View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Dadun, University of Navarra

PHYSICS OF FLUIDS VOLUME 14, NUMBER 9 SEPTEMBER 2002

Magnetohydrodynamics measurements in the von Ka “rman sodium
experiment

Mickaéel Bourgoin
Laboratoire de Physique, UMR 5672 CNRS and Ecole NormalériBupe de Lyon, 46 alle d'ltalie,
F-69007 Lyon, France

Louis Marié

Service de Physique de I'Etat ConderiBieection des Sciences de la Matie CEA-Saclay,

F-91191 Gif sur Yvette, France

Frangois Petrelis

Laboratoire de Physique Statistique, UMR 8550 CNRS and Ecole Normaleie&upe24 rue Lhomond,
F-75005 Paris, France

Cécile Gasquet ) .
Service de Physique de I'Etat ConderiBieection des Sciences de la Mate CEA-Saclay,
F-9119 Gif sur Yvette, France

Alain Guigon and Jean-Baptiste Luciani ,
Service de Technologie des&Reeurs Direction de I'Bergie Nuclaire CEA-Cadarache,
13108 Saint Paul lez Durance, France

Marc Moulin
Laboratoire de Physique, UMR 5672 CNRS and Ecole NormalériBupe de Lyon, 46 alle d'ltalie,
F-69007 Lyon, France

Fréderic Namer ) ]
Service de Technologie desdReeurs Direction de I'Energie Nucdére CEA-Cadarache,
13108 Saint Paul lez Durance, France

Javier Burguete,® Arnaud Chiffaudel, and Frangois Daviaud
Service de Physique de I'Etat Conderdigection des Sciences de la Mate CEA-Saclay,
F-91191 Gif sur Yvette, France

Stephan Fauve
Laboratoire de Physique Statistique, UMR 8550 CNRS and Ecole Normaleicupe24 rue Lhomond,
F-75005 Paris, France

Philippe Odier and Jean-Francois Pinton®
Laboratoire de Physique, UMR 5672 CNRS and Ecole NormalériBupe de Lyon, 46 alle d'Italie,
F-69007 Lyon, France

(Received 2 August 2001; accepted 7 June 2002; published 2 August 2002

We study the magnetic induction in a confined swirling flow of liquid sodium, at integral magnetic
Reynolds numbers up to 50. More precisely, we measusitu the magnetic field induced by the
flow motion in the presence of a weak external field. Because of the very small value of the
magnetic Prandtl number of all liquid metals, flows with even modgstare strongly turbulent.
Large mean induction effects are observed over a fluctuating background. As expected from the von
Karman flow geometry, the induction is strongly anisotropic. The main contributions are the
generation of an azimuthal induced field when the applied field is in the axial dirdatidh effect

and the generation of axial induced field when the applied field is the transverse dif@stiona

large scalex effecy). Strong fluctuations of the induced field, due to the flow nonstationarity, occur
over time scales slower than the flow forcing frequency. In the spectral domain, they didplay a
spectral slope. At smaller scalénd larger frequencigshe turbulent fluctuations are in agreement
with a Kolmogorov modeling of passive vector dynamics. 2802 American Institute of Physics.
[DOI: 10.1063/1.1497376

I. INTRODUCTION Jdu Vp curl B
The motion of an incompressible electrically conducting gt (u-Vju= - P +rvAu+t piLo XB,
fluid in the presence of an applied magnetic field is gov- ) (1)
erned, respectively, by the fluid and induction equations: divu=0,
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wherep, v, o, ug are, respectively, the fluid’s density, kine- magnetic field is mostly dominated by the large scales of the
matic viscosity, electrical conductivity, and magnetic perme-flow motion. Above a critical magnetic Reynolds number
ability. These equations must be supplemented by boundary,, the stretching and twisting of field lines may overcome
conditions: no-slip for the velocity field, continuity of the the Joule dissipation and generate a self-sustained magnetic
electromagnetic field at the flow wall, and electrical conduc-field: this is the dynamo effect, believed to be responsible for
tivity and geometry of the outer mediuhfor a chosen flow the magnetic field of planets and stars. The idea that a part of
geometry and wall conductivity, the control parameters ofthe kinetic energy of motion of a conducting fluid can be
the system are the magnetic Reynolds numRgr the ki-  converted into magnetic energy was first put forward by
netic Reynolds number Re, and the interaction parandter Larmor® It has been demonstrated experimentally in con-
strained model flows in recent experiments in RiyéPono-

d*'magnetic stretching marenko flow) and Karlsruh&'* (Roberts flow?). A dem-

~unoUL=2muoR?Q, (3

™ magnetic diffusivity onstration in the case of an unconstrained, turbulent flow is
still lacking.
d_efnonlinear advection UL 27R%Q) As a first step, we report here results on magnetic induc-
e= viscous dissipatiorT T v (4) tion in such an homogeneous and turbulent flow. The work-
ing fluid is liquid sodium, chosen for its high electrical con-
def| orentz force oBSL ductivity and low density. The flow, belonging to the “von
~pressure force pU (5 Karman geometry,” is produced inside a cylinder in the gap

between counter-rotating disks. In this way, the velocity field
whereU, L are characteristic values for the flow velocity and presents both differential rotation and helicity, two essential
size andB, is the applied magnetic field. In the cylindrical jngredients in the induction mechanisms that favor dynamo
geometry used in this study—see Sec. ll—the characteristigction. Such a mean flow structure has been shown numeri-
Size iS the Cylinder I‘adqu and the CharaCteriStiC VeIOCity iS Ca”y to |ead to dynamo action in kinematic Simu'ation Stud_
the driving disk speed) =27R(}, where(} is the rotation jes in a spher€ or in a cylindet***and in direct numerical
rate. The ratio of the magnetic to kinematic Reynolds numsimylations of the Taylor—Green geometffExperimentally,
ber is the magnetic Prandtl number the possibility of dynamo action in similar flows in a sphere
R has been investigated by Peffleyal;}"*8using pulse-decay
m .
Pn=mov= Re’ (6) measurements, they have proposed that dynamo generation
in these flows is a possibility, albeit at a quite high threshold
It is very small(less tharn~10"°) for all liquid metals. Note for the magnetic Reynolds numb@ver 200. The possibil-
that once the nature of the conducting fluid is chosen(@q. ity of a transition to a dynamo via a “blow-out” mechanism
gives a fixed relationship between the kinetic and magneti€given the strong nonstationarity of this flow at high Rey-
Reynolds numbers which can no longer be set independentigolds numbershas also been investigatédOur aim is to
There have been numerous studies of the influence of study in detail the induction mechanisms in the vorran
strong magnetic field on weak flows of an electrically con-geometry using internal magnetic three-dimensiof8D)
ducting fluid, i.e., in the parameter rante>1, R,<12In  measurements. The flow and facility are described in Sec. II.
this case, one effect of the Lorentz force is to produce aWe apply a weak external field and study the magnetic re-
enhanced diffusion of velocity gradients in the direction ofsponse: modifications of the magnetic field topology and
the applied field~>We consider here the opposite limit, i.e., fluctuations generated by the flow motion. Results are pre-
N<1, R,,>1, where the interaction parameter is small andsented in Sec. Il and discussed in Sec. IV.
the magnetic Reynolds number is large least moderaje
This is the case where one is primarily interested in the dyjj. EXPERIMENTAL SETUP AND FLOW
namics of the magnetic field under a prescribed flow. ThisCHARACTERISTICS
regime is achieved in a liquid metal when one applies a weag Sodium device and flow
magnetic field to a very high Reynolds number flow. Re has ™
to be quite high because of the smallness of the magnetic A specific device has been built in order to operate a
Prandtl number of all molten metals. One then expects thasodium flow'® As shown in Fig. 1, it consists of a tank, an
the dynamics of the magnetic field results from the action ofargon gas regulation unit, and a sodium purification unit.
both the mean flow structure and the turbulent fluctuationsThis unit is needed to keep the sodium as pure as possible to
At low interaction parameter, the magnetic field does notbe able to operate the flow at temperatures close to the melt-
modify the velocity field at all and the problem is that of a ing temperature, where the electrical conductivity is highest.
“passively advected” vector: the magnetic field acts as aln practice, the experiment is operated in the 130-170°C
“vector” tracer which probes the velocity gradients. In the range.
realm of turbulence, this is believed to be at an intermediate The flow itself is produced inside a cylindrical vessel
complexity level between the “passive scalar” problem andwith diameter R=40cm and equal lengtH =2R—see the
the full dynamics of the vorticity fieldthe governing equa- sketch in Fig. 2; it holds up to 70 | of sodium. Two coaxial
tions for the scalar gradient, magnetic field, and vorticitycounter-rotating impellers generate the flow; they are driven
have a very similar structute However, due to the very by 2x75 kW motors at a rate adjustable in the raiye[0
large magnetic diffusivity of metals, the dynamics of the —25] Hz. The maximum value is set by the maximum flow
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power consumption; at 25 Hz, the whole 150 kW are spent.
Two features have been designed for magneto hydrodynan®G. 3. Mean velocity field in the water experimeit&) toroidal and(b)
ics purposes, as a result of extensive studies in a water pr@oloidal component of the velocity in the meridian plane. The abscissa

: . : : : . corresponds to the normalized axial direction with the disks locatedRat
totype COUpled with kinematic dynamo simulatidfishe im ==*1, and the ordinate corresponds to the normalized radial diregiih

z/R=0 at the center of the disksin this measurement, the rotation rate of
the disks isQ)=5 Hz.

pellers shape is designed to generate poloidal and toroidal
velocities of the same order of magnitude/T=0.8) and

the stainless steel vessel has an inner copper (@atm
thick) in order to ensure electrically conducting boundary
conditions. These modifications have the effect to decrease
the numerically expected threshold for dynamo onset and to
increase the hydrodynamic efficiency, i.e., the maxinfam
achievable for a given power inpth.

B. Flow characteristics

Flows generated between two coaxial rotating disks have
been called “von Kaman swirling flows.” When the flow is
confined inside cylindrical walls, mean velocity profiles have
been measured since the late 1950s—cf. Zandbergen and
Dijkstra?® and references therein. In the counter-rotating ge-
ometry, a time average of the velocity field shows the exis-
tence of differential rotation and meridional recirculation
FIG. 2. Experimental setuga) Two pairs of induction coils have their axis l00ps. As a result, the time averaged flow has both helicity
(horizonta) aligned either parallel to the rotation axis or perpendicular to it. gnd differential azimuthal rotation which are known to play a
They can produce an applied field of about 20 G inside the flow. The Magi, iq role for large scale induction mechanishine aver-
netic field is measured locally inside the flow using a Hall probe. The . . .

(x,y,z) coordinate system has its origin in the median plane, on the axis ofaged profiles have been r_neasf"md na w_ater experiment at
the cylinder. It gives the local orientation of the field components measuredalf-scale—at 50 °C, the viscosity of water is close to that of
by the magnetic probdocated atx=0, at an adjustable distaneeto the  sodium at 120 °C. The mean velocity is obtained from laser
axis). The piezoelectric pressure probe is located in the mid-plane of th ; ;
cylinder and mounted flush to the walb) Details of inner copper wall and ‘Dopp]er vesloc.|me.try and. pglsed Doppler uItragomc
elocimetry'® It is displayed in Fig. 3 where both the differ-

impellers. They are counter-rotated in the counter clockwise direction withV' - [ ) i ) )
respect to the above-mentioned picture. ential rotation and the poloidal circulation are shown in a
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FIG. 4. Local velocity fluctuations in the water experiment, for a rotation
rate equal to 5 Hz, measured from laser Doppler anemometry 5 cm into the -5 ! L L L . . ! . .
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meridian plane. Note that axisymmetry and incompressibility L
: ; . ' 0.8
are assumed in the extraction of the velocity profile from the & -
measured data. =, 0.7 : i
In addition, at the rotation rates used in the experiment, 0.6 o 2
the von Kaman flow is strongly turbulent=??Velocity fluc- E0s| . —
tuations of the order of magnitude of the mean velocity are o 04 4 ‘
observed at any given point, as can be seen in Fig. 4 whict : .
shows a LDV signal in the water prototype. As a result, care 03 7
must be taken in interpreting Fig. 3: the flow shown is a time 0.2+ 7
averaged patter(and not a solution of Navier—Stokes equa- 0.1 P
tions) that does not reflect the instantaneous turbulent flow 0 O/o/
structure. 0 50 100 150 200 250 300
2 2
(b) Q° [Hz]

C. Hydrodynamic measurements in sodium

Pressure fluctuations are recorded using a Kistler piezcrFIG. 5. (a) Time variation of the pressure measured at the flow (17
electric transducer located in the median plane and mountgde; evolution'with the disks’ rotat_ion rate of the rms amplitude of 'the
flush with the cylindrical wall. Figure B) shows an example g:ffg;i gsziiul"’g'gn[sb'a:/a;fasmd line corresponds to the quadratic law
of pressure fluctuations in time. The sudden drops are as-
cribed to vortex filament§**that have been visualized using
water seeded with air bubblé%;their core size has been whereKp is a dimensionless factor that depends on the ge-
measured acousticaffyand found to be of the order of the ometry of the cell and of the shape of the driving disks. To
Taylor microscale. The rms intensity of the pressure fluctuaebtain P, we monitor the current and voltage in the driving
tions varies as the square of the rotation rates of the disks, asotors or we record the temperature drift inside the flow

shown in Fig. Bb). This yields a measurement of the inten- when the external cooling is turned off. Both methods are in

sity of the rms velocity fluctuations in the flot:? good agreement and follow Rx Q2 law—cf. Fig. 6. They
L o yield Kp=34, in agreement with measurements in the water
Prms™ 2PUims () prototype with identical impellers whete,= 31 is obtained.

This, in turn, gives an estimate of the intensity of turbulenceIII MAGNETIC INDUCTION
in the flow, evaluated as the ratio of the rms velocity fluc-"

tuation to the disk rim speed: A. Measurement scheme
Urmne m | |ndrl;lCtI0n coils are placgd with the|rd§1X|Is ahgned (falthgr
T WNOAZ’ (8) along the motors rotation axis or perpendicular to |.t—f: . Fig.
rim 2(a). One can apply to the flow a steady magnetic fiBjd
in good agreement with the water measurements. with strength in the range 1-20 G. It is distorted by the flow

We have also studied the scaling of the power Consumlomotion so that an induced field results. We measure the
tion of the flow as a function of the disks’ rotation rate. A three components of the local magnetic field inside the flow
dimensional argument in the limit of very large kinetic Rey- USing a temperature calibrated three-dimensi¢8a)) Hall

nolds numbers yields probe (F.W. Bell). The probe is placed in the axial-vertical
plane kO2 at the same distance from both disks=0)
P=KppR®Q3, (9) and its distance from the rotation axis is adjustable. The
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Hall sensor dynamical range is 65 dB and its time resolution _— 1 [T
2.5 ms(in dc mode. The signal is digitized using a 16-bit b= fo b(t)dt, (10
data acquisition card and stored on a PC.

In the fully turbulent flow under consideration, one ex- \,nereT is the total time length of the measurements the
pects the magnetic induction to be quite fluctuating. In thismagnetic inductiorbo=B—B,. Let us begin with the varia-
section, we first describe the average value of the inducegon of b with the applied magnetic fiel,. At low ampli-

magnetic field and then discuss the statistical characteristiGgyeg B, should not modify the hydrodynamic flow. One

of the fluctuations. On_e should however bear in_ mind tha(Nay to quantify its effect is to evaluate the interaction pa-
averaged and fluctuating components are not mdependepgmeter; herél~10°5 so that any effect of the applied field

[cf. Eq. (1D)]. is bound to be quite small. When the velocity and magnetic
fields are separated into mean and fluctuating parts, the

B. Variation of the mean induced field with the steady state induction equation reads

applied field

We define the mean magnetic induction, measured at a — — = — 1 —
fixed point in space, as the average over time of the mea- curl(uXBo) + curl(uxb) + curi(u’Xb") + EAb_o’
sured data: (12

Downloaded 09 Aug 2002 to 159.237.12.32. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



Phys. Fluids, Vol. 14, No. 9, September 2002 MHD measurements in the von Karman sodium experiment 3051

=)}

B AXIAL Q=8Hz . » ; .4 B, TRANSVERSE  Q=8Hz ' PR
Sl e . e RRE S SO0 Sh T S 4
N N : /’/. . ,’/.
al e ] al JRASS ¢ ° -
’,1!’ )g"
3+ /,’/ ] L o ,” ..... 4
- 3 P
— ” — /‘
g 2t "« 18 2t pre p
A e A - ’
—\0/ 1+ ,’..' B p -\D/ 1+ ,,9v i
P ° g 2 L7 .
od et R e B D 0[}::-._-.;,_-.-.._*'____-___.__...._‘_-._____-,.._-..._
[} R - | *
—F ’ .............. 4 Foeeans “\~§*ﬁ~ :
-1 = \.\.;\.‘.‘;‘ R
i L el L
2 -2 STl
-3 L L \ 1 L -3 ' L i i L N
0 2 4 6 8 10 12 0 2 4 6 8 10 12
B, [G] B, [G]
2 T T T T T T T T
BOVAXIAL Q=8Hz : : 2 BO TRANSVERSE Q=8Hz
1.8F : A 1.8+ R I : ,,i
: : : “/’ :
B2 e 12F e R /,’ T 4
) : : : s ' -1 © i oL
w1F . RO ‘_‘llll' el 4
E : : e L d E » [ ]
o : I L e
08_ ......... ’g_,f. ‘ N -008' S . 4
: PRI J o :
0.6} ’g,’ 4 0.6+ ,xa. : B
i 8- * ° ¢
04. ............. ””,; P ........................... M 0‘4. /g/.( M
02f ..¥" 5 1 02 T 1
-7 : ID', : :
0 Il i I 1 1 0 1 I i 1 L
0 2 4 6 8 10 12 0 2 4 6 8 10 12
BO[G] BO[G]

FIG. 7. Mean and standard deviations of the induced field as a function of the applied one, for counter-rotating(tis&dHat (R,,= 20). (Left-hand sidg

B, is applied along the axis of rotatiofright-hand sidgB, perpendicular to the axis of rotatiofD) Axial componenb, of the induced field((1) transverse
componenb, , (+) vertical componenb, . The measurement probe is located near the midplane, 10 cm from the axis of rotation. The dashed lines show a
first-order linear variation, to serve as a guide to the eye.

where the primes denote the fluctuating part of the fields. Ifections for the induced field, depending on the direction of
one only considers the effects due to the averaged fields the applied field. For example wheBy, is along the axis,
andb, then the equation predicts a linear behaviord@B,).  the main induced component is in the azimuthal direction
Figure 7 shows the variations of the time averaged maggi.e., they direction at the probe locationThis effect, al-
netic induction with the external field, applied either alongready observed in the gallium measureménts, attributed
the axis of rotatiorx or directly perpendicular to it, along to the twisting of the axial magnetic field lines by the differ-
The 3-D measurement probe is located 10 cm inside the flovgntial rotation of the flow—thé) effect’ Its strength, mea-
midway between the driving disks. The rotation rate is mod-sured by the slope of the linear variation of the azimuthal
erate()=8 Hz. As can be observed, the behavior is mostlyinduced field with the magnitude of the applied axial field,
linear (b;=B,) both for the evolution of the mean magnetic yields a definition of an intrinsic magnetic Reynolds number
field components and for their standard deviations. This igcf. Eq. (11)]:
what would be expected from E@L1) if one assumes that _
the velocity field does not depend d@ However, for the . dby
largest values of the applied field, there are deviations from Rm~ ,9_50'
this simple linear behavior. The magnitude of the induced
field (and of its rms intensitytends to saturate. This effectis Defined in this way, the value d?‘m varies from 0.5 for a
not fully understood at present. From E@dl), a departure rotation rates of the disks equal to 8 HR(=20), to 1 at a
from linearity in b(By) can be caused by a modification of rotation rate of 17 HzR,,=43). Thus, at high rotation rates,
the velocity field by the magnetic field. a toroidal field of strength equal to that of the applied axial
Another observation of the curves shown in Fig. 7 is thefield is generated. For comparison, the measurements in the
anisotropy of the magnetic induction: there are preferred digallium experiment at scale 1/2 ga%;vo.l.28 The tenfold

(12
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increase irRim is consistent with changes in the setup char- o 1 —
acteristics: fluid electrical conductivityof,~2.20g,), fluid curl(uXBo) + EAbZO- (13
density (pna~0.16pgy), Size of the experiment L(y,
~2Lgy), and power output of the driving motorsP(, As a result of our optimization procedure, the poloidal and
~T7Pga). toroidal velocities contribute almost equally to the induction.
When the external field is applied in the transverse di-This can be observed in Fig.(8: the azimuthal (y-
rection, the largest induced field component is along the axisomponent and_axial (x-component induced fields are of
of rotation, as seen in Fig. 7. At a disk rotation rate of 8 Hzthe same orderl(,~0.7b,). They are due, respectively, to
(Rn=20), the magnitude of this induced component is onethe toroidal and poloidal part of the mean flow velocity, as
half of the magnitude of the applied field. Again, this ratio can be inferred from symmetry considerations.
reaches 1 at a rotation rate equal to 17 Hg,€43). This When the external field is along the rotation axis—Fig.
effect is very much increased compared to the gallium ex8(@), the main effect is the generation of a toroidal induced
periment where the measured induction in the axial directiofomponent via the) effect. An induced component along
for a transverse applied field was very sn&},~0.025, cf. the axi§ is also gengrated, as a Iinea}r mechanism, from the
Ref. 27, Fig. 5. We believe this increase to be due to ourStretching by the axial velocity gradients—note thg,
optimization of the sodium flowpropeller designin which ~ changes direction in the median planed?). The third(ra-
the poloidal to toroidal velocity ratio has been enhanced to 4lial) component is almost null, in agreement with the sym-
value of 0.8. One important observation is that when thdnetries of the mean flow. o _
disks are counter-rotated in the opposite direction, the sign of _/hen the exteral field is applied in the transverse di-

the axially induced component is reversed. Taking into aC_rect|on, the induction in the median plane is dominant in the

. : axial direction, at all rotation frequencies. In this case, the
count the symmetries of the mean flow, this means that the” " .~ ~ ) . ;
axially induced field has opposite directions on each side o&:ontnbuﬂon of the linear |n_duct|on by the mean flow van-
- -~ Ishes. Indeed, along the axis, EG3) reduces to
a meridian plane XOy) parallel to the transverse applied
field. Altogether, these observations are consistent with an 1 _ Uy
induction mechanism of the-type due to the swirling mo- —5Ab=—Bg y
tion in the center of the flow. In this large scale mechanism,
the toroidal velocity of the swirl motion generates an inducedn the median plane the axial velocity of the mean flow is
component in the same plane and directly perpendicular tgero, and so are its derivatives along any direction in that
the transverse applied field. This component is then modifieglane. The axial induction must thus originate from other
by the axial component of the swirl motion to generate ansources than such a local induction mechanism. As pointed
induced current parallel to the applied fielps —aBy, out previously, a possible source of induction is the helicity
wherea is proportional to the local helicitiv- w). The mag-  in the central part of the flow where the poloidal and toroidal
netic field generated is parallel to the rotation axis andvelocity component can produce a macroscopieffect.
changes sign on each side of a meridian plane containing thehis would be consistent with the fact that, like the helicity,
applied field. Note that it is a two-step mechanism: boththe axial induced field is reversed if the disks are rotated in
poloidal and toroidal velocities contribute. opposite directions. However, in that case, we would expect
Finally, we observe that while the mean induction isthe magnitude of the axial induced field to vary quadratically
strongly anisotropic, the intensities of the fluctuations arewith the rotation rate of the discs. This is not observed in Fig.
comparable for all three components of the induced field8(b)- ) ) . )
However they depend on the direction of the applied field; as At higher rotation rates, we note a change in behavior:
seen in Fig. 7, they are stronger when the applied field is iifespite the increase in the disks’ rotation rate, the amplitude

(14

the transverse direction. of the induced field seems to saturate. Several mechanisms
can be responsible for this behavior. First, but not very likely,
C. Evolution with the magnetic Reynolds number the increased induced field may become large enough to

' ' o modify the velocity gradients in the flow or, as discussed
Experiments with a steady externally applied field havepreviously, the correlations between the fluctuations of mag-

been made for rotation frequencies of the impellers betweeRetic and velocity fields. The second and more plausible ef-
0 and 20 Hz, corresponding to magnetic Reynolds numberfect is that, asR,, increases, the induction becomes nonlin-
up to 50. The evolution of the mean and rms values of thexar: the velocity distorts the applied fieR} to generate an
three components of the induced figldeasured in the me- induced fieldb,, which in turn can be distorted to generate
dian plang are shown in Fig. 8. b,, and so on. The expulsion of magnetic field lines by a
At low disk rotation speed, the behavior is linear: the coherent vorte’ or the self-generation of a dynafid®are
induced field is proportional to the magnetic Reynolds num-examples of the piling of such effects leading to a divergence
ber. Such a linear behavior is expected at Rywhere the of the induced field.
dominant induction mechanism is due to the stretching of the  Note that for these largR,, experiments, the magnitude
magnetic field lines by the mean flow velocity gradients. Inof the induced field overcomes the applied field. In Figa) 8
this “quasistatic” approximation, the induction equation re- and 8b), b reaches almost 6 G, twice the magnitude of the
duces to Bo=3 G applied field.
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measurement probe is located near the midplane, 10 cm away from the axis of rotation.

Finally, we observe that the induction fluctuations arevalue that is larger than that of the applied field. In both
isotropic at all rotation rates: all three components of thecases, we observe that the fluctuations are distributed over a
induced field have comparable rms fluctuation level, define@Gaussian statistics whose variance varies as shown in Figs.
as the ratio of the standard deviation to the mean, ranging(c) and 8d). This is verified for all magnetic field compo-
from 20% to 50% of the mean. As the magnetic Reynoldshents and at all the rotation rates covered in this set of
number increases, the intensity of the fluctuation becomeéxperiments—all the probability density functions of the in-

independent of the direction of the applied field. duced magnetic field, and normalized to its standard devia-
tion, collapse onto the same Gaussian distribution.

D. Fluctuations of the magnetic induction Another specific feature of induction fluctuations is the

1. Overview presence of two ranges of time scales in the time sigFigl

The data shown in the previous section are averaged@J: small-amplitude fast fluctuations are superimposed
over long periods of time. Due to the large value of the®Ver large-amplitude slow variations. As shown later in this
kinetic Reynolds number, turbulence is quite developed, wittP€Ction, the fast fluctuations can be described by a Kolmog-
rms velocity fluctuations as high as 42% of the mean velocOroV approach of the turbulent stretching of the magnetic
ity (cf. Sec. 1. As noted in Figs. 7 and 8, all magnetic field field lines. The slow dynamicitime scales of the order of
components also display rms fluctuations of the same orddhe disks’ rotation frequency and loweslays a more impor-
of magnitude. This section is devoted to the analysis of thestnt role in the fluctuations of induction. It is responsible for
induction fluctuations. the overall amplitude of the rms fluctuation level: the rms

Figure 9 actually gives two examples of the time varia-amplitude of the signal is nearly unchanged if it is low-pass
tions of the axially induced field for a transvers®, filtered below()—at all rotation rates, the contribution of the
=12.3G, at rotation rates equal £&=8 Hz and()=17 Hz. modes at frequencies higher thénis equal to 10% of the
At Q=8 Hz (R,,=20) the induced field fluctuates about a total rms intensity level. Such long time scales can be asso-
value that is less than the amplitude of the applied field. Orciated with “global” fluctuations of the mean flow which are
the contrary, at)=17 Hz (R,=43) it fluctuates about a known to exist in this geomet®:?> That is, if one defines a
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lines mark the magnitude of the applied field.

“mean” flow as the average flow pattern over a time scale ofand is zero for time lags larger than about(10*. This is

the order of the forcing timée.g., the period of rotation of also the case for the autocorrelation function of the pressure
the diskg, then one observes that this pattern varies in timemeasured at the flow waldotted line in Fig. 10 The in-

The geometry of the flow thus fluctuates about a configuraduced field components are also cross-correlated with iden-
tion such as shown in Fig. 3 and successive realizations majcal characteristic times.

lead to varying intensity induction. These variations are de-  The most significant evidence of the large scale nature of
tected by the local magnetic probe because the diffusive timtéhe magnetic field dynamics is the existence of a correlation
scale across the flow size is long. Dimensional analysis,_g between the pressure measured at the flow wall and the
yields 74i¢ = oo R?>~0.5 s, while pulse-decay measurementsinduced magnetic field measured internally by the Hall
in the spirit of Peffleyet al” yield 744~0.15s. For com- probe. Indeed, as shown in Fig. 1€blid line9, we observe
parison, the advection time of any flow or magnetic field
structure past the measurement probe is much shatigs:
Ndprobe/urmSN 1ms.

Xp-b,~—0.2 att=0. (15)

This is a quite significant figure considering that the mea-
, surements are made at points located some 15 cm away in a
2. Correlations flow with a Reynolds number larger than®10rhe charac-

The slow-scale/large-scale dynamics of the magnetideristic damping time of the pressure-induction cross-
field is further confirmed by correlation functions analysis. Incorrelation is again of the order of the flow forcing time scale
Fig. 10, we consider the induction in the case of an applied) ~*; decorrelation is achieved for time lags longer than
field transverse to the rotation axis. The autocorrelation ofl0Q ~*. Recalling that the fluctuation in time of the pressure
the magnetic field component in the axial directiglashed at a flow wall are related to the fluctuations in the distribu-
curves decreases with a characteristic time of order? tion of the velocity gradient&he pressure obeys the Poisson
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equationAp=—pd;u;d;u;), the pressure-induction correla- phenomenology® provided a Taylor hypothesis can be ap-
tion at large time shows the slow dynamics of the magnetiglied to the fast magnetic field fluctuations. At Idwy,, this
field to be linked to corresponding slow changes in the flowspectral behavior results directly from Ed.3) which yields
topology. These correlations of the fluctuating parts of the

magnetic and velocity fields play a major role in the dynam-

ics of induction. b?(k) ok~ 2u?(k) ~ k17 (16)
3. Spectra and increments in Fourier space, if a traditional®(k) ~k %3 Kolmogorov

The time spectra for each component of the induced fiel§Pectrum is assumed for the velocity field at small scales.
are shown in Fig. 11. The curves are very similar for all threel his_high-frequency scaling behavior was observed in our
components of the induced field. Three frequency regimeBrévious gallium _expenm_er’rf_ We find here that it is also
are clearly identified. valid at tr_\e S|gn|f|cf’;1ntly higher r_nagnet|_c Reynglds numbers

a. High frequency range.For frequencies higher than _reac_:hed in the sodlulr;] setup_. It is con_5|stent Wlth other stud-
Q, the spectra decay algebraically with a slope close td€S in sodium flpw§1v and with numerical studies of MHD
—11/3. This regime corresponds to the action of the turbulenfrbulence at higky, . In addition, some simulatiofshave

velocity fluctuations, in agreement with Kolmogorov K41 shown that the relationsh?li)z(k)uk‘zﬁ(k) between kinetic
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quency, i.e., the impellers rotation rdie The measure-
60 T T T T T T ment probe is located near the midplane, 10 cm from
17Hz : : : : the axis of rotation. Upper panel: disks’ rotation rate at

: : : : Q=8 Hz (R,,=20) and lower panel: disks’ rotation rate
50F - — N : . at Q=17 Hz R,,— 43).

T

40

20_ ............. vvvvvvvv

PSD

10F-- R

R T e -

slope = —11/3\_ "1

20 i
21 05 0 0.5 1 1.5 2 25

and magnetic energy subsists for a dynamo-generated mademination of the velocity gradient tensor by a large scale
netic field although both spectra are steeper due to the effeshearing contribution: for time intervals larger than some
of the Lorentz force®3 characteristic shearing time, vorticity stretching has reached
b. Intermediate frequency rangeFor frequencies be- its maximum value. It is actually instructing to analyze this
tween)/10 and() we observe another power law behavior 1/f behavior in the time domain rather than in the frequency
with an exponent close to-1. This power law regime domain, i.e.yvia the time increments of the induction:
b_z(lf)ocf*l was not readily observed in the gallium setup. A Sb(r)=b(t+7)—b(t). 17
similar regime has been found in the Maryland experiment
from measurements made outside the flow volume but witiThe 1f scaling domain could be explained by the saturation
an exponent close to te5/317' The same spectral regime of the increments for times larger thah™*. Indeed,sb(7)
has been reported in the Karlsruhe experiment for the mag~ 7° would yield ab?(f)f ! behavior. This hypothesis can
netic field fluctuations above dynamo threshold. We also notee tested by computing the peak to peak value of the mag-
that this type of spectral behavior is reminiscent of the lownetic induction maxf)—min(b) and averaging this quantity
frequency part of the velocity spectrum for turbulent flowsover varying At time intervals. As shown in Fig. 12, we
with strong shear, in which context it is attributed to the observe a logarithmic behavior
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2 : : . . ; T Our internal measurement of the induced 3D magnetic
' field in the presence of an externally applied field shows

strong and anisotropic induction mechanisms. They are re-

lated to the two main features of the flow geometry: the

differential rotation, which drives af) effect, and the helic-

_ ity, which can produce a macroscopiceffect. These are two

> 0.5t

; major ingredients of dynamo action, although self-generation
$ or . has not been reached in this experiment so far. Another very
3 important feature of the induction is its very high level of
<05 .

global fluctuations in time. As explained, this effect is related
to the flow nonstationarity. It has some strong implication for
the observation of dynamo action in unconstrained flows.

& : : . .
_15k : v ] Indeed, even if some particular flow topology would be fa-
j j v vorable to strong magnetic amplification, they may not last
-2 : : L i : ; : long enough, or maintain a sufficient coherence in time, for a

-1 -0.5 0 0.5 1.5 2 2.5 3

self-sustained magnetic amplification to take place: we have
observed flow global variations to occur with characteristic
FIG. 12. Evolution of the peak to peak value of the magnitude of thetimes of the order of the magnetic diffusive time. Further

induced magnetic fieldsb(At) =max@)—min(b)] as the intervalAt over experimental campaigns are under way to clarify this prob—
which it is calculated increases. Two experiments are sh@wn disks

1
log1 O(Q At)

rotating at 8 Hz R,,=20) and(< ): disks’ rotating at 17 HzR,,=43). The lem.
straight line corresponds to a logarithmic evolutién(At)«<B, log QAt.
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