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Advection of a magnetic field by a turbulent swirling flow

P. Odier, J.-F. Pinton, and S. Fative
Ecole Normale Supiure de Lyon, CNRS URA 1325, 69364 Lyon, France
(Received 6 July 1998

We study the magnetic field fluctuations generated by a turbulent swirling flow in the presence of an
externally applied magnetic field. We show that the spectra of local magnetic field fluctuations have a region
of power law scaling which is interpreted in terms of Kolmogorov’'s model of turbulent velocity fluctuations.
We also discuss the mean and rms values of the magnetic field induced by the velocity gradients.
[S1063-651%98)08312-3

PACS numbes): 47.65+a, 47.27—i

We report an experimental study of the magnetic fieldTwo 11-kW ac motors are used to drive the digkadiusR
fluctuations generated in a turbulent flow of liquid gallium, =10 cm) at a constant frequen€y, adjustable in the range
in the presence of an externally »applied field. We conside6—50 Hz. The enclosing cylindrical vessel has a volume of
the case of a weak “seed” fiel,, so that the Lorentz 5.5 liters. It is filled with liquid gallium(density p=6.09
forces do not modify the flow1]. The velocity gradients X10° kg m™3), chosen for its high electrical conductivity

induce magnetic field fluctuatiosat all scales, the descrip- (":3'68%}0629711 m 1)', lts kinematic viscosity isv
tion of which pertains to the dynamics of a “passive vector” = 3-1X10" " m”s™%. The integral kinematic and magnetic
in turbulence, in analogy to the passive scalar ¢ageHow- Reynolzds numbers7 of the flow are zdeflned %,
ever, this passive vector dynamics involves stretching of 27R Q/Ve[loe’l_o], and Rn=2muooR e[13,15.
magnetic field lines by velocity gradients, analogous toNote that, as |n_aII liquid metals, th_e6 magnetic Prandtl num-
stretching of vorticity lines, and is thus at an intermediateP®’ Pm=woov is very small ¢~107°). Thus the flow is
level of complexity between passive scalar advection angtrongly turbulent R is large even at moderate values of
fully developed turbulence. In particular, stretching of mag-Rm. for which interesting dynamics of the magnetic field are
netic field lines by velocity gradients may overcome JouleeXPected. The surfaces of the disks bear an etched pattern in
dissipation and generate a large scale magnetic field by antP€ form of squares 1 mm thick. The purpose of this artificial
plification of weak initial disturbances—this is the dynamo rugosity is to ensure an inertial entrainment of the fluid. In
effect, which is at the origin of the magnetic field of the earththis case the rms value of the velocity fluctuations is propor-
and of many astrophysical obje¢®4]. Our first motivation tional to (and equal to aboyt a tenth)dhe dISk;S rim speed:

is to study the statistical properties of the fluctuating mag-The flow power consumptioR then scales a8° [10]. Mea-
netic field; incidentally we show that it can be used as ssurements yielP=K(pR°Q?%), with K=13.3+0.1, a nu-
probe of the turbulent velocity gradients. There exist almostnerical constant independent of the Reynolds number. It is
no experimental studies of this problem, i.e., the effect of lissipated into heat by the turbulent motion and drained off
flow of liquid metal on an externally applied magnetic field by the_ cooling circuits located beh_lnd the disks. For each run
[5,6], whereas much research has been devoted to the modit @ fixed rotation rate, the flow is kept at a constant tem-
fication turbulence by a strong Lorentz force. Our secondPeratured e[40 °C,80 °Q. Two pairs of Helmholtz coils are
motivation is to use the fielé generated by velocity gradi- setto prodl_Jce an external f!eﬂij) up to 40 G, glther parallel
ents as a response function of the turbulent flow to the ap2" PErPendicular to the rotation axis. Magnetic measurements

. . = o . . are performed inside the vessel using directional and tem-
plied field By, in order to obtain insights into the stretching b d

. . -~ erature compensated Hall probes with a Bell 9905 gauss-
mechanisms believed to be at the origin of the dynamo efp P P g

fect. We use the flow created in the gap between two coaxial
rotating disks, the von Kanan swirling flow, as it is known Pressure regulation (Ny) | Helmoltz, coils
to involve strong stretching by velocity gradiert]. This ml

leads to an amplification of intense vorticity both for LU N

counter-rotating 8] or corotating disk9]. One may thus - —IU ToR
expect a similar efficiency for the amplification of magnetic H

field fluctuations because of tla b analogy{3]. In addition,

this flow possesses many features, such as differential rota

tion or poloidal and toroidal mean flow components, which

are known to favor dynamo actids]. Cooling cireuit J
Our experimental setup is schematically shown in Fig. 1.

Fluid IN/OQUT

FIG. 1. Experimental setugnot to scalg R=10cm, H
*Present address: Ecole Normale Signge, CNRS URA 1306, =10 cm. The magnetic Hall probe is located in the median plane, at
75231 Paris, France a variable distancd from the rotation axis.
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FIG. 3. Comparison of magnetic and pressure spectr&®,at
=10.8. The pressure is measured at the lateral wall. The low fre-
guency cutoff in the magnetic spectrum is due to the ac filtering of

— the gaussmeter.

m

=

) scaling region also widens with increasiRy,; it is always

g larger than a decade. Note that this is a lower bound since
our measurements are limited by the amplitude resolution of
the Hall probes; the actual extent of the scaling zone of the
magnetic fluctuations may be larger. In Fig. 3 we compare it
with the scaling domain of pressure fluctuations measured at

1 2 ‘ 3 the flow wall. It can bee seen there that it lies in the domain
logo(f [Hz]) where the pressure fluctuations also follow a power law, i.e.,
in the inertial range of the velocity fieldl1]. We thus ob-

FIG. 2. () Magnetic spectra for different orientationB(.B) serve a scaling behavior of the magnetic field fluctuations

2 —a inarti
with respect to the rotation axis of the applied and induced fieldsP“(f )f~%, in the inertial range of turbulence. Measure-
Q=40 Hz; R,,=10.8; probe ad=1cm from the wall.(b) Mag-  Ments for all orientations and accessible value®gfyield

netic spectra foR,,= 3.5 andR,,= 15, for the field component par- a=3.7+0.2.
allel to the rotation axisB, is also axial. These results can be understood as follows. In the pres-

ence of a uniform and constant applied fi@g, magnetic

meter, the spatial resolution is 3 mm, with a frequency range. Lo Lo
of 50 kHz in the ac mode or 400 Hz in the dc mode. Pressur@eld perturbations are governed by the equatiof:

-1 0

measurements are performed with an acceleration compen- B\~ B. ¥ -
sated transducer PCB H112A21, 5 mm in diameter, mounted (90 V)b=[(b+Bo)- V]d+AAD,
flush with the lateral wal[11]. - (1)

When a steady magnetic field is applied on the flow, an V-b=0.

induced field is produced as a result of stretching by the locaéince the magnetic diffusivity=1/uo) is orders of mag-
velocity gradients. As the flow is fully turbulent, the velocity . . L Lo .
nitude larger than the kinematic viscositly, adiabatically

gradients follow scaling laws in a range of scales—the so - o S e
called inertial domain of turbulend@]. One may thus ex- [ollows . In this “quasistatic” approximatiori12,13, one
has, to leading order

pect scaling properties for the magnetic field fluctuations.
Figure Za) shows typical power spectri@n time) of mag-
netic field fluctuations. The measurements are made,at

=10.8 with the Hall probe placed inside the flow; the curves, ,igeq that the induced field is much smaller than the ap-
correspond to different orientations of the applied figlgl plied ones, as is well verified in our experiment, THus

and induced componeht They are quite similar, with firsta obeys a Poisson equation—this is analogous to the pressure
flat frequency region followed by a steep cutoff which dis-field albeit second order derivatives of the velocity field are
plays an algebraic decay’(f )ocf ¢ (the discrete lines in involved in the later case. Keeping in mind that the flow is

the spectrum corespond to noise generated by the electrifot modified byB,, Eq.(2) and a dimensional analysis in

motors driving the disks When comparing magnetic spectra the framework of Kolmogorov phenomenology then leads to
recorded at increasing rotation ratéend hence magnetic

Reynolds numbeé+—see Fig. Bb)—one observes that this b2(k)ock = 2U3(k) ~ k113 ®)
behavior is preserved. The transition between the flat spectral

region and the power law one occurs for a frequency of then the inertial range. This behavior, predicted by Golytsin
order of Q, i.e., the integral time scale of the flow. The [12] and Moffatt[13] for turbulent magneto hydrodynamics

ANAb~—(By- V)4, 2
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FIG. 4. Azimutal component of the induced field for an applied
field of 33 G applied in the direction of the rotation axis. Rm

(MHD) flows at very small magnetic Prandtl number, is con-
sistent with our measurements, providing Taylor's hypoth-
esis may be used/ 4], 6“
Note that, when eddy-damped quasinormal Markovian &,
(EDQNM) closures are applied to MHD equations, the rela-
tion b?(k)ck~2ti%(k) between kinetic and magnetic energy
subsists when the magnetic field is generated by the dynamd-©

o=

effect, although both spectra are steeper because of the effec 04l o R A

of the Lorentz forcg15]. We thus find that the magnetic = ) L. : :

energy is confined to large scales of the flow, the small scale OS5 peeee s s v T P

fluctuations being rapidly damped through the combined ac- fQ 06t S N e e e

tion of stretching and Joule dissipation. The similarity of the P U U UUUUUE SOV SUUUUE AUU AUUR SOOI

high frequency regions of the magnetic spectra in Fi@ 2 ’ g ; ; ; ; ; ;

shows that the small scale velocity gradients are fairly iso- O+ 10 1z 12 16

tropic, in agreement with Kolmogorov phenomenology; con-

versely, the differences in the low frequency parts are as- Rm

cribed to the effects of large scale gradients which are far

from being isotropic in this flow. We also emphasize that 0

although the curves in Figs. 2 and 3 correspond to a mea-=— * §

surement near the lateral wall Bf,~ 11, these features are g ol :

found for all values oR,, and positionsl of the probe inside e o o

the flow. ook i N L]

We now consider the temporal averapeof the magnetic | ' y

field b. Equation(2) yields: Y RN UUUUR TNUU UUNE VO ]
- — SN DO
b(F)~g*(Bo- V)4, (4) o 04t R LREEs RRRNEEREN

aa] S S

whereg is a Green functioiequal to the free space one only 05 - L LS

for insulating boundary conditions at the vessel walls, and : : : : : ; ; e

the » denotes the convolution of function€Equation(4) is 0.6 s s s s s i :

the leading order term for the distortion of the magnetic field 0 2 4 6 8 10 12 14 16

lines; it is due to the nonuniformity of the flow alorﬁg) and Rm

varies linearly withR,, at smallR,,, [1,3]. This is evidenced

in Fig. 4, where the azimutal component of the induced field FIG. 5. Average value of the magnetic field for different orien-

is plotted againsR,,, for an applied field parallel to the tations Bo,b) with respect to the rotation axis of the applied and

rotation axisz. Here an azimutal componeh} is induced by  induced field.

the stretching ternv,uy, i.e., by differential rotation(the

disks rotate in opposite directions A similar induction of magnetic field is observed when
Note here that we have checked thak linear as a func- the applied field is oriented normal to the rotation axis—see

tion of By, even at a small rotation rate of the disks. ThisFig. 5. A perpendicular magnetic componéin., b parallel

shows that the velocity fieldj, is not affected by the Lor- to the rotation axisis observed, at every positich of the

entz force, in agreement with the small value of the interacprobe inside the flow. This is due to the nonuniformity in the

tion parameteraBSR/pu (the ratio of Lorentz to pressure transverse direction of the axial velocity component. Here

forces. again, the amplitude of the induced field varies linearly with
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TABLE I. Variation of rms fluctuations of the induced magnetic
field, for an applied field of 20 G. Theand L symbols denote the

0.04 orientations of the applied and induced field with respect to the
('3‘ L o rotation axis of the disks.
‘—(‘) 0.03 b . o :_
faa) =, Boll, bl Boll,bL Bol ,bll Bol,bL
S~
9 0.02b 8., | 1d
& 20 o © 1 dBims 0.0012  0.0024 0.0022 0.0019
58° o ° By dRy,
0.01L ZYE* o....‘?.. 1 db
?Duﬂ' R R —0.0016 0.0157 0.0065 —0.0018
Dﬁgnuo o | | By dR,
0 5 10 15
Ry

Another fact is thab has quasi-Gaussian fluctuations, as
shown in Fig. 6b). This is in sharp contrast with the behav-
ior of pressure fluctuations in turbulent flows, which display
asymmetric probability density functions with an exponential
tail toward the low value§ll]. Note that both fields obey a
Poisson equation with a source term involving the velocity
gradients. The main difference is that the source term is lin-
ear forb, and quadratic fop.

Finally, we discuss the three-dimensional dynamics of the
magnetic field in our flow in regard to the dynamo problem.

First we observe that differential rotation generates a toroidal
)/ 5 | field component from a poloidal one; this is an important
7|V S S S mechanism for dynamo actidi8]. Indeed, this effect is the
S 4321012 345 source of solid rotor dynamos introduced by Herzenberg
b - <b> [13], and shown in the experiment of Lowes and Wilkinson
By [16]. Second, we observe the induction of an axial field from
an applied transverse field. Together, these processes may

FIG. 6. (a) Evolution of the rms amplitude of the induced mag- |ead to a nonlinear growth of the magnetic energy. |ndeed,
netic field, forR,,e[2,15]; the respective orientations of the ap- starting WithB.  the large scale velocity gradients generate
plied field and measured induced components &e=B,l,bll), . 0 N . - .
(O=Byl,bL), (& =ByL,bll, and k=ByL,bL). (b) Corre- @an induced componett® with an amplitudeO(BoRyy); in
sponding probability density function. turn, b® can be acted upon by the velocity gradients to
Ry,. Itis thus seen that the three dimensional structure of thgrod(llj)ce an mducgd fieldo'®) whose amphtud_e 1S _now
mean flow results in a three-dimensional 3D geometry forP(P""Rm) ~O(BoRy,), etc. We note that numerical studies
the magnetic field induced by the velocity gradients. of _flows with S|m|Iar_geome_tr|eéaut different b(_)undary con-

Additional information about the velocity gradients is ob- ditions), based on kinematic dynamo calculatigag] or us-
tained by studying the fluctuations of the induced field. Weg?u:tlirgr?;[igué?\t:)?/:/q[tlhsi,t 33‘;;%(3;':':?0?]'%5;?; c:ntl\j/lg:\j/es
gzz)t_()::eé\;iegtl:;brz;¥a2(§4)l.ln_?:glySl\évFl)tzngng.o er?d critical valuesR}, e [20,5Q for its onset. Work is underway

b,e/B, as a function oR,, are different—see Table I. We to operate our flow using liquid sodium as a working fluid;

attribute this to the fact that whereas the mean value of th(ranagnetlc Reynolds numbers exceeding 80 will be reached.

induced fieldob is due to the large scale structure of the mean This experiment was designed with the technical help of
flow, its fluctuations are generated by the turbulent fluctuaClaude Laroche, Djamel Bouraya, and Marc Moulin. We
tions. In agreement with previous velocimetry measurementthank Rhme-Poulenc for lending us the gallium. This work
in this type of flow, we observe that the mean velocity gra-was supported by grants from Centre National de la Recher-
dients are larger spanwigee., for derivatives taken in the che Scientifique and the French Education and Research
transverse direction Ministery.
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