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ABSTRACT

Numerical simulations have been conducted
for a homogeneous turbulent shear flow laden
with small heavy particles in order to investi-
gate the modification of turbulence structures
in shear flows by particles. The effects on tur-
bulence modification of particle drift due to
gravity in the sheared direction are examined
for particles with a response time comparable
with the Kolmogorov time-scale of the turbu-
lence. It is found that the growth rate of
turbulence energy of the carrier fluid, which
is reduced by the particles in zero gravity, is
increased by the effect of weak gravity, but de-
creased by the effect of strong gravity. The
interactions between concentrated regions of
particles (particle clusters) and vortical struc-
tures are examined.

INTRODUCTION

Particle-laden turbulent shear flows are en-
countered in a variety of natural and engineer-
ing applications. Examples include combus-
tion of sprays and ash from volcanic eruptions
settling in the atmospheric turbulent bound-
ary layer. Homogeneous turbulent shear flows
laden with small heavy particles have been
studied to deepen the understanding of the in-
teraction between turbulent shear flows and
particles within (Liljegren, 1993; Simonin et
al., 1995; Mashayek, 1998; Ahmed and El-
ghobashi, 2000). Mashayek (1998) found that
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the presence of particles decreased the turbu-
lence energy of the carrier fluid flow in the
case without gravity. Ahmed and Elghobashi
(2000) examined the modification of turbu-
lence for particles in zero and finite gravities
to find that the effect of gravity enhanced the
growth of turbulence. They also investigated
the modification of the vorticity dynamics by
particles. However, the modification of vor-
tical structures and their dynamics has not
been examined in detail. In particular, no at-
tentions have been focused on the shear layer
(vortex layer) which is one of the major vorti-
cal structures in homogeneous turbulent shear
flows (Kida and Tanaka, 1994).

In the present study, the accumulation of
particles and turbulence modification in a ho-
mogeneous turbulent shear flow are examined
by the use of a direct numerical simulation. We
particularly focus on the interaction between
vortical structures and clusters (concentrated
regions) of particles, which may control the de-
velopment of turbulence.

FORMULATION

Fluid and Particle Motions

We consider the motions of small heavy
spherical particles in homogeneous turbulence
subjected to the mean flow in the z; direc-
tion that is uniformly sheared in the z, di-
rection, w = (yzx2,0,0), where 7 is the shear



Figure 1: Configuration.

rate (see Fig. 1). The particle is assumed to be
small enough, compared with the Kolmogorov

length-scale Ik of the turbulence. Since we
consider the particles of high density ratio,
only Stokes drag and gravitational forces are
assumed to act on the particles (Maxey and
Riley 1983). In this study, we consider the
gravity in the negative x5 direction. The par-
ticulate phase is assumed to be dilute enough
that the effects of particle-particle interactions
are neglected, though the two-way interaction
between two phases is taken into account.
Decomposing the total fluid velocity, u;, as

(1)

the equation for fluctuating velocity, u;, is writ-
ten as

/
u; = YT20;1 + U,

ou;, Oou; , Ouj
Bt %5z, T Y gg,
0
= —yuydi — —ap. + I/v2u2 + fi (2)
f O%q

with the solenoidal condition duj/dz; = 0,
where p; is the density, p is the pressure, and v
is the kinematic viscosity of the fluid. f; repre-
sents a reaction force exerted by the particles
on the fluid. The spatial average of f;, which is
generally non-zero, is assumed to be balanced
by the mean pressure gradient.

The particle phase is tracked in the La-
grangian frame. The motion of the spherical
particle with diameter, d,, is described by

dz; ®
dt

dv; 1
— (ui -vi'*_VriS)a

at 7,

= v, (3)

where z;?) and v; denote the position and
the velocity of the particle, respectively, and
%; = u;(x®) is the velocity of the surround-
ing fluid. 7, is the particle response time,
which is given by ppdf,/ 18psv for Stokes flow,
where p, is the density of the solid particles.
Vis = mpg;i = —Vsd;2 is the still-fluid termi-
nal velocity of the particle due to the gravity,
where g; = —gé;2 (g > 0) denotes the gravity,
and Vs = 7,9.
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Decomposing the particle velocity as

v = Yzt + v}, (4)
we obtain the evolution equation for v as
dv; d
T E(Ui' — YZ26i1)
1
= —yvpdi1 + — (@ —v;+Vis).  (5)
P

Equation (5) indicates that in a laminar simple
shear flow the particle moves faster than the
mean shear at the particle position by v}
—YTpVy = 'yng for t > 7.

Turbulence Energy

The time development of turbulence kinetic
energy of the carrier fluid, £ = (1/2) (uzuy,),
is given by

O () —c+F (©)
where () denotes the spatial average. The
first and second terms represent the rate of
turbulence energy production and the rate of
turbulence energy dissipation, respectively. F'
denotes the energy transfer to the fluid phase
due to the direct interaction with the particles
through Stokes drag;

F (1/2)Fx,
Fy; <fo; + fju§>

C ~) [~ / ~| (~] /
:r; <ui(uj — v;) + (U — vi)>pa

(7)

where C represents the particle volume frac-
tion, and (), denotes the ensemble average
over particles.

Numerical Method

Navier-Stokes equations were solved on 1283
grid points in a rectangular box of sides 4w X
27 x 2, by using the Fourier spectral/ Runge-
Kutta-Gill scheme, starting with random and
isotropic initial conditions. The initial condi-
tions were similar to those in Kida and Tanaka
(1992,1994), but the small-scale resolution was
improved.

We focused on the case of 7, = 7k, where Tk
is the Kolmogorov time-scale of the turbulence,
and the effects of gravity were examined by
changing the value of Vg as V§ = 7xVs/lkx =
0,2,4. We introduced 22! (= 2097152) par-
ticles randomly throughout the computational
domain at the non-dimensional time of vt = 4



pp/Pf To/TK dp/lk
1000 1.0 0.134

VeTk /lk Vs /v C
024  0,067,1.35 824x10-°

Table 1: Particle parameters. Normalization is done using
Kolmogorov scales and u’ of the single-phase flow at vt = 8.
where the turbulence had attained the quasi-
equilibrium state (Kida and Tanaka, 1992).
The particle volume fraction was as low as
C = 8.24 x 1075. The parameters employed
in this simulation are summarized in Table 1.
The initial particle velocity was set to be the
same as the surrounding fluid velocity. Third
order Lagrange interpolation was used both for
the evaluation of fluid velocity at the particle
position from its neighboring grid points and
for the distribution to the grid points of the
reaction force exerted by the particle on the
fluid (Sundaram and Collins, 1996). kmaxlx
was 1.80 at vt = 4, where kpax = N/2 (N =
128). The particle Reynolds numbers remained
less than unity throughout the simulations.

RESULTS

Turbulence Energy

Figure 2 shows the time development of tur-
bulence kinetic energy of the carrier fluid flow
which is normalized by the value at the time
of particle injection (vt = 4). As reported be-
fore (Kida and Tanaka, 1992), the turbulence
energy in the single-phase flow increases expo-
nentially in time. It is seen that the growth
of turbulence energy is suppressed by the in-
jection of the particles in zero gravity as was
shown in Mashayek (1998). The increase in
the gravity leads to an increase in the turbu-
lence energy for the case of Vg = 2, which is
in agreement with the result in Ahmed and El-
ghobashi (2000). However, a further increase
of the gravity again brings about the attenua-
tion of the growth rate of turbulence (Vg = 4).

In order to examine the mechanisms of the
turbulence modification, we consider the bud-
get for the turbulence kinetic energy (Eq. (6)).
Figure 3 shows the time development of
the non-dimensional growth rate of energy,
(1/E)dE/d(~t). In addition, the production
(first), the dissipation (second), and the phase-
interaction (third) terms in the right-hand-
side of Eq. (6) are plotted in Fig. 3. These
three terms are also non-dimensionalized by
multiplying 1/yE. The attenuation of turbu-
lence in zero gravity is triggered mainly by the
decrease in the production of turbulence en-
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Figure 2: Time development of turbulence kinetic energy of
the carrier fluid flow.

ergy, though the phase-interaction term also
play a role to decrease the energy particularly
in a later period when the effective particle
inertia, 7,/7x, becomes larger. It is found
that the presence of particles reduces the en-
ergy production, —y (ujub), directly through
the phase-interaction term, —vFj2 and indi-
rectly through the suppression of the produc-
tion term, 2 (uhub), in the evolution equation
of —v (uju5) (not shown here).

The energy production increases with grav-
ity. The enhancement of turbulence at V; =2
is caused by this increase of Reynolds shear
stress. The phase-interaction term, on the
other hand, takes large negative values for
V; > 1, which suppresses the development
of turbulence, particularly in an initial period.

The phase-interaction term acts on the fluid
differently depending on the directions. Fig-
ure 4 shows the time development of the phase-
interaction term, Fj;, which is source/sink term
due to particles in the evolution equation of
(uiu;). In the case of zero gravity, the stream-
wise component, F;, takes larger values com-
pared with the other two component, Fss and
F33, which is consistent with previous finding
(Liljegren, 1993; Simonin et al., 1995) that the
effect of mean shear enhances the streamwise
particle velocity variance. With the increase of
gravity, the vertical component increases, but
the streamwise and spanwise components de-
crease significantly. It is found that this is due
to the crossing trajectories effects (Scanady,
1963), which reduce the streamwise and span-
wise components of particle velocity variance.

Vorticity Dynamics

The time development of turbulence enstro-
phy, (wjw}), is shown in Fig. 5, where w; =
€ijk0u},/0z; denotes the fluctuating vorticity.
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Figure 3: Time development of the growth rate of turbulence
kinetic energy and contributions to the growth rate from
the production, dissipation and phase-interaction terms. —
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Figure 4: Time development of F;; (Eq.(7)). — single-phase,
--V§=0,---Vi=2-.-Vi=4

Figure 5 shows that the presence of particles
in zero gravity enhances the enstrophy slightly
in the initial instant, but suppresses it sig-
nificantly in the later period (4t > 7). The
enstrophy is reduced further for V§ = 4.

The particles modulate the vorticity field
in an anisotropic manner. Figure 6 shows
the time development of the anisotropy ten-
sor of vorticity field, w;; = <w{w§> [ (wiwy) —
(1/3)di;. The presence of particles in zero grav-
ity reduces the relative magnitude of stream-
wise vorticity wi1, and increases that of span-
wise vorticity wss. In finite gravity, the injec-
tion of particles leads to the increase in wa2
and wi2, and to the decrease in wss.
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To examine the directional distribution of
vorticity vectors more in detail, we introduce
the orientation angles a and [ of vorticity vec-
tor, which are defined as (Kawahara et al.,
1997)

w = |w|cosa
wy = |w|sinacosf (8)
w3 = |w|sinasing.

Figure 7 shows the probability density func-
tion (pdf) of orientation angles o and 3 of the
vorticity weighted by |w?|, that is, the direc-
tional distribution of the enstrophy. Each pdf
is normalized by the average value of the pdf
in the case of the single-phase flow, and the
average value (contour line of level 1) is repre-
sented by the bold line. The peak in the center
(o /2,8 = —m/2) of each figure corre-
sponds to the vortex layers with negative span-
wise vorticity (Kida and Tanaka, 1994). The
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Figure 7: Directional distribution of enstrophy at vt = 12
for (a) single-phase flow, (b) V;’ = 0 and (c) V; = 2.
Contour levels are 2P (p = —4,—3.5,—3,....). The bold line
represents the contour line of level 1.

other two peaks located at (a ~ 7/8,8 = 0)
and (a ~ 77/8,3 = —x) correspond to stream-
wise vortices which are inclined toward the z5
direction from the z; direction.

Comparing Figs. 7(a) and 7(b), we notice
that the peak values of the pdf corresponding
to streamwise vortices become smaller by the
presence of particles in zero gravity. The peak
corresponding to vortex layers, on the other
hand, takes a slightly larger value than that in
the single-phase flow. This indicates that the
streamwise vortices are attenuated, while the
vortex layers are intensified. This is consistent
with the results of Druzhinin (1995a, 1995b).
For V& = 2, the streamwise vortices are inten-
sified compared with the case of V;’ =0. An-
other distinguished feature in finite gravity is
the modification of the enstrophy distribution
around the peak corresponding to the vortex
layers. The distribution is elongated in the +x2
direction (a = 7/2, 8= 0,—m/2) as is denoted
by arrows, which corresponds to the deforma-
tion (bending) of vortex layers due to particle
clusters (see Fig. 8 below).

Interaction between Vortical Structures and
Particle Clusters

We have examined the interactions of par-
ticle clusters with vortical structures in or-
der to identify the processes which control the
aforementioned phenomena. Shaded regions in
Fig. 8 indicate the cross sections of high con-
centrated regions of the particles for the case of
V4 = 2. The darker and lighter shades denote
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the regions of C > 2C and C > C, respectively,
where C denotes the local volume fraction of
particles. Solid (broken) lines represent quasi-
streamwise vortices which induce flows rotat-
ing clockwisely (counter-clockwisely). Here, we
focus on three counter-rotating vortex pairs,
A,B1,B2, marked by bold broken lines. Bold
solid line represents a vortex layer of negative
spanwise vorticity. The two vortex pairs, Bl
and B2, induce a strong straining flow between
them, which stretches the mean spanwise vor-
ticity, as indicated by arrows, to generate the
vortex layer. This is one of the typical vorti-
cal structures in homogeneous turbulent shear
flows (Kida and Tanaka, 1994).

The settling particles are found to accumu-
late typically on two types of regions. We no-
tice that the particles are concentrated to the
downward fluid between the vortex pair A as
in the case of isotropic turbulence (Wang and
Maxey, 1993). Another type of particle cluster,
which is rather horizontal, is found along the
vortex layer. Note that this particle cluster is
located beneath the vortex layer owing to the
gravitational settling.

In Fig. 8(b), regions of high Reynolds shear
stress, —v (ujuy) > 0.05, are represented by
light shades for the single-phase flow on the
same plane as Fig. 8(a). It is seen that the
Reynolds shear stress takes large values in the
area between the pair vortices A (Kida and
Tanaka, 1992; Ahmed and Elghobashi, 2000).
In the case of zero gravity, the Reynolds shear
stress is attenuated (not shown) because the
vortex pair A is weakened by the particle clus-
ter. In the case of VS“" = 2, to the contrary, the
Reynolds shear stress is enhanced in the region
A (Fig. 8(c)). This is because the successive
passing of particle clusters have intensified the
downward flow between the pair vortices.

In Fig. 8(d), dark shades denote the regions
of large negative values of the direct energy
transfer by the particles (F in Eq.(6)). It
is seen that the transfer takes large negative
values in the area beneath the vortex layer.
It is found that this negative transfer mainly
comes from the streamwise component, Fi;
(not shown). In the vortex layer, the stream-
wise component of the fluid velocity decreases
sharply in the gravitational (negative z3) di-
rection. Thus, because of their inertia, the
settling particles slip (relative to the surround-
ing fluid) in the positive streamwise direction
(see Eq.(5)). Since, in general, the streamwise
component of fluctuating fluid velocity is nega-
tive beneath the vortex layer, the drag forces in



the positive streamwise direction act to reduce
the amplitude of the streamwise fluid velocity.

Conclusion

We have carried out the DNS for a homo-
geneous turbulent shear flow laden with small
heavy particles and obtained the following re-
sults:

(1) In the case of zero gravity and moderate
particle inertia, the presence of particles
decreases the turbulence kinetic energy of
the fluid phase. At a finite value of grav-
ity (V§ = 2), the gravity enhances the
Reynolds shear stress and the turbulence
energy. At a larger value of gravity (VSJr
4), the fluid turbulence is attenuated by
the direct energy exchange with the parti-
cles.

(2) The particles tend to accumulate on the
two types of regions. The interaction of the
particle clusters with the vortical struc-
tures in these two regions seem to be im-
portant for the dynamics of the particle-

laden turbulent shear flow.
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Figure 8: Typical example of the interactions betweer_l‘_ par-
ticle clusters and vortical structuresat vt = 11. (a) V 4 = 2.

Darker and lighter shades denote the regions of C > 2C' and
C > C, respectively. Contour lines of wi = =+, £27v, +4y
are represented by thin solid and broken lines. Bold solid
line represents the regions of w § < —3v. Thick broken lines
denote the counter-rotating vortex pairs. (b) The same as
(a) but for the single-phase flow. Light and dark shades de-
note the regions of —yujuz > 0.05 and —yujuz < —0.05,
respectively. (c) The same as (b) but for V' ;’ = 2. (d) The
same as (c) except that light and dark shades denote the
regions of F > 0.05 and F' < 0.05, respectively.





