CHAPTER 8

SURVEY OF EXPERIMENTAL
RESULTS

Philippe Cardin & Daniel Brito

8.1. INTRODUCTION

Liquid metals in magnetohydrodynamics experiments andiglim motion self—
sustaining natural dynamos share a common property, a @arynagnetic Prandtl
number Pm), the ratio of kinematic viscosity to magnetic diffusivity?m of lig-
uid metals in the core of terrestrial planets are indeed sell (< 10~*) although
being in extreme pressure and temperature conditions (Efsa & 5 and Poirier,
1988). In gaseous planets, the hydrogen gas presents dicrgtalke at large pres-
sure (Chapter 5 and Guillot, 1999) with again a [Bwi . The plasma of convective
regions of stars (Chapter 6) and diluted gas in magnetosplaso have loWwm .
Small Pm for liquid metals as well make us believe that most of natdyedamos
may be modeled and studied in a laboratory. Many groups iwdnkl have focused
their liquid experiments on fundamental aspects of the rtinydrodynamics of
natural objects.

So far, two experiments in Riga (Latvia) and in Karlsruhe ri{@any) have suc-
ceeded in observing dynamo action in an experiment, usijuidlisodium. Sodium
was chosen mainly because it is the highest conductor ofrieiec among other
liquid metals at laboratory conditions. With liquid sodiumis possible to reach
magnetic Reynolds numbéRm = UL/n) of a few tenths in an experiment of
metric size, wherd/ is the typical velocity of the fluidL is the typical scale of
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368 Philippe CARDIN & Daniel BRITO

the experiment and the magnetic diffusivity (see Table VI for numerical valyes
the velocity and size being chosen to optimize.. Note however that the veloc-
ity of a fluid inside a container of a given size is directlyateld to the mechanical
power available to run the experiment. In a turbulent regithe powerP may be
expressed as the cubic power of the velocity

P~ pL?U?, (8.1)

wherep is the density of the fluid, as measured for example in the Bxgeriment
(see Section 8.3.6 and Figure 8.15). In presence of globatioa or other external
forcing, a different scaling of the power (Cardehal., 2002) may be obtained but
lead to the same conclusion: a huge power of a few hundreddowidits has to
be injected in a metric size experiment of sodium in ordere@chRm larger of
order 100. That explains why dynamo experiments requirergdy heavy infras-
tructures.

Like every other liquid metals, liquid sodium has a very lovagnetic and ther-
mal Prandtl numbers (see Table VI) showing that magnetfasidn is much larger
than thermal diffusion, thermal diffusion being also muaiger than viscous diffu-
sion. It is worth to note that the magnetic diffusion timg o L?/n of an exper-
imental dynamo of metric size of liquid sodium is order of & feeconds, a very
long time compared to the dynamical time (overturn time félual particle below
10~ s in a metric size dynamo experiment). It means that the ohsiervof a grow-
ing magnetic field for more than a few seconds during an expri would be the
demonstration of dynamo action and that experiments rgnienthousand diffus-
ing magnetic times are, in principle, feasible.

The intrinsic molecular properties of liquid metals makaserical simulations of
magnetohydrodynamics dynamos very difficult. From the lavand Pm numbers
for liquid metals, one expects indeed that temporal andasaiales of the magnetic
field, first, the velocity field, second, and the temperatwle fithird, to be very dif-
ferent. AsSRm = RePm, dynamo experiments with largeém of a few tens will
have a very large hydrodynamic Reynolds numikef~ 107 — 10%), meaning that
experimental dynamos will have undoubtedly strong tuniLilews. In presence of
a strong magnetic field or rotation, the statistical and getaoal properties of these
turbulent magnetohydrodynamics flows may be possibly wiffefrom the ones of
pure hydrodynamical turbulence: in the Earth’s core fomeple (Chapter 4) the
Reynolds number is presumably very higte(> 1), but the non-linear term in the
Navier-Stokes equation is of second order compared to {Zoaond Lorentz forces
(Ro = Inertial term/Coriolis forcesk 1, N = Lorentz forces/Inertial terny> 1) and
therefore the non-linear chaotic behaviour of the systeghirbe induced by the
non-linear term in the induction equation or the non-linteam in the energy equa-
tion.

The fluid flow expected in dynamos being turbulent, it couldobénterest to use
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8.1 — INTRODUCTION 369

turbulent diffusivities to describe small scales in nuro@rimodelisation (Glatz-
maier & Roberts, 1995; Matsushine al., 1999; Philippset al, 2003; Buffett,
2003). However, little is known about these processes innetadpydrodynamics
cases and experiments are certainly needed to check tliiywali these concepts
and to propose scaling laws for turbulent diffusivitiesg(sgection 8.3.9). More
generally, experiments are oftentimes very precious [sscthey enable the veri-
fication of theoretical considerations or the confirmatibmumerical calculations.
They can also test the validity of assumptions necessarmderstand the physics
of dynamos. A great advantage of experiments compared t@rnceahsimulations
is that experiments are run with real metallic fluids with Wmophysical properties,
these ones could not be adjusted as a parameter like in reahgimulations. The
experiments shed light also on new unexpected effects amdinexpected regimes.
The drawbacks of experiments are the measurements whideaszally limited,
in particular for the ones in the bulk of the fluid where the aym process oper-
ates: experiments require an important theoretical andenigal work to complete
the understanding of measurements. Note that experimathtdiguid metals can
also lead to improvements in technology and instrumentatibich may indirectly
benefit to the industry of metallurgy, as an example.

From a mathematical point of view, a dynamo exists when a ron magnetic field
is solution to the equation [induction equation (1.14), @tkal]. ClearlyB = 0
is also solution. In the laboratory, it is very difficult toveaa strictly zero exter-
nal magnetic field around the experiment. The magnetic fiélth® Earth itself
produces an ambient magnetic field of few tenths of Gauss § x 10~* T, see
Chapter 4). From a theoretical point of view, it is very difficto differentiate a
self—sustained magnetic field of an experimental dynanma tie one produced by
a simple amplification of the ambient field by the velocity flowhe same prob-
lem exists regarding the observation of planetary magfietids; for instance, the
magnetic field of lo is believed to be produced by magnetoectnon in the core of
lo in presence of the jovian external magnetic field (Sarsoal., 1997). In prac-
tice, during an experiment, one is convinced to observe faisdliced magnetic
field by looking first at the amplitude of the magnetic field qgared to the ambient
field, and second at the time duration of the observation emeathto the magnetic
diffusion time. Moreover, there is generally a very cleansition as you vary your
experimental parameters between the induction and tharséliction of a magnetic
field.

Many experiments aimed to model dynamics of astrophysicdlgeophysical dy-
namos have been realised but let us restrict this reviewgerarents directly de-
voted to the understanding of the dynamo action. Other @xgeits on thermal con-
vection in a rotating sphere, on precession, on boundaegtsfor instabilities, on
magnetohydrodynamics turbulence that have been carrieid omderstand the ba-
sic dynamics on which a dynamo can start are reported in awdsy Nataf (2003).
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370 Philippe CARDIN & Daniel BRITO

Table VI - Liquid sodium properties @93 °K (120 °C).

Density p 932 x 103 kgm™3
Dynamic viscosity L 6.2x107%  kgm ls!
Kinematic viscosity v=u/p  6.77x 1077 m?s!
Fusion temperature T: 97.8 °C
Thermal expansion coefficient Q@ 7.1x107° oKt
(at298 °K)

Thermal conductivity k 85.9 W°K 'm™!
Specific heat C 1373 J kg '°K!
Thermal diffusivity k=k/(pC) 6.71x107° m? s~
Electrical conductivity o 9.35% 10° QO tm!
Magnetic diffusivity n=(uo) ' 853 x 1072 m?2s~!
Prandtl number Pr=v/k 1072

Magnetic Prandtl number Pm=v/n 7.9x107°

This chapter will be divided in two parts. The first part déses a set of experiments
where the same definition of dimensionless numbers is usedghout, in order to

make easier comparison between experiments. It ends widtassion on sodium

technology and measurements. The experimental resulgismgssed in terms of
dynamo mechanisms in the second part. Future challengegefimental dynamo

modeling are exposed in the conclusion.

8.2. DESCRIPTION OF THE EXPERIMENTS

A survey of magnetohydrodynamics experiments devoteduayshigh magnetic

Reynolds numbers flows is presented here in a chronologrdair.o Although nu-

merous experiments greatly improved our knowledge on dynaw@chanisms until
1999, that year can be considered as a turning point sinceytiemo effect was,
for the first time, measured in a flow of liquid sodium, quasnkdtaneously in Riga
(Gailitis et al,, 2000) and Karlsruhe (Muller & Stieglitz, 2000). In pasdlto these

two successful dynamo experiments, a number of high magRelynolds experi-
ments of second generation have been quite recently rurder tw look for ampli-

fication of the magnetic field by a flow less constrained thaRiga or Karlsruhe.

Some new projects of sodium experiments are presented anthef this survey. In

the following, every experiment is described and presemedschematic diagram
and completed by a table giving its main characteristicsratevant dimensionless
numbers.
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8.2 — DESCRIPTION OF THE EXPERIMENTS 371

Specific conditions linked to the utilisation of sodium inndyno experiments are
listed at the end of this section. Progress and limitatidmseasurement techniques
in dynamo experiments are eventually discussed.

8.2.1. ARAPIDLY ROTATING DISC IN A CYLINDER OF SODIUM

B. Lehnert might be considered as a pioneer of magnetohy@udigs experiments
with liquid metals such as mercury (Lehnert, 1951; Lehnertile, 1956) and
sodium (Lehnert, 1958). Its most relevant experiment farayo mechanisms is
the latter one performed in liquid sodium. He constructegladrical vessel filled
with sodium, a rotating copper disk driving the flow insideehnert successfully
verified the so-called—effect by measuring the conversion of an imposed poloidal
magnetic fieldB, (generated by a coil below the vessel) into a toroidal onerby a
axisymmetric flow of liquid sodium.

H~0.45m .
copper disk

with radial strips

:BO

58 litres
poloidal

radial strips

> Power of the rotating
motor, Pyotor < 3kW .

> wyisk < 500 rpm
(rounds per minute).

> By < 0.03T at the
height of the disk.
Measurements

> Power input for a
constant rotation rate of
the motor. > Prediction: induced field of th

> Induced magnetic fielff |same order of the imposed mag-
measured by a probe cdl | netic field with the same apparat

in the bulk of the fluid. if — waisk =~ 3000 rpm .

O’Bg R
p (waisk Raisk)
> Rm = 190 (waisk Raisk ) R < 10.

>N = ~0—1.
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8.2.2. ADYNAMO WITH TWO SOLID ROTATING CYLINDERS

Lowes & Wilkinson (1963, 1968) achieved in a laboratory thstfsolid dynamo
experiments following an idea of Herzenberg (1958). Twoderagnetic cylinders
of iron alloy with their axes at right angle were rotated ipeledently in a housing
of the same material (Lowes & Wilkinson, 1963). Electricahtacts between the
housing and the rotating cylinders were done with liquid coey. With adequate
directions of rotation and sufficiently high angular vetas for the cylinders, a seed
ambient magnetic field was amplified and eventually, at titeal Rm, the mag-
netic field of the system (cylinder 1 and cylinder 2) becaniie-sestained provided
the cylinders were kept rotating at the same velocities. dyreamo mechanism
was the following: the induced toroidal magnetic field (viawa—effect, see Sec-
tion 8.3.1) of cylinder 1 provides the external poloidal metic field of cylinder 2,
the induced toroidal magnetic field{effect also) of cylinder 2 providing in turn
the external poloidal magnetic field of cylinder 1. Note tiéh a slightly modified
experimental set-up, still with ferromagnetic materidiswes & Wilkinson (1968)
could even witness reversals of the self—sustained magingt in their system.

> Protor = 2 X 100 W .
D>w) > wy <

2000 — 3000 rpm .

> By = ambiant magnetic
field.

> Uiron alloy =~ 150#0

> Depth between the two axg§ls
of the cylinder= 0.08m in
the 1963 experiment.

Measurements

> Induced magnetic field.

> Differences in electrical
potential between cylinders.
> Binduced < 0.1T.

> Rm =y, owR? < 200.
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Figure 8.1 - The experiment of F. Lowes and I. Wilkinson at Newcastle 963
(courtesy F. Lowes).
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8.2.3. THE a—BOX EXPERIMENT

A joint Postdam-Riga experiment was constructed to medberso calledv-effect

in a small modulus: liquid sodium was run through a systemrbiogonally wounded
channels of stainless steels (Steenbethkl, 1968). The set-up was designed to
drive the sodium through an helicoidal flow under an imposegmetic field. Dif-
ferences in electrical potential between the bottom andapef the modulus were
measured with a pair of electrodes in the direction of theosegl magnetic field.

A Bo

0.515m

copper electrode

> Number of horizontal
channels along the total
height = 28.

> Sodium velocity,

Upax = 11ms™ 1.

> BO <03T.
Measurements

> Differences in electrical p
tential between the top a
bottom with electrodes.

>Rm=pupo UL <2,
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8.2.4. APRECESSING EXPERIMENT IN LIQUID SODIUM

Gans (1970) initiated the magnetohydrodynamics expetsnieipresence of a global
rotation of the system (in presence of the Coriolis forc&):bhilt a precessing ex-
periment in liquid sodium following the work of Malkus (1968 water. A cylinder
filled with liquid sodium was rotating with an axisymmetrioposed magnetic field
along its rotation axis. All the set-up was spun-up simutarsly on a rotating ta-
ble, at right angle of the rotation axis of the cylinder. Thg@eriment was built
with the theoretical idea that the precession of the Eadbfe may be one of the
main source of energy of the dynamo (Malkus, 1993; Kersvi®I§6; Noiret al.,
2003). Unfortunately, due to technical difficulties, Gat840) could not run the
experiments in the full parameter regime.

variable H ~ 2R

R=0.125m
Weylinder By

~ 12 litres
sodium

Measurements
> Torque imposed by the rotatio
of the cylinder induced magnetic

field.
v -7
> wey1 < 3600 rpm . DE:Qt szzl() .
> Qiap < 50rpm. 2
¢ oN BB g2,
> By = 0.023, 0.046 T p(wey1 R)

by a d.c. coil.

>Rm = g 0 wey1 R? < 70.
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8.2.5. THE FIRST PONOMARENKO TYPE EXPERIMENT

Upon a theoretical prediction of dynamo action in a endlediedl stream of screw
type (Ponomarenko, 1973; see also Chapter 1, Section Id8.4)relatively low
critical magnetic Reynolds, an experimental set up wasnalsisel in Riga and run
in Leningrad in 1986 (Gailitieet al, 1987). More than 150 litres of sodium was
powered by electromagnetic pumps and circulated throughirader with an heli-
coidal diverter at the top. The external field was imposed By-phase generator
as theoretically required by the Ponomarenko dynamo. Atjhothe experiment
was run successfully, it had to be stopped probably closkaaynamo onset (see
Section 8.3.5 and Figure 8.11) due to mechanical vibraiiotise central thin wall
of stainless steel in the center of the modulus.

sodium flow | —

sodium at rest

> Texperiment ~ 200°C.
> Flow Sodium rates
B, producer by { — ; Qsodium280 — 660m>h~1.
exciting windings j m Measurements
T ¢ > Sodium flow rate (electromagnetic
flow meter).

channel.

_ Qmax

> Ulnax -

(diameter 0.028m)

~ .—1
ﬂ_—m ~12ms .

measuring chanel T > Induced magnetic field inside th

>Rm=puyocUR <8.
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8.2.6. THE VORTICES OF GALLIUM

In the mid-ninety’s two experiments were run using liquidligen. Gallium has a
low point of fusion (30C), is a fairly high conductor of electricity (3 times larger
than mercury, but 3 times smaller than sodium), and is easigisafer to handle in
a laboratory compared to sodium or mercury.

Motivated to describe a geophysical relevant regime whenehtz and Coriolis
forces are comparable in magnitude, Betal. (1995, 1996) run an isolated vortex
generated by a rotating disk at the bottom, the vortex belsg ratated on a table
(to add the Coriolis force to the flow).
A transverse magnetic field was impose
perpendicular to the axis of rotation. A se
of measurements was performed: galliun
velocity inside the vortex, differences in
electrical potential at the vortex boundary
induced magnetic field outside the vor;
tex and gallium temperature. These meg
surements accompanied by a numericq
model of the electrical current circulation
in the bulk of the vortex allowed to de- PEOTE]
scribe quantitatively the dynamics of that Rair=0.02m |
geostrophic vortex under the presence of —
transverse imposed magnetic field. Britg
et al. (1996) derive a quantitative scaling
law of the Joule dissipation as a function
of the forcing and the imposed magneti¢
field.

_ is R is

l>})motor— 13kW > Ro = 7((-*)(1 k- disk) ~ 0.7 — 15.
> wyisk < 3000 rpm . Qtable R
> Qtable <90 rpm. UB2 R
> By <0.075T. DN:ﬁ:Ofl.
Measurements P Wdisk disk)
> Gallium velocity field (Venturi tubesf§ |» | — % ~107* - 1076,
at the top). Qpable 2
> Induced magnetic field (Hall probe) o B2

i i i i pA=—""~10"7~-15
> Differences in electrical potential Qb -
(copper electrodes).
> Gallium temperature (thermistor). > Rm = g0 (waisk Raisk) R < 0.1.
> Torque applied by the rotating moto|
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Odieret al. (1998, 2000) generated the so-called Von Karman flow itiugalin a
cylinder with two corotating disk in presence of an imposezbnetic field parallel
or orthogonal to the vertical axis of the cylinder. Measueets of the magnetic field
inside the cylinder allowed to describe precisely the atlor@nd expulsion of the
imposed magnetic field.

H=0.Im
~ 5.5ilitres
gallium |
] R=0.1m
Raisk = 0.09m
rugosed disk

> Protor = 2 X 11kW .
> wyisk < 3000 rpm .

> By < 0.002T.

Measurements

> Induced magnetic field at ng R 4

various depth in the equator PN=——7—=0-107"
P (deSdelSk)

plane (Hall probes)

> Dynamic pressure at t 5 Re — (waisk Raist) B _ 108,

cylinder boundary (piezoele -

tric transducer). > Rm = poowqisk Raisk R < 3.
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8.2.7. THE RIGA DYNAMO

After the promising results of the Leningrad experimene(Szction 8.2.5), the
latvian team built a new experimental modulus: the shapes@®s of the central
channel were changed, an important effort was done to apgithie velocity profiles
both with experiments in water and numerical modelisatttefaniet al., 1999; see
Section 8.3.5). The shape of the propeller was also optarésel eventually, the
main change was the replacement of the electromagnetic pbmpwvo powerful

motors driving the propeller at the top of the modulus (Gaiét al., 2002).

The first experimental evidence of dynamo action was obthindRiga at the end

of the year 1999 (Gailiti®t al., 2000): an imposed field as close as possible to
the expected one by the Ponomarenko dynamo theory was adplifiring an ex-
periment, as measured by flux gate-sensors along the Vetittee modulus. The
dynamo magnetic field spatial distribution and frequencyevgtudied as a function
of the rotation rate of the propeller above the critical metgnReynolds number.
Saturation of the self—sustained magnetic field was obddfailitis et al., 2001).

propeller

> Protor < 120kW .
>w < 2200rpm .
> By is an helicoidal field along the

vertical axis of the modulus.

Measurements

> Induced magnetic field with flux gat
and Hall sensor at different heights
along the vertical.

> Motor power delivered as a function
of rotation rate.

> Monitoring of the sodium
temperature.

sodium at rest

> Rm = poowR? < 42.
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Figure 8.2- The Riga dynamo experiment (photograph courtesy F. Sjefan
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8.2.8. THE KARLSRUHE DYNAMO

The self—excitation was also observed in Karlsruhe in acgelased on a theoret-
ical two-scale periodic kinematic dynamo of G.O. Rober&/@), see Section 1.5.
It was designed jointly by Busse (Bayreuth) and Muller (Karhe) (Busset al,
1996). A set of 52 spin-generators were assembled in a laogeilons, a pair of spin-
generators being distinctively shown in the figure (MuBeStieglitz, 2000). Each
generator contains a central tube where the sodium is flownidjrectionnaly with
a flow rateV and an outer part where the sodium flows with an helicoidalddr
motion with a flow ratel’;. The sodium is going up (sign +) and down (sign -) in
his neighbouring generator. The gap between the 52 heditagdinders is filled
with liquid sodium at rest. Three electromagnetic pumpséddrthe sodium to flow
in and out of the modulus, one pump running the sodium thrdhgltentral tubes,
and the two other ones through the helicoidal outer partitdodflow rates were
monitored.  Beyond the
critical rate for both flows
(central and outer part),
magnetic  measurements
showed that the ambient
magnetic field was rapidly
amplified and saturated
after a transient time
(Stieglitz & Miuller, 2001;
Muller et al,, 2004).

H=0.703m

sodium flow

2a=021m
2R =1.7m

> Flow sodium rate®).odium 70 — 120m3h=1.
> Pthreepumps < 500kW .
> By ambient magnetic field.

Measurements

> Induced magnetic field (three components) at varpus
locations inside and outside the modulus (Hall probgs).
> Induced magnetic field with compass needles outggide
the modulus.

> Flow rates of sodium.

> Sodium temperature.

> Unax = Qsodiummax/(ﬂ-QQ) ~1ms™!

> Rm = pgoUnmax R2 < 10
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Figure 8.3- The Karlsruhe dynamo experiment (courtesy U. Muller, &editz).
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8.2.9. THE COLLEGE PARK EXPERIMENTS

The group of D. Lathrop have been running sodium experimfemta few years
in College Park, Maryland. They have performed convectygeaments (Peffley
et al, 2000a; Shevet al,, 2002), as well as mechanically forced magnetohydrody-
namics flow (Peffleyet al, 2000b; Sisaret al., 2003). This mechanically forced
spherical experiment is motivated by kinematic dynamouwat®ons of Dudley &
James (1989) which predict a critical magnetic Reynoldslremossibly reachable
in a laboratory with the following type of flow used by Lathrapd collaborators:
two mixing propellers drive the flow in a sphere filled with 8od (co or counter
rotating propellers). Baffles attached to the outer boundex added to the rotating
sphere in order to increase the vigour of the mixing. An ingabsagnetic field is
either parallel (dashed lines) or orthogonal (solid lines)he rotating shaft. That
team have been using a pulse decay measurements of an Hxtappdied field to
qguantify how far they were from the dynamo transition duraxgexperiment (see
Section 8.3.5). Trying to get closer to the dynamo transjtibey have tried number
of various set-up by changing for example the shape of thpghey or by chang-
ing boundary conditions adding equatorial copper disceeaetjuator of the sphere
(Shewet al,, 2001).

propeller

~ 15 litres
sodium

> Protor < 15kW .
Dwi >~ wo < 3000 rpm .

DBO <0.2T.

Measurements

> Induced magnetic field after imposed pulses, oB2 R

sured by Hall probes. bN=—"L"~0-17.
> Mechanical power as a function of rotation rate. pwlty

> Rm = poowR, R < 30.

> Monitoring of the sodium temperature.
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8.2.10. \ON KARMAN SODIUM EXPERIMENTS

The Von Karman Sodium or VKS experiments performed in Caclze (France) are
aimed to pursuit the Von Karman Gallium (see Section §.@@eriments at higher
magnetic Reynolds number (Bourgahal, 2002; Mariéet al, 2002). Again, the
VKS flow is of type Dudley & James (1989) with a possible refaly low critical
magnetic Reynolds number. That team has put a lot of energglitorate the VKS
experiments on one hand experimentally, in water and inugalivith similar set-
ups, and in the other hand numerically, by using kinematicadyo calculations
based on velocity flows measured in water (Bourgatial., 2002; Mariéet al., 2002;
Marié et al,, 2003) (see Section 8.3.5). They looked in particular atoghEmised
ratio of poloidal versus toroidal field velocity for the dyna action. They have
observed so far an amplification of the imposed the imposegheta field but not
reached a self-sustained magnetic field regime (Boumetah, 2002; Pétréligt al.,
2003).

> Protor = 2 X THkW .
> wyisk < 1500 rpm .

=70 Titres > By < 0.002T.
sodium | Measurements
i R=0.2m > Induced magnetic field inside t
Riisk =0.15m flow using a 3D Hall probe.

> Dynamic pressure at the wall.
> LDV velocity measurements in
water experiments.

> Rm = poowqisk Raisk 2 < 50
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8.2.11. DERVICHE TOURNEUR SODIUM PROJECT

The Geodynamo team (Grenoble, France) has constructegarireent devoted to
study the magnetostrophic regime in a sphere (experiméietldaTS or Derviche
Tourneur Sodium), that is when the Lorentz and Coriolisésrare dominant in the
flow. An inner and an outer sphere can rotate independemitittee magnetized in-
ner sphere carry an imposed dipolar magnetic field (Cartah, 2002). The partic-
ularity of this project lies in the cruciable of Coriolis or rotational forces, presum-
ably very important in the generation of most planetary netigrfields (Chapters 4
&5).

Experiments in water with a similar geometry for the expenmal set-up are presently
run and compared to direct numerical simulation (Scha&fféardin, 2005); present
results indicate that such a spherical-Couette flow miglféa@rable for dynamo ac-
tion. The dynamo regime is not expected in the present exgatal set-up as DTS
is rather small in size.

Qouter sphere

~ 45 litres

sodium
N/

Qinner sphere

>Protor = 2 X 11kW .
>Qin = Qoue < £3000 rpm .
>By =< 0.022 T at mid-depth of

the shell.

Measurements: bE=—2 _ ~10°%
> Ultrasonic Doppler velocimetry Qou 2

for the sodium flow. oB2

> Induced magnetic field outside > A= PQout <02
the shell.

> Differences in electrical potentigl > Rgl :}5 Uégi}; <Q§0
at the outer sphere boundary. (R = Ri/2))R < 20.
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8.2.12. THE MADISON PROJECT

C. Forest and collaborators in Madison, Wisconsin, have Ipeeparing an exper-
imental dynamo also based on a Dudley & James type flow in ars{Rerestet
al., 2002). The experiment is close to the geometry of the ewpaari of Lathrop’s
group but larger in size. That group has put a lot of emphasit® hydrodynamic
experimental modelisation of the flow, in particular to seline most appropriate
propeller to drive a flow as close as possible to the Dudley &ekone. Velocity
measurements performed in water were used in a kinematenadymmodel to pre-
dict that the present size of the experiment and the powdreafriotors should drive
an homogeneous dynamo in sodium.

Measurements

> Laser Doppler
velocimetery in the
analogous experiment i
water.

> Poloidal induced
magnetic field with an
> Protor <2 X T5kW. array of 64 Hall probes
> Umax jpredicted = the surface of the spher
20ms™". > Toroidal induced

propeller

> By < 0.012T via two magnetic field with
coils. - , external toroidal coils?
> 60 kW of resistive heating 9

elements. >N = oB It ~0—1.
> 35kW of oil based hea pU

ing/cooling.

> Rm = pogoUnax R < 128

8.2.13. THE PERM PROJECT

A new kind of experimental dynamo project is under study imPeRussia. That
project relies also on the Ponomarenko dynamo, more spabjfien dynamo ac-
tion caused by a strongly time-dependent helical flow. Tleaid to used a toroidal
channel filled with liquid sodium=£ 100 litres) with an helicoidal diverter inside
(Frick et al,, 2002). The torus would be accelerated to a very high veladitota-
tion of order 3000 rounds per minute (rpm) and then stoppedjpdlly. The dynamo
effect should then observed during the spin-down time otahes. Experiments in
water and kinematic calculations are promising for the dymaxperiment (Friclet
al., 2002; Dobleret al, 2003): the dynamo in such a torus requires a short time of
braking of less than 0.2 second. A thin and very high condectell is required for
the torus (copper) and an appropriate seed magnetic field beuassembled with
an arrangement of permanent magnets around the torus.

+
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8.2.14. THE SOCORRO PROJECT

A dynamo experiment is under development in Socorro, Newitde around the
group of S. Colgate to create at type experiment. The experiment uses a Taylor
Couette flow between two cylinders rotating at differentidagvelocities to model
thew—effect (Colgatet al., 2002). Thex—effect is produced by the rising of two jets
of liquid sodium at the base of the experiment. Experimantgater and kinematic
dynamo calculations are currently performed and indida&t self-excitation of a
magnetic field might be reachable in such an experimentatelev

8.2.15. ANEW PRECESSING PROJECT IN SODIUM

Following the experiments of Gans (1970), the group of draéis at present study-
ing a cylindrical precessing experiment type flow, in Meudeémrance. A preliminary
experiment in water as well as numerical kinematic caloutat(Léoraet al., 2001)
would constrain the dynamics of the precessing flow in a dglirat a high hydro-
dynamical Reynolds number as well as the power dissipatesiibly a flow. That
water project being achieved, a sodium experiment with gelaylinder of metric
size precessing would follow.

8.2.16. TECHNOLOGY AND MEASUREMENTS
IN DYNAMO EXPERIMENTS

LIQUID SODIUM AND ITS PROPERTIES

As seen throughout the survey of experiments, liquid sodaimow broadly used
in high magnetic Reynolds experiments and appears to beréferged working
fluid to model dynamos in a laboratory. Its main physical grtips are shown in
Table VI. As mentioned in the introduction, its electricahductivity is very large
[see Nataf (2003) for comparison of physical propertiesadtigm and mercury] but
also its low density and melting point makes it very attraeto use in a laboratory.
The large production of sodiun23000 tons yr=* in France for example) makes it
quite inexpensive (10 euros/kg for sodium) compare to atietals (000 euros/kg
for gallium for example). The main difficulty to handle somtius its strong reactiv-
ity with water, air and plenty of other materials such as latdpconcrete, etc... As
an example, sodium reduces water with production of hydrogieich may spon-
taneously explodes in air. At high temperatureZ50°C), droplets of sodium may
even burn in air with small flames generating solid oxydeatsurface of liquid
sodium or aerosol in the surrounding atmosphere. That ievgaleny dynamo exper-
iments are run usually in installations dedicated to nudeehnology with a high
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degree of knowledge of sodium handling (Forschungszenttan,sruhe GmbH,
Karlsruhe experiment; Institute of Physics, SalaspilgaRixperiment; Cadarache,
Comissariat I'energie atomique, VKS experiment) or in jgatar buildings without
any water just devoted to run sodium experiments (GrenableXample).

EXTRACTION OF POWER AND SEALING

As seen in the introduction, a large amount of power must tvtedoced in dynamo
experimental set-ups. The power is ultimately convertetiaat through viscous
or magnetic dissipation. If the heat is not extracted, tmeperature of sodium
rises quickly decreasing them (because the electrical resistivity of sodium in-
creases with temperature) and the experiments are run fortad time of order
a minute like in Riga or Cadarache. The experiment is them &epest for a few
minutes or hours until the sodium cools down generally tamadd 20°C . In Karl-
sruhe, the circulation of sodium through powerful heat excjers allowed them to
run their experiments for a few hours without stopping; thired of circulation of
sodium through exchangers is also under development in &rperimental set-up
of VKS. In Grenoble, in a smaller device where oRlykW are injected, a strong
flow of cool/hot circulation of air around the rotating sphés planned to monitor
the temperature of the experiment. Note also that an oiulaton extracting the
heat around the container is also a possibility used for @l@m the Madison ex-
periment.

Leakage of sodium in a dynamo experiment with a vigourous @bsodium may
be very damaging. However, dynamic sealings in sodium aremaely satisfac-
tory, they are still under development; instead for exampléhe VKS experiment,
small leakage of sodium is permitted, in College Park, tiv# jround the rotating
shaft is replaced after every run. As another example, teedymamo run in Riga
(November 1999) had also to be stopped because of a leakagdiafn at the top
of the modulus. Experiments where no specifics sealings egdad such as the
Karlrsrhue dynamo or the precession experiments (Gan§); 1@bratet al,, 2001)
are in that respect very appealing. In Grenoble an elecgoset& coupling has
been tested successfully to rotate the inner sphere; this@soalso avoids sealing
in sodium and might be promising.

MEASUREMENTS

Quantitative measurements in classical fluid dynamic expts are usually diffi-
cult; they become very challenging in magnetohydodynaewperiments in sodium,

in particular because electromagnetic waves can not be ubeel temperature of
sodium betweeri20°C and200°C is a severe constraint and prevents the utilisa-
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tion of classical measurements systems. In the followiegpaesented the classical
measurements performed nowadays in dynamo experimentst dlthem need a
very good electronic system to process measured signai®gtion from electro-
magnetic noise, digitilisation for analysis on computdgsen if the quality of the
measuring probes is important, data processing is crucial.

Induced magnetic field: The key measurement in a magnetohydrodynamic ex-
periment is the magnetic field. It is systematically meadimeesxperiments. These
measurements are usually done outside the flow. Indeeditelésp fact that local
measurements in the flow may perturb the flow, magnetometbeproperate at low
temperature and generally need a controled temperaturtotamrk properly. The
probes are usually of two types: the Hall effect probes (Bagpethan a few mi-
croteslas) measure stationary and time varying (bandweitieally controled by the
electronics) magnetic field. The principle of the seconctgpprobes is based on
the measurement of an induced electrical current produgedtine varying mag-
netic field in a coil (sensitivity and precision are direatignnected to the coil and
the electronics). Both measurements are unidirectiofiifedse probes are generally
small (less than a few milimeters). Given that a probe is osallmeasurement of
one component of the magnetic field, it is very difficult toldwa good spatial de-
scription of the magnetic field; an array of probes and is s&a&ey in order to have
a spatial description (see Forestal., 2002 for example). Note that large coils (size
of the experiment) are used also to impose a magnetic fieldeiilow. The same
coils may be used to measure the oscillating or vanishingded magnetic fields.

Dynamic Pressure measurements: Dynamic pressures can be measured by piezo-
electric probes at the contact with the fluid. Their typidaés are a few milimeters

of diameter. They can be very sensitive upltBa. This technique measures time
variations of the pressure (from a feiw to a few tenths of kHz); they are used
as indirect measurement of time variations of the veloc#idfi Pressure temporal
spectra are then used to characterize the turbulence otitdl@w.

Electrical potentials: Electrical potentials may be measured with copper elec-
trodes in contact with the liquid sodium. The sensitivityddmndwith of these
measurements are given by the ones of the measuring voittmidiese potentials
are difficult to interpret because they are related to thetiébal currents which may
have two sources, electrical or electromotive fields (Sieeket al., 1968; see Sec-
tion 8.2.3). The temporal evolution of the currents measwith electrodes at the
edge of the container may be also directly related to the mymaf the fluid flow
(Brito et al.,, 1995).
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Fluid velocity measurements: The velocity field although being a key measure-
ment in magnetohydrodynamic experiments is only very yaneéasured mainly
because sodium is opaque. Experimentalist use usuallydaedh volumic mea-
surement of the velocity field via the control of the torque gower) delivered by
rotating motors (Gailitiet al., 2001, see Figure 8.15). Control of sodium flow rates
through pumps also permits an averaged measurement of lbhatydield, as in
Karlsruhe for example (Stieglitz & Muller, 2001; e.g. FigLB.16).

The intrusive hot film probes technique gives very good tesuerm of local vari-
ations of the velocity field. They are based on the measureofahe electrical
resistivity of a conducting wire which vary with its averagemperature which is
controled by the flow around the wire. As far as we know, thehieque has not
been used in a dynamo experiment while it is largely used irDMutbulence ex-
periments (e.g. Alemangt al,, 1979).

A promising non intrusive technique to measure velocitydfeh fluid dynamics ex-
periment is the Doppler Ultrasound Velocimetry: it is basadhe ultrasonic back
scattering of oxydes (or other particles) in suspensiotigimd sodium (for exam-
ple). This technique successful in water, gallium, shoutitknas well in sodium
(Brito et al, 2001; Eckert & Gerbeth, 2002). Laser Doppler velocimesyalso
broadly used in experiments in water (Foreisal., 2002; Mariéet al., 2003): water
models of sodium experiments enable to measure the velslitybelow the onset
of the dynamo (see Section 8.3.5).

Temperature: Lastly, temperature measurements (usually also perfomahdae
container boundaries) are easy to do. They are generakdhmasthe measurement
of the electrical resisitivity of a material which variestiwithe temperature. They
may indicate the dissipation rate (or Joule dissipatiotf)@MHD flow (Britoet al.,
1996). Temperature probes can also be used to track themuastibermal dynamic
structures acting as passive tracers in front of tempergirgbes.

8.3. WHAT HAVE WE LEARNED
FROM THE EXPERIMENTAL APPROACH ?

In the second part of this chapter, results of the variousexgents described in the
first part are discussed altogether. Every section in tHeviolg is devoted to one
particular aspect or related aspects of dynamo mechanigraswill discuss up to

what extent experiments validate or not the dynamo theory.
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8.3.1. THE w—EFFECT

A vortex of liquid metal permeated by an external magnetild fieduces an az-
imuthal (toroidal) induced magnetic field parallel to thenfld'his geometrical con-
version of magnetic field lines is known as theeffect (Moffatt, 1978). Lehnert
(1958, see Section 8.2.1) measured an induced azimuthdlujeto 25% of the
value of the initial imposed axial poloidal magnetic field.e lgroduced a merid-
ional map of the average induced field (Figure 8.4) with somguarities at the
side boundary (reversed field) maybe due to singularitiéisariluid flow. The same
effect was measured by Brit al. (1995) in a geostrophic vortex of liquid gallium
(see Section 8.2.6) and quantitatively understood witlpdoof electrical currents
and electrical potentials within the fluid flow: the transeimposed magnetic field
produced electrical Foucault currents parallel to the akike vortex, which in turn
induced a magnetic field diffusing outside the tank whereaswneasured (Fig-
ure 8.5). The induced electrical currents were producednegrslayers as shown
by the measurements and a numerical model in Bital. (1995); note that a solid
body rotation would produce an—effect only in its periphery within the hydro-
dynamic shear boundary layer. This effect should insteacalied thew gradient
effect to emphasize the importance of the differentialtrota These effects are
clearly linear inRm (Figure 8.5). More recently, the VKS experiments (8.2.10) i
gallium and sodium also verified that mechanism for laiger (Odieret al., 1998;
Bourgoinet al,, 2002; Mariéet al,, 2002; Figure 8.8).

Note that the Lowes & Wilkinson (1963) solid dynamo expemsgSection 8.2.2)
relies upon thev—effect also. Each solid cylinder transforms an axial congod
of the magnetic field into an azimuthal one; the position dhlaylinders is chosen
such that the azimuthal component of the magnetic field ofindsyr is axial to the
other one. Electrical currents are produced at the perypbfehe rotating cylinders
in a thin layer of mercury which connects the main solid piecthe solid cylinder
and loops in the solid parts creating an induced azimuthl fie

8.3.2. THE EXPULSION OF THE MAGNETIC FIELD

When the magnetic Reynolds number is high (Gubbins & Rop2887) in a fluid
flow, the magnetic field can be expelled from very active dyicahzones by the so-
called process of expulsion of the magnetic field. This pgeaeay be understood
as a skin effect: in the reference frame of the moving fluid ékample, a rotating
frame atw associated to a vortex of radi#g, we consider a magnetic field which
oscillates in time. The magnetic field penetrates the metalskin of size\/n/w =
R/v/Rm. Electrical currents are consequently produced in the kkiar which
produced an induced magnetic field which is in the opposrexton of the imposed
magnetic field in the heart of the vortex. The total magneéldfis then deflected
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toroidal field poloidal field

Figure 8.4 - Meridional map of the induced magnetic field demonstrathmgy—
effect in the Lehnert’'s experiment (see Section 8.2.1). Apdsed poloidal mag-
netic field B (dashed lines) is twisted into a toroidal magnetic figlperpendicular
arrows shown on the left, size of the circle proportionnab,ta3) by the toroidal
velocity flow v;. i stands for electrical currents. The resulting poloidal nedig
field linesB + b, (solid lines) seems to be expulsed (from Lehnert, 1958).

around the heart of the vortex. Lehnert (1958) (see SectidriBobserved this
effect in the poloidal part of the magnetic field as seen irufgg.4, in presence of
the motion of the liquid sodium fdRm > 5), the magnetic field lines were deflected
outside the sodium tank. Another evidence of this phenonh@sabeen observed
in the VKS experiment (see Section 8.2.10):Rat above30, there is a departure
from the linearity associated to the-effect (Figure 8.6) and the induced magnetic
field increases slower than predicted. In these cases, évertiheless difficult to
differentiate the exact effect of the expulsion of the maigrigeld from a dynamic
change of the flow at higRm. This second explanation, however, is unlikely since
the interaction parameter N is rather small in both expemisneNote that the effect
of a rotating magnetic field on a liquid metal flow has also bsemlied for its
application in metallurgy (mixing techniques), these sadbeing generally focused
on large interaction parameters (see Witkowetial., 1998, for example).

8.3.3. THE a—EFFECT

When there is production of an electrical current paratbehm imposed magnetic
field, that process is called, in very general terms,dheffect. Historically, this
effect was introduced to model the effect of small scalesaoye scales in two scale
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Figure 8.5- Induced magnetic fiel®;,q,..qa Dy @ vortex of gallium in an imposed
magnetic fieldBi,posea (S€€ Section 8.2.6). The—effect is a linear function of
Rm(from Brito et al., 1995).

dynamos as introduced in Section 1.5, but this effect careberglised to the Parker
effect for general flows (when two scales are not easy to ohétate).

As soon as the—effect was theoretically derived (Steenbethal., 1966), the same
team built then—box (see Section 8.2.3) in order to prove the existenca®éffect
in the laboratory. Figure 8.7 from Steenbestkal. (1968) shows that the measure-
ments of differences in electrical potentials between tipeand the bottom of the
box are linear with the squared velocity and with the magnidid as expected.
However, it is not straightforward to interpret these gleat potential measure-
ments as electrical currents: if a wire had been connectedebe the two elec-
trodes, a back of the envelope calculation shows that artuwsfe few thousand am-
peres would have circulated between them (inducing a meblsumagnetic field) if
these electrical potentials were due to an average indueettieal current aligned
with the imposed magnetic field in the volume of thebox. Unfortunately, this
type of measurements could not have been performed atitinatind it is therefore
possible that more complicated geometries of the curraside the box (especially
with the presence of stainless steel boundaries) were megpe of the measured
electrical potentials. Nevertheless, the clear deperedena|? is a strong proof of
a second order effect iRm, which is by definition amv—effect. Open questions re-
main however after that experiment: what would have beemib@surements with
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Figure 8.6- Induced magnetic fieléi, measured in the VKS experiment (see Sec-
tion 8.2.10) versus the magnetic Reynolds nuniber. An axial magnetic field (in
direction of the axis rotation of the rotating disks)of x 10~* T is imposed. The
linearity of the transverse (and azimuthal) component detates the—effect and
the departure from linearity may be associated to the exputf the magnetic field
(from Mariéet al,, 2002).

one cell instead of 28 (question regarding the scale sepayaivhat was theole of
helicity in thea—effect (as the flow in the pipe had not a proper helicity)?

A macroscopiax—effect has been seen in the VKS experiment (see Sectial03.2.
Péetréliset al. (2003) measured an induced magnetic field perpendiculdretant-
posed magnetic field which is quadraticim for smallRm as shown in Figure 8.8.
Considering arguments of symmetry, they also showed timtitagnetic field was
associated to an electrical current parallel to the imposadnetic field and that its
sign was determined by the sign of the helicity. Althoughréh@as no clear scale
separation in their experiment, their observation may beéetstood as a macro-
scopica—effect or Parker effect.

The good agreement (see Section 8.3.6) between the expeaimeeasurements in
the Karlsruhe dynamo and the theoretical prediction ofl&aat al. (1998) using an
a—effectin a mean-field approach (Chapter 1) is an indiredesce of the presence
of ana—effect in the Karlsruhe experiment (see Figure 8.16). @ere unfortune-
taly no direct measurements in the Karlsruhe apparatuswinwld have described
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Figure 8.7 - (a) Differences in electrical potential measured in éhleox (see Sec-
tion 8.2.3) as function of the squared velocityy{s~2) for different value of the
imposed magnetic field (in T). (b) Differences in electrigatential measured in the
« box as function of the imposed magnetic field for differeritieaof the velocity
(in m/s). The two linear dependances|By| and |u|? are the experimental proofs
of the a—effect (from Steenbeaoét al., (1968).

in details then—effect.

8.3.4. (QUENCHING EFFECTS

In various experiments, linear and quadratic inductioed# tends to saturate for
large magnetic Reynolds number. This phenomenon is cdleeduenching effects
(see Section 8.3.4). This effect is generally associateédet@xpulsion of the mag-
netic field from the moving part of the fluid (see Section 8.22with a change

in the dynamic of the liquid metal generated by the Lorentzde when the inter-
action parameter N is large. A clear evidence of a quencHiiegtecan be seen in
Figure 8.9 from Steenbedk al. (1968). The electrical potentials decrease aproxi-
matively as an hyperbola function @, |?, the imposed magnetic field. One may
conclude that the—effect is reduced as the magnetic field increases.

A quenching effect can also be observed regardingtheffect. Figure 8.10 shows

+
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Figure 8.8 - Components of the total mean magnetic field as a functiohefto-
tation frequency of a disk in the VKS experiment (see Secdi@10). The mag-
netic field B, is imposed along thg axis and the disk is rotating along theaxis.
(0)(By)/Bo ; (O)((By) + By)/Bo ; (A)(B.)/B,. For low rotation ratesp, is
linear with the velocity ¢—effect) while B, shows a quadratic behaviour (second
order induction effect on—effect). Departures from this law are clearly seen for
frequencies larger thamHz. This saturation may be seen as quenching effects (see
Section 8.3.4) (from Pétrélt al.,, 2003).



T ™

8.3 — WHAT HAVE WE LEARNED FROM THE EXPERIMENTAL APPROACK 397

0225 1

0.200

0175 PHe

0.150 |

U [ Utheor.

0.125

0.100

0.075 . : : .
5 10 15 20 25 30 35 40

Figure 8.9 - Differences in electrical potential measured in all thperments per-
formed in thea—box (see Section 8.2.3) as function of the interaction rpatar
N. As a signature of ther quenching effect, the—effect is reduced (hyperbolic
decrease) when the magnetic field increases (from Steeebatk1968).

the hyperbolic magnetic brake of a vortex by an imposed #ense magnetic field.
In this case, itis really an effect of the magnetic field ondizeamic which explains
this behaviour as thBm is too low to have any expulsion of the magnetic field.
The departure from linear and quadratic variations of threanents of the induced
magnetic field for high rotation rate of the disk in the VKS exment may be also
interpreted in terms of quenching effects (see Figure 8.8).

The quenching effects reducing the efficiency of thendw—effect as the magnetic
field grows, it may be seen as an important effect to saturatdfainduced mag-
netic field. More careful experimental analysis of thesengheng effects are suited
to better understand the saturation mechanism of dynamos.

8.3.5. THE EXPERIMENTAL KINEMATIC APPROACH
OF THE DYNAMO

The kinematic approach means that you consider a statiayieen flow (non af-
fected by the Lorentz forces) and you measure its abilitptluce a self—sustained
magnetic field. If that approach is successful, the growiragmnetic field is the
eigenvector which eigenvalue becomes positive at the dgnamset. However, in
the subcritical dynamo regime, it is possible to measuraégative eigenvalue of a

il 4
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Figure 8.10- Variation of the angular velocity,.;q of a vortex of liquid gallium
over the imposed velocity of the disky;. as function of the Elsasser numhbégr
(see Section 8.2.6). The decrease in amplitude of the angellacity decreases the
amplitude of the induced magnetic field (by-effect, see Section 8.3.1). This may
be seen asa quenching effect (after Britet al., (1995).
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given magnetic field and study its variation as you increhsddrcing to get closer
to the critical dynamo value. That technique may be a goodator of the position
of the dynamo onset for a given magnetic field.

This technique was first used in the Gailigs al. (1987) group in the Leningrad
experiment (see Section 8.2.5). An oscillating magnetid fielose to the eigen-
vector of the Ponomarenko dynamo, was imposed by a genenadothe magnetic
response was measured inside the modulus. Figure 8.11 ghatvthe imposed
magnetic field was significatively amplified by the flow andtttias amplification
was linear inRm, up to the maximum value of the flow rate tested before the ex-
periment had to be stopped. It may be conjectured that tkparenent ended just
before the onset of dynamo action.

Aleémanyet al. (2000) have also used this technique to study possible dyraam

tion in the secondary pump of the fast breeder reactor Shpamp. Extrapolating

linearly the growth rate of a decaying magnetic field, theynidthat the velocity of
the pump (500 rpm) was only four times subcritical. We may éxmsy slightly mod-

erate their conclusion as there is no theoretical reasosda@uinear extrapolation
in the kinematic approach (especially far from the onsetebinformation on the
criticality of the dynamo.

D. Lathrop and collaborators have studied the time relaradif an imposed mag-
netic field (Peffleyet al., 2000a,b) on the mechanically forced experiment described
in Section 8.2.9. For a given flow, they imposed a dipolar neéigtiield (either axial
m = 0 or equatorialn = 1) of small amplitude (afew mT) forto 10s. They turned
off the imposed magnetic field and measured the exponeitalyd \With no motion,
the exponential decay is, as expected, the Joule decaydin@esiphere. Increasing
Rm (Figure 8.12), the decay time increases #or= 0 or decreases fom = 1.
This result disagrees with the kinematic numerical redulludley & James (1989)
which predict for this type of flow an increase of an equatdtipole, in agreement
with the Cowling theorem (see Chapter 1). This experimemsulilt shows that the
nonaxisymmetric part of the flow (due to the propeller, baffhe turbulent fluctu-
ations) plays a significantble for the generation of the axisymmetric field. The
broadwith of the variance of the decay time rates of the miagfield for largeRm
flow is also good indicator of the turbulence in the magnegicfgeneration process
(Peffleyet al., 2000a). Note that tests have also been performed with teperdient
imposed magnetic field to measure the imaginary part of tpenealue.

The experimental kinematic approach which consist to réaeleritical eigenvalue
of the eigenvector suffers a limitation which is the type ebmetry of the magnetic
field one can impose on the flow. Although there is almost ne tonstraint on a
kinematic-type dynamo experiment, the geometry of an egenr of the magnetic
field derived theoretically is reproducible in the laborstonly if it is quite simple.
In order to get some kinematic predictions on the onset otdfmamo, water ex-
periments reproducing the same velocity flow as in sodiuneexpents are broadly
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Figure 8.11- Measureament of the inverse ratio of the induced magnetit fy B
signal versus the flow rateg (in m3h~1) for three frequencies of the imposed
magnetic fieldB, in the first attempt to run a Ponomarenko experiment in Laaithg
(see Section 8.2.5). The linear extrapolation of the expental results may indicate
the critical value of the flux rate for dynamo action. Notetttiee extrapolation
would lead to a criticaRm lower than the theoretical prediction shown with a star
around19 (from Gailitis et al,, (1987).
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Figure 8.12- Growth rates (inverse of exponential decay times)f an imposed
magnetic field after its suppression as a function of magr&iynolds number in a
College Park experiment (see Section 8.2:8)= 0 refers to an imposed magnetic
field aligned with the axis of rotation of the propellers vehit = 1 to a perpendicu-
lar one. The growth rates are normalised by the growth ratesatIn the numerical
model of kinematic dynamo of Dudley & James (1989), #lhe= 1 curve increases
instead and crosses the critical axis for a valuBwfaround 55 (from Pefflegt al.,
2000)
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performed. In water, velocity measurements are much etserin sodium, and
the averaged flow may be described with a good resolutione @reexperimental
velocity field has been measured, it is injected as an inpat gomputer to solve
the kinematic magnetic linear problem. This approach has li@lowed by many
groups; Riga/Dresden group (Stefatial, 1999), Karlsruhe (Stieglitz & Miller,
2001), VKS group (Mariéet al, 2003), Wisconsin (Forestt al, 2002), Perm
(Dobleret al., 2003), Grenoble (Schaeffer & Cardin, 2005), Léatal. (2001).
Numerical kinematic calculations are then used to detexrhiow efficient is an
averaged flow to amplify an initial magnetic field and to proela dynamo. Exper-
imentally, in water, it is quite convenient to change thergetry of the container
or the shape of the propellers for example, and check nuallriwith the new
measured velocity fields if you get closer to the dynamo orisemerically, it also
convenient, once you have the velocity field, to change thumdary conditions of
your flow, for example considering insulating or electricahducting boundaries.
This optimisation of velocity flows has successfully workied the Riga group.
Unfortunately, many other groups have shown that tiny diffiee in the averaged
velocity field may change drastically the sign of the eigéuvdForeset al., 2003;
Marié et al, 2003). Does it mean that dynamo action is not so robust aalty re
depend on very small change in the velocity field? It is alspdrtant to note that
in this approach, only averaged velocities are considenedtzat it is may be not
sufficient, as fluctuations play an importaidle in the dynamics. Another point is
that the measured velocity field is only the large scale dme stnall scales of the
velocity field which may be important to produce areffect for example are not
measured and not considered numerically.

8.3.6. THE ONSET OF DYNAMO ACTION

Two liquid metals experiments have exhibited a self-induoagnetic field (Gaili-
tis et al, 2000, Muller & Stiegelitz, 2000). Both experiment havesbéduilt (see
Sections 8.2.7,8.2.8) in order to reproduce well known iiatc dynamos.

THE RIGA DYNAMO

Figure 8.13 shows the measured magnetic field as a functitmeffor different

speeds of the propeller in the Riga dynamo (Gailkgisal, 2000). As expected,
the growing magnetic field is a propagating wave along the akihe experiment
(Ponomarenko, 1973). The decay rate and the frequency grtdveng magnetic
field mode were measured and compared to the predicted opar¢F8.14). Pre-
dictions have been done using a numerical kinematic approsing the averaged
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Figure 8.13- Time evolution of the induced magnetic field (solid line)tihe Riga
dynamo (see Section 8.2.7). The rotation rate of the prepeireported (dashed
line) and shows the critical rate (around 1925 rpm as showhdrclose up), from
Gallitis et al., 2002).

velocity field (Stefanet al., 1999; Gailitiset al, 2002). One can note that the onset
(within 10% of precision) is correctly described by the nuived approach although
the turbulence of the flow (few percents, Galilitis, privabenenunication) is omitted
in the central pipe of the experiment. The frequency of theadyo solution does
not seem to be influenced by the saturation of the magnetic(féjure 8.14). Does
it mean that the back reaction is very small in the Riga dyrfambis is still under
investigation for the moment. However, measurements ofrthgnetic field along
the axis of the experiment show that the dynamo is mainly yced at the top of
the experiment close to the propeller (Gailéisal., 2001). The onset of dynamo ac-
tion could also be seen in the evolution of the power dissgbat the experiment as
shown in Figure 8.15. Below the onset, the power needed totaiaia rotating rate
of the propeller is a cubic power of the rotating rate whilerthis a clear deviation
from that law above the onset (Gailigs al,, 2001).

+
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Figure 8.14- Measurements and predictions of critical growth ratesassbciated

frequency of the magnetic mode for different rotation ratethe Riga dynamo (see
Section 8.2.7). Experimental data agrees within 10% wigmitmerical predictions.
Above the onset, the frequency of the saturated magnetitde#ms to be equal to
the one predicted by the linear theory at the onset (fromiti3agit al., 2002).
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Figure 8.15- Motor power delivered versus the rotation rate of the pllepé the
Riga dynamo (see Section 8.2.7). Below the onset, the dissipincreases as the
cubic power (solid line) of the rotation rate. Extra powenéeded to maintain the
rotation rate above the dynamo onset which gives an evatuafithe power needed
to sustain the dynamo state (from Gailigisal., 2001).

THE KARLSRUHE DYNAMO

A self-induced magnetic field was observed in the Karlsruipeement (Stieglitz &
Muller, 2001) for imposed flow rateQ,.q4ium (S€€ Section 8.2.8) comparable to the
predicted onsets (Figure 8.16), the exact experimentaitdr@sng lower than the one
predicted by Radleet al. (1998) and by Tilgner (1997) by only 10%. However, the
numerical predictions have strongly modeled the fluid flowhef experiment (only
the straight part of the tubes have been included in the rnsadiein for example).
The measurements of the induced magnetic field, as well aprédssure drop in
the piping system, seems to show a smooth rather than a slogfpbiHurcation
(Muller et al, 2004). Before the onset, the measured induced magneticrial/
be understood as the amplification (by a factor 10) of thelEarhagnetic field
as a kinematic effect (see Section 8.3.5). Typical growtbsraf10s~! could be
deduced from Stieglitet al. (2001) during the transient after the onset; these are
ten times greater than the ones predicted by Tilgner in 199@vertheless, the
spatial distribution of the experimental saturated magrietid (Stieglitz & Mulller,
2002) is in agreement with the one predicted by the two nwakstudies (Tilgner,
1997; Radleet al, 2002). The growing magnetic field in the Karlsruhe experitne
varies however with the initial external imposed magneg@dfand may change its
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sign depending on initial conditions (Mullet al, 2004). This behaviour was also
reproduced numerically by Tilgner & Busse (2002).

Like in Riga, the Karlsruhe dynamo numerical modelisatiemarkably agrees with
the prediction of the kinematic or mean field approach. Thanmrfeeld approach
can be seen as very successful in the Karlsruhe dynamo medrbut that could
be expected as the experiment has been built to be a two-dgadéeno, suitable
to the mean field approach: the velocity field is small scailee(sf the helicoidal
tube) whereas the magnetic field is dominated by the larde &xiae of the dynamo
modulus). The Karlsruhe experiment may be seen as an exgaahproof of the
validity of the mean field theory in MHD.
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Figure 8.16- Phase diagram of the Karlsruhe dynamo (see Section 8.%:8and
Vi (in m3/h) are the flow rates in the central pipes and in the helicoigzspre-
spectively. Open circles) are non dynamo states while full circleg @re dynamo
states. A dashed line separates those. In the upper conaesees the evolution of
magnetic energy|B|?) against the helicoidal fluk}; for a constant/. The linear
fit of the data above and below the onset determines verysalgdhe value of the
onset. Mean field theory predictions of the dynamo state lawesis in grey (upper
right corner) and a typical onset determined by the numkkicematic approach
appears as a filled square (from Stieglitz & Muller, 2001).
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8.3.7. THE EFFECT OF TURBULENCE

Laminar description of the velocity flow has enabled a go@tijmtion of the onsets
in both successful dynamo experiments. Neverthelesse flmss have to be turbu-
lent as seen in the introduction with the computation ofdgpRe. It is not simple
to understand why turbulence is not changing the onset cmgraction.

For smaller experiments, the kinematic numerical studee®td to predict the on-
set of dynamo action with the averaged large scale flow field paedicted possible
dynamos in the parameter regime where were run experimauttslynamos were
never observed (Pefflest al, 2000; Bourgoiret al, 2002). One may say that it is
because the averaged flow numerically used for kinematigatetions is unlikely
to happen during the real experiment, however that worke&iga and Karlsruhe
dynamos. One may also think that it is because the charstiteirbulent time is
much smaller than the exponential growth rate of the dynaltnis. known indeed
from kinematic dynamo studies that only small changes invitecity field may
strongly change the growth rate of the magnetic field. If dulent experiment
could therefore exhibit a favorable dynamo flow for a certaime, it may not last
long enough to start a dynamo.

Sisanet al. (2003) in the College Park’s experiment (see Section 829 clearly
identified the effect of an imposed magnetic field on the dyinaggime of their ex-
periment. For a givelkm (7.5), they varied the intensity of the imposed magnetic
field. As the interaction parameter N increases, the medsuleced magnetic field
shows different time and amplitude variations which mayeedwifferent magneto-
turbulent regimes. Five distinct characteristic induceynetic field were identified
in Figure 8.17.

On the edge of the context of experimental dynamos, expetsngf MHD tur-
bulence have been built to study fundamental propertiebeflow (dedicated to
metallurgy), see Moreau (1998). In general terms, the pasef a strong mag-
netic field tends to form quasi-two-dimensional flows aligneith the magnetic
field (Moreau, 1990) which can exhibit 2D turbulent propest{Alemanyet al,,
1979). A recent experimental study of this type of MHD tudnde has been car-
ried out by Messadek & Moreau (2002) on instable shear flowsvatRm. The
MHD turbulence enlarges the thickness of the shear zone bytaders of magni-
tude which enhances the momentum transport and the miximgsathe layer. As
in many other experimental studies, the turbulence of the isocharacterised by
the measurements of magnetic and kinetic spectra.

8.3.8. PECTRA

Theories of turbulence generally predict the behavioucafes fields in a fluid flow
in term of spectral decomposition. Although these speagayanerally in the spa-
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Figure 8.17- Time evolution of the induced magnetic fieltIfor different interac-
tion parameter N in the mechanically forced experiment ilege Park (see Sec-
tion 8.2.9). The rotation rate of the propellers is fixBad( = 7.5). Different regimes
may be identified looking at the frequency and amplitude efrtteasured magnetic
field, from Sisaret al.,, 2003).
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tial domain, it is not convenient to measure the spatiatidistion of a field during
experiments. Instead, time variations of theses fields &&sored, the Taylor (or
ergodicity) hypothesis connecting time and spectral tiana for homogeneous tur-
bulence (Frisch, 1995; Lesieur, 1997).
Kinetic energy spectra are generally deduced from presse@surements while
magnetic energy spectra come from the measurement of a cempof the mag-
netic field. In presence of an external magnetic field and witbw Rm flow, the
dependence between the two spectra proceeds from the imecfuation. If you
suppose the kinetic enerdy, o« £* (k is the wavenumber and < 1), using the
induction equation, one can show that the magnetic energyagF,, o k® 2
(Moffatt, 1978; Moreau, 1990).
Depending on the intensity of the imposed magnetic field oreasby the interac-
tion parameter N, we may have two types of spectra dependdfarelow N, the
turbulence is of Kolmogorov type witl, o« £=°/3 and E,, « k~''/3. This has
been seen in many experiments. The VKS group (Oelieal., 1998; Bourgoiret
al., 2002) have documented this regime where the magnetic fadleves as a pas-
sive vector. In Figure 8.18, magnetic measurements shoeaa-€ll1/3 power law
above the frequency of the driving disk while the authorgppeed an hyperbolic
range of frequencies for the fluctuations of the induced raagfield below it. Al-
though such @~! behaviour is also reported in the Karlsruhe experimentligiiat
al., 2004) and in the Maryland experiment (D. Lathrop, privaienmunication), it
IS not clear to understand the physical mechanism whiclsleaduch a power law.
For strong magnetic field (high N), Alemamy al. (1979) foundE), « k=3 and
E,, < k=5 in an experiment where the turbulence was produced by thsmot a
grid and the velocity were measured using quartz-coateéllhoprobes. As shown
by the spectrum dependence, the Joule effect strongly imdesethe rate of dissipa-
tion of energy and leads to an anisotropic flow during the Wedahe turbulence.
The —3 exponent of the kinetic energy may be deduced from the balbatveen
angular transfer time and Joule dissipation time. A secapém@ment has been per-
formed to study this regime, under stationary forcing timet Messadek & Moreau
(2002) found the-5/3 exponent for the spectral kinetic energy at low N aritlex-
ponent at high N.
Under a dynamo state, power spectral density of the maginetichave been mea-
sured in the Karlruhe experiment (Stieglgrz al, 2002, Mulleret al,, 2004). Fig-
ure 8.19 shows typical spectra of the induced magnetic frddtle the modulus
(see Section 8.2.8). Above the critical flow rate (arolipd~ 120m®h~'), a self—
induced magnetic field is generated and a peak appears inageatic spectrum
around 1 Hz. One would like to interpret the frequency of gieak as the injecting
magnetic energy scale using the ergodicity hypothetis. éd@w the frequency as-
sociated to the helicoidal flow may be evaluated to 5 Hz. Thlaevis too large by
at least a factor 2 to explain the power peak. Moreover, tbhguency of the power
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Figure 8.18- Power spectral density function of the induced magnetid fiethe
VKS experiment (see Section 8.2.10). Above the frequenaghdd line) associated
to the rotating rate of the propeller, the spectra is in age¥e with the Kolmogorov
prediction (low N). Below this frequency, the spectra is égolic, from Bourgoin
et al, 2002).
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peak changes with the supercriticality of the dynamo andwiibt the volumetric
rate of the helicoidal tube. Note that Mullet al. (2004) proposed an interpreta-
tion in term of Alfvén waves traveling along the cylindefSor larger frequencies
(above the peak), the Joule dumping of the magnetic fieldslead large negative
exponent in the power spectrum (froAs to —5, and sometimes even smaller). The
—5 exponent is in agreement with the results of Alemanhwgl. (1979). For smaller
frequencies (below the peak), they founda type behaviour like in Bourgoiet

al. (2002) study. In the context of their dynamo, they link thisservation to the
prediction of Pouquett al. (1976) based on theoretical arguments of inverse cas-
cade of magnetic helicity.

Experimental spectra at lardan are always difficult to interpret. It is difficult to
get a clear power law for a decade in frequency and inferrmgxonent without
any theoretical background is rather conjectural. As diyeaentionned, conversion
from temporal to spatial field are based on the ergodicityoltygsis which remains
an hypothesis in MHD flows. Furthermore, theories are gdigetane forPm =1
(Biskamp, 1993) and the compatibility of theoreticals pegdns with with liquid
metal experiments is not straightforward.

8.3.9. THE B—EFFECT AND TURBULENT VISCOSITY

The p—effect is a turbulent effect associated to ®ex (u x B) in the induction
equation and can be modeled as a magnetic dissipative.dffiestme regimes, the
p—effect could modify the molecular magnetic diffusivity= 1/, o of conducting
fluids. Reighard & Brown (2001) has measured the apparenhet@gliffusivity of
sodium as a function of them. They found a reduction from the molecular value
of the electrical conductivity of 4% d&m of order10. No such effect has ever been
measured in other sodium experiments. Nevertheless, the fredd theory devel-
oped by Radleet al. (2002) evaluated d—effect between to 10% of the molecular
value in the Karlsruhe dynamo flow. The good agreement betiez mean field
approach and the experimental results may be interpreteddinect observation
of the g—effect. Moreover, Tilgner & Busse (2002) with their kineimapproach,
need to increase the magnetic diffusivity in order to expleorrectly the precise
position of the onset of the Karlsruhe dynamo. In that cds®y aissociate the en-
hanced magnetic diffusivity to the averaged diffusivitysoflium and stainless steel
instead of a turbulent effect.

Similarly, the non-linear term in velocity in the momentuuation may be mod-
eled as a dissipative viscous effect. The turbulent visg@gand more sophisticated
models) is largely used in geophysical and astrophysicalenical fluid dynamics
(meteorological or oceanographic models for example)ed@iexperimental mea-
surements of the turbulent viscosity are quite difficult mrtular because very
precise maps of the velocity field are required within theéktmiflthe flow. Lathropet
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Figure 8.19- Power spectral density of a component of the magnetic figdoen-
dicular to the axis of the tubes at the center of the moduiut)e Karlsruhe dynamo
modulus (see Section 8.2.8). The helicoidal flux rates artos®0 m® h—! and the
central flux rate is increased frohd6 to 136 m® h~!, the onset of the dynamo oc-
curing aroundi20m?® h=t. A central peak appears above the onset, separating the
spectra in two parts: an hyperbolic range for low frequernay a steeper exponent
(-3 to -5) for higher frequency, from Mllest al,, 2002).
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al. (1992) in a Couette experiment have interpreted the medisonrgue delivered by
the rotating motor in term of turbulent viscosity and progaa law for the turbulent
viscosity as a function oRe, the hydrodynamic Reynolds number. More recently,
Brito et al. (2004) have shown experimental evidences of turbulenbsiscin the
context of a rotating flow.

8.3.10. STURATION OF THE DYNAMO

The two successful experimental dynamos exhibited a datlistate of the self—
sustained magnetic field after a period of exponential gndate that exponential
growth in Figure 8.13 for example, in the Riga dynamo). Inhbexperiments, the
injected mechanical power required to drive the flow was mesmkas a function
of the averaged velocity of the fluid flow. Figure 8.15 showsremease of around
10kW after the onset of the dynamo regime in the Riga experiméand consider
that this increase of power was directly dissipated by Jefflect, one can find a
typical length scale of dissipation:
2713
P; % =10*"W = Ly oc 10° m.
1160 Ly
for B = 1mT, L = 1m. This Joule dissipation scale is much larger than the vis-
cous dissipation scald.{ oc 10~°m if we considerRe = 1 with U = 1ms~!) and
may be the main dissipative process in the dynamo state. eAdigsipation scale,
Rm is small and the results of turbulence at IBan should apply, particularly the
spectrum dependence ir? for the kinetic energy (see Section 8.3.8). Figure 8.19
shows indeed a steep tail of the spectra (for large freqashevhich may be the
signature of the lowkm turbulence.
The balance between the non linear velocity term and theritbrfierce may lead
to the prediction of the intensity of the saturated magnigtid. Pétrélis & Fauve
(2001) and Tilgner & Busse (2002) had to introduce a turkigstosity (at least
10* times the molecular one) to explain the observed value ofdaherated magnetic
field in Karlsruhe and Riga. Their approach excludes anyrdanwviscous balance
which would lead to an intensity of the saturated magnetld t@o low compared
to the experimental measured one.
The saturation mechanism may be also associated to a regeathe fluid flow
dynamics after the onset of the dynamo. In Riga, observatbthe saturated mag-
netic field show indeed a dependence along the height of theriexent (Galilitis
et al, 2001) and sodium originally at rest (at the edge of the mmjutee Sec-
tion 8.2.7) is driven into motion after the onset (Gailifgjvate communication).
The same idea was proposed by Tilgner & Busse (2001) for thistdae experi-
ment with the presence of vortices of sodium in between the tf the modulus
(see Section 8.2.8).
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8.4. CONCLUSION

Two experimental dynamos (Gailitet al., 2000; Muller & Stieglitz, 2000) have
been observed in the laboratory. They demonstrated expetaity the existence of
a dynamo regime where the magnetic field is self—sustainedfimd flow where
the dynamo was predicted theoretically. These two expetisneave shown that
the dynamo action occured where the analytical and numariethods predicted
it, even if the experiment could not exactly reproduce trealged world of mod-
els (boundary conditions, presence of stainless steel] soae flow, turbulence).
These two success are really associated to the choice ofreeugt flows to pro-
duce the dynamo action. In the dynamo state, these two expets exhibit results
(power, spectra, ...) which are not fully understood yet arahy questions arise
regarding the presence of a large magnetic field. A more hemamus experiment,
perhaps, would answer more easily these questions.

Surprisingly, for more homogeneous experiments, the dgnanset seems to vary
a lot with small variations in the velocity field as alreadyntienned; we can con-
clude that the robustness of these flows to produce a sel&hsed magnetic field is
weaker. Lathrop and collaborators tried different confagions to look for a possi-
ble dynamo with their experimental set-up. Shewal. (2001) report on tests with
change of propellers, addition of cupper rings or platehatequator, change of
baffles in the sodium tank. A clear variation in the exporardecay times of the
imposed magnetic fields associated to these changes isretdart it is difficult to
infer general properties on dynamo mechanism from these t8kewet al. (2002)
built an updated version of the Lowes & Wilkinson dynamo, whthe external
solid housing is replaced by liquid sodium. No dynamo haslweserved in this
configuration. The VKS group also changed the electricahdary conditions of
their vessel adding a copper housing without observing yhaho (Bourgoiret al,,
2002), although a numerical kinematic study predicted actdn by a factor 2 of
the criticalRm when the boundaries were changed from insulating to péyfean-
ducting (Mariéet al, 2002). Note that Martiret al. (2000) and Fricket al. (2002)
have tried to increase the magnetic permeability of thadiguetal by the use of fer-
romagnetic iron beads or samll particles. Fretkal. (2002) proposed a linear law
for low concentration of small particle$.01 to 0.1 mm of diameter) which may
increase the magnetic Reynolds number by a factor two.

Building-up a dynamo experiment is a very long and hard enite, that is why
most of the present dynamo experiments or projects presémieughout this sur-
vey intend to observe a dynamo effect in their homogeneoiasfftww experiment in
the near future. Among all the working groups we may forettesttwo of them will
soon observe dynamo action: The VKS group is planning to sectand version of
their Von Karman experiment in a larger container, withvraptimised propellers
and a cooling system unit. The College park group is buildingry large rotating
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Figure 8.20- Summary of the presents experiments and projects presenterm

of caracteristic length scale (X-axis) versus the meclzmiower (in kW) injected
to run the sodium flow. Triangles: possible future experitee@ircles: experiments
to be run in the near future; Squares: experiments alreadgrpged. The curve is
an imaginary line that may separate the successfull vs thelgpamo experiments.

spherical experiment with 15 tons of sodium which shouldehalthe ingredients
to self-sustain a magnetic field if we dare to compare it wédtural planetary dy-
namos.
Size and power are the two main factors which determine teeaf@n experiment.
Small experiments are easier to build and to change. But npwo only large ex-
periments have been able to self-induce a magnetic fieldundliisodium. Clearly,
in order to reach a given magnetic Reynolds number, you ltegkdose a trade-off
between the typical scale of the flow and the typical velo@tyd consequently the
power). Too much power injected in a small experiment mayweittucooling prob-
lems. On the contrary, large experiments need a lot of paweech high velocities
of the fluid flow. Nataf (2003) produced three years ago ameésteng representation
of the power versus size of dynamo experiments. We show aategdersion of
this representation in Figure 8.20 including the new prisjeldote however that this
graph does not take into account the type of flow generatediiet vessel which is
may be a crucial point when the vigour of the flow is close totstalynamo.

The understanding of MHD turbulence is the main challengeoto community
in the next period. Studies of spectra are precious and ematlbssification of dif-

+
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ferent regimes. As noted in Section 8.3.8, experimental ded¢ generally measured
as a function of time and we rely on the ergodicity hypothesaiinterpret these
spectra in term of spatial behaviour of the MHD turbulendeedries with very low
Prandtl numbers will be needed to help the interpretatioligofd sodium experi-
ments.

Global rotation could be a key ingredient for dynamo actidhe presence of ro-
tation favours a direction in the flow and the isotropic tuelmge shifts to a quasi
geostrophic turbulence. This is the case also with premeskilows where Gans
(1970) has observed a large amplification of the magnetid, felll unexplained.
Quasi-geostrophic dynamos have just been computed bassigean flows taking
into account the properties of a rapidly rotating flow (Scfeae& Cardin, 2006).
These preliminary results are encouraging for experimetymamo modeling of
rotating planets (lowm, low E) because they exhibit robust dynamos which can be
understood asw dynamos. Does the rotation increase the robustness andilitbe a
of the flow to produce the dynamo action?
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