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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 D{d8ect numerical simulationgo 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 vorticityy, 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 stronge, is, the larger the production rate. The dispersed solid particles modify
the alignment of the local vorticity vectokp, with the axis of the longitudinal vortex tube.
Increasing this alignment increaseg, 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 eigenvec{sy 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 Physid$$1070-663(100)50411-5

I. INTRODUCTION the turbulence intensity by increasing the number of wall
ejections. Smaller polystyrene particles of 126 diamde-
Particle-laden turbulent shear flows occur in a wide va-creasedhe turbulence intensity by decreasing the number of
riety of practical applications and thus have received considya|| ejections.
erable attention during the past few decades, resulting in @ The number of DNS studies concerned with turbulence
number of numerical and experimental studies. Howevergodulation (two-way coupling by dispersed particles is
due to the complexity of these practical flows, there are nquite small. A review of these studies can be found in the
mathematical models at present that can accurately predigaper by McLaughlif. Squires and Eaténused DNS to
their properties. The complexity stems from the fact that turtydy the two-way interaction between particles and station-
bulence itselfiwithout dispersed particl¢ss not completely  ary (forced homogeneous isotropic turbulence in zero grav-
understood, and particles considerably increase that comyy, They found that particles increase the turbulence dissi-
plexity. With the advent of powerful supercomputers, direCtpation and reduce the turbulence kinetic energy. They, also,
numerical simulation$DNS) have become a viable tool for fq,nd that the tendency of particles to accumulate in low
studying particle-laden turbulent flows in simple configura-yqrticity or high strain regions decreases for light particles
tions. However, due to the necessity of resolving all the rel-yng increases for heavy particles. Elghobashi and Truésdell
evant turbulence length- and time scales, DNS is still limitedsy gied the effect of particles on the spectrum of turbulence
to moderate Reynolds number flows. _ energy in isotropic turbulence, using DNS with39esh
Experimental and DNS studies of particle-laden turbu-points. They found that for particles in gravity, a reverse
lent flows show that particles modify the turbulence structureenergy cascade takes place where the energy is transferred
and the temporal development of its kinetic energy. Rogers.qm the large wave numbers to small wave numbers. Re-
and Eatoh studied experimentally the turbulence modulationcenﬂy, Maxey etal® used DNS to study particles—
due to particles in a planar turbulent boundary layer. They,, hjence interaction and presented a new method to calcu-
found that particles of Reynolds numbei5 and mass l0ad- |46 the two-way coupling source term, in which the particles
ing of 20% cause a significant reduction of the turbulencg,,..e is distributed within a narrow envelope centered
kinetic energy. This reductior21 was observed in all resolved,.;nd the particle’s position. Pan and Banerjesed a
turbulence scales. Rashieli al” conducted a flow visualiza-  se\ dospectral method to study the modulation of turbulence
tion of a turbulent channel _flows laden W|th_par_t|cles. TheYin a channel flow laden by solid particles. They found that
found that polystyrene particles of 11Q0n diamincrease . icles smaller than the Kolmogorov scale in the near wall
region suppress the turbulence while larger particles en-
dElectronic mail: selghoba@uci.edu hanced it. They attributed these modifications to the reduc-
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tion of the sweep frequency by small particles and the in-
crease of the sweep frequency by large particles. A sweep
event occurs when the fluid velocity fluctuation is positive in
the streamwise direction and negative in the direction normal
to the wall.

Recently, Mashayék(1998 used DNS, with 98 grid
points, to study droplet—turbulence interactions in a homo-
geneous shear flow. He considered both one-way and two-
way couplings for nonevaporating and evaporating droplets. g
He showed that in the case of nonevaporating droplets, the
turbulence kinetic energy is reduced and the flow anisotropy
is increased due to the two-way coupling. In the case of
evaporating droplets he found that the turbulence kinetic en-
ergy and the mean internal energy of the carrier flow are
increased by mass transfer. Unfortunately, the study of
MashayeR is of purely parametric nature and does not dis-
cuss the physical reasons for the observed changes in turbu-
lence due to the particles.

The objective of the present paper is to answer the ques-
tion: What are the physical mechanisms responsible for thetokes and continuity equations that describe the time evo-
modification of the turbulence structure by solid particles|ytion of the flow field, plus the dynamic equation that de-
dispersed in a homogeneous shear flow? In our simulationgcribes the particle motion. The dimensionless Navier—

we use DNS to study the effects of dispersed solid particleStokes and continuity equations for a homogeneous shear
on turbulence structure in a homogeneous turbulent shediow are:

flow. We observe a reduction as well as an increase in the

x3

FIG. 1. Schematic of flow configuration.

turbulence kinetic energy of the carrier flow under different?!i i(u-ui)+8x3ﬂ+5ug,5i1=iiuzi— é_p_fi ,
conditions, and we provide, for the first time, an explanationdt = ;" IXq Re gxj  dx

of the physical mechanisms responsible for these modifica- (1)
tions. Moreover, we consider the role played by gravity

which was not considered by Mashayek. '_0 )

Our results show that dispersed particles modify the tur- X '

pulence structure via ch_anging the turbulence energy pmd_”%herei =1,2,3 refer to the three space directionsx,,Xs.
tion rate. The change in the turbulence energy productio. s he force that represents the effect of Meparticles

rate is caused by the modification of the vorticity dynamicS.hat are within the fluid integration cell, and is calculated
It is known that regions of large turbulence production rateggm,

are sandwiched between counter rotating longitudinal vortex

tubes(Adrian an Moir? and Kida and Tanak8. The stron- 1 Y

ger the vorticity,wg, of these longitudinal vortex tubes is, fi:ﬁf kzl Fix ©)

the larger the production rate. The dispersed solid particles

modify the alignment of the vorticity vectos, with the axis ~ wheref; is the drag force on particle, see Eq(5) below,

of the longitudinal vortex tube. Increasing the alignment bedn x; direction.ms is the mass of the fluid in the integration

tween the vorticity vector and the axis of the longitudinal cell. An expression foff; is derived in the Appendix. For

vortex tube increases, which in turn increases the turbu- one-way coupling flowd; is zero.u;(t) is the deviation of

lence production rate, and vice versa. the instantaneous fluid velocity(t) from the imposed mean
The paper is organized as follows. In Sec. Il, the gov-velocity (U=Sx;) according to

erning equations are discussed. The results are presented in

Sec. lll. Turbulence and particles parameters are presented in Ui=Ti ~(S%) i1, “)

Sec. Il A. Turbulence modification by the particles are dis-whereS is the dimensionless mean velocity gradient, given

cussed in Sec. Il B. The mechanisms of modification of tur-by S=(dU/dxz)(L/AU)=1 in our simulationsAU is the

bulence energy production by the particles are introduced igifference between the mean velocities at the top and bottom

Sec. Il C. The effect of particles on modifying the alignment boundaries of the computational domaifig. 1). L is the

between vorticity and strain eigenvectors are shown in Segomputational domain length which equals unity in the ver-

lI1E. A summary of the findings of this paper is presented intical and spanwise directions, and equals two in the stream-

Sec. IV. wise direction to allow for the growth of the integral length

scale without violating the periodicity boundary condition in

that direction. It should be noted that since the particles vol-

ume fraction is small$, <103, we neglect the effect of the
The study of the two-way coupling between the particlespresence of the particles on the continuity equat®rof the

and fluid requires the simultaneous solution of the Navier—carrier fluid.

Il. MATHEMATICAL DESCRIPTION
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The equation that describes the particle motion is thafABLE I. Dimensionless flow parameters Bt 0. 7, is the initial Kolmo-
derived by Maxey and Rilé‘% and which for |arge particle— gorov length scale anlg, is the initial integral length scale.

fluid density ratio can be written as R, 20.0
k27 5.0
my(dv; /dt,) =m,(uj—vi)/ 7p—my[d(Sx)/dt,] 54 U% 0.035 30
_ _ vo 0.000 1050
+(Mp—my)g;, ) & 0.000 5546
whereu;(t) is the deviation of the instantaneous particle ve- I)\O 8'823 228
locity 7;(t) in x; direction from the local mean fluid velocity ,72 0.006 761
77kmax 1699

vi=0;—(SX)di1, (6)

d/dt, is the time derivative following the moving particle,
and 7, is the particle response time, which for Stokes flow

Since the mean velocity gradiend/dxs) is constant

reads . . _p
and is set equal to unity, we use its inverse as a reference
_pra2 time T,~=1, which results in a reference length;
= oy (M —0.39036m.

In order to ensure that our DNS resolves the motion at
wherea is the particle radiusp,, is the particle density, and the smallest scales we monitor the values of the dimension-
p is the fluid density. less quantityrk ., Wherek ., is the highest resolved wave

The flow field governing equations are discretized in annumber[zzﬂ-(N/Z)]_ N is the number of gnd points in a
Eulerian framework using a second-order accurate Adamsgiven direction. In our simulations 1s67k.,<1.8 for 1
Bashforth scheme for time integration on a staggered gridsT<6. Moreover, we ensure that the two point Eulerian
containing 166 80x 80 grid points. This grid allows an ini-  yelocity autocorrelation in the; direction diminishes to zero
tial microscale Reynolds number &, ,=20. The pressure in |ess than half the length of the computational domain. In
is treated implicitly by solving the Poisson equation in finite order to satisfy this criterion we extend the computational

difference form using a Fast Fourier Transfo(RFT). The  domain in the streamwise direction to twice its size in the
boundary conditions are periodic in tlk¢ andx, directions |ateral directions.

and shear periodic in the; direction. The shear periodic  The particle equation of motion is integrated in time us-
boundary condition for any variablé(t,x;,xz,X3) is pre-  ing a second-order accurate Adams—Bashforth scheme to ob-
scribed as tain the particle velocity. The fluid velocity at the particle

position is obtained using a fourth-order accurate, two-
8) dimensional, four-point, Hermitian cubic interpolation
scheme(Truesdelt’). The particle position is obtained by in-
wherem; are integer numbers. More detailed description oftegrating the particle velocity in time. The boundary condi-
the solution procedure is given by Geeral."? tions for the particle equation are periodic in thgandx,
The initial turbulent velocity field is isotropic, periodic directions and shear periodic in tlxg direction.
in the three directions and divergence free. This flow is al-  |n order to calculate the number of computational par-
lowed to develop until the skewness of the velocity deriva-ticles required for a given volume fraction for the two-way
tive ~—0.45, then a constant mean velocity gradient is im-coupling and avoid excessive computational time, we as-
posed on the flow. The initial energy spectruii(k,0), is  sume that each computational particle represents a maximum
prescribed by of 45 real particles. Elghobashi and Trueststiowed that
K4 the DNS results using one computational particle to repre-
E(k,0)=16(2/7)Y43/2)u%?—= exp(—2(k/kp)2), (9)  sent about 100 actual particles are within 2% of that is pro-
Kp duced using half of that number. Particles are injected in the
flow at T=1 at which time the skewness of the velocity
derivative reaches its first peak, thus signifying fully devel-
oped turbulence. The prescribed initial particle velocity is the
same as that of the surrounding fluid at the point of injection.

f(t,xg+mq, Xo+ My, Xz+mg)=f(t,x; — Smyt,X,,X3),

wherek, is the wave number at which the maximum of the
energy spectrum occurs, ang is the initial root-mean-
square velocity. All the wave numbers appearing9h are
normalized by 2r. Equation(9) produces an energy spec-
trum with most of the energy content confined in wavenum-

bers surrounding, . This spectrum allows us to increase the |||. RESULTS

duration of the simulation without violating the periodicity A Turbul q il

boundary condition in the streamwise direction. Specifying - urbulence and particles parameters
us andk, are sufficient to calculat&(k,0). The initial di- In our simulations of the two-way interaction between
mensionless kinematic viscosityis calculated from the ini- particles and a homogeneous turbulent shear flow we studied
tial prescribed Reynolds numb&; o and computed initial five different cases. The properties of the particles in these
energy dissipation rate,. The values of the initial dimen- cases are shown in Table Il. Case A represents a particle-free
sionless parameters used in our simulation are shown iffow with which other cases are compared. Cases B and C
Table I. study the effect of increasing particle inertia or response
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TABLE II. Particle parameters at injectio,=1. Dimensionless quantities{ and d are normalized by a
reference time-1 s and a reference lengt0.390 36 m. Sk Sly/ug is the shear number.

Case Sh 7, d pplp  Tplme  THlTK d/n b, bm v /UG 9y,
2 0.0 0.0
B 2 1.0 1.0<107° 1890 0.4140 2.330 0.1479 Xa0“* 1.0 0.0
C 2 010 6.x10°4 525 0.0414 0.233 0.0887 A0 * 0.1 0.0
D 2 010 6.x10* 525 0.0414 0.233 0.0887 Q0“4 0.1 1.59 X1
E 2 010 6.x10°% 525 0.0414 0.233 0.0887 x40 * 0.1 1.59 X3

time, 7,. The particles mass loading in case B equals onesipation, (T), increases in both cases with case B having
i.e., one order of magnitude larger than that of case C. Thhe largest initial increase. However, near the end of simula-
effect of gravity is studied in cases @ravity in —x; direc-  tion where the turbulence energy of the coupled flow in case

tion) and E(gravity in — x5 direction. B becomes substantially smaller than that of casdthe
uncoupled flow, the rate of dissipation of turbulence energy,
B. Turbulence modification by particles €(T), of case B becomes smaller than that of case A. Con-

In this subsection we discuss the effect of two-way cou-tinuing the simulation forT_>6 would result "? a signifi-
pling on modifying the structure of turbulence for cases B_Ecantly w_eaker turbulence, smég of case B dec"_”es t013.8
listed in Table Il. We have performed 10 simulations of at that time, and thgs we terminate all simulationd at6.
which we selected these four cases. Careful examination gf'¢ [emporal behavior of the three components of turbulence
our results showed that these four cases are sufficient to e%inetic energy is displayed in Fig. 3 where it is clear that,

plain the physical mechanisms that are responsible for modf—‘alat've to case A all three comppnents of thg root-mean-
v§quare(rms) velocities are reduced in case B, while they tend

by dispersed solid particles. In Sec. IlID, we present thet0 increase in case C, especially in thedirection(the other

results of all the ten simulations in a parametric form thattWO directions show a negligible chargé should be noted

shows the effects of varying the mass loading, particle inertizshat in case B, although the reductionugmsis th(_a largest .
and drift velocity. _comparegl to thg other two components, th_e relative redgctlon
Figure 2 shows the time development of the turbulence” ui,rmi’_rl_:g’_?’ E;Lmosli_fhe_ts_ar;(gt:/e frelatlve rf(:#cuon n

kinetic-energyE(T) and its rate of dissipatioa(T) normal- Uzmsal 1=015 o, while 1t 1S 0 fols msat the same
ized by their initial values for cases #o particle$, B and time) as expected for pamcles In zero .grawty. The reason for
C. It should be noted that, due to the particles small inertia{hfa Iargﬁst reduction il ms Will be discussed later on in
and mass loading of case C, the two-way coupling effects ar IS Isec 'gn' ‘ derstand th for the ab

small. The figure shows that for timés>2, the particles . h order to understan € reason for the above men-
reduceE(T) for case B relative to A, whereas they increasetloned modlflcatlon§ of the turbulence energy, we consider
it in case C. The reasons for this different behavior will bethe transport equation for turbulence energy for a turbulent

discussed in the next paragraph. The rate of turbulence dis-

ui,rms
1.2~ 0.05r
- e(T) i
0.04
0.03
0.02
0.4 L L L ! 1 L L L L 1 ! L L L 1 0.01
0 2 4 6 0 2 4 6
T T
FIG. 2. Time development d&(T) and its rate of dissipatioa(T). Case B FIG. 3. Time development of rms velocity components. Casés@id
(solid lineg, case C(dashed lines case A(dash—dot lines lines), case C(dashed lines case A(dash—dot lines
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<u,u> Op<uy(vi-u)/T >
0.0002 0.0001
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FIG. 5. Time development of the particles source term inxheirections.

FIG. 4. Time development of the velocity correlatido,us). Case B(solid Case B(solid lines, case Cldashed lines

lines), case C(dashed lines case A(dash—dot lines

in the x; direction in both cases, while it is a sink of energy
fh the other two directions. Due to the imposed mean veloc-
ity gradient and the initial condition of equal local velocities
of particle and fluid, and due to particle inertia, the particle
dE(t) velocity in thex; direction becomes larger than that of the
at —S(usuz) —€+S,, (10 fluid. Thus the particles are able to align the fluid velocity
_ _ ) _ along their direction of motion, resulting in highéu,v,)
where the first term on the right-hand-sidRHS) of (10)is  ¢orrelation than that of the energy compon@ntu,) as seen
the rate of turbulence production by mean shear; the seconf Fig. 6 for case B. In the other two directiong,(xs),
term is the rate of turbulence viscous dissipation, and thenere is no mean velocity gradient and thus the particles lag
third term,S;,, is the source term due to the particles which,the fluid, resulting in{u;v;) being smaller tha(u;u;) in
for particles in zero gravity, is given by these directions. The temporal developments of the compo-
Sp=— bl Ui(ui—vi)/ ), (11  nents ofS,, shown in Fig. 5, help explain the changes in the

, ) _ .. rms velocity components in Fig. 3. The reductionwf, s
The increase in the rate of turbulence energy dissipation, ’

e(T), shown in Fig. 2 is one factor that reduces the turbu-
lence energy. The effect of the other two terms on the RHS .y vs & <uu>
of (10) are discussed next. 0 0(1)116 it

Figure 4 shows the time development @f,us) for :
cases A—C. Sinc8=1 in our flow, the time rate of change
of —(u,u3) represents the rate of production of turbulence
energy by the mean shear. The figure shows that the magni-0.0012
tude of the rate of production of turbulence energy by mean
shear is reduced in case B relative to case A, while it is
slightly increased in case C with a tendency to decrease near
the end of the simulation. This modification of the rate of 0-0008
energy production is consistent with the modification of the
turbulence energy shown in Fig. 2. In Sec. lIC we will
show that the change of the alignment between the vorticity ¢.0004
vectors and their longitudinal vortex tubes is the physical
mechanism responsible for this modification of the turbu-
lence energy production rate.

The RHS of Eq.(11) shows that the magnitude &, 0.00000' " i = é = 3 = ""' " é " é
depends on the correlation between the fluid and particles
velocities,u; andv; . Figure 5 shows the time development t

of the components_ of the source teBp in_Xi directions for g1 6. Time development dfu;v;) (solid lineg and(u;u;) (dashed lines
cases B and C. It is seen that this term is a source of energy case B.

can be derived from Ed1) by multiplying throughout byu;
and ensemble averaging to obtain
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of case B being larger than that of ,,sandug sis consis- where
tent with that of thex, component ofS, of case B, having mean
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A(K;) is the linear energy transfer rate due to the
shearing deformation of the turbulent edd@smar-

the largest negative value compared to the other two direcadzkiet al** and Deisslef’), G(K) is the turbulence energy

tions. The positive source term of case B in thedirection
does not result in an increase in itg,n,, indicating that the
reduction inu, ,sOf case B is mainly due to the reduction in
the production rate of turbulence energy seen in Fig. 4.

production rate,T(K;) is the nonlinear energy transfer rate
across the wave number spa&¥K;) is the rate of energy
transfer by velocity pressure-gradient correlatiefK;) is
the rate of energy dissipation, aRgK;) is the rate of energy

The spectral equation of ener@(K;) can be obtained

from the momentum equatiofl) by Fourier transformation,

resulting in

gain (or losg due to the two-way coupling which equals the
spectrum of correlation between the net particle acceleration
and local fluid velocity. The equations for the components on
the RHS of Eq(12) are

JE(K;)
ot

=A(Kj) +G(Ky) +T(K;) + P(Kj) + e(K;)

+F(Kj) 1=1,2,3, (12

G(Ky) == 3S(0(K)U(K3) +0(K1)U(K3)),

(13

T(Kj)= %{G(Ki)[a(Kl)*(Klﬁ(Ki))]_G(Ki)[a(Kl)*(Klﬁ(Ki))]+G(Ki)[a(Ki)*(KZG(Ki))]

— O(K)LACK)* (KR0(K()) ]+ 0(K)[G(K)* (K3U(K;)) ] —

A(KD[O(K3)* (K3O(Ki)) T, (14

A(K) = 5 S0, (ke (ki (K)

showsE(T) ande(T) for cases A(no particle, D (coupled
flow with gravity in —x; direction and E(coupled flow with

gravity in — X3 direction. It is clear that the effect of gravity

—X; direction is to substantially increase bd#{T)

ande(T) compared to the particle-free flow, A. On the other

hand, for case Egravity imposed in the- x5 direction, Fig.
9, shows higher rates of increase B{T) and ¢(T) till T

~2.5 forE(T) andT~3.5 for ¢(T) after which the trend is

—O(K;) (Xa* (K 0(Ki))) 1, (15 inthe
P(Ki>=%{G(Ko(K@—a(Ki)(Kim}, (16
e(Ki)=Z_—Fie{O<Ki><Ki+K§+K§>0<Ki> ity

+(K) (KE+K3+KH(K;), D neary
F (K = 500K F(K) + BKT(K)), (18)

where the quantities with over bar denote complex conju-
gate, “*” denotes complex convolution, A" denotes Fou-
rier transform. For a detailed derivation @f2) the reader is
referred to Ahmed?®

The spectral distributions of the three-dimensional turbu- 107
lence kinetic-energ¥(K) and its rate of dissipatioa(K) at
T=4 are shown in Fig. 7 for case B. It is clear that both
E(K) and e(K) are increased at large wave numbers and
reduced at small wave numbers. The net effect is a reduction
in turbulence kinetic energy and an increase in rate of turbu-
lence dissipation. The increase in turbulence energy at large
wave numbers is due to the increase in the nonlinear energy10'7
transfer, T(K), from small wave numbers to large wave
numbers. The reduction in turbulence kinetic energy at small
wave numbers of case B is directly related to the reduction in
the rate of turbulence energy production as seen in Fig. 8. In
addition, turbulence energy is reduced at small wavenumbers
due to particles drag.

10*

10°¢

10°

FIG. 7.

reversed. The effect of gravity direction is further manifested

10, where the rate of turbulence production is higher

in case E than that of case D for>2 and both rates become

equal near the end of the simulation. In Sec. Il C we

LB | LN ERRY | UNEER N RREL |

LR |
-

10

20 30

Three-dimensional spectrum distribution of turbulence kinetic-

N_OW: we diSCLfSS the combined effect of the tV\_’O'WaYenergyE(K), and its rate of dissipatioa(K), atT=4. Case B(solid lines,
coupling and gravity on the turbulence structure. Figure ase A(dashed lines
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G(K,) <u,u>
1.2E-04 0.0002
, :

1.0E-04f 0.0000k

8.0E-05
| -0.0002

6.0E-05

\ -0.0004
4.0E-05
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4
T

FIG. 8. Spectrum of energy producti@(K,) at T=4. Case Bsolid lines,
case A(dashed lines FIG. 10. Time development of the velocity correlatidogus).

source term in the fluid equation of motidieq. (1)],

will show that the change in the alignment between the vor i
f;) can be written agsee the Appendjx

ticity vectors and their longitudinal vortex tubes is the physi-(f
cal mechanism responsible for this modification in turbu- Pp— Pp pp  O7;
lence energy production rate. =i = $b,90ik— ;(ﬁygéik_ F% T (19

The temporal development of the root-mean-square ve-
locity componentsy; e, for cases A, D, and E are shown in The first term on the RHS dfL9) is constant and its effect is
Fig. 11. It is clear that the increase of energy is nonisotropid© balance the mean drift caused by the particles. The second
with most of the increase occurring in the direction of grav-term is the particles source term due to gravity. The third
ity. It is also clear that the increase in turbulence energy if€fm is an additional source term due to particles inertia.
cases D and EFig. 9) is not only due to the increase in the When the particle is moving with its terminal velocity, its
turbulence production rate but also due to the transfer ofccelerationds;/dt, in the direction of gravity becomes ei-
energy from the particles, that have higher energy in théher negligible in case E or becomes(pp/py) $,Svs in
gravity direction, to the fluid via the drag. This argument canc@se D. Hence, the particle’s source term in the direction of
be clarified by considering the coupling source term. Thedravity is mainly —(p,/p¢)¢,g in both cases. Obviously,

ui,rms
3.0 (D 0.06
2.5
0.05
2.0
0.04

1.5

0.03

1.0F [
- ===""T"i= =TT T _ - S — i=3
0.5k e(T) 0.02 T
0.0 i L L L L 1 L L L L 1 L L L L J i L L L L 1 L L L ! 1 L L ! L ]
0 2 4 6 0.015 2 4 6
T T
FIG. 9. Time development & (T) and its rate of dissipatioa(T). Case D FIG. 11. Time development of rms velocity components. Casésdid
(solid lineg, case E(dashed lines case A(dash—dot lines lines), case E(dashed lines case A(dash—dot lines
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FIG. 12. Time development of pressure strain correlafipn; ;). Case D FIG. 13. Time development of pressure strain correlatipn; ;). Case E
(solid lines, case A(dashed lines (solid liney, case A(dashed lines

this force will cause the fluid to drift along the direction of by shear increases the pressure strain Correle(tmnh’]}
particles motion. Thus, the fluid velocity will be positively causes more energy to be transferred fromxthdirection to
correlated with this force, i.eui(pp/ps) ¢,90 Will be the x, direction forT>3.
positive on average. The additional source term in case D,
—(pp/ps) $,Svs, is responsible for the higher turbulence C. Mechanisms of modification of turbulence energy
level of case D compared to case E affer2.5 in Fig. 9. production by the particles

Turbulence energy produced by the mean shear and ) ) )
particles—turbulence interaction in the gravity direction isd- Création of local velocity gradients
transferred to the lateral directions by pressure-strain corre- When particles at a relatively small volume fractigy)
lations, (pu; ;). Figures 12 and 13 show the time develop-~0O(10 %), are injected with a spatially uniform distribution
ment of(pu; ;) for cases A, D, and E. Figure 12, shows thatin a homogeneous turbulent shear flow, they create local ve-
imposing gravity in the direction of the mean velocity en- locity gradients. The creation of local velocity gradients can
hances the role ofpu; ;), i.e., more energy is transferred be explained by reference to Fig. 14. The figure shows par-
from thex, direction to the lateral directions, andx;. On ticles moving with a uniform velocity in a certain direction
the other hand, when gravity is imposed in the; direc-  encountering a clockwise vortex. If the velocity of the solid
tion, the pressure-strain correlation causes energy to be trangarticles islarger than that of the surrounding fluid, the drag
ferred from thexs direction to thex, direction and slightly to  between the solid particles and fluid will increase the veloc-
the x, direction untilT~3. As turbulence energy production ity of the fluid which was initially moving in the same direc-

Particles Clockwise Vortex Created velocity gradient
— —_—— FIG. 14. Local velocity gradient in the
carrier flow created by the interaction
-— I —_— of particles with a vortex.
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FIG. 15. pdf of« strain eigenvalue at=3. Case B(solid lineg, case C FIG. 16. pdf of« strain eigenvalue at =3. Case D(solid lineg, case E
(dashed lines case A(dash—dot lines (dashed lings case A(dash—dot lines

tion of the particles. The fluid that was moving opposite tothe dissipation rate seen in Figs. 2 and 3 &t3. It should be

the solid particles will experience a velocity reduction. Thenoted that the eigenvalugk andy of the coupled cases also
net effect of this interaction is the creation of the velocity increase(figures are not shown

gradient seen in Fig. 14. On the other hand, if particles are  As the flow develops, solid particles tend to accumulate
slower than the surrounding fluid, they will reduce the fluidin regions of low vorticity (high strain, (Wang and
velocity everywhere. However, the fluid points that wereMaxey!’). This accumulation is quantified by calculating the
moving in the direction of the particles will experience time development of the quantit® . which measures the
smaller reduction in their velocity than those opposing thesum of the squared difference between the actual probability
particles motion, thus creating a local velocity gradient simi-of concentration of particles and the probability of random
lar to that in Fig. 14. This creation of local velocity gradients distribution (Wang and Maxe¥/)

leads to an increase in the magnitude of the local strain rate,
thus increasing the dissipation rate of turbulence kinetic en-
ergy of the coupled flow compared to the uncoupled flow as
discussed in the previous subsection. The increase in the dis-
sipation rate is manifested in the increase in the strain ratehereN, is the total number of particles and represents the
eigenvaluesa (the extensional strajn 8 (the intermediate maximum value that can be assigned to C. The random dis-
strain, andy (the compressive strainThe strain rate tensor tribution probability function P¢(C)) is calculated from
eigenvalues are related to the square of the strain tensor, and

Np
DC=C§0 (P,(C)—PY(C))?, (23)

o . . N 1 C 1 Np—C
hence dissipation, through the relations PY(C)= P) ) 1-=
c CJ/\Ng Ng '
=(u U )2, (20
3= (Ui + g C=0,1.2,..,N,, (24)
SiSj=a’+ By @D where
e=2vS;S; . (22 Np|  Np(Np—1)--+(N,—C+1)
c/” C! ’ @

Figure 15 shows the probability density distribution @f

eigenvalue afl =3, and indicates an increase in its magni-and Ng is the number of grid points in the computational
tude in cases B and C as compared to case A. This increas®main. Figure 17 shows the temporal developmenD pf

can be seen by comparing the amplitudes of thégdior  for case B. It is seen thdD. gradually increases until
large values ofw. It is clear that cases B and C have larger=3, then it varies slowly fofT >3, signifying a slower rate
amplitudes for larger than that of case A. The increase in of accumulation. The slower rate of accumulation affer
the « eigenvalue for cases D and E as compared to case A at3 is due to the decrease in turbulence energy as seen in
T=3 is shown in Fig. 16. It is seen that the increase of theFig. 2. This preferential accumulation of particles, which is
magnitude of the eigenvalue is proportional to the changes ifargest when the particle response time is equal to the Kol-
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D stretches a randomly distributed initial vorticity field into
0.005 longitudinal vortex tubegelongated high vorticity regions
: that are initially inclined at 45° to the downstream. These
- elongated vortex tubes become more inclined toward the
mean-stream direction as the flow develops in time. The
elongated vortex tubes induce a strong swirling motion
- around them. The term<Sdu; /dx,) in EqQ. (26) which con-
verts the mean vorticity{ S) into the direction of the span-
wise derivative of the induced velocity vectaiu/dx,), be-
0.004 gins to take part in the dynamics. Figures(@8and 18b)
show two longitudinal vortex tubes with the vorticity vectors
represented by solid arrows along their centerline for posi-
- tive and negative vorticities, respectively. The velocitn-
duced by these vortices is shown by curved arrows around
the longitudinal vortex tubes. The spanwise derivative of this
- induced velocity is in the direction af, and is denoted by
0003 ——v b v ) fthe bold arrows, i.e., itis in the same direction as thgt.of the
1 2 3 4 5 6 induced velocity. Thus, due to«(Sdu;/dx,), the vorticity
T vectors move away from the centerlines of the longitudinal
vortex tubes and turn into the directions depicted by the bro-
ken arrows in the figures, hence always increasing the angle
between the vorticity vectors and the streamwise direction
mogorov time scale, leads to a further increase of the locatompared to that of the centerline of the longitudinal vortex
velocity gradients of the surrounding fluid, which in turn tubes. Our DNS results show that the solid particles do

FIG. 17. Time development d). of case B.

modifies the vorticity dynamics. change the magnitude of this term &du;/dx,), and thus
modify vorticity dynamics. Figure 19 shows the pdf of
2. Modification of vorticity dynamics (—Sdu; /9x,) for cases A—C at = 3. The figure indicates an

increase in the magnitude of(Sdu; /9x,) for cases B and C
as compared to that of case A. This is seen in the increase of
the amplitude of the pdf of cases B and C at large values of

Consider the vorticity transport equation which is ob-
tained by taking the curl of the momentum equati@h

Jw; Jw; Jw; au; AU | —Sdu;/dx,| and a decrease in the amplitude of the pdf
o _SX%T v S‘*’s5i1_537+ Ok around— Sdu; /dx,= 0. Thus, the vorticity vectors of case B
1 k 2 k : . X o
deviate more from the axis of their longitudinal vortex
P, _ tubes than those of case C. Figure 20 shows the
+U?+bi (i=1,23), (260 pdf(—Sau; /dx,) for cases A, D, and E af=6. It is seen
K that the tails of the pdft Sdu; /dx,) for cases D and E have
where w; are the fluctuating vorticity components, andis  larger amplitudes than those of case A, signifying an increase
the curl of the two-way coupling force term in EQ.) in the value of— Sdu; / dx, for cases D and E as compared to
Jf, case A. Also, it is clear that the value 6fSdu; / 9x, for case
b= ~ Eijk (27) D is larger than that of case E, causing a larger deviation
j

between the vorticity vectors and the axis of their longitudi-
The two terms in the first bracket on the RHS(26) repre-  nal vortex tubes of case D than those of case E. It should be
sent vorticity advection by both the mean velociue to  noted that the larger the deviation of the vorticity vector
mean shearand fluctuating velocity respectively, without from the longitudinal vortex tube axis, the smaller the mag-
changing the direction ofs;. It should be noted that these nitude of the vorticity component along the vortex tube axis.
two terms advect the vorticity vectors and vortical structures

at the same rate. The first term in the second bracket convergs modification of the orientation of vorticity vectors

the vertical component of vorticityws, to the horizontal

. Further evidence of the changes in the directions of the
componentw,, by mean shear. The second term in the sec- . . : . )
. vorticity vectors due to the particles, discussed above, is
ond bracket converts the mean vorticity S, t0 w; and ws

. . manifested in the changes of the angfeand ¢, between the
components foi =1,3 respectively, and stretches the mean .. : . -
g . : . vorticity vector and the horizontal and spanwise directions
vorticity for i =2. The third term in the second bracket con- respectively(Fig. 21). These angles are calculated from the
verts the vorticity fromw, t0 w;, i#Kk, i.e., it changes the P MG 2. 9

vorticity direction. The term é°w; /axﬁ is the viscous diffu- three vorticity components
sion of vorticity. The last term represents a source/sink of  w,=|w|cos¢siny, w,=—|w|cose¢ cosy,
vorticity due to the solid particles. .

Kida and Tanak¥ studied numerically the temporal de- w3=|w|sing. (28
velopment of the vorticity field in homogeneous turbulentFigure 22 shows the pdf) for cases A—C aff=4. It is
shear flows. They indicated that the imposed mean sheaeen that the amplitude of the pdf of case B, compared to that
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(a) Positive w

direction of du /9 Xq

u(velocity induced by vorticity)

(b) Negative w

direction of 9u /o Xo

u(velocity induced by vorticity)

3,

FIG. 18. Deviation in orientation between a longitudinal vortex tube and vorticity therein.

of case A, increases mainly around large valuesdgfand
slightly arounde =0, signifying an increase in thjﬁobabil- pdf(-Sou/ox,)
ity of having large values of (45°<|¢|<90°) in case B as 0.10
compared to case A. On the other hand, the piif¢f case C

is nearly the same as that of case A, except to a slight in-
crease aroungp=0. Thus, on the average the vorticity vec- 0.
tors of case C will be more aligned with the streamwise
direction as compared to case A, while those of case B de-

viate more from the streamwise direction. The increase of 0.06
in case B is due the increase in the magnitude of
(—Sdu;/dx,) discussed in the previous subsection. The in-
crease in the pdf arouni=0, in cases B and C as compared 0.04
to case A, is due to the increase in the teBm; [the first
term in the second bracket of E6)]. This term converts

the vertical vorticity into the streamwise direction and is 0.02
shown by Kida and Tanakato cause the vorticity vector to
move towards the streamwise direction. Sil®el in our 0.00
. Lo N |

flow, the termSw; equalsws. Our results show thab,; of 0
cases B and C is larger than that of case A. -Sou/ox

Figure 23 shows the pdf{) of cases A, D, and E &af 72
=4. The figure shows that th? increase in the anfi case  fig, 19. pdf-Sou, /dx,) at T=3. Case B(solid line), case C(dashed
D as compared to case A is in the range 4%3|<90°, line), case A(dash—dot ling
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pdf(-Sou/dx,)
0.10

0.08
0.06
0.04

0.02

FIG. 20. pdf(~Sdu;/dx,) at T=6. Case D(solid line), case E(dashed
line), case A(dash—dot ling

while that of case E is for smaller values &f The behavior

of the angleg of cases D and E relative to that of case A can

be explained partially by the increase i §du;/dx,) in
cases D and E as discussed in the previous subsection. Ho
ever, the effect of the particles source tefuhne to the grav-

ity) on vorticity is dominant. Figures 24—-26, show the source

termsb; ,i=1,2,3, respectively, at =4 for cases D and E.
Comparing the pdf ob; of cases D and E with those af of
the two cases seen in Figs. 38—40, we see a direct prop
tionality. For case Ew; increasegFig. 38 due tob; (Fig.
24), and the increase w5 for case D(Fig. 40 is due tob,
(Fig. 26. The increase i, due to the increase &f in case

E leads to the inclination of the vorticity vector towards the
streamwise direction, thus increasing pplf( of case E
around¢=0 (Fig. 23.

NS

X;
X,

FIG. 21. Vorticity vector angleg and .
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FIG. 22. pdf of vorticity anglep at T=4. Case B(solid line), case Qdotted
line), case A(dashed ling

I -
45

Now, we consider the pdf of the angle(the angle be-
tween the vorticity vector ang, direction, Fig. 2). Figure
27 shows the pdif) for cases A—C alT =4. It is seen that
the pdf(y) of case C is nearly identical to that of case A,

W_

whereas the pdiff) of case B increases arouni=0 and
=+180° as compared to case A. Figure 28 shows the
pdf(y) for cases A, D, and E afl=4. It is seen that the
vorticity vectors in case Dgravity in —x; directior) tend to

l?_e aligned in the spanwise direction, as indicated by the
arger magnitude of the pdf arouné=0 and = *=180°.
Also, the vorticity vectors in case Eravity in —x3 direc-
tion) tend to be aligned with the spanwise direction but to a

lesser extent than in case D as indicated by larger amplitudes

pdf(¢)
0.020

0.015

0.010

0.005

0.000L£ . .
-90

M
45

FIG. 23. pdf of vorticity angle¢ at T=4. Case D(solid line), case E
(dashed ling case A(dash-dot ling
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FIG. 24. pdf of the particles source term i, equation afT=4. Case D FIG. 26. pdf of the particles source term &y equation aff=4. Case D
(solid ling), case E(dashed ling (solid line), case E(dashed ling

The first two terms on the RHS dR9) represent vorticity
of the pdf(/), as compared to case A, arougid=+135°  conversion from thess and w, components taw, by veloc-
instead ofyy= =180° seen in case D. The increase in pdf( ity fluctuations. The third term represents a contribution from
at =0 is smaller in case E compared to case D. the spanwise stretching of both the mean vorticityS) and

In order to explain the reasons for the behavior of they,, The fourth term is vorticity diffusion, while the last term
angley, we consider the transport equation of the spanwisgs the particles source term in tixe—x,, coordinates.

vorticity w, written in thexs—x;, coordinates of the longi- Figures 29%a) and 29b) show two longitudinal vortex
tudinal vortex tubesee Fig. 29 tubes with the vorticity vectors deviating from their longitu-
Dw, au, au, au, , dinql_vortex _tu_be axis, as exp_lained e_zgrlier in Fig. 12_3,(fl_)r
———=ws—— tow,— t(wy—S)— +tvVw,+b,. positive vorticity and(b) negative vorticity. The velocity in-
Dt IXg IXn Xy

(29) duced by the vortices is represented by the curved arrows
around the longitudinal vortex tubes. Figures&2@nd 29b)
show that the ternwm,du,/dx,, always has a positive contri-

pdf(b,)
010 pdf(y)
Ul 0.016
0.08} i
i 0.012 -
0.06 ' [
: 0.008
: 0.004
0.02 [
0 00 s = /l I R T T R S T | |\ e S e | 0-000 __ P R T [N NN WA NN N [N N TR ST N I SO WO T N |
10 -5 0 5 10 -180 -90 0 90 180
b, 7
FIG. 25. pdf of the particles source term &) equation aff=4. Case D FIG. 27. pdf of vorticity angle) at T=4. Case Bsolid line), case Qdotted
(solid ling), case E(dashed ling line), case A(dashed ling
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pdf(y) bution tow, for both positive and negative vorticgs.g., in
0.020 Fig. 29a), w, is positive and the derivative ai, of the
induced velocity,du,/dx,, is also positive; both quantities
are negative in Fig. 428)]. Our results show that the
pdf(w,du,/dx,) for case C af =4 is nearly identical to that
of case A(figure is not showp in agreement with the be-
havior of the anglay, seen in Fig. 27 for the two cases. In
case B, the tail of the pdé{,du,/dx,) has larger amplitude
than that of case Afigure is not show) indicating an in-
crease in the value ab,,du,/dx, of case B as compared to
case A. The increase im,du,/dx, contributes to the in-
crease of positivev,. The particles source terim, also in-
creases,. Our results show thdt; of case B are larger than
those of case Gfigures are not shownThe effect of this
source term is to increase the vorticity component in each of
1 L the three directions.
0 9 180 Kida and Tanak® showed that the third term if29)
Y represents a transformation of the mean vorticity into fluctu-
FIG. 28. pdf of vorticity angley at T=4. Case D(solid line), case E ating negativaw,, I'_e" n the direction Of.the.‘ mean vorticity
(dashed ling case A(dash—dot ling —S. Our results(figure is not shown indicate that the
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0.012

0.008

0.004

LI B I B B B B B S 7 B e |

0.000_1 TR T R
-180 -90

(a) Positive w
+& 49

N

7 1nduced velocity by vorticity
(b) Negative w 473\/4’@
X3
‘ induced velocity by vorticity

X2
FIG. 29. The turning of vorticity vectors towards axis.
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pdf(w du,/ox ) pdf((®,-S)ou,/0x,)
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0.05 0.05
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4 2 0 2 4 #) ) 0
®,0u,/oX_ (®,-S)du,/ox,
FIG. 30. pdf(wn&uz_/axn) atT=6. Case Dsolid line), case Hdashed ling FIG. 31. pdf((w,— S)du,/dx,) atT=6. Case DOsolid line), case Hdashed
case A(dash—dot ling line), case A(dash—dot ling

pdf((w,— S)du,/dx,) of case C is nearly identical to that of vortices for cases A and B, respectively. The figures show
case A, i.e., consistent with pdff, Fig. 27. In case B, the the lines connecting the loci of the vortex cores identified by
magnitude of pdf(f,— S)du,/dx,) at T=4 is less that that the local minimum pressure as outlined by Miura and Kitla.
of case A(figure is not showh Thus, the main reason for the The color intensity denotes the sum of the two positive ei-
increase ofw, in case B is the particle source tetwp. The  genvalues of the pressure Hess[aﬁ/axixj(p)] and repre-
increase ofw, causes the vorticity vector to move towards sents the strength of vortices. It is clear that the angle be-
thex, axis, and hence the increase in the the probability of tween the horizontal plane and the centerlines of the vortices
near¢=0,+180°. in case B, Fig. 3®), is larger than that of case A, Fig. @2

As discussed earlier, the termy,du,/dx, always has a On the other hand the inclination of the tubular vortices in
positive contribution tow,, while (w,—S)du,/dx, has a case Cfigure is not showhis nearly the same as in case A,
negative contribution on average as shown by Kida anaonsistent with the behavior of the vorticity angles in this
Tanaka® Thus, the increase of either of these two terms willcase. Our results of the extracted tubular vortices for cases D
lead to the inclination of the vorticity vector in either the and E(figures are not showrshow that the tubular vortices
positive or negative spanwise direction, respectively. Figuref case D are more aligned with the vertical and spanwise
30 shows the pdif,,du,/dx,) for cases A, D, and E af  directions than in case A, while in case E the tubular vortices
=6. The figure shows that the magnitude of the pdf of caseare more inclined towards the spanwise direction and to
D and E is larger at the tails than that of case A, signifyingsome extent toward the streamwise direction, consistent with
an increase in the value @,du,/dx, for cases D and E the behavior of the angleg and s discussed earlier.
over that of case A. The pdf(,— S)du,/dx,) for the same The effects of the particles on the orientation andlés
cases aff =6 is shown in Fig. 31. It is seen that the ampli- and ) of the vorticity vectors are reflected in the changes of
tude of the pdf tails for cases D and E has larger values thathe magnitudes of vorticity components,. Figures 33—35,
that of case A, reflecting an increase in the value @f ( show the pdf ofw;,i=1,2,3 for cases A—C at=4. It is
—S)du,/dx, for cases D and E compared to case A. Theseen that in case C, the three components of vorticity are
increase in the values ab,du,/dx, and (w,— S)du,/dx, increased as compared to case A with the largest increase
for cases D and E over that of case A leads to an increase ioccurring inw;, consistent with the increase in the pgj(
the inclination of the vorticity vectors towards the positive near =0 (i.e., vorticity vector is more aligned witk)
and negative spanwise directions for cases D and E as comseen in Fig. 22. On the other hand, in case B, the vorticity
pared to case A. In addition, the increase in the magnitude ofector is more inclined towards the vertical and spanwise
the particles source tertm, shown in Fig. 25 increases the directions and away from the streamwise direction consistent
magnitude ofw, and hence increases the alignment of vor-with the increase i, andws and the reduction ob,. The
ticity vector with the spanwise direction. changes inw; ,i=1,2,3 of cases B and C are reflected in the

In order to visualize the changes in vorticity field due to changes invg andw,, as shown in Figs. 36 and 37. It is seen
the particles, we extracted the topology of the centerlines ofhat with the increase in the magnitude of the pijf(for ¢
the tubular vortices from our DNS results for all the cases at=0 in case C, the vorticity vectors become more aligned
T=6. Figures 323 and 32Zb) show the extracted tubular with the axes of their vortex tubes resulting in largerand
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FIG. 32. (Color) Extracted tubular
vortices at T=6. (a) Case A, (b)
case B.

(b)

smallerw, than in case A. On the other hand, in case B, theticity componentsw, and w5 increased substantially, while
increase in the pdf) for large values ofg, is associated w4 increased only slightly as compared to case A. Similarly,
with larger deviation between the vorticity vectors and theirthe vorticity increase in case E is mainly in; and w,,
longitudinal vortex tubes. This increase in deviation resultsvhile w5 increased the least, is consistent with the changes
in a smallerwg (36) and largerw, (37) for this case. Figures in ¢ and . The same results are reflected in the relative
38-40 show the distribution ab; ,i=1,2,3 for cases A, D, distribution ofwg andw,,. Figures 41 and 42 show the pdf of
and E atT=4. It is seen that in case D, where the vorticity s and w, for cases A, D, and E at=4. The figures show
vector is inclined towards the, andxz directions, the vor- that due to the increase in vorticity strength and the relatively

Downloaded 12 Feb 2007 to 130.194.10.86. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



2922 Phys. Fluids, Vol. 12, No. 11, November 2000 A. M. Ahmed and S. Elghobashi
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FIG. 33. pdf of vorticity componen, atT=4. Case B(solid line), case C FIG. 35. pdf of vorticity componenbs atT=4. Case B(solid line), case C
(dashed ling case A(dash—dot ling (dashed ling case A(dash—dot ling

small changes in the anglgin case E, bothws andw, are  tion rate, S<ujuz>. Kida and Tanak® showed that the
increased relative to case A. On the other hand, the largeegions of high turbulence energy production are concen-
increase in the magnitude of pdff for large values ofpin  trated between counter-rotatings vortices. Figures 43)
case D is consistent with the deviation of the vorticity vec-and 43b) show contours of typically high Reynolds stress,
tors more from their longitudinal vortex tube axis than in Uius= —0.002, denoted by black closed contours superim-
case A, and a smaller increasedq than inw,, . posed on contours @és in anx,— X, plane aff =4 for cases

A and B. The figures show that regions of large turbulence
production rate are sandwiched between pairs of counter ro-
tating w¢ vortices. Note that regions where Reynolds stress
. . ) magnitude 0.002 are enclosed within the black contours.
The decrease or increase iy leads respectively, to a Also, it is clear that the magnitude af; is reduced in case B

reduction or augmentation in the turbulence energy pmduc(:ompared to case A, as indicated by lower color intensity

4. Modification of the production rate of turbulence
energy

0.10 0.04
0.08F !
i 0.03
0.06
i 0.02
0.04f
i 0.01
0.02
0.00_..|"." L 0'00....|....|....|....|
4 4 -8 -4 0 4 8
Q)

FIG. 34. pdf of vorticity componenb, at T=4. Case B(solid line), case C FIG. 36. pdf of vorticity component along the longitudinal vortex tuheat
(dashed ling case A(dash—dot ling T=4. Case B(solid line), case C(dashed ling case A(dash—dot ling
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pdf(e,) pdf(e,)
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0.08 0.08f A
; ; Y
0.06 0.06 D
s s i
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0.02F 0.02
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FIG. 37. pdf of vorticity component normal to the longitudinal vortex tube g5 39 pdf of vorticity component, at T=4. Case D(solid line), case E
o, at T=4. Case B(solid ling), case C(dashed ling case A(dash—dot  (gashed ling case A(dash—dot ling '
line).

(blue and reflin Fig. 43b) as compared to Fig. 48. Fur- In order to further examine the relation between turbu-
thermore, black closed contours of large turbulence produdence_energy production rate and the vorticity, we derive an
tion rate regions occupy smaller area in Fig(B3as com-  €quation for{u; us) based on Lele?g equation for the Rey-
pared to Fig. 4@, signifying a reduction in turbulence nolds stresses and vorticif§£q. (6) in his pape}l. Here, we
energy production in case B. In caséfgure is note shown rewrite this equation after dropping the diffusion, dissipation,
the changes are smaller, consistent with the small increase f#flvection, pressure strain, and source terms. It should be
the production rate in this case. Similar results are obtainefloted that, since we are only interested in a relation between
for cases D and Higures are not shownwhere larger zones the production rate ofu;us) and vorticity components, we

of turbulence production rate are sandwiched betwee#€Pt only the terms that hawex w. The resulting equation

counter-rotatingw, vortices, than those of case A. for (u,us) takes the form
pdf(o,) pdf(w,)
0.06- 0.06-
’ I R
| ‘/' \‘\
B // AN
0.04 0.04 i)
i : Y
0.02 0.02-
0.00 0.00F —=7- L Tia
-8 -8 -4 0 4 8
0y

FIG. 38. pdf of vorticity componenb, at T=4. Case D(solid line), case E FIG. 40. pdf of vorticity componenb; at T=4. Case D(solid line), case E
(dashed ling case A(dash—dot ling (dashed ling case A(dash—dot ling
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FIG. 41. pdf of vorticity component along the longitudinal vortex tuheat
T=4. Case D(solid lineg, case E(dashed lines case A(dash—dot lines
(b)
d(usuz) ]
gt ~<ul(uxw)3>+<u3(uxw)l>! (30) o
which can be expanded in the form 1.0
d(uius)
;t ~(UyUzw3) —(UsUzwy) + (Ui U w3)

—<U1U2w1>. (31) »
Let ¢ be the angle between the longitudinal vortex tube and 0.5
the x, axis. We then obtain the following relations between
w1, w3, wgandw,:

pdf(®,)
0.10 s
i [l.a
0.08F )
B ,/' ‘\ FIG. 43. (Color) Contours ofu,uz= —0.002(closed black contouysuper-
i imposed onwg at T=4. (a) Case A,(b) case B.
0.06
I 1= wgCOS{— w, SINZ, (32
0.04 w3=wsSIN{ + w,, COSL. (33
I Substitution of(33) in Eq. (31), we get
0.02 a(uqu
[ ‘ <a1t3>~<((u1u3+Ui)sin§—u1u2 CoS{) ws)
0.00_: ) L i 2 +(((ugug+u)cos;—usu, sind) wp)
0 +(UyUzwy). (34

FIG. 42. pdf of vorticity component normal to the longitudinal vortex tube The three terms on the RHS of E@4) represent the contri-

wy at T=4. Case D(solid lines, case E(dashed lines case A(dash—dot  PUtion Qf Ws, @n, andw, to the production rate ofu,us),
lines). respectively. Time development of these three terms are
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0.0E+00[ sandwiched between counter-rotating vortices. An in-
i crease inwg augments the rate of turbulence production, and
i vice versa.
-4.0E-05-
[ D. Effect of varying the mass loading, particle inertia,
i and drift velocity on turbulence modulation
-8.0E-05 i It was mentioned earlier that for a clear presentation of
i the physical mechanisms responsible for modifying the tur-
-1.2E-04 bulence structure we selected only four out of the ten simu-
- lations we performed. In this section, we examine the results
I of all the ten simulations to perform a parametric study of the
-1.6E-04 effects of varying mass loading, particle inertia and drift ve-
[ locity on turbulence modulation. The parameters of the six
DQOF-04l——m ) additional cases are presented in Table Il below.

1 2 3 4 5 6 In order to vary mass loading, we consider case B, where

T the particle time constant is unity, and vary the number of

FIG. 44. Time development of the terms contributing to Reynolds stresgarticles in the computational domain. Changing the number
production.ws term (solid line), w, term (dashed ling w, term (dash—dot ¢ particles while keeping the particle inertia constant,
fne). changes the mass loading. In order to vary particle inertia,

we keep the particle diameter constant and vary the particle

shown in F|g 44 for cases A and B. It is clear that th@ material denSity. On the other hand, fIXIng the mass |Oading
term has the dominant contribution to the production rate ofvhile varying the particle inertia, changes the number of
(uqu3) in both cases, and its magnitude is reduced due to thparticles. The heavier the particle is, the smaller the number
coupling between the solid particles and fluidase B, of particles used. In the following we discuss only the modi-
which is consistent with the reduction of turbulence produc-ications of the turbulence kinetic enerdy(T), and its rate
tion rate in case B. Similar results are obtained for the otheof dissipation,e(T).
cases and hence are not shown here. Figure 45 shows the effect of varying the particle inertia
The results and discussion presented above in Secgn the temporal development of turbulence kinetic energy

II1C 1-IlIC 4 show that solid pal’ticles injeCted in a homo- E(T), and its rate of d|SS|pat|0rE(T) We consider four
geneous turbulent shear flow modulate the turbulence strugsarticles whose response times arg=0.1,0.25,0.5, and

ture by modifying the dynamics of vorticity. The main 1 g |t js seen that the smallest particles €0.1) increase
mechanisms responsible for this modification can be suMMapq turbulence kinetic energy, while heavier particles (

rized as follows. The particles, due to their drag, create Ioca£0 1) reduce it. Druzhinin and Elghoba&hebtained simi-

velocity.gradients ir_1 the surrounding ﬂUi.d’ leading .to an ir"Iar results for micro-particlesr,< 7¢) in decaying isotropic
crease in the magnitude of the local strain rate, which result§urbulence where the micro-particles reduced the decay rate
in an increase in the dissipation rate of turbulence kinetic

energy. Furthermore, particles whosg~ 7 tend to accu- of turb.ulence energy. Druzhmm gnd Elghobas'h| used the
mulate in regions of low vorticity, resulting in a further in- WO-fluid approach in their simulations and provided an ex-
crease of the local velocity gradients of the surrounding?!@nation of this phenomenon based on asymptotic solution.
fluid, which in turn modifies the vorticity dynamics. The AS the particle inertia increases, the rate of reduction of tur-
augmented velocity gradients change the alignment of th@ulence kinetic energy is increased, with the largest increase
vorticity vectors with their longitudinal vortex tubes. If the observed forr,=1.0. The figure also shows that, as ex-
alignment between the vorticity vector and its longitudinal Pected, the modification of the rate of turbulence energy dis-
vortex tube increases, so does the magnitude of the vorticitgipation, (T), is proportional to that oE(T). The turbu-
component along the axis of the vorticity tuke,, and vice lence energy dissipation rate for all the two-way coupling
versa. Since regions of high turbulence production rate areases starts larger than that of the particles-free case. How-

TABLE III. Particle parameters at injectioff,=1. Dimensionless quantities{ and d are normalized by a
reference time1 s and a reference lengt®.390 36 m.

Case Sh 1, d pplp  Tplme  TlT d/»n b, bm v U Ox,
F 2 10 1.Xx10° 1890 04140 2330 0.1479 5A0° 01 0.0
G 2 1.0 1.010° 1890 04140 2.330 0.1479 X30“* 0.5 0.0
H 2 05 1.0<10% 945 02070 1.165 0.1479 Q0“4 0.1 0.0
I 2 025 1.0<10° 4725 0.1035 0.583 01479 %10* 01 0.0
J 2 010 6.x10* 525 0.0414 0.233 0.0887 @04 01 080 x;
K 2 010 6.0<100* 525 0.0414 0.233 0.0887 A0 “* 0.1 0.80 xg
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FIG. 45. Effect of particle inertia on the time developmen&gf) and its 0 2 T 4
rate of dissipatione(T). 7,=0 (solid lineg, 7,=0.1 (dashed lings 7,
=0.25(dash—dot linek 7,= 1.0 (long dashed lings FIG. 47. Effect of particle’s drift velocity on the time developmen&gfT)

and its rate of dissipatios(T), for the case with gravity in the-x; direc-

tion. v,=0 (solid lines, v=0.25 (dash—dot lines v,= 0.5 (dashed lines
ever, as the turbulence kinetic energy of the two-way cou-
pling flow continues to decrease lower théhat of the
particles-free case e(T) similarly decreases and becomes ) o )
smaller than that of the particles-free case. The crossing-ové&rdy E(T), and its rate of dissipatior(T). It is clear that,
time depends on the particle inertia. The particle with small-2S the mass loading increases, the rate of turbulence modu-
est inertia ¢,=0.1) did not show any reduction ig(T) lation is increased. In all cases, the rate of turbulence dissi-
below that of the particles-free caiee., no crossing-ovgr ~ Pation,&(T), is increased with the largest increase being for
since the turbulence kinetic energy is increased in the case &3¢ case with mass loading of unity. However, as the turbu-
mentioned above. lence kinetic energy is further reduced due to coupling, the

Figure 46 shows the effect of varying the mass loadingiurbulence dissipation is also reduced. The effect of varying

on the temporal development of the turbulence kinetic enparticle drift velocity on the temporal development of the
turbulence kinetic energf(T), and its rate of dissipation,

€(T) is shown in Figs. 47 and 48 for gravity in thex; and
1.2r- — X5 directions, respectively. It is seen that in both cases, the

2.5
2.0f ///////
1.5} J e(T)
: // i T : -
e < - - EMD
| 0.5 o
0 4 I . L L L 1 L L L L | \ . | | :
. 0 2 4 0 0 | l | | | l | | | | I | | | | I
T 0} , 4 6

FIG. 46. Effect of particle’s mass loading on the time developmeifi(d)

and its rate of dissipatioe(T), for the case withr,=1.0. ¢,=0 (solid FIG. 48. Effect of particle’s drift velocity on the time developmenttiT)
lines), ¢,,=0.1 (dashed lines ¢,,=0.5 (dash—dot lines ¢,,=1.0 (dash— and its rate of dissipatior(T), for the case with gravity in the- x5 direc-
dot—dot lines. tion. v,=0 (solid lines, v=0.25 (dash—dot lines v,=0.5 (dashed lines
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FIG. 50. Alignment of vorticity with the principal eigenvaluesTat 3. Case

FIG. 49. Alignment of vorticity with the principal eigenvaluesTat 3. Case D (solid lines, case Edashed lines case A(dash—dot lines

B (solid lineg, case C(dashed lines case A(dash—dot lines

increase in drift velocity increases both the turbulence ki-here to include the particles effect. This equation is
netic energy and its rate of dissipation.

P10 1020~ oyl -1 27y ]
E. Modification of the alignment of vorticity and Dt P12 5(i) vorticityl == (i) (i) Y
strain eigenvectors ()
It has been established by many researcteets, Kerr?* —[(ex ) Xﬂ](i) |5}(i)| , (35
Ashurstet al,?? and Sheet al?'~23, that the vorticity vector Q)

in incompressible turbulent flows tends to align with the in-
termediate eigenvectdiB) of the strain rate tensdg; . In
this section we examine the effects of dispersed particles o
modifying this alignment.

Figure 49 shows the pdf of cosine the angle between th
vorticity vector and the principal directiong(,e;,e,) for
cases A—C af =3. It is seen that, for the uncoupled flow,
the vorticity vector is aligned with the intermediate eigen- gi/ortici :SiQiZ_ (36)
vector,e;, as stated earlier. In case C, wheggand mass v .
loading are small, the effect of coupling on the alignment isQ)’ is the strain rotation vectoc is a vector representing a
small at all times. In case B, where the patrticle inertia andsource term due to direct particles effect on the alignment.
mass loading are large, the alignment of the vorticity vectorhe components of are calculated from
with the intermediate eigenvectag; is reduced, while the N
alignments with the other two eigenvalues are increased. Ci=&ijbj/|el, (37)
Similar results are seen in Fig. 50 for caseggitavity in the whereb; is calculated fron(27); &; is thej’s component of
— X, direction and E(gravity in the—X direction as com-  the eigenvector, and|e| is the magnitude of the vorticity
pared to case Aparticles-free flow. The decrease in align- vector. For a detailed derivation (85) the reader is referred
ment of the vorticity vector witfe; is largest for case E atall to Ahmed*®
times. The changes in the magnitudes of the terms on the RHS

In order to understand the reason for this change irbf (35) directly affect the alignment between the vorticity
alignment we derived the evolution equation of cosine thesector and the principal strain directions. The increase in
angle between the vorticity vector and the principal eigenvorticity stretching[second term of35)] increases the vor-
vectors in strain coordinatége., where the strain tensor is ticity alignment with the extensional strain direction, while
diagonal. This equation was first derived by Dresselhausthe increase in the rotational terfthird term in (35)] de-
and Tabo#* for flows without particles The evolution equa- creases this alignment. The last term on the RH@bf acts
tion for the absolute of cosine the angle between vorticityas an additional rotational term, i.e., the increase in this term
vector and principal strain eigenvectotQQi)D is re-derived  reduces the alignment.

where there is no summation on)( s; are the strain rate
ﬁigenvalues, such tha{=« (the extensional strajns,=
(the intermediate strajrands;= y (the compressive strain
ghe eigenvalues are ordered such that 3=y and a+
+y=0. The vorticity exponential-stretching ratgoqciry iS
calculated from
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FIG. 51. pdf¢,) in B-strain direction aff=3. Case B(solid line), case ~ FIG. 52. pdf,) in B-strain direction aff=3. Case D(solid line), case
A (dash-dot ling E (dashed ling case A (dash-dot ling

d_fields, the vorticity rotation term increases. Also, the particle
source term is function of vorticity which increased in our
flow due to the coupling.

Now, we examine these terms with the objective of fin
ing out why the particles reduce the alignment between vor
ticity vector and the intermediate eigenveci@). It was
shown earlier, that the magnitudes of the strain eigenvalues
are increased due to couplifigigs. 15 and 1§ thus increas- V. CONCLUSIONS

ing the alignment of vorticity and strain eigenvect¢gs). Our DNS study has been conducted to understand the
Similarly, the increase in the vorticity stretchif{oricry iN - physical mechanisms responsible for modifying the turbu-
the equation of |(),)|) increases the alignment of the vor- |ence structure by dispersed solid particles in a homogeneous
ticity vector and the intermediate eigenvector. Figure 5lturbulent shear flow. Our simulations show that particles in-
shows the pdi{,qqicry) for cases A(particles-free flowand  crease the local velocity gradients, thus augmenting the local
B (large particle inertia and mass loadjrag T=3. The fig-  strain rate, which in turn increases the turbulence energy
ure shows that the value @i,y Of case B is overlapping
that of case A. However, the average valug gf;c;, of case
B is larger than that of case A, signifying an increase in A

i pdf(Q’x<2)
Lvorticity Of case B as compared to that of case A on average. 0.6 -
Similar results are shown in Fig. 52 for caseqdpavity in |
the —x; direction and E(gravity in the —x5 direction at
T=3. It is seen that case D has the largest increase in
Lvorticity» Which is consistent with the reduced alignment in
case D compared to case E shown earlier. However, the ro- 0.4}
tational term which reduces this alignment is increased due ~°
to coupling afT=3 as seen in Fig. 53 for case B and Fig. 54
for cases D and E. It should be noted that the rotational term
is one order of magnitude larger than the other terms, and it |
exhibits the largest increase due to coupling. Moreover, the 0.2k
particles source term dt= 3, seen in Fig. 55 for cases B, D, :
and E acts as an additional rotational term and thus reduces
the alignment between vorticity and the intermediate eigen-
vector, ;. Thus, the main reason for the reduction in the |
alignment between vorticity and the intermediate eigenvector 0.0 ===
is due to the increase in rotational term and particles source ’_20'
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 squaretsee Dresselhaus and Ta%ft)).rSince the g, s3. pdfQ’ X Q1) in B-strain direction af = 3. Case Bsolid line), case
dispersed particles increase the magnitude of these twe (dash—dot ling
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df(Q’ f\l Increasing the alignment between the vorticity vector and the
pdf(€2°x(2) axis of the longitudinal vortex tube increases, which in
0.6 turn increases the turbulence production rate, and vice versa.

i : Another effect is the reduction of the alignment between vor-
- i

i ticity and the intermediate eigenvect@8) direction of the

strain. This reduction is due to an increase in the rotational
and particle source terms in the equation for the cosine of the
angle between vorticity vector and the intermediate strain
eigenvector.
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APPENDIX: PARTICLE’'S SOURCE TERM IN THE
COUPLED MOMENTUM EQUATION

In order to find an expression for the source tefinin
Eqg. (2), we start from the instantaneous momentum equa-
tions of fluid and particle. The instantaneous fluid momen-
tum equation is

Dﬁi (92Ui P ~

Pﬁ=#ﬁ—§—l)g5m+fi. (A1)
dissipation rate. The preferential accumulation of particles in y '
low vorticity regions further increases the local velocity gra-where; is the instantaneous particle’s source term which
dients, thus modifying the vorticity dynamics. It is known can be calculated from the instantaneous particle equation of
that regions of large production rate of turbulence energy arenotion
sandwiched between counter rotating vortices whose vortic- ~ ~ o~
ity, ws, is aligned with the axis of tﬁe longitudinal vortex My (Ao /dtp) = mp(Ti =)/ 75 = MpG i - (A2)
tubes. These longitudinal vortex tubes are strongly inclinedrhe force exerted on the fluid by the particles is opposite to
toward the streamwise direction due to the imposed meathat of the drag force exerted on the particles by the fluid
shear. The stronges, is, the larger the production rate. The (Newton’s third law. ThusT; is given by
dispersed solid particles modify the alignment of the vortic-
ity vector, w, with the axis of the longitudinal vortex tube. fi=—ppe,(dv; /dt,+gdik), (A3)

where ¢, is local volume fraction of the particles. Now, we
prescribe a reference state whére0 and ¢,= ¢, , where

FIG. 54. pdf@’ x ) in B-strain direction af = 3. Case D(solid line), case
E (dashed ling case A(dash—dot ling

A AL A ) . .
pdf((CxQ)XQ) ¢, is the particles volume fraction calculated from
0.16 —  Ny(4/3) 7a®
o.14k =T, (Ad)
Jd4F
s where the factor of 2 in the denominator of E&4) is the
0.12F dimensionless volume of our computational domain, ansl
- the particle radius. Also, at the reference sftev,, the
0.10F particle’s terminal velocity, and; /dt,=0. Substituting in
0.08 - Eqg. (A1), we get
F P, _
0.06E 0=—— =~ PI%ik=Pph,9i- (AS)
. [ I
0.04 2 Substituting forP in (A1) from P=P,+ p, and the reference
L state(Ab) is subtracted fronfAl), we obtain in nondimen-
0.02 - sional form
= DTJ, 1 (92Ui &p Pp— ?i
0.00_2 D_t_R_eﬁ_><j7_(9_><i_F¢“géik+ >’ (AB)

Comparing Eq.(2) with (A6), where the left-hand-side

FIG. 55. pdf of the source term j6-strain direction af = 3. Case D(solid (LHS) is the same in _bOth, and usirig3) for f;, we obtain
line), case E(dashed ling case B(dash—dot ling the following expression for-f;:
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Pp—/— Pp Pp do;
—fi="L¢,96K— — $,9SK— — by —r A7
i P¢g ik p¢g ik P¢ dt ( )

It should be noted that this expression can be used to obtaig

the particle’s source tern§,, in the coupled equation for
the case of zero gravif)Egs.(10) and(11)]. Wheng=0, the
particle’s source term becomes
_Po gy IO

p vdt’
Substituting fordv; /dt from Eq. (A2), taking into account
thatg=0, we get

—fi=—dn(Ui—vi)/ 7, (A9)

where ¢,=p,¢,/p. Multiplying Eqg. (A9) by u; and en-
semble averaging, we obtain Ed.1).

—f; (A8)
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