perturbation: th
initial streamwise vorticity can be written asvx
5A3 exp(2y2/2)sin(a3z), in which the amplitudeA350.05,
anda3 represents the spanwise wave number and is set t
1.5a1 since it has been found that the disturbance with t
a3 is the most unstable@9#.

B. Numerical method and procedure

A pseudospectral method was employed to solve the g
erning equations above. Along the homogeneous direct
~x, z!, spatial derivatives are expressed by Fourier expans
due to the periodic boundary conditions. The periodic
lengths in the streamwise and spanwise directions areTx
52p/a2 and Tz52p/a3 respectively. In the transvers
direction ~y!, since the perturbation attenuates rapidly alo
this direction, the solutions in this direction can also be r
resented by the same expansion by employing mirror im
extension. The half-periodicity length in this work
Ty530. The integral areaD is defined as (0,Tx)
3(2Ty/2,Ty/2)3(0,Tz); the number of collocation points in
this computational domain isI 3J3K51283128364.

So all the quantities in Eq.~2! can be expressed by Fou
rier expansions in thex, y, andz directions as follows:
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U~x,t !5 (
uk1u<I /2

(
uk2u<J/2

(
uk3u<K/2

u~k,t !exp~ ika•x!, ~3!

P~x,t !5 (
uk1u<I /2

(
uk2u<J/2

(
uk3u<K/2

p~k,t !exp~ ika•x!, ~4!

F~x,t !5 (
uk1u<I /2

(
uk2u<J/2

(
uk3u<K/2

f~k,t !exp~ ika•x!, ~5!

Fp~x,t !5 (
uk1u<I /2

(
uk2u<J/2

(
uk3u<K/2

fp~k,t !exp~ ika•x!, ~6!

in which u(k,t), p(k,t), f(k,t), andfp(k,t) are the Fourier
coefficients of velocity U(x,t), total pressureP(x,t),
nonlinearity term F(x,t), and particle counterforce
Fp(x,t), respectively, x5(x,y,z), k5(k1 ,k2 ,k3), ka

5(2pk1 /Lx,2pk2 /Ly,2pk3 /Lz), and i 5A21.
By substituting Eqs.~3!–~5! into Eqs.~1! and ~2! to give

all the Fourier coefficients above, the spatial quantities
be obtained by Fourier reverse transformation. The time
vancement of the equations is completed by the two-le
explicit Adams-Bashforth scheme for the nonlinearity te
f(k,t) and feedback termfp(k,t) as well as the implicit
Crank-Nicolson method for the other terms. The compu
tional time step is set to beDt50.05 and Re5200.

C. Particle motion simulation

In the particle dispersion simulation, several assumpti
about the particles are made first.

~i! All particles are rigid spheres with identical diamete
dp and densitiesrp .

~ii ! The ratio of the material density for the particles to t
material density for the fluid approximates to 2000.

~iii ! The particle’s gravity is neglected.
~iv! Initially, all the particles have a uniform distributio

in the upper section of the flow and retain dynamic equil
rium with the mean flow. This initial particle distribution i
the essential difference from the study of Linget al. @31#.

~v! We consider the flow as a dilute two-phase flow a
the particle-particle interaction is neglected.

With these assumptions, the nondimensional motion eq
tion of a particle can then be expressed as follows:

dV

dt
5 f /St~U2V! ~7!

whereV is the velocity of the particle, andU is the velocity
of the fluid at the position of that particle. Then the veloc
and position of a particle can be obtained by integrat
Eq. ~7!:

Vn115U1
St

f
g1S Vn2U2

St

f
gDexp~2 f Dt/St!, ~8!
9-3
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Xp
n115Xp

n1UDt1
St

f
gDt1

St

f S Vn2U2
St

f
gD

3@12exp~2 f Dt/St!#, ~9!

where the fluid velocityU and f can be treated as constan
during the integration over a small enough time step. Si
there is only the velocity of the fluid field at every grid poin
we use the third Lagrange interpolating polynomial to get
flow velocities at the positions of the particles.

III. SIMULATION RESULTS AND DISCUSSION

A. Flow field modulation

Studies have shown that particles with Stokes numbe
the order of unity have the largest concentration near
outer edges of the large-scale spanwise vortex structure
the three-dimensional temporal mixing layer@20,34#. So the
local particle density should be very large and may ca
strong modulation of the fluid. In this work, particles wi
Stokes number of 5 and different mass loadings are e
cially considered. The change of the particle mass load
falls back on the concept of computational particles. A co
putational particle represents a group of particles with
same velocity and position@17#. The number of computa
tional particles in this work is 64364332. Four two-way-
coupled cases with particle mass loadings of 0.1, 0.3,
and 1.0 are simulated and compared with one-way coupl
The effect of the research is stressed on the modulation
the large-scale vortex structures, the different energy de
opments, and the flow dynamics.

1. Modulation of large-scale vortex structures

In order to show clearly the effect on the large-scale v
tex structures by particles, we have simulated the gas vo
ity field. Three-dimensional contours of the spanwise vor
ity at T535 with different mass loadings are shown in F
2. The solid lines represent positive values of the vortic
and the dashed lines represent negative values. From the
ure, it can be seen that the size of large-scale spanwise vo
structures becomes smaller and the vortex tubes bec
rougher with increase of the particle mass loading. When
mass loading equals 0.1, the influence is small, but as
mass loading increases to 0.3 and 0.6, the modulation
vortex structures is obvious and some opposite sign vo
structures can be observed in the area of congregatio
particles. The vortex tube structures in the upper half area
destroyed, while they are still obvious in the under half a
because there are fewer particles. Although the vorticity
not as smooth as that of the one-way-coupled case, its de
opment is not changed radically by the action of the p
ticles. Similar results can be observed in the thr
dimensional contours of streamwise vorticity.

2. Modulation of flow energy

In order to examine how the particles affect the evolut
of roll-ups and pairing of the large-scale vortex structur
the development of the energy in the streamwise fundam
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tal and subharmonic Fourier modes is simulated. We de
the energy of the streamwise fundamental Fourier mode
E(2,0) and the energy of the streamwise subharmonic Fou
mode asE(1,0) . Here,

E~2,0!5(
k2

U3duk152,k350 , ~10!

E~1,0!5(
k2

U3duk151,k350 . ~11!

We also define the energy of the base flowE0 as

E05(
k2

U3duk150,k350 , ~12!

where

U3d5uu1~k,t !u21uu2~k,t !u21uu3~k,t !u2,

and u1(k,t), u2(k,t), and u3(k,t) are the Fourier coeffi-
cients of the velocitiesU1 , U2 , andU3 , respectively.E(2,0)
andE(1,0) can be nondimensionalized byE0 .

Figure 3 shows the development ofE(2,0) for cases with
different mass loadings. The energy at fundamental w
number is reduced by the addition of particles and a hig
mass loading results in a lower energy of these large-s
vortex structures in the process of the Kelvin-Helmholtz ro
ups. But in the course of vortex pairing, a reverse resul
found, which is different from the results of Linget al. @31#.
WhenT.75, the addition of particles increases the energy
the fundamental wave number, and the higher mass loa
results in higher energy and a longer time to reach the lo
highest energy value. These changes may be associated
the preferential concentration of the particles. In the fi

FIG. 2. Three-dimensional contours of spanwise vorticity
nondimensional timeT535 for different ratios of particle mass t
fluid mass in the unit volumeZm . ~a! One-way coupling~consid-
ering only the fluid’s effects on particles!; ~b! Zm50.1; ~c! Zm

50.3; ~d! Zm50.6.
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phase~vortex roll-ups!, the particles need to respond to th
flow movement and much flow energy has to be consum
So the flow energy is depressed. But with the developmen
the random perturbation to the flow field that is introduc
by the force coming from the momentum coupling effect
all particles, more energy dissipates and cascades from la
to small-scale turbulence. This is the reason for the enha
ment of the energy after the vortex pairing.

The development of the energy in the streamwise sub
monic Fourier mode is similar to the development of ene
in the streamwise fundamental Fourier mode. In the proc
of roll-up, a higher mass loading leads to a lower ener
however, it leads to a higher energy in the pairing proce

It is also found that the addition of particles can enhan
the energy of all the Fourier modes with nonzero spanw
wave number, and the enhancement increases with aug
tation of the mass loading. This result is well consistent w
the corresponding result of Linget al. @31# and the figure is
not included.

The total kinetic energy of the flow is shown in Fig. 4.
is obvious that the addition of particles decreases the t
kinetic energy compared with one-way coupling, and the
netic energy is decreased more with increasing mass loa
whenT,35, while the total kinetic energy is enhanced a
the larger mass loading results in a higher kinetic energ
the process of vortex pairing. But whenT.75, the total ki-
netic energy decays again, and the higher is the mass l
ing, the faster is the decay.

FIG. 3. Development of the energy at streamwise fundame
wave number (E(2,0)) with nondimensional time for different ratio
of particle mass to fluid mass in the unit volumeZm .

FIG. 4. Development of the total kinetic energy with nondime
sional time for different ratios of particle mass to fluid mass in
unit volumeZm .
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Figure 5 shows the distribution of the turbulent kine
energy along the transverse direction whenT535. It is clear
that in the region ofuYu.5 the turbulent kinetic energy fo
two-way coupling is larger than that for one-way couplin
and the larger mass loading brings larger turbulent kine
energy, while in the region ofuYu,5, the turbulent kinetic
energy decays under one-way coupling, and the larger
mass loading, the smaller is the turbulent kinetic energy
the plane ofY50, the turbulent kinetic energy for each ca
reaches its maximum value due to the locally maximum fl
tuating velocities, while the maximum value decreases as
mass loading increases. This result accords with the co
sponding result of Linget al. @31#. It should be pointed out
that the kinetic energy distribution is not strictly symmetr
because the initial particle distribution is not symmetric. B
due to the shorter time of interaction, the general effect
the kinetic energy of the particles is not significant. So t
kinetic energy distribution is similar between the upper a
lower regions.

The distribution of the turbulent kinetic energy along t
transverse direction at the time of 75 is shown in Fig.
Higher mass loading results in higher turbulent kinetic e
ergy over all the transverse positions, which is distinct fro
the conclusion of Linget al. @31# and indicates that the ad
dition of the particles strengthens the turbulent kinetic ene
of the fluid in the process of pairing.

al

-

FIG. 5. Distribution of the turbulent kinetic energy along th
transverse directionY at nondimensional timeT535 for different
ratios of particle mass to fluid mass in the unit volumeZm .

FIG. 6. Distribution of the turbulent kinetic energy along th
transverse directionY at nondimensional timeT575 for different
ratios of particle mass to fluid mass in the unit volumeZm .
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The development of total turbulent kinetic energy w
increasing time is also simulated in this paper. The total
bulent kinetic energyTe is defined as

Te5
1

2 S 1

TxTyTz
E

0

TxE
0

TzE
2Ty/2

Ty/2

@U18
2~x,y,z!1U28

2~x,y,z!

1U38
2~x,y,z!#dx dz dyD , ~13!

whereU18(x,y,z), U28(x,y,z), and U38(x,y,z) are the three
fluctuating velocities, and can be obtained from

Ui8~x,y,z!5Ui~x,y,z!2Ū i~y!, i 51,2,3. ~14!

HereUi(x,y,z) are the three velocities, and the termŪ i(y)
is the mean velocity along the transverse direction and
be expressed as

Ū i~y!5
1

TxTz
E

0

TxE
0

Tz
Ui~x,y,z!dx dz, i 51,2,3.

~15!

Figure 7 shows the development of the total turbul
kinetic energy. There exists a turning point on the lines
T550. When T,50, the Kelvin-Helmholtz structures ar
rolling up, the addition of particles depresses the total tur
lent kinetic energy, and a larger mass loading causes a lo
value of Te . However, the total turbulent kinetic energy
enhanced by the addition of particles whenT.50 and
reaches its maximum value at the pairing time (T'75). Fur-
thermore, the larger the mass loading, the higher is the m
mum value. WhenT.75, the total turbulent kinetic energ
for each case decreases, but the values for two-way coup

FIG. 7. Development of the total turbulent kinetic energy w
nondimensional time for different ratios of particle mass to flu
mass in the unit volumeZm .
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are always higher than that for one-way coupling. The rea
is that in the rolling-up process part of the turbulent kine
energy is dissipated and transferred from fluid to particl
however, in the pairing process part of the turbulent kine
energy is transferred back to the fluid from the particles.

3. Modulation of fluid thickness

Figure 8 shows the development of the momentum thi
ness for different cases. The momentum thickness is defi
as follows:

um5E
2`

`

$0.252@U1m~y!#2%dy, ~16!

whereU1m(y) is the mean velocity of the transverse profi
and can be expressed as

U1m~y!5
1

TxTz
E

0

TxE
0

Tz
U1~x,y,z!dx dz. ~17!

Before spanwise large-scale vortex pairing occurs (T,60),
the momentum thickness of two-way coupling is smal
than that in one-way coupling, and the higher mass load
leads to a smaller momentum thickness. This agrees
with the conclusion of Linget al. @31#. But in the process of
vortex pairing, the momentum thickness of the two-way co
pling exceeds that of the one-way coupling, and higher m
loading causes larger momentum thickness. Furtherm
there exists a local maximum value of the momentum thi
ness for every case. The local maximum value of the m
mentum thickness corresponds to the pairing timeT575
1few. A larger mass loading results in a larger local ma
mum value of momentum thickness and a longer time
reach it. This is distinct from the study of Linget al. @31#. In
our simulation, the particles are located only in the upp
region initially. The effect on the fluid of the particles firs
occurs in the upper region and then spreads out to the w
fluid area especially in the pairing process. The interacti
between particles and fluid and those between the upper
lower fluid strengthen the disturbance caused by the mem
effect of the particles. As a result, in the pairing process
momentum thickness for two-way coupling is enhanced
yond that for one-way coupling and a larger local maximu
value is observed when the mass loading is higher.

In order to describe how the particles affect the mixi
effect of the fluid, we define the mixed fluid thicknessdm as

dm5E
2Ty/2

Ty/2

M ~ t,y!dy, ~18!

where
M ~ t,y!5
*0

Tx*0
TzH~T2T̄!~Tt2T!dx dz1*0

Tx*0
TzH~ T̄2T!~T2Tb!dx dz

*0
Tx*0

TzH~T2T̄!~Tt2T̄!dx dz1*0
Tx*0

TzH~ T̄2T!~ T̄2Tb!dx dz
. ~19!
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HereTt51, Tb50, T̄50.5, and

H~ f !5H 1, f >0,

0, f ,0.
~20!

Figure 9 shows the development of the mixed fluid thic
ness for all cases. The degree of mixing of the fluid increa
with increasing time for different cases. The addition of p
ticles enhances the degree of mixing of the fluid and a lar
mass loading results in a higher mixed fluid thickness. T
result indicates that the particles can strengthen the mix
degree of the two parallel steams.

4. Modulation of Reynolds stress

In order to study how the particles affect the Reyno
stresses of the flow field, we simulate three termsu8v8,
u8w8, and v8w8, which are associated with the Reynol
stresses. Hereu8,v8,w8 are the fluctuating velocities in th
three directions.

The contours ofu8v8 in the planeZ5(1/4)Tz at T570
are shown in Fig. 10. The particles increase the value
u8v8 in some areas and decrease it in other areas. Altho
the contour becomes rougher with increase of the mass l
ing, the distribution ofu8v8 in the whole region is clearly
similar between two-way coupling and one-way couplin
Similar trends can be found in the distributions ofu8w8
andv8w8.

So the distribution of the instantaneous Reynolds stre
of the two-way coupling is also similar to that of the on
way coupling, and the trends of the maximum or the mi
mum value ofu8v8, u8w8, andv8w8 in the whole compu-
tational space can reflect the difference of the Reyno
stresses between two- and one-way coupling. In this sec
we show the development of the maximum and minim
values of the three terms in space with time and then ana
the effect on the Reynolds stresses by the particles.

Figure 11 shows the development of the maximum a
the minimum values of theu8v8. It is clear that the addition
of particles increases the maximum value ofu8v8, and a
higher mass loading results in a higher maximum value
u8v8. Around T580, the maximum value ofu8v8 reaches
its apex for each case, and the apex value for the cas
Zm51.0 is twice that for one-way coupling. But the deve
opment of the minimum value ofu8v8 is opposite, higher
mass loading resulting in a lower minimum value ofu8v8.

The development of the maximum and minimum valu
of u8w8 andv8w8 is similar to the development of the max
mum and minimum values ofu8v8; higher mass loading
leads to higher maximum values and lower minimum valu
of u8w8 andv8w8. These results show that addition of pa
ticles can increase the absolute value of the instantan
Reynolds stresses of the fluid field.

5. Modulation of turbulence intensity

The turbulence intensities are also studied to examine
effects of particles. We define the total turbulence intensity

Ti~ t !
03630
-
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s
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5E
0

TxE
0

TzE
2Ty/2

Ty/2
Au82~x,y,z!1v82~x,y,z!1w82~x,y,z!

3dx dz dy. ~21!

The streamwise direction turbulence intensity is defined

Txi~ t !5E
0

TxE
0

TzE
2Ty/2

Ty/2
Au82~x,y,z!dx dz dy. ~22!

The transverse direction turbulence intensity is defined a

Tyi~ t !5E
0

TxE
0

TzE
2Ty/2

Ty/2
Av82~x,y,z!dx dz dy ~23!

and the spanwise direction turbulence intensity is defined

Tzi~ t !5E
0

TxE
0

TzE
2Ty/2

Ty/2
Aw82~x,y,z!dx dz dy, ~24!

whereu8(x,y,z), v8(x,y,z), and w8(x,y,z) are the fluctu-
ating velocities along the streamwise direction, the tra
verse direction, and the spanwise direction, respectiv
Ti(t), Txi(t), Tyi(t), andTzi(t) can be nondimensionalize
using their initial valuesTi(0), Txi(0), Tyi(0), andTzi(0).

FIG. 8. Development of the momentum thickness with non
mensional time for different ratios of particle mass to fluid mass
the unit volumeZm .

FIG. 9. Development of the mixed fluid thickness with nond
mensional time for different ratios of particle mass to fluid mass
the unit volumeZm .
9-7
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Figure 12 shows the nondimensional results
Ti(t)/Ti(0), Txi(t)/Txi(0), Tyi(t)/Tyi(0), and Tzi(t)/
Tzi(0). Thetotal turbulence intensity is depressed during
time T,55, which corresponds to the course of Kelvi
Helmholtz roll-ups, and the value ofTi(t)/Ti(0) decreases
with increasing mass loading. When the vortex structures
going to pair (T.55), the total turbulence intensity in
creases fast and reaches its maximum value around the
ing time (T'75). The maximum value is enhanced wi
enhancement of the mass loading. The development of
bulence intensities along the streamwise and transverse
rections is similar to the total turbulence intensity, first
decrease and then an increase.

FIG. 10. Contour of Reynolds stressu8v8 in the spanwise plane
at nondimensional timeT570 for different ratios of particle mas
to fluid mass in the unit volumeZm . ~a! One-way coupling~con-
sidering only the fluid’s effects on particles!; ~b! Zm50.1; ~c! Zm

50.3.
03630
r

e

re

air-

r-
di-

The development of the spanwise direction turbulence
tensity is different again. In the whole time frame of th
simulation, the values ofTzi(t)/Tzi(0) for the two-way cou-
pling cases are always higher than for one-way coupling,

FIG. 11. Development of the maximum and minimum values
Reynolds stressu8v8 for different ratios of particle mass to fluid
mass in the unit volumeZm .

FIG. 12. Development of the total turbulence intensity with no
dimensional time for different ratios of particle mass to fluid ma
in the unit volumeZm . ~a! Total turbulence intensityTi ; ~b!
streamwise direction turbulence intensityTxi ; ~c! transverse direc-
tion turbulence intensityTyi ; ~d! spanwise direction turbulence in
tensityTzi .
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a larger mass loading results in a smaller spanwise direc
turbulence intensity. This indicates that the addition of p
ticles increases the fluctuation level of the fluid along
spanwise direction.

B. Particle dispersion modulation

From a simulation of the flow field, we can see that in t
two-way-coupled cases, the particles affect the developm
of the energy, the vortex structures, and the fluid dynamic
the mixing layer. It is clear that modulation of the fluid fie
should modulate the particle dispersion in turn. Particle d
persion with Stokes number of 5 and different mass loadi
was also numerically simulated in this paper.

To study the particle dispersion level due to the larg
scale spanwise structures quantitatively, the dispersion fu
tion in the transverse (Y) direction for particles distributed
on theY50 plane is evaluated, as obtained from

Dy~ t !5S (
i 51

ny

@Yi~ t !2Ym~ t !#2/nyD 1/2

, ~25!

whereny is the total number of particles distributed on t
Y50 plane,Yi(t) is the particle displacement in the tran
verse direction at timet, andYm(t) is the mean value. Figure
13 shows the dispersion function of particles for differe
cases. There exists a turning point in the plot atT575
2few, approximately at the pairing time for spanwise larg
scale vortex structures. Before the turning point, the part
dispersion along the transverse direction is depressed,
the value ofDy(t) decreases with increasing mass loadin
while after the turning point, the particle dispersion i
creases, and larger mass loading leads to a larger increa
the particle dispersion. The results also exhibit that the sp
wise large-scale vortex structure is depressed by particle
the process of roll-up and then is enhanced in the proces
pairing, which is distinct from the corresponding result
Ling et al. @31#.

The dispersion function in the spanwise direction was a
introduced to study the particle dispersion levels quant
tively on theZ5Tz/4 plane. The dispersion function is ob
tained from

FIG. 13. Particle dispersion along the transverse directionY for
different ratios of particle mass to fluid mass in the unit volumeZm .
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Dz~ t !5S (
i 51

nz

@Zi~ t !2Zm~ t !#2/nzD 1/2

, ~26!

wherenz is the total number of particles distributed on th
Z5Tz/4 plane,Zi(t) is the particle displacement in the spa
wise direction at timet, andZm(t) is the mean value.

Figure 14 shows the dispersion function in the spanw
direction for each case. It is apparent that the dispersion
each case increases with time, and higher mass loading
sults in larger dispersion along the spanwise direction du
the two-way momentum coupling effects. WhenT575
1few, the dispersion values for all cases are compara
which shows that the development of the streamwise lar
scale vortex structure is depressed temporarily at the pai
time of the spanwise large-scale vortex structure. The re
indicates that the turbulence along the spanwise directio
enhanced by the addition of particles, which is caused by
development of random perturbation along the spanwise
rection introduced by all particles.

IV. CONCLUSIONS

Direct numerical simulation results demonstrate that
presence of particles at a Stokes number of 5 modulates
large-scale vortex structures and the pattern of particle
persion in a three-dimensional particle-laden mixing lay
Compared with the one-way coupling case, the large-sc
vortex structures become shorter, thinner, and rougher in
case of two-way coupling. The addition of particles also
creases the energy of all the Fourier mode with nonz
spanwise wave number of the fluid, and this trend
strengthened as the particle mass loading increases. Bu
developments of the turbulent kinetic energy are not u
form. In the process of Kelvin-Helmholtz rolling up, the pa
ticles decrease the turbulent kinetic energy and larger m
loading leads to lower turbulent kinetic energy, while in t
process of vortex structure pairing, the particles increase
turbulent kinetic energy and larger mass loading leads
larger turbulent kinetic energy. Similar effects are observ
in the development of the energy at fundamental and sub
monic wave numbers, the development of the moment
thickness, and the development of the total turbulence in
sity. The Reynolds stresses and the mixed fluid thicknes

FIG. 14. Particle dispersion along the spanwise directionZ for
different ratios of particle mass to fluid mass in the unit volumeZm .
9-9
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the flow are enhanced by the particles, and larger enha
ments are found with increasing mass loading. At the sa
time, the particle dispersion pattern is modulated. The
persion of particles along the transverse direction diff
from that along the spanwise direction. The particle disp
sion along the transverse direction is not uniform. In the fi
phase, the particle dispersion is depressed in each of
two-way coupled cases compared with the one-way coup
case, and larger mass loading results in lower particle dis
sion, but after the vortex pairing, the particle dispersion
creases and larger mass loading results in larger particle
persion. This change is associated with the developmen
spanwise large-scale vortex structures. The trend of the
o.

ch

J

.
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ticle dispersion along the spanwise direction is uniform.
the whole time frame of the simulation, the dispersion
particles increases with time and higher mass loading le
to higher particle dispersion.
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