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ABSTRACT 
Prior to study mixing via the temporal evolution of 

passive scalars, the authors attempt to isolate the key 
mechanisms to stir flows of controlled geometries. The 
stretching properties of these flows are studied using a strain 
rate approach. The folding and lamination rate properties 
are them quantified and explored using a new approach 
proposed by (Rossi 2009) which is based on the spatial 
variation of the Lagrangian angular velocity. The main 
emphasis of this paper is set on the determination of folding 
and lamination rate of multi- and one-scale flows using this 
novel approach. Such results are complemented by the 
description of these flows, including: visualisations, 
velocity, acceleration and strain rate fields. This 
quantification of folding and lamination rates is found to 
highlight subtle and important flow properties for both 
multi- and one-scale flows. It permits to identify scales and 
rates of lamination. Also, the good agreement between 
visualisation based on the deformation of a mesh and 
Lagrangian averaging of folding and lamination rate 
intensity is striking. This is extremely encouraging to pursue 
the exploration of this laminating approach and its offspring 
for mixing studies in complex flows. 

INTRODUCTION 
Mixing is a crucial process in a broad range of flows, 

ranging from geophysical flows to micro-flows. Large- 
scale examples are combustors and chemical reactors in 
which controlled mixing is required to improve efficiency. 
For those large and intermediate-scale apparatus, the 
Reynolds number is high enough for the flow to develop 
natural turbulence which is usually considered as a good 
mixer. As the scale reduces, so does the Reynolds number. 
For micro-applications, where the Reynolds number is of 
the order of unity, the flow is laminar. The main challenge 
hence remains in enhancing mixing by mimicking the 
stirring mechanisms (e.g. stretching and folding) of large-
scale mixers, i.e. trying to recover a pseudo turbulent 
stirring using an ordered stirrer, while minimizing the 
energy input. Recent works by the authors have addressed 
some of those challenges by generating a new class of 
multi-scale laminar flow controlled by multi-scale 
electromagnetic forcing. The particular arrangement of the 
magnets leads to interesting turbulent-like properties. We 
briefly mention few of them hereafter. i) The flow exhibits a 
power-law energy spectrum E(k)~k−p, with the exponent p = 
2.5 prescribed by this arrangement (Hascoet et al 2008; 
Rossi et al 2006a). This value of p is different from 2D 

turbulent flows forced at small scales (p = 5/3) or large-
scale (p = 3) (Tabeling 2002). ii) A Richardson-like 
diffusion (Richardson 1926), driven by the multi-scale 
distribution of high stretching regions, with the mean square 
separation of pairs of fluid element evolving like Δଶ~tଷ 
once all scales are distinct and ordered, (Rossi et al 2006b). 
Recently, the authors have used numerical simulations 
based on 3D DNS to analyze the driving mechanism of 
these flows, (Lardeau et al 2008). Noticeably, they have 
shown the interlaced action of forcing and pressure terms to 
generate and transfer momentum and also the importance of 
the discretisation of the shallow layer of brine along the 
wall normal direction to properly simulate the shear and the 
electromagnetic forces. Other 3D numerical approaches can 
be found in (Akkermans et al 2008; Kenjeres 2008; 
Kenjeres et al 2009). 

It is well known that combinations of stretching and 
folding can produce exponential growth of interfaces as 
illustrated by the baker process discussed by Reynolds in 
1893 (Reynolds 1893). Such approach is mainly explored in 
low Reynolds number flows whilst this mechanism should 
also occurs in turbulent flows, for example during 
topological changes. This may be due to the absence of 
accepted definitions to characterise the lamination within 
flows. A new mechanism to explore folding and lamination 
rate has recently been proposed (Rossi 2009). Such 
definition permits to identify and quantify lamination rates 
and can then be applied to canonical flows with controlled 
geometry and acceleration. Consequently, the authors 
design low Reynolds number complex flows to control 
changes in the flows geometry/topology and investigate the 
stirring properties of basic building blocks (Rossi et al 
2009). The dynamic control of these building blocks is 
intended to design, in space and time, complex flows with 
different properties, such as for instance, the transition from 
cat’s eyes (figure of height) to “single eddy”. To this aim, 
the geometry of the flow is designed and controlled by 
varying the geometry of the forcing. 

The first part of this paper briefly introduces the 
principles of the generation of these flows driven by 
electromagnetic forcing, their realisation, measure and 
simulation. In the second part of this paper, the geometry of 
these flows is briefly illustrated via visualisations 
complemented by both velocity and Lagrangian acceleration 
fields. Then the stirring properties of these flows are 
explored and the quantification of lamination rates proposed 
by (Rossi 2009) is applied to multi- and one-scale flows. 

Sixth International Symposium on Turbulence and Shear Flow Phenomena
Seoul, Korea, 22-24 June 2009

87

미정댁
메인/컨텐츠



FLOWS D
FORCING

Electrom
Shallow l
forces, ࢌሺ
electrical 
given by
ଵ

ఓఙ
an ࡮ଶ׏

velocity v
electrical 
field. If ߪ
moderate, 
σµul is v
magnetic 
approxima
electrical 
electric de
field, ܒ ؆ σ
assumed 
Hartmann 
considered
forces are 
to viscosit
present ca
flow: with
The flow i
the flow v
state. Flo
simulation
state is rea
The gener
induction 
concentrat
the densit
16.6Sm−1 
sA−1m−1. 

F
Two diffe
single pair
multi-scale
single pair
are 40mm
electrical 
current an
at a value 
electromag
3.26Nm−3.
10mm, 40
thickness 
electromag
within the
of the forc
from ଵ

ఘ ௥݂௠

66.68 ݉݉
The notati
the charac
of the me
configurat

DRIVEN BY E
G 

magnetically d
ayer brine flow
ሺ࢞ሻ , with ࢌሺ
current density

y the inductio

nd Ohm’s law ࢐
vector, µ is t
conductivity an

ߪ  is low (as is
the magnetic R
ery small com

field the in
ated by: ׏ଶB
current ( σܝ ൈ
ensity is then 
σ۳. The electro
to be indepen

number is 
d hereafter, m
high enough to

ty (essentially 
ase, the forcing 
hout the electro
is initially at res
velocity increa

ow configurati
ns are here disc
ached. 
ral setting is 
of the permane
tion is 158g/l, 
ty ρ is 1105k
and the magne

Fig. 1: Schemat
erent forcing 
r of magnets, Fi
e arrangement
r of magnets, t

m aside. And th
current density

nd S the cross s
of about j = 13
gnetic forces 
. For the multi-
mm and 160mm

is H=5mm.
gnetic forces 

e brine above e
ces computed o
௠௦ ൌ 5.72 ݉݉/

ଶ when I = 0ݏ/݉
ion + denotes 
cteristics of the
edium magnets
tions, is chos

ELECTROMAG

driven flows 
ws are driven 

ሺ࢞ሻ ൌ ࢐ ൈ ࡮ , 
y and ࡮ሺ࢞ሻ  is 
on equation డ

࢐ ൌ ࢛ሺߪ ൈ ࡮ ൅
the magnetic 
nd E the impo
s the case her
Reynolds numb

mpared to 1. In
nduction equat

ൌ 0 . In add
ൈ ۰ ) is neglect

imposed by t
omagnetic forc
ndent of the 
larger than o

meaning that t
o overcome the
due to the bott
is not a perturb

omagnetic forcin
st. When the cu
ses until it rea
ons, experime
cussed only wh

shown on Fig
ent magnets is 
the viscosity ߭

kgm−3 and its
tic permeability

tic of the experi
configurations 
ig. (2a), for diff
t of magnets, 
the two square 
he brine thickn
y, j = I/S wher
section of the b
.5A/m2 (I = 48
of constant in
-scale forcing th
m (Rossi et al 2
. The flows
of quasi-const
ach magnet. Th

over the numeri
ଶݏ/  when I = 
0.7A. 
dimensionless 

e electromagnet
, LM40, which 
sen as refere

GNETIC 

by electromag
where ࢐ሺ࢞ሻ  is
the magnetic 

డ࡮
డ௧

ൌ ׏ ൈ ሺ࢛ ൈ

 ሻ ; where uࡱ
permeability, 
sed external el

re) and the ve
ber, defined as R
n the case of s
tion can be

dition, the ind
ted as uB<<E
the external el
ces are consequ
flow velocity.

one, for all 
the electromag
 damping force
tom friction). I
bation of an ex
ng, there is no 

urrent is switche
aches a quasi-s
ents and num
hen this quasi-s

g. 1. The mag
Br = 0.68T, th

߭  is 1.36 10−6m
s conductivity,
y µ ؄ µ0 = 4π1

imental rig 
are considere

fferent angle α, 
Fig. (2b). Fo
permanent ma

ess is H=6mm
re I is the elec
rine is kept con
.6mA). This lea

ntensity with f
he magnets size
2006a) and the 
s are driven
tant mean inte
he root mean s
ical domain is v

0.06A to ଵ
ఘ ௥݂

number built
tic forcing. The
is common to

ence length 

gnetic 
s the 
field, 
ሻ࡮ ൅

is the 
σ  the 
lectric 
locity 
Rem = 
steady 

then 
duced 
. The 
lectric 
uently 
 The 
flows 
gnetic 
es due 
In the 

xisting 
flow. 

ed on, 
steady 

merical 
steady 

gnetic 
he salt 
m2s−1, 
ߪ ,  = 
10−7V 

 

ed: a 
and a 

or the 
agnets 

m. The 
ctrical 
nstant 
ads to 
frms = 
es are 
brine 

n by 
ensity 
square 
varied 
௥௠௦ ൌ

using 
e size 

o both 
scale, 

ࣦା

dim

and

௢௟ܨ
for

௥௘ݏ

rate
roo
the
resp
Tab
 
 
urms

arms

௢௟ܨ
௥௘௙ݏ

Fi

Ex
Exp
sm
sup
hor
Rea
cam
441
is u
(PI
(ite
disp
cor
the
me
grid
bet
tha
cor
ma
in s
fiel
virt
200

Nu

cod
dis
der

ൌ ࣦ ⁄ܮ ெସ଴ . T
mensionless usi

d velocity ௢ܨ 

⁄௢௟௥௘௙ܨ  where 
cing configura

௙ ൌ ට ௙ೝ೘ೞ

ଶఘ௅ಾ
 and

e. The velocity
ot mean square 
e experimenta
pectively noted
ble 1: character

s (mm/s) 
s (mm/s2) 
௥௘௙ (rad/s) 

௙ (1/s) 

(a)
ig. 2: Distributio

wall. one- (a

xperiments 
periments are 
aller than the o

pporting wall i
rizontal, with 
al-time PIV m
mera (2048 × 2
1 × 441mm2. Pl
used to seed t
IV) post-proces
erative method 
placement is ab
rrelation windo
e values of th
asurements are
d of 222×22
tween two velo
an 20 × 20 p
rrelation windo
agnet length. Ta
space and time,
lds using the PT
tual particle tra
09). 

umerical Simu
Computations

de, using 6th
cretization and
rivatives. Pois

The folding and
ing as referenc

௢௟௥௘௙ ൌ ܽ௥௘௙ ⁄ݑ

ெ is the size oܮ
ation. Also, th

d ݏା ൌ ݏ ⁄௥௘௙ݏ  i

y and accelerat
velocity and a

al or numeri
d כ࢛ ൌ ࢛ ⁄௥௠௦ݑ  
ristic scales 

One-scale
0° 15° 

1.73 1.8 
0.291 0.297 
0.192 0.192 
0.384 0.384 

ons of permane
a) and multi- (b

performed in 
one used in (Ro
is checked so 
a standard de
easurements ar
2048pixel2, 14b
liolite DF01 (10
the flow and P
ssing is perform

with sub-pixe
bout 17 pixels 
w is of 16 pixe

he correlation 
e about 0.9. PIV
2 points. Th
city points is o

points above e
ow size about 
aking advantag
, we extract the
TVA algorithm 
acking. For mo

ulations 
 are carried o
h-order comp

d 3rd order Run
son equation 

d lamination r
ce the ratio of 

௥௘௙ ൌ ටଶ௙ೝ೘ೞ

ఘ௅ಾ
 

of the largest m
he strain rate 

is the dimensio

tion are norma
acceleration co
cal domains. 
and כࢇ ൌ ࢇ ܽ⁄

 M
90° ܴ௘ ൌ 3
1.63 0.867
0.265 0.034
0.192 0.0423
0.384 0.0845

(b) 
ent magnets und
b) scale configu

a tank (800m
ossi et al 2006a

as to keep it 
viation of abo
re performed u
bit) and a pictu
00µm < diamet

Particle Image 
med with an in
el accuracy). T
per frame and 

els by 16 pixel
coefficients of

V fields are com
he correspondi
of 8 pixels. Thi
each magnets 
12 times smal

ge of this PIV d
e corresponding

m (Ferrari & Ros
ore details, see 

ut with a finit
pact scheme 
nge-Kutta sche
is solved dir

rate is made 
acceleration 

with  ܨ௢௟
ା ൌ

magnets of the 
reference is 

onless strain 

alised by the 
mputed over 

They are 
௥௠௦ . 

Multi-scale 
3 ܴ௘ ൌ 25 

7 6.52 
4 1.22 
3 0.126 
5 0.289 

 

derneath the 
urations 

mmx600mm), 
a). The brine-

straight and 
out 0.12mm. 
using a 14Hz 
ure frame of 
ter < 200µm) 
Velocimetry 

n-house code 
The maximal 

the smallest 
ls. Typically, 
f these PIV 

mputed with a 
ing distance 
s gives more 
and a final 

ller than the 
data resolved 
g acceleration 
ssi 2008) and 

(Rossi et al 

te difference 
for spatial 

eme for time 
rectly using 

Sixth International Symposium on Turbulence and Shear Flow Phenomena
Seoul, Korea, 22-24 June 2009

88

미정댁
메인/컨텐츠



Fourier de
is based o
Thibault &
the perma
carried ou
forcing, g
accordingl
set of stati
more detai

STIRRING
GEOMET

Stretchin
Prior to s
authors a
properties,
particular,
and lamin
proposed b
The Fund
folding rat
forces app
angular sp
the forces 
governs t
Lagrangia
considers 
Lagrangia
the accele
than the vo
velocity, 
Lagrangia
angular ve
defined 
ܝ ൈ ܘ܉ ฮܝ⁄
material li
defined u
choice is 
recently sh
diffusion i
global qu
simplified 
scale. Als
coherent i
a flow/mi
averaging 
direction 
θሶ ܎܍ · ܡ ൌ
intensity i
with ℓ=ࣦ.
rate of the
see (Rossi
The stretc
rate maps
rate maps
stirring pro

Multi-sca
Figures 3
forcing, (L

ecomposition. T
on an analytica
& Rossi 2003), 
anent magnets
ut and validat

geometries and 
ly to experimen
istics and the fu
ils see (Lardeau

G IN FLOWS
TRIES AND A

ng and foldin
study the mixi
attempt to ide
, e.g. stretching
 this paper foc

nation rate and
by (Rossi 2009)
damental mech
tes relies on the
plied on a ma
peeds. The Lag
exerted on a pa

the alteration 
n velocity. C
the alignmen

n acceleration, 
eration, ܘ܉ , per
orticity) to dete
i.e. the speed
n velocity vec

elocity, θሶ , aroun
by equations

ܝ ൈ ฮܘ܉ . The 
ine element, d
sing the spatia
also supported

hown that diffe
in the centre o

uantification, th
d to ܨሶ௢௟ ൌ ฮસߠ
so the domain
s of interest to 
ixer. To this 

within mobil
perpendicular 

േ૚  in 2D]. T
s then compute
 This approach

e flows at typic
 2009). 

ching is illustra
s. Complement
s it permits to
operties. 

ale flow 
, 4 and 5 gi

Lardeau et al 20

The electromag
al model (Akou

considering th
. The numeri
ted for differe
brine thicknes

nts. This provid
ull 3D descripti
u et al 2008; Ro

 WITH CONTR
ACCELERATIO

g 
ing properties 
ntify and qua

g, folding, swap
cuses on the ex
d is based on 
) to define and 

hanism to expl
e quantification
aterial line to 
grangian accele
article-fluid by 
in direction a

Consequently, t
nt between the

and in particul
rpendicular to 
ermine the local
d of change o
ctor. This rate
nd the rotation v
s: θሶ ൌ ඥܘ܉ · ܘ܉

folding and la
dℓ, around the 
al variation of

d by (Bajer et 
erential rotation
f analytical vor
he folding rat
ሶฮℓߠ  where ℓ 
n over which
define the lam
aim, θሶ ܎܍ · ܡ  is 
le windows of

to the meas
The correspond
ed over these c
h permits to ex
cal length scale

ated via the qua
ed by the fold

o discuss and 

ve DNS resul
008). The visua

gnetic forcing m
un & Yonnet 

he 3D distributi
cal simulation

ent intensity o
ss which are ch
des a compleme
ion of our flow
ossi et al 2009).

ROLLED 
ON 

of these flow
antify their st
pping and cuttin
xploration of fo

the new app
quantify this ra
lore lamination
n of the action o

turn it at diff
eration, a, repre

its environmen
and intensity o
this new app
e velocity and
lar the compone
the velocity (r

l Lagrangian an
of direction o
 corresponds 
vector, ܎܍, whic
ܘ ܝ · ⁄ܝ  and 
amination rate 
direction ef is

f θሶ  along dℓ. 
al 2001) who 

n is key to acce
rtices. To perfo
te intensity is 
is a typical le

h the laminatio
minating propert

coarse graine
f size ࣦ  [ ܡ  i
surement plan

ding laminating
coarse grained
xtract the lamin
es. For more de

antification of 
ding and lamin
compare these

lts with multi-
alisation presen

model 
1984; 
ion of 

ns are 
of the 
hosen 
entary 
s. For 
 

ws the 
tirring 
ng. In 
olding 
proach 
ate. 
n and 
of the 

fferent 
esents 
nt and 
of its 

proach 
d the 
ent of 
rather 
ngular 
of the 
to an 
ch are 

܎܍ ൌ
of a 

s now 
Such 
have 

elerate 
orm a 

here 
ength-
on is 
ties of 
ed by 
s the 

n and 
g rate 
fields 

nation 
etails, 

strain 
nation 
e two 

-scale 
ted in 

Fig
sca
cre
giv
the
wit
spe
200
acc
dep
lam
can
(La
inc
for
con
targ
rate
is o
rate
mu
fun

On
To 
flow
al 2
var
per
cor
the
flow
per
cor
sim
ߙ ൌ
sin
figu
dep
brin
Suc
dat

g. 3 shows the
ale forcing. Th
eates a structure
ves the velocity
ese flows for tw
th ܴ݁ ൌ ܪ௥௠௦ݑ
ectra of these m
06a) the dist
celeration inten
pendence on ܴ
mination rates. T
n be related to 
ardeau et al 200
rease of the i
cing) in the di
nfirmed by the
geted scales giv
es are more im
observed for ܴ
e is sensitive t

ulti-scale flows
ndamental and m

Fig. 3: Visual

ne-scale flow 
illustrate the 

ws are now sim
2009). The chan
rying the geom
rmanent magne
rresponds to the
e direction norm
w is pumped a
rpendicular to 
rresponds to a

milar to those f
ൌ 15°, the forci
gle eddy. Tho
ures 7 and 8
pending on the
ne thickness so
ch flows are a
ta. Fig. 7(c&d

e typical structu
he multi-scale 
e of flows with
y and Lagrang

wo different Re
ܪ ⁄ߥ . Whilst 
multi-scale flow
tributions of 
nsities clearly
ܴ݁  is also fo
The variation o
the variation o
08; Rossi et al 
importance of 
stribution of th
 distribution o
ven in Fig. 5. F

mportant at the m
ܴ݁ ൌ 15 . This 
to subtle and i
s. This is en
mixing studies. 

lisation of the m

 
characterisatio

mplified to basi
nge of geometr

metry of the fo
ets are rotated
e orientation of 
mal to the elec
above the mag
the electrical 

a “straight hyp
forced in the m
ing produces a 

ose geometries 
 (first rows). 

e electromagnet
ome configurati
also under inve
) gives the di

ure driven by 
generation of 
hin flows. Fig.
gian accelerati
eynolds numbe
the topology 

ws are conserved
velocity and 

y evolve with
ound on both
of the strain rate
of pairs dispers

2006b). Fig. 4
the large-scal

he lamination r
f folding rate 
For low ܴ݁, th
medium scale a
shows that the

important chan
ncouraging for 

multi-scale flow

on of laminati
ic building bloc
ry/topology is p
forcing: the pa
d by an angle 

the magnets wi
ctrical current, 

gnets in opposi
current. The 

perbolic stagn
multi-scale dist
cat’s eyes and 
are clearly il
We should i

tic forces inten
ons present uns
estigations usin
istribution of v

these multi-
counter jets 
 4 (a and b) 
on fields of 

ers: 3 and 25 
and energy 

d (Rossi et al 
Lagrangian 

h ܴ݁ . This 
 strain and 
e distribution 
sion statistics 
4d shows the 
e flow (and 
rates. This is 
according to 

he lamination 
and a plateau 
e lamination 

nges in these 
its use in 

 
w (zoom) 

on rate, the 
cks (Rossi et 
performed by 
air of square 

ߙ , where ߙ 
ith respect to 
Fig. 2. The 

ite directions 
case ߙ ൌ 0° 
ation point” 
tribution. At 
at ߙ ൌ 90° a 
llustrated by 
indicate that 
nsity and the 
steady flows. 
ng real time 
velocity and 

Sixth International Symposium on Turbulence and Shear Flow Phenomena
Seoul, Korea, 22-24 June 2009

89

미정댁
메인/컨텐츠



Lagrangia
topology 
their eigen
ones. Fig.
geometries
properties 
whilst the 
folding a
Similarly 
rate distrib
noticed th
laminates 
Fig. 6 com
F୭୪୰୫ୱ

ା  ver
a maximum
scale can
hyperbolic
for 1.2 د ࣦ

(a)

(b)

(c)

(d) 
 
Fig. 4: Sp
numbers 
acceleratio
(at ࣦ ൌ 48

Effective
The lamin
Lagrangia

n acceleration 
for both fields

n directions for 
 7e gives the 
s considered. T

and distributi
forcing intensit

and lamination
to velocity and
bution varies w
hat the presen
the flow at a 

mplement this a
rsus the length-
m of lamination
n be identifie
c cases, this ma
ࣦା د 1.4. 

Re=3 
patial distributio
3 and 25: (a)
on, ԡכࢇԡ (c) str
8݉݉). Zoom on

e folding and 
nating process 
n trajectories,

fields, with ty
s. Critical poin
hyperbolic and
strain rate inte
This highlight 
ion according 
ty is kept const
n rates fields 
d acceleration fi
with the flow g
nt Eddying m
lower rate tha

analyse by givin
scales, ࣦା. The
n rate combined
ed for each 
aximum of lam

on of flow inte
) velocity ԡכ࢛

rainrate, ݏା(d) 
n a 800mmx80

 Lamination 
being an inte

, the folding 

ypical geometry
nts are indicate
d circles for elli
ensities for the 

different stret
to flows geom

tant. Fig. 7f give
(at ࣦ ൌ 55݉

fields, the lamin
geometry. It ca

motion of case
an cases 0° and
ng the distributi
ese results show
d to a typical le
configuration.

mination rate is f

Re=25 
ensities for Rey
ԡכ , (b) Lagra
lamination rat

0mm domain.

egral process 
rate intensit

y and 
ed via 
iptical 
three 

tching 
metry 
es the 

݉݉ ). 
nation 
an be 
e 90° 
d 15°. 
ion of 
w that 
ength-
 For 
found 

 

 

  

 

ynolds 
angian 
te, ܨ௢௟

ା 

along 
ty is 

ave
com
The
rate
ma
The
dist
thre
use
wit
des

Fig

CO
Com
num
ana
lam
exp
ext
and
flow
The
sen
kee
one
flow
blo
lam
sca
clo
sca

0

0.5

1

1.5

2

2.5

3

0.

0.

0.

0.

0.

0.

eraged (over 
mputed via back
e correspondin
e is then com

aterial lines initi
e good agreem
tribution of th
ee configuratio
ed to predict an
th important 
scription of flow

g. 5: Folding ra

Fig. 6: Lamin

ONCLUSION 
mplementary 
merical simula
alyzed. The ex
mination rate 
perimental resu
tremely encoura
d folding/lamin
w configuration
ey also highlig

nsitive to subt
eping the same 
e-scale experim
w geometry a

ocks with iden
minating rates. 
ale for the lam
sely related to

ales. 

0

5

1

5

2

5

3

0

0

1

2

3

4

5

6

0

time) along
kward tracking
g distribution o

mpared with t
ially distributed
ment between 
e mean lamina

ons. This shows
nd identify lam

consequences
ws, mixing and 

ate intensity ܨ௢௟௥
ା

nation rate inten

experiments 
ations (3D D
xploration of 
is supported 

ults. The results
aging. They sh

nation rates can
ns driven by mu

ght that the stra
tle variations 
topology and e

ments show that
and topology p
ntified properti
This includes 

minating mecha
o the flow stru

5

1 2

g Lagrangian 
 during the tim
of this average
the temporal e
d as a regular g

the visualisat
ation is impres
s that this defin

minated region w
s for the 
mixers (Rossi 2

௥௠௦ versus leng

nsity, ܨ௢௟௥௠௦
ା , ve

(e.g. PIV, P
DNS) are per

the proposed 
by both num

s presented in th
how that differe
n be quantified 
ulti- and one- sc
ain and laminat

within multi-
energy spectra.
t the detailed c
permits to des
ies in term of
the most effec

anism which ap
ucture and for

10

2 3

trajectories 
me ݐା ൌ 4.86. 

d lamination 
evolution of 
grid in Fig 8. 
ion and the 
ssive for the 
nition can be 
within flows 
fundamental 
2009). 

 
gth-scale ࣦା. 

 
ersus ࣦା. 

PTVA) and 
formed and 
folding and 

merical and 
his paper are 

ent stretching 
for different 

cale forcing. 
tion rates are 
-scale flows 
. In addition, 
ontrol of the 
ign building 
f strain and 
ctive length-
ppears to be 
rcing length-

15

Re=3
Re=5
Re=11
Re=15
Re=20
Re=25
Re=32

4

Exp‐0
Exp‐15
Exp‐30
Exp‐90

Sixth International Symposium on Turbulence and Shear Flow Phenomena
Seoul, Korea, 22-24 June 2009

90

미정댁
메인/컨텐츠



 

 

Fig. 7: (a

(a) 

(b) 

(c)

(d)

(e)

(f)

a) geometry of t

  

the forcing, (b) flow visualisat
) ,ାݏ

ions (c) velocit
(f) lamination ra

 

ty ԡכ࢛ԡ, (d) Lag
ate, ܨ௢௟

ା. 
grangian accele

 

 

eration, ԡכࢇԡ (e

 

 

 

 

e) strainrate, 

Sixth International Symposium on Turbulence and Shear Flow Phenomena
Seoul, Korea, 22-24 June 2009

91

미정댁
메인/컨텐츠



 

 

Fig. 8: Vis
average of

Curren
folding) 
compleme
Fluorescen
scalar’s c
variance, 
temporal 
unsteadine
dynamical
The dyna
intended t
folding/lam
processes 
Updated re

The a
and the Ro

Akker
Clercx HJ
structure o
in a shallo

Akoun
the forces
Transactio

Bajer 
diffusion i
411 

Ferrari
and accele
two-dimen

Hasco
flow con
electromag
IUTAM Sy

0o 

sualisation of t
f the folding rat
ntly, the stirrin
of these ref

ented by mixing
nce) based on t
concentration 

probability d
evolution of “
ess and geom
lly controlling t
amic control o
to allow the au
mination with i
and the gener

esults should be
authors acknow
oyal Society to 

rmans RAD, Ci
JH, Heijst GJ
of an electroma
ow fluid layer. P
n G, Yonnet JP
s exerted betw
on on magnetics
K, Bassom AP

in the centre of

i S, Rossi L. 2
erometry (PTVA
nsional multi-sc
et E, Rossi L,
ntrol for ef
gnetically forc
ymposium on Fl

 

racers initially 
te intensity (at s
ng properties 
ference flows 
g analyses (e.g. 
the temporal ev
(e.g. time e

distribution fu
mixing interfac

metry changes 
the position of 
of the flow ge
uthors to contro
important conse
ration of pseud
e included in th
wledge the sup
this work. 

References 
ieslik AR, Kam
JFv. 2008. Th
agnetically gene
Physics of Fluid
. 1984. 3D anal

ween two cuboi
s 20:1962-4 
P, Gilbert AD
f a vortex. J. F

2008. Particle t
A) measuremen
cale flows. Exp.
, Vassilicos JC
fficient mixin
ced turbulent-l

Flow Control an

distributed alo
scale: ࣦା ൌ 1.3
(e.g. stretching

are studied 
using Light Ind

volution of a pa
volution of s

functions) and
ces”. Also, tar
are introduce

the magnets in 
eometry/topolo
ol the stretching
equences for m
do turbulent sti
he conference ta
pport of the EP

mp LPJ, Trieling
e three-dimens
erated dipolar v
ds 20:116601 
lytical calculati
idal magnets. 

. 2001. Accele
Fluid Mech. 437

tracking velocim
nts applied to q
. Fluids 44:873

C. 2008. Multi-
ng: simulation
like laminar f
d MEMS:273-7

15o

ng a regular gr
38) along  partic
g and 

and 
duced 
assive 
scalar 

d the 
rgeted 
ed by 

time. 
gy is 
g and 

mixing 
irrers. 
alk. 
PSRC 

g RR, 
sional 
vortex 

ion of 
IEEE 

erated 
7:395-

metry 
quasi-
-86 
-scale 
n of 
flows. 
7 

turb

Kle
ele
Flo

dire
mu
phy

Co
Gre

a 
110

lam

Lar
ele
pre

Ele
Me

Mu
Phy

phy

con
nor

 

rid and tracked 
cle fluid trajecto

Kenjeres S. 
bulent heat tran
Kenjeres S, V

eijn CR. 2009
ctromagneticall

ow In Press 
Lardeau S, Fe

ect numerical 
ultiscale shallow
ysical propertie

Reynolds O. 1
loured Bands. 
eat Britain XIV
Richardson LF

Distance-Negih
0:709-37 

Rossi L. 200
mination rates. S

Rossi L, Bocq
rdeau S. 200
ctromagnetic b

ess 
Rossi L, V

ectromagnetical
ech. 558:207 - 4

Rossi L, V
ultiscale Lamin
ys. Rev. Lett. 97
Tabeling P. 

ysicist approach
Thibault J-P,

ntrol: characteri
rmal actuator. J

during the tim
ories tracked ba
2008. Electrom

nsfer. Phys. Rev
Verdoold J, T

9. Numerical a
ly driven vortic

errari S, Rossi L
simulation of 

w layer flows:
s. Phys. Fluids 
1893. Study of 
Proceedings o

V:129-38 
F. 1926. Atmo
hbour Graph. 

9. A mechanis
Submitted to Ph
quet S, Ferrari
09. Control o
body forcing. I

Vassilicos JC, 
lly controlled m
42 
Vassilicos JC, 
nar Flows with
7:144501 

2002. Two-d
h. Physics Repo
 Rossi L. 20
istic numbers a

J. Phys. D: App

90o 

me ݐା ൌ 4.86 (fi
ackward in time
magnetic enha

v. E 78:066309 
Tummers MJ, 
and experimen
cal flows. Int. J

L. 2008. Three-
electromagneti

: Numerical m
20:127101 

f Fluid Motion 
of the Royal I

sheric Diffusio
Proc. R. So

sm to explore 
hys. Rev. Lett.  
i S, Garcia de 
of flow geom
Int. J. Heat Fl

Hardalupas 
multi-scale flow

Hardalupas 
h Turbulentlike

dimensional tu
orts 362:1-62 
003. Electroma
and flow regim
lied Physics:25

 

 
irst row) and 
e during ݐା 
ancement of 

Hanjalic K, 
tal study of 

J. Heat Fluid 

-dimensional 
ically driven 

modeling and 

by means of 
Institution of 

on Shown on 
c. Lond. A 

folding and 

la Cruz JM, 
metry using 
luid Flow In 

Y. 2006a. 
ws. J. Fluid 

Y. 2006b. 
e Properties. 

urbulence: a 

agnetic flow 
es of a wall-

559-68 

Sixth International Symposium on Turbulence and Shear Flow Phenomena
Seoul, Korea, 22-24 June 2009

92

미정댁
메인/컨텐츠




