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Kinematic separation of mixtures
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A phenomenon of spontaneous separation of components in an initially uniform fluid mixture is found
experimentally. A qualitative explanation of the effect is proposed in terms of nonparallel streamlines in

the medium.

PACS number(s): 47.15.Pn, 47.30.+s, 47.55.Kf

I. INTRODUCTION

To visualize flow patterns passive scalars, such as
smoke in air or dye in liquid flows, are typically used.
Such scalar particles follow fluid trajectories for a
sufficiently long period of time. An impressive illustra-
tion of this feature is the well-known Taylor experiment
[1]. A drop of dye in a glycerin solution between two
cylinders appeared to be fully mixed when the inner
cylinder was subjected to a few slow revolutions. Howev-
er, the same number of inverse revolutions of the inner
cylinder transformed the dye back to its initial state
showing virtually no effects of diffusion. A modification
of this process, including anomalous diffusion induced by
chaotic Lagrangian dynamics, has been suggested for
fine-scale separation of mixtures, for instance, of isotopes
[2]. Lagrangian dynamics and chaos have become a ma-
jor focus of fiuid dynamics research in recent years [3,4].

However, we are unaware of any conjecture made so
far that a uniform mixture of two species (say, smoke and
air) can be separated by purely kinematic action. We
have examined about 1500 published papers concerning
diffusion and mixture separation, but have not found any-
thing like the paradoxical separation of species we have
observed in our experiments. Our experience in vortex
flows and the mechanics of dispersed mixtures along with
their visualizaton have led us to conjecture that kinemat-
ic separation of an initially uniform mixture is possible.
This was the motivation of our experiment.

viscosity). Our study is based on flow visualization in air
(uniformly laden with tobacco smoke) as well as in a
glycerin-water solution (laden with low concentration of
the fluorescent dye B1G1). The flow field was visualized
by light from a 12-W Ar —ion laser. The laser beam was
spread into a thin sheet about 0.5-mm thick using a cylin-
drical lens to illuminate the meridional plane of the flow
field. A similar apparatus has been used by Escudier [5]
to study the vortex breakdown phenomenon.

III. RESULTS

A. Vortex breakdown

Numerical simulations of the vortex breakdown
phenomenon in such a system have been carried out by
Lopez [6]. Experiments as well as calculations show a
complex meridional circulation. Within a range of the
Reynolds number Re and aspect ratio H/R, a sharp
divergence of streamlines takes place near the symmetry
axis, resulting in the development of an inner recirculat-
ing region popularly known as the vortex breakdown re-
gion or separation bubble. This is schematically shown in
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II. EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus, shown in Fig. 1, consists
of 91.5 cm-long glass cylinder of inner radius R =7.62
cm, and two bounding top and bottom plates. The top
plate, whose height is adjustable, is fixed to the cylinder
for this experiment. The bottom plate and the cylinder
can be rotated independently in either direction. During
the experiments, the domain was hermetically sealed so
that fluid could neither enter nor leave the flow domain.
In the present experiment, the height of the top plate was
fixed at H =13.97 cm so that the aspect ratio H/R of the
chamber was 1.83. The experiments were performed at a
Reynolds number Re (=DR /v) =25QO (where 0 is the
angular speed of the bottom plate, and v the kinematic

shaf t (bottom plate)

FIG. 1. Schematic of the flow facility.
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Fig. 1. In the present experiment, the chosen parameters
H/R =1.83 and Re=2500 correspond to that which
produces a single steady axisymmetric vortex breakdown.
For stability boundaries of various flow patterns (includ-
ing the number of vortex breakdowns) in the (Re, H/R)
plane for a similar apparatus, see Fig. 7 of [5]. There are
a variety of other forms of vortex breakdown, viz. spiral,
nonaxisymmetric, unsteady, etc. [7], but in this paper we
consider only axisymmetric vortex breakdown. This is
the only type relevant to our study.

Figure 2 shows a typical flow visualization picture of
the vortex breakdown obtained in our flow facility. In
this case, fluorescent dye was introduced through a hole
at the center of the top plate using a hypodermic needle,
so that the dye seeped into the symmetry axis very slowly
without producing any disturbances. This single axisym-
metric vortex breakdown picture is similar to that ob-
served by Escudier [5]. In this picture, the bright regions
indicate the presence of fluorescent dye, while the dark
regions correspond to glycerin-water mixture not reached
by the dye. The contrast of light emitted by the fluid
medium may serve as a measure of mixture concentra-
tion. A similar picture was also observed when we intro-
duced smoke along the symmetry axis in air.

The flow in the chamber is a complex helical flow con-
sisting of azimuthal and meridional flows. The rotating
bottom plate acts as a centrifugal pump, imparting radial
and azimuthal components of velocities to the fluid close
to it. The cylinder wall guides upward flow advection,
while the top plate turns the flow radially inward so that
the flow first collapses into a slender vortex column be-
fore it descends and undergoes axisymmetric vortex

(a)
&///((joe~~ — ~~ ~& gN q)&& fff

jig///j'«& ~y&& LL'~()L J(«1() f(f /P'&~
i ») "/I, //'«l«L'i, L'L«g I &- i«'LLL')'

fi(fig// // I / /////////// Lgg~gg gg &X g 1
L

f(I (/(/I / / / ///////g/'+- —-&xy~yy~ gag, yX y (LLLL 1

~~ fig I // L //// // ))) y)0~~%
L (

X LLL 1

I (/ 1 ( I( ((/(/gI r' Lid L ) & Li)
fj

'
t 'I I L 1 ) f ) '

))('LL'l, I /j/'('J)L" ) )
f'

'gtg/I/I(' L i)i)i'LLL'«xiii rl r~////////I()(I I'I' Liiiiill
(I ggg(( /~ LLLLLLL L'LK(XL&L ]I /f /// //(gf / ~ Li)i)ii
fjffg/( I

' )i)i)i')LL')LL(if I' Ll(/I///I'ff((ff
I f I

' Liiiil

I

(gff(glf( I
1(I I l(il ((}j(ljf/(, )i!i(lilt((f f(

I

L i)))i)i
(jj(',

,
t, igg /if, ;. , LLL ) Ll('( '1, 1

)i)1(),
f((((f

( I I ggf j I(i (f(jl ~ 'I '
LLLLLLLLLL)LLL L)))))

Nfl
( I

I I I
II((I(((II I' I,",LLLL)i)i)i)i)i

1
i)i)i)i .

t Ii (
I

I I I I( I(( if ( ), r(l ) 1 )Li 1 1) 1
ii))1)

j([(|II I )tl (1(l(lip
'

I ll&)&l )1 g(g )I I I I

((g I
I

I g(g/( gg( (l(JL' ( /j)l)1))1))i)ii)
1

i))(()(l'

f 1) Lh / f( (( ll))ii)ii )))1

(if g
(

f f(if ff( () 1 y q // // g I il
)) I)

) 1 1
i(ill

)tg f I
jiff( (( 11 1 ( L I( ff I l (1111111)1 11)1

tiff(g
I

I f I fi fit(Ill(ii LL LL) I I /I /(Ill((i((iii))
1

iiii)

if I
I

I I I I I

It�

(
I

l

1
1

1
L

L
)

1 1( f
I I

I
I I I

(

)
1

1 ) 1 1 1

1
L L

lli)

fjfg I I(if g( 1 L 1 1 (II g ( (ll 1 1 L
)1

(I I /I II I (1( 1
L )1))1(t I ( I (

l()111L
g g(gj J( 1

L
L ii)11)t(j I

I ( gill)))L 1 L
1)

Ltg
I

( g I i I &

(
I

l
) 1

1
g

I
I

I
)

I
I (

I
p

I
I

I
I

I I I I I I
I y

'I

I /( gi ) 1
1

1 1))((((((fgg I
/

I I( I ) )1 i L
1

/
I

1 1
1

1 1) (()()((((I( I
I

( I I (11
//I g g

(LL
1 ( (1((() ((( (( g/Jl)i

(~ / J / I (~ ~ / f~ / j/ I l II(I) t 1 k E I L ( ( 'I 4 ) 4 ~X ~
M~~~~ww~~~~~& ~ )

.,-pa I
I&
1&1

(

\'I I 1 I

'~ & '1 '1

'1

Q \ I ~
I I I

Il&l & I
I

Ill &
I I I

&Ill
1 h I I

1 ll 1 I I

I II'I I 1 I
&,h I
I I ' & I I

I I

1&h

&ill I I 1

I
I II&

I
I

I I
&I I

II& I
I I
I I

I& I I

I II&, I

I
&

I
I I I

I
I

1 I II

I
I (II 1 I

I
I I I

I I
'

& I 'I I
I \

I I

I & I I

I I

I I
I II I I

I I I

I I I
I I I

I& I
I

I

» I I I' l I 'I I
& II I

I& I I
& I& I I

&I~ I I

II I
I& I

' &I' I \

l

breakdown. To gain a better perception about the flow in

a meridional plane, the streamlines computed by Lopez
[6] are reproduced in Fig. 3. The close agreement be-

tween the experiment and the simulation is impressive.
Note that although the Reynolds numbers in the present
experiment and the simulations of Lopez are almost the
same (-2500), the aspect ratios are different, at this Re
and the aspect ratio 0/R =2.5 used by Lopez two vor-
tex breakdowns occur.

FIG. 3. Results of Lopez [6]. Computed streamlines in the
meridional plane. (b) Comparison of visualization of the steady
dye lines (left) and computed streamlines (right). Re=2494;
0/R =2.5.

B. Separation of mixture

I I
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FICr. 2. A typical picture of vortex breakdown.

During our experiments, we observed an unusual
phenomenon. When a mell-mixed homogeneous mixture
of a passive marker and fluid is set into motion by rotat-
ing the bottom plate, a nonuniform distribution of flow

markers develops. In this case, a visualization picture ap-
pears which is essentially the inverse of the picture shown
in Fig. 2, i.e., the bright and dark regions interchange.
The dark region near the axis of symmetry signifies the
absence of flow markers, while the bright outer regions
indicate an accumulation of flow markers.

We have observed the separation of markers in both
cases of dye-glycerin-water and smoke-air mixtures. The
initial uniform distribution of each mixture is obtained in

our experiments either by holding the setup at rest for an
extensive time or by convective mixing in which the bot-
tom plate and the cylinder are rotated in opposite direc-
tions. In the latter case, the homogenization of the mix-

ture occurs significantly faster.
The separation of dye markers in the glycerin-dye mix-

ture seems to be much weaker than that observed in the
smoke-air mixture. The glycerin-dye mixture solution
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produced very low contrast between the dyed and undyed
regions of the flow field. Thus no clear picture could be
obtained. That is why we recorded the evolution of the
separation process for the smoke-air mixture only.

A sequence of pictures selected form the recorded
videotape is shown in Fig. 4. This sequence demonstrates
a typical scenario in the development of nonuniform flow
marker distribution. After only a few seconds, the initial-
ly uniform concentration of the mixture becomes nonuni-
form. Figure 4(a) exhibits the generation of a dark region
near the upper part of the symmetry axis, signifying a de-
pletion of smoke concentration in this region. The stages
of development of the vortex breakdown region are
characterized by the depletion of flow markers as shown
in Figs. 4(b) —4(d). Figure 4(d) represents the steady-state
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FIG. 4. Flow visualization pictures showing the smoke sepa-
ration sequence. (a) t =5 s; (b) t =20 s; (c) t =55 s; (d) t =70 s;
(e) t =200 s.

picture of the flow field. A close-up view of the steady
state's internal details is shown in Fig. 4(e). This steady
state of the smoke-air mixture persists for an indefinite
amount of time.

In addition to the dark area in the near-axis region, a
thin marker-depleted layer is seen along the cylinder wall

and top plate. This depleted layer is not clearly visible in
the pictures shown in Fig. 4. It is apparent that while
clear (i.e., smoke-depleted) air is transported by the
meridional flow into the top near-axis region, the thick-
ness of the depleted layer increases slowly along the wall.
This suggests that continual separation of smoke occurs.

Note that although the overall images of the bubbles
(recirculating regions) shown in Figs. 2 and 4 are similar,
the internal details are quite different. The striations of
marked and unmarked regions, especially in the wake re-
gion of the bubble (i.e., downstream of the vortex break-
down bubble), are more clearly visible in the case of ini-
tially uniform mixture of air and smoke than in the
glycerin-water mixture (in which dye was introduced
along the axis from the top plate). This difference in the
visualized pictures are further discussed in Sec. IV.

The separation of smoke particles from air is found to
be more dramatic when the cylinder and the top plate are
rotated together in the same direction at half the bottom
plate speed. In this case, a vortex column free of smoke
particles is formed. A sequence of pictures illustrating
the formation of the smoke-depleted column is shown in
Fig. 5. Similar to the preceding case, the darker seg-
ments appear initially near the top plate and then propa-
gate downward along the symmetry axis as a column.
These segments are displaced from the axis, presumably
because of the centrifugal pumping of the top plate. The
lower part of the column shows a thin dark layer which
protrudes out like "shoulders" [Figs. 5(b) and 5(c)]. As
the vortex column extends downward, the shoulders
show oscillations in the vertical direction. Finally, the
column reaches the bottom, establishing the steady-state
configuration of the smoke-free air column on the axis
[Fig. 5(d)].

It must be stressed that a very important feature of all
cases studied by us is that the characteristic time for the
generation of the nonuniform distribution of markers
from the uniform initial state is of the order of tens of
seconds. This time scale seems to be identical to that for
establishment of the steady hydrodynamical regime [6].

Evidently, the final mixture distribution in the steady
state does not depend critically on the initial conditions.
However, the distribution is strongly dependent on the
variations of kinematic and dynamic parameters, viz. , the
ratio of angular velocities (of the bottom plate and the
rest of the container) and the Reynolds number. In par-
ticular, if the angular velocities are the same, a rigid body
rotation is established in the flow without any separation,
and any initial nonuniformities of the marker distribution
disappear with time. This observation belies the possibil-
ity that the centrifugal force field and barodiffusion
phenomenon may be the cause of this separation process.
Because of the small value of centrifugal acceleration
( & 0.5 g), the effect of centrifugal sedimentation (i.e., sep-
aration) is negligible.
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The volume fraction of the marker has a profound
effect on visualization of the separation process. When
the initial marker concentration is very small, the
separating region and the rest of the flow show little con-
trast. When the marker concentration was high, the con-
trast between the separated and unseparated regions was
also poor (although the brightness of the observed plane
increased). It appears that there is an optimum marker
concentration which causes the most effective separation
of the markers from the fluid, thus producing the highest
contrast in the observed plane. Note that the characteri-
zation of concentration as "high" or "low, " as we discuss
here, is purely for discussion of visualization pictures.
That is, even at this "high" concentration, it is still low
enough to consider the smoke as a passive scalar; "high"
concentration does not influence air motion as the
streamline pattern remains unchanged from that for
"low" concentration. But changes do take place with
small variations of other parameters, such as the Rey-
nolds number and the aspect ratio.

To eliminate the possibility of a buildup of electrostatic
charges on the rotating surfaces which could cause sepa-
ration through deposition of markers on the wall, we
treated the solid surfaces with an antistatic solution.
This did not change the separation process, confirming
that the phenomenon is not a consequence of an electro-
static process; rather, it is a hydrodynamic effect.

For a fresh glyceri. n-dye mixture, we observed a separa-
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tion process similar to that in the air-smoke case. The
fluorescent dye used in our experiments had practically
the same density as that of the background fluid. The
volume concentration of the dye is negligibly small and
has no influence on the solution characteristics. During
the kinematic time period (i.e., time for flow establish-
ment or spin-up time, typically around 1 min), the evolu-
tion of dye separation is similar to the pictures shown in
Figs. 4 and 5. However, after a long time (of the order of
a few hours) the sharpness of the picture became weaker
and the dye distribution became uniform, as discussed
below.

IV. TENTATIVE EXPLANATION

Analyzing the observed phenomenon, one may con-
clude that the most probable explanation for the separa-
tion is of a pure kinematic nature. This means that for a
fairly short time scale, the influence of any force field, as
well as diffusion and Brownian motion, may be neglected.
In other words, the mixture particles of sizes such as 0.1

pm seem to be "frozen" in a fluid continuum, and their
velocity coincides with the local fluid velocity. To under-
stand the phenomenon, it is necessary to distinguish the
motions of smoke particles and air molecules. The
motion of smoke particles is better explained in terms of
air as a continuum, while in reality air consists of mole-
cules moving chaotically with high velocities and subject
to self-diffusion. Because of the large difference in mass
between smoke particles and air molecules, the coefficient
of diffusion of smoke due to Brownian motion is much
smaller than that of air.

However, the kinematic approach faces difficulties if
one considers particle distributions in the framework of
the classical theory of diffusion, which treats a passive
scalar as a continuum characterized by its concentration
c and governed by the equation

Bc +v Vcd=2)b, c,
at

H/R
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where 2) is the difFusion coefficient.
It is reasonable to assume that the wall is not the sink

of mixture particles in our case; that is, the boundary
condition at the wall is Bc/Bn =0. If the initial concen-
tration co is uniform, then Eq. (1) has a unique solution
c=co for all time. This means that in this theoretical
sense, the separation phenomenon cannot be predicted.
The same is also true in the limit Xl~O, i.e., when the
Brownian motion is neglected.

As an alternative, consider the mixture as a discrete
system of particles following exactly the motion of the
medium, which is assumed to be incompressible. The La-
grangian dynamics of a marked particle is governed by
the dynamical system,

I I I I I

-0.4 0
r/R

—'?

0.4 -0.4
I I I I

0 0.4
r/R

dx =v(x, t), x(0)=xo,
dt

(2)

FIG. 5. Flow visualization sequence showing the develop-
ment of the smoke-depleted column. (a) t =20 s; (b) t =40 s; (c)
t =60 s; (d) t =75 s.

where v(x, t ) is the velocity field and the vector xo corre-
sponds to an initial position of the chosen particle. Con-
trary to Eq. (1), Eq. (2) is nonlinear and the trajectories
can have complex behavior. In particular, the motion de-
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scribed by (2) may be chaotic. For instance, this feature
has been suggested in [2] to explain the separation pro-
cess of a mixture, but in a qualitatively different process.
In the limit t~ao, if the velocity field v(x, t) reaches a
steady state, then the trajectories coincide with the
streamlines.

In a typical case, diverging trajectories of system (2)
may transform an initial uniform distribution of a
discrete number of particles into a strongly nonuniform
distribution. There exists a major difference between the
discrete and continuum cases; in the continuum case, the
divergence of trajectories does not lead to nonuniform
density distribution. This can be explained by consider-
ing an incompressible flow from a point source in a plane.
Imagine a uniform distribution of particles near the
source which are placed at the grid points generated by a
set of rays emanating from the source and circles cen-
tered at the source. Particle density along a ray increases
with distance from the source, while its density decreases
in the azimuthal direction. However, the fluid density
remains constant everywhere in the flow field. Physical-
ly, this relates to the conservation of medium continuity
by strong mobility of the fluid molecules participating in
the isotropic chaotic motion. This explanation why the
fluid molecules redistribute while the marked particles
remain along the ray and become progressively denser.
This difference in dynamics disappears if the mobility of
the marked particles is comparable to that of the fluid
particles. Possibly, this occurs in the glycerin solution
where drops of dye become smaller by breakup and then
dissolve, thus forming a homogeneous solution of dye and
glycerin.

Such divergence of fluid trajectories takes place in our
experiment. Assume that the particles are initially distri-
buted uniformly in the fluid which is at rest. As the bot-
tom plate begins to rotate, it drives a fluid motion which
then becomes steady. In this situation, trajectories are
transformed into streamlines. However, marked stream-
lines are placed in the space nonuniformly; they become
more densely packed in regions of higher velocity and be-
come more rare in regions of smaller velocity. In other
words, the streamlines converge and diverge in different
regions of the flow, and this leads to a nonuniform con-
centration of particles.

From the point of view of discrete particle concentra-
tion, an increase in the number of particles above a criti-
cal value decreases the image contrast. As the number of
particles increases, an increasing number of streamlines
are marked. In the limit, the marked streamlines cover
the entire field, producing uniformly distributed markers
in the flow field. This tentative explanation indicates that
there exists an optimal concentration which results in the
most effective separation of markers. A similar situation
is encountered in photography. The sharpness of a pic-
ture on a photographic film depends nonmonotonically
on the exposure time. That is, the contrast of a picture
depends on the optimum exposure time, it is low both in
exposed and underexposed pictures.

The above qualitative explanation deals mostly with
the rapid establishment of the separation, but does not
explain why the established regime does not depend on

the initial distribution of particles. In seems reasonable
that a different initial distribution should visualize a
different set of streamlines and therefore should result in
a different final distribution of particles. In the case of an
air-smoke mixture, it is also not obvious why smoothing
of the steady picture due to Brownian motion does not
occur.

A probable reason for the smoothing of flow markers
in the glycerin solution is discussed above. In the air-
smoke mixtures, particle sizes do not change and this
seems to cause different behavior.

The difference between the visualized pictures shown
in Figs. 2 and 4 is believed to be due to the difference in
the initial condition. In the smoke-air case, a large
volume of smoke-depleted air produced in the boundary
layer moves past the separating bubble. A part of the
smoke-free air traveling from the top along the symmetry
axis gets entrained in the bubble, while the rest of the
off-axis free air moves over the bubble and advects down-
stream after passing through a larger cross section.
Moreover, the diverging streamlines downstream of the
bubble furthers the separation of smoke markers, produc-
ing sharp striations of dark and white layers. However, a
detailed understanding of the separation mechanism re-
quires further study.

In the glycerin-water mixture, the injected thin line of
dye along the axis of symmetry is mostly entrained in the
bubble; a small amount of off-axis dye marks a narrow re-
gion in the wake. Note that if we had introduced the dye
at a different radial location and at a different depth, we
would obtain a different picture. In such a case, the
streamlines farther away from the axis of symmetry
would be more visible. When the experiment with the in-
troduced dye in the glycerin-water mixture was allowed
to run for a moderate time, the transitional picture
formed initially (i.e., showing a vortex breakdown pattern
as in Fig. 2) became gradually more diffuse, and a
steady-state picture was attained is very similar to that
shown in Fig. 4. As already mentioned, if the apparatus
is kept running indefinitely, the mixture of dye-glycerin-
water becomes uniform because of dissolution.

It follows from the above discussion that the mecha-
nism of separation cannot be explained only by an un-
steady process. Some mechanism is needed to per-
manently sustain the separation of particles in steady
conditions. This mechanism seems to be provided by the
interaction of the flow and wall. Let us consider a steady
boundary on a flat plate. This case is similar to the near-
wall flow in Fig. 4(a) beginning at the lower corner be-
tween the bottom and the lateral wall where the stream-
lines move away from the wall with increasing upward
distance due to viscous effects. If there is a uniform dis-
tribution of discrete particles upstream of the plate, then
the concentration in the near-wall region decreases down-
stream. If we consider a particle nearest to the wa11, the
distance between this particle and the wall increases as it
moves downstream. As a result, the space between the
wall and the corresponding streamline appears as a re-
gion of "dark" fluid. We think the reasons are the same
as explained for a source flow. Note that the initial uni-
form set of particles in the near-wall zone is quickly re-
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moved during the unsteady processes of the boundary
layer formation, in which the Quid velocities near the wall
are large. After that, near-wall zone forever remains par-
ticle poor.

Note that the rotational motion of the flow in our
chamber increases the effective length of the boundary
layer substantially because of the spiral form of the
streamlines. This is in agreement with the observed pro-
cess in our experiments in which the "dark" regions ini-
tially are generated near the wall, accumulate near the
top part of the symmetry axis, and then form the separat-
ing bubble on the axis. We think that the cause of the
separation is due to the differences in the mobility of the
marker particles and the fluid molecules. Particles of
smoke are also subjected to diffusion due to Brownian in-
teraction with molecules. However, a coefficient of parti-
cle diffusion is much smaller than the coefficient of self-
diffusion of air as a result of the large ratio of particle
mass to molecular mass of the fluid.

If our conjecture that the difference in the behavior of
particles and fluid is caused by the different values of the
diffusion coefficient is correct, then this effect can be used
for separation of gas mixtures with different coefficients
of individual components. However, this requires further
detailed studies.

be more relevant. Perhaps the explanation of the ob-
served phenomenon can be obtained by some
modification of the traditional continuum diffusion equa-
tion for binary mixtures with different mobility of its
components. It seems that an appropriate test for the va-
lidity of a future theory would be its ability to describe
the fine structure shown in Fig. 4.

In addition, we would like to make a conjecture that
the observed phenomenon of kinematic separation of
mixtures belongs to the same class of rather enigmatic
phenomenon of the countergradient transfer that in-
cludes the well-known Ranque e6'ect [8] which was
discovered in 1932, but until now has remained poorly
understood.

A question naturally arises as to the effect of the mark-
er depletion reported here on the effectiveness of flow
visualization with markers. We have repeatedly em-
phasized the limitation of (low visualization (even at the
Schmidt number Sc= 1) for three-dimensional (laws such
as turbulence and vortex interactions where dynamically
dominant motions can be obscured by visualization
[9,10]. In our present study, however, this visualization
problem is nonexistent as we have here a distinctly
different mechanism of marker depletion.
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The above explanation is both qualitative and intuitive
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out some limitations of the classical diffusion theory
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case the Lagrangian approach based on Eq. (2) seems to
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