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The objective of the present study is to analyze our recent direct numerical simyRiN& results

to explain in some detail the main physical mechanisms responsible for the modification of isotropic
turbulence by dispersed solid particles. The details of these two-way coupling mechanisms have not
been explained in earlier publications. The present study, in comparison to the previous DNS
studies, has been performed with higher resolutl®g =75) and considerably larger numb&0
million) of particles, in addition to accounting for the effects of gravity. We study the modulation of
turbulence by the dispersed particles while fixing both their volume fracibgr; 102, and mass
fraction, ¢,,= 1, for three different particles classified by the ratio of their response time to the
Kolmogorov time scale: microparticles;,/n,<1, critical particles,7,/n~1, large particles,

7,/ 7¢>1. Furthermore, we show that in zero gravity, dispersed particlesayith =0.25(denoted

here asghost particles”) modify the spectra of the turbulence kinetic energy and its dissipation rate
in such a way that keeps the decay rate of the turbulence energy nearly identical to that of
particle-free turbulence, and thus the two-way coupling effects of these ghost particles would not be
detected by examining only the temporal behavior of the turbulence energy of the carrier flow either
numerically or experimentally. In finite gravity, these ghost particles accumulate, via the mechanism
of preferential sweepingesulting in the stretching of the vortical structures in the gravitational
direction, and the creation of local gradients of the drag force which increase the magnitudes of the
horizontal components of vorticity. Consequently, the turbulence becomes anisotropic with a
reduced decay rate of turbulence kinetic energy as compared to the particle-free ca2@03 ©
American Institute of Physics[DOI: 10.1063/1.1532731

I. INTRODUCTION rate of the turbulence energy nearly identical to that of

particle-free turbulence; thus, the two-way coupling effects

~ Understanding the physical mechanisms of the two-wayy these ghost particles would not be detected, e.g., in micro-

interaction between dlspersed partlcl_es and the tqu_)ulence Bravity environment, by examining only the temporal behav-

simple homogeneous carrier flows is a prerequisite t0 thégy of the turbulence energy of the carrier flow either numeri-

development of mathematical models, including SGS modelga”y or experimentally.

for LES, for practical flows in complex geometries. The paper is organized as follows. The mathematical de-
Since isotropic turbulence is the simplest homogeneouscription is presented in Sec. Il including the governing

turbulent flow, it has been the subject of a number of ea”'e'équations in Sec. Il A and the numerical method in Sec. 1l B.

DNS studi_e55 on the effects of particles on isotropicTne results are discussed in Sec. Il including the turbulence
turbulencet™ The objective of the present study is to ana-and particles parameters in Sec. IlIA and the physical

lyze our recent DNS results to explain in some detail theynechanisms of the two-way coupling in Sec. Il C. The sum-
main physical mechanisms responsible for the modificatiorpnary is presented in Sec. IV.

of isotropic turbulence by dispersed solid particles. The de-

tails of these two-way coupling mechanisms have not been

explained in earlier publications. In addition, the effects of!" MATHEMATICAL DESCRIPTION
gravity on the two-way coupling mechanisms are included inA. Governing equations

our study. The present study, in comparison to the previous
DNS studies, has been performed with higher resolutioqad
(Re,=75) and with considerably larger numbg30 million)

of particles. We also show that, in zero gravity, disperse

The governing dimensionless equations for a particle-
en incompressible isotropic turbulent flow are the
(J\Iavier—Stokes equations

particles with 7,/7,=0.25 (denoted here asghost par- auj  a(ujuy) . ap azuj ¢
ticles”) modify the spectra of the turbulence kinetic energy ~ at xXe (9_xJ Voxeaxe (1)
and its dissipation rate in such a way that keeps the decag - .
nd the continuity equation

&Uj
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TABLE I. Flow parametergdimensionlessat initial time (t=0), injection time {=1), and for case A at time=5.

t Ug € | N 7 Rg Re, 17} Tk 7

0.0 0.0503 7.410°% 0.0684 0.0345 0.002 02 150 75 33.8 0.177 1.36
1.0 0.0436 9.810 4 0.0685 0.0259 0.001 88 129 49 36.4 0.154 157
5.0 0.0233 26104 0.0891 0.0305 0.002 80 90 31 31.9 0.338 3.83

wherej=1,2,3 for the three coordinate directiaxs x,, and
X3, andv is the dimensionless kinematic viscosityf; is the
net force per unit mass of fluid exerted in thedirection by

M particles within the integration control volume, and is

computed from

1 M
fFﬁ p; fip, 3

where f;,, is the drag force acting on particle in the x;

direction, andm; is the mass of fluid within the integration

control volume.

The particle equation of motion, derived by Maxey and
Riley® can be written for large ratiop,/p) of the particle

density to fluid density as

de: (Uj_l)j)

m,—=m +(m,—ms)g;, (4)
pdtp p 7 p— Mt)Y;

wherem, is the mass of the particle, d/dis the time de-
rivative following the moving particley; is the particle in-

free with respect to the discretized form of the continuity
equation, and that the velocity cross-correlation spectra,
Rij(x), satisfy the realizability constraints.

The initial energy spectrum at tinte=0 was prescribed

27TK X : Kp '

wherex is the wave numbels, is the wave number of peak
energy, andl, is the initial dimensionless rms velocity. In
the present work the wave numbers are normalized by the
lowest nonzero wave numbet,,,=2m/L, wherelL is the
length of the computational domaih € 1). Prescribing the
values ofx, andu, determinesE(«) according to Eq(6).
The dimensionless kinematic viscosity, was computed
from the prescribed initial microscale Reynolds number,
Re o, and the computed initial energy dissipation rat@)).
The values of the dimensionless parameters at timé@
were k,=4, Up=0.0503, Rgy=75, (0)=7.4X 104, and

3 2
E(K)=(%

stantaneous velocity; is the instantaneous fluid velocity at »=2.31X 1075, Table | shows dimensionless flow param-
the particle location, ang; is the gravitational acceleration. eters ( and 7 the integral length and time scales, Rie
7, Is the particle response time, which for Stokes drag law isReynolds number based &\ the Taylor microscaley and

& pp

Tp:lSV p 1 (5)

whered is the particle diameter.

B. Numerical method

We performed direct numerical simulatiofDNS) to

7 the Kolmogorov length and time scalest timest=0, 1,

and 5 for the particle-free floucase A. The values of the
reference length and time scales used in normalizing the
above quantities were = 0.3733 m andt,;=0.2144 s,
which are consistent with the value of dimensional kinematic
viscosity of the fluid(air) vgmn=1.50x10 ° m?s. The ac-
curacy of the computations of the single phase flow has been
verified via comparison with the well-known properties of

solve the unsteady three-dimensional Navier—Stokes andecaying isotropic turbulence, e.g., the asymptotic value of

continuity equationgEgs. (1) and (2)]. These governing

the skewness of the velocity derivative, the decay rate of

equations were discretized in space in an Eulerian frameworturbulence kinetic energ§TKE), and spectra of TKE and its
using a second-order finite-difference scheme on a uniforndissipation rate. In addition, the smallest scales of turbulence
staggered mesh of (256)rid points. This grid allows an are well resolved as indicated byx,,=1 at all times,

initial microscale Reynolds number Re=75. Time integra-

wherek .= 2mN/2 is the maximum resolved wave number

tion was performed via the Adams—Bashforth scheme with @andN= 256 is the number of grid points in each direction in
time stepAt=Ax/2, where Ax is the grid spacing. The our computational grid.

simulations were stopped after 2560 time steps at nhondimen-

Particles were released with a random distribution in the

sional timet=5. Pressure was treated implicitly and was computational domain at time=1, when the skewness of
obtained by solving the Poisson equation in finite-differencethe velocity derivativeS, has reached the value0.50, indi-

form using a combination of a two-dimensional fast Fouriercating an established nonlinear energy transfer across the
transform(FFT) in the x;x, plane, and Gauss elimination in spectrum. The timé= 1 will be referred to hereinafter as the
the x; direction. Periodic boundary conditions were imposed-injection time,” t;;. The initial velocity att;, of each par-

in the three directions. More details about the numericaticle was set equal to the instantaneous fluid velocity at the

method are given by Gert al.

particle position. Particles trajectories were then tracked in

The initial velocity field was generated by prescribing time. It should be emphasized that, in decaying turbulence,

the turbulence kinetic energy spectrugfx) and ensuring

the prescription of different initial conditions for the particles

that the initial random velocity field is isotropic, divergence- will have an impact on the two-way coupling effects. A de-
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TABLE Il. Particle propertiegdimensionlessat injection time {=1) with ¢,=10"2 and ¢,,= 1.0 (for pp/p=1000).

Case s 7ol 7 7o/ T d d/l d/n d(um) M. M, /M R€, max v /ud
B 0.0154 0.0098 0.1 0.8010* 0.00117 0.043 30 8010° 46.7 0.11 0.0
C 0.0385 0.0245 0.25 1.2610 4 0.001 85 0.067 47 8010° 11.8 0.31 0.0
D 0.1540 0.0979 1.0 2.5310°4 0.003 69 0.134 94 8010° 15 1.34 0.0
E 0.7700 0.4895 5.0 5.6610 * 0.008 25 0.300 211 10:610° 1.0 5.33 0.0
F 0.0385 0.0245 0.25 1.2610 4 0.001 85 0.067 47 8010° 11.8 0.32 0.25

tailed examination of the effects of the initial conditions on terminal velocity ¢;=g,) of the particle andij is the rms
the results lies outside the scope of the present study. Theelocity of the surrounding fluid at the injection time, and
particle equation of motiofiEq. (4)] was solved in time for gravity is in the negative direction.

each particle using the second-order Adams—Bashforth

scheme to compute the particle velocity. The fluid velocity,B. Turbulence modification by particles

u;, at the particle location which is needed to solve &,
was computed via a fourth-order accurate fully three-
dimensional Hermite cubic interpolation polynomial. The
particle position was then computed from the time integra
tion of the particle velocity. In order to account for the ef-
fects of particles on the turbulence, the drag force acting o
a particlep was linearly projected to the eight grid nodes
surrounding the particle to computg, , andf; from Eq.(3). 1. Time evolution of turbulence kinetic energy

We trackgd UFIJ ;MC:_SOX 1?]6 com_puat|l;)|nal partu;les in ourk Figure 1 shows the temporal evolution of the turbulence
computational domain as shown in Table Il in order to makeg ¢ energy normalized by its initial valu&(t)/E,, for

the ratio,M, /M., of the number of real to that of the com- . gravity case#\—E), and Fig. 2 shows the temporal

putatlrc])nal particles as close to fl as pdossmle. evelopment of the decay rat&gt)/dt for the same cases.
The computations were performed on 256 processors hey show that microparticle&case B with 7,/7,<0.25

the highly scalable supercomputer CRAY T3E. The Com'initiaIIy (1<t=<2.1) reduce the decay rate of TKE resulting

puter program was written iRORTRAN g0 and parallelized in TKE being larger than that of case A at all times, whereas

With. ;[hef Mes.,saglje. Passing Interfﬁml'lPl) library. .The particles with higher inertidcritical particles, case D, and
particle-free simulatioricase A was the least expensive, re- |,y particles, case)Er,/n>0.25, initially enhance the
quiring 1 CPU hour per processor and 8 GB of maximum

total memory, whereas each of cases B,C,D, andVk (
=80x 10°) required 11 CPU hours per processor and 58 GB E(t)/E(O)
of maximum total memory.

In the following two subsections, Secs. IlIB1 and
Il B2, we describe briefly the temporal evolution of the
turbulence kinetic energy, TKE, and its speciéx), for all
'six cases(A—F). The detailed discussion of the physical
mechanisms of the two-way interaction in these cases is pre-
"Yented in Sec. li C.

1.0 T T T T

Ill. RESULTS
08
A. Turbulence and particles parameters

We studied six cases to understand how particles with R |
different inertia,7,, modify the decay rate of isotropic tur- 0.6 | W i
bulence in both zero- and finite-gravity conditions. The flow AN ]
parameters are shown in Table I, and the particle properties SO\ R
are shown in Table Il. Case A represents the particle-free .
flow, whereas cases B—E represent particle-laden flows with ™ N
different inertia particles in zero gravity, and case F repre- S ~
sents the particle-laden flow iimite gravity All five cases el TR
(B—F) of particle-laden turbulence have the same volume 02 T T
fraction of particles$,=10"3, and the same mass loading '
ratio ¢,= 1.0 (for p,/p=1000). We only changed the par-
ticle diameter for each case to obtain a different ratig/ ) 0.0 ‘ L ! L L
of the particle response time to the Kolmogorov time scale at
the injection time, e.g.7,/7,=0.1 in case B, and,/7,=5.0 1
in case E. The effects of gravity are studied in case F WherﬁIG. 1. Time development of the turbulence kinetic energy normalized by
/1 7=0.25(as in case Candv,/uj =0.25, wherev, is the its initial value.
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dE(t)/dt E(t)/E(0)
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FIG. 4. Time development of the turbulence kinetic energy normalized by

FIG. 2. Time development of the turbulence energy decay r&fe)(tit. its initial value.

TKE decay rate considerably resulting in TKE being smaller

than that of case A at all times. Figure 1 also shows thatarger by more than 5%; TKE in case C is nearly identical;
particles withr,/7,=0.25(case ¢ keep TKE nearly identi- TKE in case D is smaller by about 13%; and TKE in case E
cal to that of case A at all times, with a percentage differencés smaller by about 30%.

smaller than 0.6%. Thus, we denote the particles in case C Figure 4 displays the effects of gravity on the time evo-
“ghost” particles, since their effects on the turbulence cannotlution of TKE by comparing cases C and F. The figure shows
be detected by TKE’s temporal behavi&i(t). However, as that in presence of graviticase [ particles reduce the decay
we will discuss latefFig. 3) these ghost particles do modify rate of TKE as compared to both case C, the flow laden with
the spectrumE(«) of TKE. Figure 1 shows that at time  ghost particles, and the particle-free flow, case A.

=5, in comparison to TKE in case A, TKE in case B is The basic physical mechanisms that are responsible for
all the above-described modifications B{t) by the dis-
persed particles are discussed in Sec. Il C.

E(x)
10° T T
2. Energy spectrum
10* Figure 3 shows the three-dimensional energy spectra

E(k) for the five cases A—E at time=5. Microparticles
(case B increaseE(«) relative to case A at wave numbers
k=12, and reduc&(«) relative to case A fok<<12, such
that [E(x)dk= TKE in case B is larger than in case A as
shown in Fig. 1. For ghost particlésase ¢, althoughE(t)

is nearly identical to that of case A at all tim@sig. 1), it is
clear in Fig. 3 that the energy spectrum in case C differs from
that in case A, but in such a unique way that its integral,
TKE, is nearly identical to that of case A. Figure 3 shows
that ghost particles redudg( x) relative to that of case A for
k<15, and increase it above that of A fa=15. Critical
particles(case D increaseE(«) above that of case A fok
=27, and reduce it for smaller wave numbers. In this case
(D) the modulation of(«) is such that its integral, TKE, is

10° |

10

107 |

10°®

10°

10-10

10" 15 3'2 6'4 9'6‘128 smaller than in case AFig. 1). Large particlegcase & con-
tribute to a faster decay of TKE by reducing the energy con-
K tent at almost all wave numbers, except for 87, where a
FIG. 3. Three-dimensional spatial spectrum of endfgy) att=>5.0. slight increase oE(«) occurs.
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FIG. 5. (Colon Case B: microparticlegwhite dot3 superimposed om, FIG. 6. (Colon Case A:w, (color contouy atx,=0.5 andt=>5.0.
(color contouy at x,=0.5 andt=5.0.
In order to understand how the particles modiyx), dE(t) ——s()+W (1) @)
we write the evolution equation of the three-dimensional en- dt P
ergy spectrum, derived in the Appendiq. (A4)] wheres (1) is the viscous dissipation rate B{t), and¥ ,(t)
JE(k) is the energy rate of change due to the particles drag force
o = 1) —e(rk) +Wp(x). (7)  (Ahmed and Elghobast)
Equation(7) states that in particle-laden isotropic turbulent W ()= dm(Uj(vj—U))/ 7p), ©)
flows, the rate of change of spectral turbulence kinetic enand ¢, is the mass loading ratiog(,,= dupplp).
ergy at wave numbek is the net result of the spectral Now, we show how the microparticles contributebiath

energy-transfer ratd(«) [Eq. (A5)], the spectral viscous W (t) ande(t). Because of their fast response to the turbu-
dissipation rates(«) [Eq. (A6)], and the spectral two-way |ent velocity fluctuations of the carrier flow, the micropar-
coupling (fluid—particle drag interactiorenergy rateV ,(«x) ticles are not ejected from the vortical structures of their
[Eq. (A7)]. Discussion of the behavior df(«), e(x), and initial surrounding fluid. Figure 5 shows contours of the in-
WV, () and their effects ofE(«) is provided in the following  stantaneous vorticity componeat, (in a small zone whose

section. area is 2.2%10 2 of the vertical midplanex;x;, of our
computational domajnand particles locations dt=5 for

C. Mechanisms of modification of isotropic case B. It is seen that the solid particles are not ejected from

turbulence by the particles the vortex cores, and that the contours of maximum positive

In this section we discuss the mechanisms responsibland negative values of vorticity occupy a larger fraction

for the modification of decaying isotropic turbulence by the(~18%) of that zone than in case A-©%) in Fig. 6. Fur-
particles for the six cases listed in Table Il. In zero gravity,thermore, the inertia of the microparticles causes their veloc-

microparticles ¢,/7<1, case B are analyzed in Sec. ity_autocorrelation to bg Iarge_r th.an Fhat of their surrounding
i C 1, large particles ¢,/7>1, case Ein Sec. llCc2, fluid ((vju;)>(ujuj), Fig. 7), indicating, as expected, that
critical particles withr,/7,~1 (case D in Sec. Ill C 3, and ~the microparticles retain their kinetic energy longer than the
ghost particles withr,/ 7,~0.25 (case G in Sec. Ill C 4. In surroundmg ﬂwd.' Slncg the'mlcropgrtlclgs’ trajectorlgs are
the presence of gravity, the behavior of ghost partiame almost allgned with fluid pOIntS’ trajeCtOfleS, and their ki-

F) is analyzed in Sec. Il C 5. netic energy is larger than that of their surrounding fluid,
. ) then the correlatiofu;v;) remains higher than the fluid ve-
1. Microparticles (7 7,<1) locity autocorrelatiof{u;u;) (Fig. 7). ConsequentlyW¥, pro-

Microparticles (case B behave almost like flow tracers vides a positive contribution toE{t)/dt in Eg. (8) as shown
because their response tims,, is much smaller than the in Fig. 8, and henceéV', is responsible for the reduction of
Kolmogorov time scaler,, but since their material density, the decay rate of TKE relative to case A.
pp, is much higher than that of the carrier fluid, they On the other hand, the microparticles increase the vis-
cause the fluid to behave like a “heavy gaSaffmar). cous dissipation rate(t), relative to that of case #&ig. 8).

In order to explain the physical mechanism of the two-The reason is that microparticles remain in their initially sur-
way coupling, we write the time-evolution equation of TKE rounding vorticegFig. 5), and the correlatiofu;v;) remains
which is obtained by multiplying Eq(1) by u; and ensemble larger tharu;u;) as discussed above, thus causing the vor-
averaging tical structures to retain their initial vorticity and strain rates
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FIG. 7. Case B: time development of fluid velocity autocorrelatiogu; ),

1
3.05

t

|
3.075

3.1

A. Ferrante and S. Elghobashi

TABLE Ill. Mean values of enstrophy and strain rate at titwe5.

Case (0?) (sijsij
A—no particles 8.37 4.05
B—microparticles 15.6 7.26
C—ghost particles in zero gravity 131 6.20
D—ecritical particles 8.61 4.05
E—large particles 3.13 1.52
F—ghost particles in finite gravity 33.6 15.6

for case B is nearly 80% higher than that of case A at
=5. The square of the strain rate tensor is related to the three
eigenvalues of;;, respectively the extensionakyj, inter-
mediate 8), and compressivey strain rates ¢=p=7y
and a+ B+ y=0 due to incompressibility through the re-

lation
SijSij:a/2+,82+ ’)/2. (11)

At time t=5, Figs. 9—11 confirm that the values of B,
and|y| in case B are larger than in casdif., the probabil-

ity of finding a large value ot is higher in case B than in
case A. The viscous dissipation rate is related to the strain

correlation(u,v;) between the fluid velocity and particles velocity, and Fat€S via
particle velocity autocorrelatiofv,v4).

longer than the particle-free flogcase A. Table Il shows

8(t):2V<SijSij>:2V<C¥2+B2+ ’)’2>, (12)

and thus the viscous dissipation rate in case B is larger than
in case A at all times as shown in Fig. 8. This increase of
g(t) is manifested in the reduction of the growth rate of the

that at timet=>5, the enstrophy in case B is about 86% 'argerKolmogorov time scale(t) in Fig. 12. Figure 8 also shows
than that in case A. Table Il also shows that the mean squang i the magnitude of increase oft) in case B relative to

of the strain rate

sij=(9u; 19x;+ au; 19x;)/2,

-£(t), (1)

(10

1.0E-03 — T

5.0E-04

0.0E+00

-5.0E-04

-1.0E-03

-1.5E-03
0

case A is less than the magnitude Bf,(t) in the former,
with the net result of a reduction in the decay ratd=¢f) in
case B according to E@8) and shown in Fig. 1.

pdf(c)
007 ——mmT—————

[ Case A

[ CaseB ]
006 - CaseC

: CaseD |
0_05: CaseE _

0.04 |
003}
0.02

0.01}

FIG. 8. Time development of the opposite of the energy dissipation rate FIG. 9. Probability distribution of the principal extensional strain ratat
—&(t) and the fluid—particle drag interaction energy ratg(t).

t=5.
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pdf(B) (1)

0.07

0.06

0.05

0.04

0.03

0.02

0.01

FIG. 10. Probability distribution of the principal intermediate strain fate  F1G. 12. Time development of the Kolmogorov time scaje- (v/e)Y2.
att=>5.

numbers are affected as time increases. Because of their
eproperties, microparticlesd< » and 7,<7) directly inter-

act with the small scales of motion, augmenting their energy

content. Theriadic interaction of wave numbef&€q. (A5)]

: . ) then alters the energy content of the other scales of motion,
(Figs. 13-13 The time evolution 0E(«), not shown here, such that after few integral time scales, E(«) is modified

indicates that the microparticles first modify the high wave; o)) the wave numbers as compared to the particle-free case
number portion of the spectrum, before the smaller WaVG{Fig 3

Now, we discuss the effects of the microparticles on th
energy spectrunk(«) (Fig. 3) of the carrier fluid. The time
evolution of E(«) is governed by Eq(7). Microparticles
contribute toall the terms on the right-hand side of E@)

pdi(y) ¥ (k)
0.07 L T S 4E-06 T T T
0.06 I- 3E-06 |- E
2E-06 | E
0.05
1E-06 |- E
0.04 |- 0F
[ -1E-06 |- 1
0.03 |-
[ -2E-06 - s
0.02 |- -3E-06 | \\ /:/ 4
[ X /\.\ [ Case A
[ -AE-08 | v / - ——— CaseB |
0.01 F L Case C
[ 5E-06 F ¥ —— CaseD
[ —e——e— Case E
0 -6E-06 ‘ ' o—
-5
32 64 96128

FIG. 11. Probability distribution of the principal compressive strain fase FIG. 13. Three-dimensional spatial spectrum of two-way coupling fluid—
t=5. particles drag interaction energy ratg,(«) att=>5.0.
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FIG. 14. Three-dimensional spatial spectrum of energy dissipatior (aje
att=>5.0.

We have explained earlier in this section how micropar-

ticles produce a positive¥ (t) (Fig. 8). Since W (t)
=[¥,(x)d« at timet, thus in case B this integral should be
positive. Figure 13 shows that,(«) in case B is positive at
almost all the wave numbers, and thus microparticles provid
a positive two-way coupling contribution @E(«)/dt [Eq.
(7)]. On the other hand, we have explained how the micro
particles increase the dissipation ratd€t), in case B as

T(x)
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FIG. 16. Case E: time development of fluid velocity autocorrelation, ),
correlation{u,v,) between the fluid velocity and particles velocity, and
particle velocity autocorrelatiotv,v4).

compared to the particle-free flowFig. 8). Since (t)
=[e(k)dk at timet, thus fe(k)dk in case B should be
larger than in case AFig. 14. Also e(«) =2v«?E(k), thus,

in accordance witle(«) in Fig. 3, Fig. 14 shows thai(x)

fh case B is larger than in case A at medium-high wave
numbers. The increase of dissipation at high wave numbers
‘causes a larger transfer rate of energy to the larflem the
small k. The energy transfer rat€(«) is thus modified,
shifting thex at whichT(«)=0 towards higher wave num-
bers for case B as compared to caséFAy. 15. Because of
the increased transfer of energy from the smalthe decay
rate ofE(«) at smallk is increased, and thl&(«) in case B

is smaller than in case A at smadl (Fig. 3).

2. Large particles (7,/7>1)

Large particles(case B here denote particles whose re-
sponse timeg,, is larger than the Kolmogorov time scale,
7. Because of their large,, large particles do not respond
to the velocity fluctuations of the surrounding fluid as
quickly as microparticles do, but rather ‘escape’ from their
initial surrounding fluid, “crossing” the trajectories of the
fluid points (Yudine!* Elghobashi and Trusdéf). Whereas
microparticles remain in the vortical structures of their initial
surrounding fluid, large particles are “ejected” from these
structures.

We now discuss how large particles modify bolt(t)
and e(t) to increase the decay rate of TKEig. 2). Large
particles retain their kinetic energy longer than their sur-
rounding fluid does, thus resulting itvjv;)>(u;u;), as
shown in Fig. 16. However, because of the “crossing trajec-

FIG. 15. Three-dimensional spatial spectrum of nonlinear energy transfefories” effects, the surrounding fluid velocity autocorrelation

rate T(«) att=5.0.

is larger than the correlation between particle velocity and
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FIG. 17. Schematic of the drag interaction between large particles and &
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fluid velocity, (u;u;)>(ujv;), as shown in Fig. 16. Accord- X,

|ngly, \Pp(t) becomes negatlv[eEq. (9) and '_:'g' 8' and thus FIG. 18. (Color Case E: large particle@vhite dotg superimposed o,
enhances the decay rate of TKEQ. (8), Figs. 1 and 2at  (color contour at x,=0.5 andt=5.0.
early times.
The effect of large particles o#(t) is analyzed by ex-
amining how they modify the vorticity field. Figure 17
shows a schematic of the profile of the drag force impartegrov time 5C3|eTkE(t)>TkA(t) in Fig. 12. Consequently, the

on the fluid when a group of large particles moving in #3€  |ocal velocity gradients in case E decay faster than in case A,
direction interacts with a_5|mple two—dlrr_]ensmnal vortex in gnd hence a faster decay of the magnitude of the local strain
the x;x5 plane. The particle drag forciirst term on the rate, defined in Eq(10). Table Il shows that the strain rate
right-hand side of Eq(4)] is proportional to the relative ve- o, case E is about 60% smaller than that of case A at
locity (u;—v,). Thus, the effect of this interaction is to cre- —5_Equation(11) shows that smaller local strain rate means
ate a drag force on the fluid, in the direction, whose gra-  gmgjler values of the strain rates 3, andy. Figures 9 —11
dient in thex; direction is negativérecall that the net force  confirm that, at timet=5, the values ofx, 8, and|y| in
exerted by the particles on the carrier fluid in thedirection  c55e E are smaller than in case A. Thus, according to Eq.
is —f,¢(vy—uy)]. This means that large particles interact- (1) the viscous dissipation rate in case Esigaller than
ing with a clockwise vortex create a counterclockwise torquenat in case A at all times. Figure 8 shows that the magnitude
on the fluid, which in turn reduces the vorticity. The fact that 5 tne negativeV (t) of case E is larger than the magnitude
large particles contribute to a faster decay of VOrticity cangf the reduction of(t) relative to case A. The net result of
also be shown via the vorticity equation, obtained by takinghese two opposing effects is the reductiorEgt) of case E
the curl of the Navier—Stokegq. (1)] equations relative to A at all times.
Do, au; P w; We now discuss the effects of the large particles on the
Dt ko, + Voo dx +b;, (13 energy spectrunk(«) of the carrier fluid, Fig. 3. Large par-
k kO Xk . . . .
ticles contribute tall the terms on the right-hand side of Eq.
whereb; = —&;, df, /9x; is the curl of the force field exerted (7) for the time evolution ofE(«), as seen in Figs. 13—15.
by the particles on the fluid<f,). Rewriting Eq.(13) for  We have explained earlier in this section how large particles
i=2 to examine the two-dimensional vortex of Fig. 17, we produce a negativi¥ ,(t) in the physical space, Fig. 8. Fig-
obtain the evolution equation fas, ure 13 shows tha¥ ,(«) in case E is negative at almost all
Dw, au, Pw, of, ofq the wave numpers, and thus the drag force of large particles
Dt = %o, + Ve o o (14 represents a sink téE(«)/dt [Eq. (7)]._
K KOk 3 1 On the other hand, we have discussed how the large
Figure 17 shows that df,/dx3<<0 for w,>0. The lastterm particles also reduce the dissipation ratét), in case E as
in (14) vanishes sincé;=0 as the particle motion is ir;  compared to the particle-free flo#ig. 8). Figure 14 shows
direction only. Thus, the decay rate @f is enhanced by the that c(«) in case E is smaller than in case A at nearly all
fluid—particle drag interaction. Table Ill shows at timre5  wave numbers. The reduction of dissipation at medium-high
that the enstrophy in case E is nearly 63% smaller than imvave numbers causes a reduction of the transfer rate of en-
case A, and Fig. 18 shows that the maximum positive anergy to the large< from the smallx. T(«) is thus modified
negative values ofv, in case E are much smaller than in as indicated by the shifting of the wave number at which
case A(Fig. 6), confirming the faster decay of vorticity T(x)=0 towards smallek for case E as compared to case A
caused by the presence of the large particles. (Fig. 15. Thus, the modifications of boffi(«) ande(«) by
We have just shown that large particles reduce the lifelarge particles contribute to the reduction of the decay rate of
time of eddies; thus in case E the turbulence length- and timg&(«). The net result of the two opposing effectsBf,(«)
scales grow faster than in case A, in particular the Kolmog-on one side, anti(«) ande(«) on the other, is the reduction

Downloaded 08 Jan 2003 to 128.200.90.173. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



324 Phys. Fluids, Vol. 15, No. 2, February 2003 A. Ferrante and S. Elghobashi

<U,U,>, <UV,>, <V,V,> <U,U, >, <UV,>, <V, V,>
0.002 —————— S 0.0006 . . .
<u,u,> ) -
[ 0.000575 P
0.0018 |
7 0.00055
0016 |
0.0016 1 0.000525
0.0014 | 0.0005
i 0.000475 B
0.0012 N
0.00045 |- ]
0.001 1 0.000425 |- .
i 0.0004 L ' '
. | 1 .
0.0008 | = L o 4 4.95 4}.[5 4.75 5

L . . . FIG. 20. Case D: time development of fluid velocity autocorrelatioju; ),
FIG. 19. Case D: time development of fluid velocity autocorrelafionis), oo rrelation(u;0,) between the fluid velocity and particles velocity, and
correlation(u,v,) between the fluid velocity and particles velocity, and particle velocity autocorrelatiofyv+)
particle velocity autocorrelatiofv,v4). e

of E(k) in case E at nearly all wave numbers relative to caséquared differences between the actual probability of con-
A (Fig. 3. centration,P;(C), and the probability of random distribu-

tion, P£(C),
3. Critical particles (7,/7=1)

We label the particles in case Df/ 7= 1) as‘critical’
particlesbecause of their property of maximum preferential ) ) .
whereN,, is the total number of computational particleke-

accumulation in comparison to other particles, as will be _ L .
discussed later in this section. We will show that these par©t€dM. in Table ). The random distribution probability

ticles are ejected from the large-vorticity cores of the eddiedunction is calculated as

soon after injection, and remain in certain orl§fgg. 22 not N, c 1 \Np—C

moving from one eddy into another as larger particles do  P&(C)= C) N (1—N—) , C=12,...N,,

(case B 9 9 (16)
Now, we examine how these critical particles affect ) _ _ )

W ,(t) and&(t) to increase the decay rate of TKE with re- Where_Ng is the nugnber of grid points of the computational

spect to case AFig. 1). For critical particles¥ y(t) is nega- domain[Nq=(256)], and

t!ve after injection(Fig. 8 and becomes positive at_later Np| Np(Np—1)...(N;—C+1)

times,t>2.3~t;;;+ =1+ 7, wherer, is the turnover time cl™ i .

of the large scale motioTable |) . At early times (Kt '

<1+ 7)) critical particles, as large particles, are centrifugedFigure 21 shows the time development @f for the four

from their initial surrounding fluid and thuuv;)<(u;u;)  casesB-E). Itis clear that in case Rcritical particles the

as shown in Figs. 19 and 20. Consequently, according to Eqpreferential accumulation is much larger than in the other

(9) W,(t) becomes negativé-ig. 8) and thus contributes to three cases. Figure 22 clearly shows the preferential accumu-

the faster decay of TKE as compared to case A. lation of the critical particles in orbits outside the regions of
At later times ¢>1+ 7)) after they have been “ejected” large w,.

from the cores of vortices, the critical particles do not have  The higher inertia of the critical particles relative to the

sufficient inertia to cross the convergence regi@ofshigh-  carrier fluid causes their velocity autocorrelation to be higher

speed fluid between the counter-rotating vorticassd enter  than that of the surrounding fluidpjv;)>(u;u;), in Figs.

new eddies, as large particles do, but rather accumulate ib9 and 20, indicating that critical particles retain their

these regions of low vorticity and high straitMaxey™®  kinetic energy longer than their surrounding fluid. Once

Wang and Maxe}f). The occurrence of preferential accumu- these particles are in the high velocity convergence regions,

lation can be indicated by the time development of lhe characterized by pathlines of small curvature, their trajecto-

factor (Wang and Maxe}f), which measures the sum of the ries become more aligned with those of the fluid points. Con-

N
Dc=CZp0 (P(C)=P¥(C))?, (15

(17)
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D that in case D the crossover wave number ofH{%) with
¢ that of the particle-free cag@) lies in between the crossover
0.18 — , ‘ - wave numbers of cases B and E.
ot6fp : 4. Ghost particles in zero gravity
B Ppra T It is clear from Fig. 1 and the discussion in the Secs.
0.14 i e B IC1 and Il C3 that in comparison to the particle-free
i Y ] flow (case A, microparticlescase B,r,/7,=0.1) reduce the
0.12 i // ] decay rate of TKE, and critical particlésase D,r,/7,=1.0)
i / ] enhance that rate. These two opposing effects in cases B and
0.1 i 7 - ——— CaseB 7 D lead us to search for particles which havereutral”
i S CaseC | effect on that decay rate. More specifically, we searched for
0.08 J T 85‘36 E ] particles whoser, is in the range 0.& 7,/7,< 1.0 and which
i ,'/ T ase ] maintain the decay rate of TKE as that of the particle-free
0.06 & / ] flow (case A. Our DNS results show that particles with
i / ] 7,/ 7¢=0.25 (case @ satisfy this condition at all times, as
S 7 shown in Figs. 1 and 2. Thus, we denote these particles as
-/ “ghost” particles because their presence in the flow cannot
002 / E be detected by examining only the temporal development of
E //{j:‘::i:ﬁi‘l.—-—;_.;_‘;_.-—-_I;—‘;—‘;—‘;_‘;—I;—.;—‘;_‘;‘—‘;: TKE. It is _importaqt to emphasize that the value of
01 o 3 4 5 7,/ 7¢=0.25 is not universal, but depends onRepp,, and
t the magnitude of the gravitational accelerati@aro in our
case. However, the significance of this finding is that dis-
FIG. 21. Time development of thig factor. persed particles are capable of modifying the turbulence en-

ergy spectruntFig. 3) in such a unique way that the amount
of energy gained by the turbulence at high wave numbers

sequently the correlatiofu;v;) becomes larger thafu;u;) balances exactly the amount of energy lost at low wave num-
for t>1+1 (Fig. 20. Thus, ¥ (t) becomes positivéEq. bers, with the net result of retaining the integral of the spec-
(9)] for t>1+ 7, (Fig. 8. Since the high vorticity cores are trum equal to that of the particle-free flow at all tim@sgs.
nearly free of particles, then the two-way coupling fofge 1 a”d 3; . ) i .
~0 inside these cores, resulting i (9f,/dx;)~0 in Similar to m|cr0part_|cles, ghost particles are not ejected
Eq. (13), and thus the evolution equation of vorticity reduces{T0m the vortex coresFig. 23, and thus they enhance the
to that of particle-free flow. Table Il confirms that the value lIfétime of the vortical structures such that at time S the
of mean enstrophy at time=5 in case D is nearly equal to enstrophy and the strain rate in case C are larger than in case
that of case A with a difference smaller than 3%. A by about 56% and 53%, respectivefyable Ill). Since
Since the vortical structures in case D evolve nearly as ifgn0St particles have larger inertia than microparticles, their
case A, the growth rates of the turbulence scales are near jectories tend to deviate from those of their surrounding

identical in both CaseETkD(t)’NVTkA(t) in Fig. 12]. Conse- uid points more than the trajectories of microparticles do.

qguently, the decay rate of the local velocity gradients will beThus’ the magnitudes oFy(t) ande(t) for the ghost par-

the same in both cases, resulting in a similar decay of th icles (Fig. 8) are smaller than those for the microparticles.
magnitude of the local strain rate. Table Il shows that the owever, the_ ma?”".“def OF (1) _and 2(t) for the ghos_t_
strain rate for case D is identical to that of case Aab. At particles are in a "unique” proportion such that the positive

timet=5, Figs. 9—11 confirm that the valuesef 3, andy W(t) is just equal to the increagd e(t) ] in the magnitude

in case D are almost identical to those in case A. Accord-Of 2(t) with respect to case A, resulting in the net sum

in . S . rQl'p(t)—As(t)] being equal toe(t) of case A. Conse-

gly, the viscous dissipation rates in these two cases al . ; .
. ~.quently, the decay rate of TKE in case C is the same as in

nearly the saméFig. 8). Thus, the net effect of the modifi- case A(Fig. 2

cations ofW (t) ande(t) in case D(Fig. ) is the reduction 9- 9

of E(t) relative to case A. ] S )

The modification of the energy spectruii{x) of the - Ghost particles in finite gravity

carrier flow by the critical particletcase D is displayed in In case F, we study the effect of gravity on the two-way

Fig. 3. It is seen thaE(«) for case D lies between those of coupling between the ghost particles of caserf/ ¢, =0.29

case B(microparticle$ and case Elarge particles Accord-  and decaying isotropic turbulence. A gravitational accelera-

ingly, the magnitudes o ,(«), e(x) andT(«) of case D  tion is imposed in the negative; direction, and its magni-

are intermediate between those of cases B artfifs. 13—  tude is prescribed such that,(ug)=0.25 (Table II).

15). ¥ ,(«) is positive at largec as for microparticles, and Figure 4 shows that due to gravity, the particles in case F

negative at smalk as for large particless(«) is such that reduce the decay rate of TKE relative to cases A and C at all

e(t)=[e(k)dk is nearly identical to that of case ¢kig. 8)  times. Figure 24 compares the temporal developments of the

as discussed above. The net result of these modifications iaree rms velocity components, ,{t) of the fluid in both
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. ;,\7 - == Uy CaseF
S A ua‘rms, Case F
0.04 |-
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FIG. 22. (Color Case D: critical particleévhite dot3 superimposed ow,
(color contouy at x,=0.5 andt=5.0.
0.02 ' ' —L '
0 1 2 3 4 5
cases A and F. It is seen that only the decay rate of the t

velocity component in th&; direction,us s, has been con-
siderably reduced relative to the other components, i.e., the
two-way coupling in the presence of gravity in tke direc-
tion resulted in augmentings ,s. The mechanisms respon- sweeping”described by Wang and Maxé&¥The solid par-
sible for this modulation will be discussed below by compar-ticles, settling under the effect of gravity, tend to follow a
ing the vorticity fields in cases zero gravity and F(finite ~ path where the local fluid instantaneous velocity is in the
gravity). direction of gravitational acceleratidnegativex; direction.
Figures 23 and 25 display the contours of the instantaFigure 25 shows that the particles accumulate on the right
neous vorticity component, (in a small zone of the vertical side of a vortical structure with positielockwise vorticity
midplanex;x3 of our computational domajrand particles (red colo) or on the left side of a structure with negative
locations at =5 for cases C and F, respectively. We see thawvorticity (blue coloy. This preferential accumulation/
most of the vortical structures in case F are stretched in theweeping, as expected, creates zones that are nearly devoid
X3 direction in a“banana-like” shape, and the values of of particles. Thus,only the side of the vortical structure
maximum(positive and negativevorticity are larger than in  sweptby the trajectories of the particles will be subjected to
case C. a drag force— f3, directed downward. As a consequence of
We also see that the particles in case F tend to accumuhis asymmetry of the force acting on the fluid, local gradi-
late in patches according to the mechanisnféferential  ents df;/dx; and df3/dx, are generated in the horizontal

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

FIG. 23. (Color) Case C: ghost particles in zero gravityhite dots super- FIG. 25. (Color) Case F: ghost particles in finite gravityhite dots super-
imposed onw, (color contouy at x,=0.5 andt=5.0. imposed onw, (color contouy at x,=0.5 andt=5.0.
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FIG. 27. Probability density function of the vorticity angleatt=5.0. ¢ is

FIG. 26. Case F: probability density function of vorticity componanist the angle between the vorticity vector and the horizontal plape.

t=5.0.

We explained how microparticles reduce the decay rate
of turbulence kinetic energyTKE) and large particles en-
hance that rate as compared to particle-free turbulence. We
then introduced ghost particléwhose 7,/7,=0.25 which
kept the decay rate of TKE nearly identical to that of
particle-free turbulence by modifying the energy spectrum
E(x) in a uniqgue way such that the energy gained by the
WY Ug s iS larger thanus yms and Uy ms in Fig. 24. The turbulence at high wave numbers exactly balances the energy

anisotropy of the vorticity components is also indicated bylos‘t at small wave numbg rs. Th? two-way cou_p.Img effects in
the preferential alignment of the vorticity vector with the the ?‘bo"e four cases, mlcro'partlcle.s! large, crltlcal,.and ghost
horizontal,x;x,, plane. Figure 27 shows that the pdf of the partlcleg, were in ;ero-grawty conditions. We explameq how
angle, ¢, between the vorticity vector and the horizontal the pamcles modify the carrier flow turbuler_1ce both in the
planex,x,, is larger in case F for~0 relative to cases A physical and spectral spaces. We then studied the effects of

and C, where the pdf ob has a normal distribution. finit_e g_rav_ity on the two-way cqupling of ghost particles. The
main findings can be summarized as follows.

(1) Microparticles @,/ 7,<1) remainin their initial sur-
IV. SUMMARY rounding vortices with their trajectories almost aligned with
those of the initial fluid points, but with higher inertia. Thus,
We have presented in the previous sections a detailethey allow the vortical structures to retain their initial vortic-
discussion of the physical mechanisms by which solidity and strain rates for longer time as compared to those of
spherical particles, whose diameters are smaller than ththe particle-free flow. As a result, both the turbulence kinetic
Kolmogorov length scale, modify the structure of isotropic energy and the viscous dissipation rate are larger than those
decaying turbulence. We classified the particles that we studn particle-free turbulence at all times.
ied into four different categories based on the value of the (2) Large particles t,/7,>1) escapefrom their initial
ratio of their response times,, to the Kolmogorov time surrounding fluid, and bgrossingthe trajectories of the fluid
scale of the carrier flow at the time of starting the particlepoints, enter new eddies. The two-way coupling interaction
trajectory calculation. We denote the particles whegér, (drag force creates a torque on the fluid, counter to the local
<1 as microparticles, those with,/7,~1 as critical par- eddy’s rotation, thus enhancing the decay rate of the vorticity
ticles, and those withr,/7,>1 as large particles. In all the as compared to the particle-free flow. Accordingly, the turbu-
cases studied, both the volume fraction and mass fraction dénce length- and time scales grow faster, and the turbulence
the particles were fixed ap,=10"2 and ¢,=1, respec- kinetic energy and the strain rate decay faster than those in
tively. The different values ofr, were obtained by only particle-free turbulence.
changing the particle diameter. (3) Critical particles ¢,/ m,~1), at early times after in-

plane, increasing the magnitudes of the source tebmsof
the horizontal components of vorticity; and w, [see Egs.
(13) and (14)], in addition to stretching the structures in the
Xz direction. This physical behavior is confirmed in Fig. 26,
which shows the pdf’s of the three vorticity components at
timet=>5.0 in case F. We observe higher probabilitiesdqr
and w, than for w5 at larger values ofv;, thus explaining
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jection (tiy<t<t;+7), areejectedfrom the cores of their APPENDIX: EVOLUTION EQUATION OF THE

initial surrounding vortices to peripheries of these vorticesSPECTRAL TURBULENCE KINETIC ENERGY E(x) IN
((u,0;)<(u,uy)), thus creating a negativé,(t), which en- A PARTICLE-LADEN ISOTROPIC TURBULENT

hances the decay rate of TKE as compared to the particle-

free flow. Consequently, the TKE in this case is smaller than  In order to derive the evolution equation for the three-
in the particle-free case at all times. After the “ejection” dimensional energy spectrug(«) (time dependence is
process, critical particles do not enter new eddies, as largemitted for a more compact notatiprwe first need to per-
particles do, but ratheaccumulatein the convergence re- form the Fourier transformation of the Navier—Stoké&s.
gions of the flow. Since the high vorticity cores are nearly(1)] equations to obtain the evolution equation of the Fourier
free of particles the two-way coupling force is then nearlycoefficient of velocityl]j(:c)

zero inside these cores, and thus they evolve like those of the
particlg—free_ flow. Copsequently, th_e turbulence scales are +VK2aj(K):—iK|ij(K)E (1) 0y (1= 1)
nearly identical at all times to those in case A, and so are the ot Py

enstrophy, the strain rate, and the viscous dissipation rate. R

LOW

ﬁaj(Kj

(4) Ghost particles in zero gravity7f/7=0.25 for —fj(x), (A1)
Re\ =75 and¢y,=1) cannot be detected, either experimen-where “~ " denotes Fourier transform, and
tally or numerically, by examining only the temporal behav-
ior of the turbulence kinetic energy, since they havesatral P (k)= 5y~ KjKg (A2)

effect on the decay rate of TKE compared to that of particle- K2
free turbulence. However, they modify the turbulence energy o . .
spectrum in such a unique way that the amount of energ? the projection tensor, withj the Kronecker symbot; is
gained by the turbulence at high wave numbers balances eﬁe Fquner coe_ff|C|ent ofj, K is .the Wave.number vector,
actly the amount of energy lost at low wave numbers, Withand k its magnitude. The evolution equation of the energy
the net result of retaining the integral of the spectrum equa?pectrum
to that of the particle-free flow at all times. _ I rk a0

(5) Ghost particles in finite gravity 7,/ 7,=0.25 and E(K)_K§|K<K+1 2L Uy (KU ()], (A3)
vy /ug =0.25) through the mechanism pfeferential sweep- ] o ~
ing (Wang and Maxe¥) accumulate on the side of the vor- 'S obta|‘|‘1$d“by multiplying each term of EGAL) by uj (),
tical structures whose local instantaneous velocity has th¥ere denotes the complex conjugate, then sum the
same direction as the gravitational acceleratioegativexs regl part of e_ach term over sphenca! Sh?"S of radiuand
direction. Thus, only the side of the vortical structures di- thicknessA x=1. The resulting equation is
rected downward isweptby the particles trajectories and JE(k)
subject to a drag force directed as gravity. In this configura- T:T(K)_s(")+\yp(")' (A4)
tion the particles stretch the vortical structures in xhedi-
rection in abanana-likeshape, and, creating local gradients

of the drag force {f5/dx,; anddfs/dx,), increase the mag-

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

nitudes of the source terms,, of the horizontal components B - A A
of vorticity, ; and w,. In turn, the flow becomes aniso- T(K)_Kg\ = K'Pik(K)J[%: U(a ) (re
tropic becauseis s becomes larger than, ;s and u; s,
which explains the reduction of the decay rate of TKE as N %
) . — KU (K) ¢, (AB)
compared to the particle-free case. Further, the vorticity vec-

tor becomes preferentially aligned in the horizontal plane . . o
e(k) is the spectral viscous dissipation energy rate

X1X5.
(6) In the spectralFouriep space, all particles modify e(k)=2vK%E(k), (AB)
$e spectra of botiT(«) andz(«) in addition to creating and ¥ («) is the spectral two-way coupling fluid-particle

p(K)- drag interaction energy rate,
V()= ; R{ur (0f; ()}, (A7)
Kk<|W]<wk+1
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