VOLUME 84, NUMBER 19

PHYSICAL REVIEW LETTERS

8 MAy 2000

Detection of a Flow Induced Magnetic Field Eigenmode
in the Riga Dynamo Facility

Agris Gailitis, Olgerts Lielausis, Sergej Dement’ ev, Ernests Platacis, and Arnis Cifersons
Ingtitute of Physics, Latvian University, LV-2169 Salaspils 1, Riga, Latvia

Gunter Gerbeth, Thomas Gundrum, and Frank Stefani
Forschungszentrum Rossendorf, PO. Box 510119, D-01314 Dresden, Germany

Michael Christen, Heiko Hanel, and Gotthard Will

Department of Mechanical Engineering, Dresden University of Technology, PO. Box 01062, Dresden, Germany
(Received 10 December 1999)

In a closed volume of molten sodium an intense single-vortex-like helical flow has been produced
by an outside powered propeller. At a flow rate of 0.67 m?/s a owly growing magnetic field eigen-
mode was detected. For a dightly lower flow, additional measurements showed a slow decay of this
mode. The measured results correspond satisfactorily with numerical predictions for the growth rates and

frequencies.
PACS numbers: 47.65.+a, 52.65.Kj, 91.25.Cw

Magnetic fields of cosmic bodies, such as the Earth,
most of the planets, stars, and even galaxies, are believed
to be generated by the dynamo effect in moving electrically
conducting fluids. Whereas technical dynamos consist of
anumber of well-separated electrically conducting parts, a
cosmic dynamo operates, without any ferromagnetism, in
a nearly homogeneous medium (for an overview, see, e.g.,
[1] and [2]).

The governing equation for the magnetic field B in an
eectrically conducting fluid with conductivity o and the
velocity v is the so-called induction equation
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which follows from Maxwell equations and Ohm'’s law.
The obvious solution B = 0 of this equation may be-
come unstable for some critical value Rm, of the magnetic
Reynolds number Rm = oo Lv if the velocity field ful-
fills some additional conditions. Here L is atypical length
scale, and v atypica velocity scale of the fluid system.
Rm,. depends strongly on the flow topology and the helic-
ity of the velocity field. For self-excitation of a magnetic
field it has to be at least greater than 1. For typical dy-
namos as the Earth outer core, Rm is supposed to be of the
order of 100.

The last decades have seen enormous progress in dy-
namo theory which deals, in its kinematic version, with
the induction equation exclusively or, in its full version,
with the coupled system of induction equation and Navier-
Stokes equation for the fluid motion. Numerically, this
coupled system of equations has been treated for a number
of more or less redlistic models of cosmic bodies (for an
impressive simulation, see [3]).

Quite contrary to the success of dynamo theory, experi-
mental dynamo scienceisstill initsinfancy. Thisismainly

0031-9007,/ 00/ 84(19) / 4365(4) $15.00

due to the large dimensions of the length scale and/or the
velocity scale which are necessary for dynamo action to
occur. Considering the conductivity of sodium as one of
the best liquid conductors [o = 107 (2 m)~! at 100 °C]
one gets uoo =~ 10 s/m?. For a very efficient dynamo
with a supposed Rm, = 10 this would amount to a neces-
sary product Lv = 1 m?/s, which is very large for alabo-
ratory sodium facility if one takes into account the safety
problems. Historically notable for experimental dynamo
science is the experiment of Lowes and Wilkinson where
two ferromagnetic metallic rods were rotated in a block at
rest[4]. A first liquid metal dynamo experiment quite simi-
lar to the present one was undertaken by some of the au-
thorsin 1987. Although this experiment had to be stopped
(for reasons of mechanical stability) before dynamo action
occurred the extrapolation of the amplification factor of an
applied magnetic field gave indication for the possibility
of magnetic field self-excitation at higher pump rates [5].
Today, there are several groups working on liquid metal
dynamo experiments. For asummary we refer to the work-
shop “Laboratory Experiments on Dynamo Action” heldin
Riga in the summer of 1998 [6].

After years of preparation and careful velocity profile
optimization on water models, first experiments at the Riga
sodium facility were carried out during 6—11 November
1999. The present paper comprises only the most impor-
tant results of these experiments, one of them being the ob-
servation of a dynamo eigenmode slowly growing in time
a the maximum rotation rate of the propeller. A more
comprehensive analysis of al measured data will be pub-
lished elsewhere.

The principal design of the dynamo facility, together
with some of the most important dimensions, is shown in
Fig. 1. Themain part of thefacility consistsof aspiral flow
of liquid sodium in an innermost tube (with avelocity upto
the order of 15 m/s) with a coaxial backflow region and a
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FIG. 1. The Riga dynamo facility. Main parts are as follows.
1. two motors (55 kW each); 2: propeller; 3: helica flow
region; 4. backflow region; 5: sodium at rest; 6: sodium storage
tanks; *: position of the flux-gate sensor; x: positions of the six
Hall sensors.

region with sodium at rest surrounding it. Thetotal amount
of sodium is 2 m*. The sodium flow up to 0.67 m?/s is
produced by a specially designed propeller which is driven
by two 55 kW motors.

All three sodium volumes play an important role in the
magnetic field generation process. The spiral flow within
the immobile sodium region amplifies the magnetic field
by stretching field lines [7]. The backflow is responsible
for a positive feedback [8]. The result is an axialy non-
symmetric field (in a symmetric flow geometry) slowly ro-
tating around the vertical axis. Hence, a low frequency ac
magnetic field is expected for this configuration. Concern-
ing the azimuthal dependence of the magnetic field which
includes terms of the type exp(im¢) with in general arbi-
trary m it iswell known that for those Rm available in this
experiment only the mode with m = 1 can play any role
[8]. Many details concerning the solution of the induc-
tion equation for the chosen experimental geometry and
the optimization of the whole facility in general and of the
shape of the velocity profiles in particular can be found
in [8-10].

For the magnetic field measurements we used two dif-
ferent types of sensors. Inside the dynamo, close to the
innermost wall and at a height of 1/3 of the tota length
from above, a flux-gate sensor was positioned. Addition-
aly, eight Hall sensors were positioned outside the facility
at adistance of 10 cm from the thermal isolation. Of those,
six were arranged parallel to the dynamo axis with arela-
tive distance of 50 cm, starting with 35 cm from the upper
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frame. Two sensors were additionally arranged at different
angles.

After heating up the sodium to 300 °C and pumping it
slowly through the facility for 24 h (to ensure good el ectri-
cal contact of sodium with the stainless-steel walls) various
experiments at 250 °C and around 205 °C at different rota-
tion rates of the propeller were carried out.

According to our numerical predictions, self-excitation
was hardly to be expected much above a temperature
of 200°C since the electrical conductivity of sodium
decreases significantly with increasing temperature. Nev-
ertheless, we started experiments at 250 °C in order to get
useful information for the later dynamo behavior at lower
temperature, i.e., at higher Rm. Although the experiment
was intended to show self-excitation of a magnetic field
without any noticeable starting magnetic field, seed-field
coils fed by a 3-phase current of variable low frequency
were wound around the module in order to measure
the subcritical amplification of the applied magnetic
field by the dynamo. This measurement philosophy was
quite similar to that of the 1987 experiment [11] and is
based on generation theory for prolongated flows as the
length of our spiral flow exceeds its diameter more than
10 times. Generation in such a geometry should start
as exponentially high amplification of some seed field
(known as convective generation) and should transform,
at some higher flow rate, into self-excitation without any
external seed field.

As a typical example of measured field amplification
curves, Fig. 2 shows the inverse relation of the magnetic
field measured at the inner flux gate sensor to the cur-
rent in the excitation coils for afeeding frequency of 1 Hz
and a temperature of 205 °C versus the rotation rate of the
propeller. The duration of a measurement session for one
point in Fig. 2 varied from 60 s for low rotation to 15 s
for high rotation rates. During these sessions the rotation
rate was kept constant. The signal from the inner flux
gate sensor was measured every 0.1 ms and the averaged
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FIG. 2. Dependence of the magnetic field amplification on the
propeller rotation rate for T = 205°C and f = 1 Hz. The or-
dinate axis shows the inverse relation of the measured magnetic
field to the current in the seed-field coils. Squares and crosses
correspond to two different settings of the 3-phase current in the
seed-field coils with respect to the propeller rotation.
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value of 100 subsequent signals was recorded every 10 ms.
The two curves (squares and crosses) correspond to two
different settings of the 3-phase current in the seed-field
coils with respect to the propeller rotation. An increas-
ing amplification of the seed field can be clearly observed
in both curves until a rotation rate of about 1500 rpm.
These parts of both curves point to about 1700 rpm which
might be interpreted as the onset of convective generation
[8,9]. If the excitation frequency would be exactly the one
the system likes to generate as its eigenmode, the curves
should further approach the abscissa axis up to the self-
excitation point. As 1 Hz does not meet exactly the eigen-
mode frequency the points are repelled from the axis for
further increasing rotation rates as it is usual for externally
excited linear systems passing the point of resonance (for
this interpretation, see also Fig. 5).

A; = (0.476 + 0.004) mT,
f1 = (0.995 = 0.00005) s,
A, = (0.133 = 0.001) mT,
f> = (1.326 = 0.00015) s !,

The positive parameter p, = 0.0315s™' together
with the very small error gives clear evidence for the
appearance of a self-exciting mode at the rotation rate of
2150 rpm. Figure 3b shows in a decomposed form the two
contributing modes, the larger one reflecting the amplified
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FIG. 3. Measured magnetic field and fitting curve (a). De-
composition of the fitting curve into two curves with different
frequencies (b).

It should be emphasized that al pointsin Fig. 2 except
the rightmost one are calculated from the recorded sinu-
soidal field of the same 1 Hz frequency as the seed field.
However, the rightmost point at 2150 rpm is exceptional.
Evidently, the field record for this rotation rate (Fig. 3a)
shows a superposition of two sinusoidal signals.

Numerically, this signal (comprising 1500 data points)
has been analyzed by means of a nonlinear least squares
fit with eight free parameters according to

B(Z) = Alep”sin(ZWflt + (l)l)
+ Are? SN2 fot + 7). ()]
The curve according to this ansatz (which is aso shown
in Fig. 3a) fits extremely well into the data giving the fol-

lowing parameters (the errors are with respect to a 68.3%
confidence interval):

p1 = (—0.0012 = 0.0003) s,
¢ = —0.879 = 0.012,

p> = (0.0315 = 0.0009) s,
> = (0.479 *+ 0.009).

field of the coils and the smaller one reflecting the self-
excited mode.

Immediately after this measurement at 2150 rpm the
rotation rate was intentionally reduced to 1980 rpm
as the measurement series of Fig. 2 was completed.
At that lower rotation rate the coil was switched off
suddenly.  Figure 4 shows the subsequent magnetic
field decay as it was observed at three selected Hall
sensors. This mode has a frequency of f = 1.1 s7! and
a decay rate of p = —03s!. A similar signa was
recorded by the inner flux gate sensor showing also that
at 1980 rpm the dynamo has returned to the subcritical
regime. Unfortunately, the field was not recorded when
the flow rate was twice passing the critical value from
below and from above. This valuable information was
simply lost.
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FIG. 4. Magnetic fields measured at three selected positions
outside the dynamo module after switching off the coil current.
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FIG. 5. Numerical predictions for growth rates p and frequen-
cies f of the dynamo eigenmode in dependence on the rotation
rate for three different temperatures, and measured values.

It is interesting to compare the frequencies and growth
or decay rates at the two different rotation rates 2150 and
1980 rpm with the numerical predictions. These are based
on the outcomes of atwo-dimensional time dependent code
which was described in [9]. As input velocity for the
computations an extrapolated velocity field based on mea-
surements in water at two different heights and at three dif-
ferent rotation rates (1000, 1600, and 2000 rpm) was used.
Figure 5 shows the predicted growth rates and frequencies
for the three temperatures 150, 200, and 250 °C which are
different due to the dependence of the electrical conduc-
tivity on temperature. The two pairs of points in Fig. 5
represent the respective measured values. Having in mind
the limitations and approximations of the numerical prog-
nosis [9] the agreement between predicted and measured
values is good, particularly regarding the slope between
the values at 1980 and 2150 rpm. The parallel shift of the
measured growth rates with respect to the predicted values
might be explained by the Ohmic resistance in the inner
steel walls which is not considered in the 2D code. In our
experimental situation this leads to an 8% increase in Rm.,
(1D computation [8]). The influence of turbulence on the
effective conductivity is estimated to increase Rm, by 1%.

The main part of the experiment was originally planned
a T = 150 °C where self-excitation with a much higher
growth rate was expected. The experiment was stopped at
T = 205 °C since technical problems with the seal of the
propeller axis against the sodium flow-out have been de-
tected. It is worth noting that the overall system remained
stable and worked without problems over a period of about
five days. The sealing problem needs inspection, but rep-
resents no principa problem.

For the first time, magnetic field self-excitation was ob-
served in aliquid metal dynamo experiment. Expectedly,
the observed growth rate was still very small. The corre-
spondence of the measured growth rates and frequencies
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with the numerical prognoses is convincing. The genera
concept of the experiment together with the fine-tuning of
the velocity profiles [9] has been proven feasible and cor-
rect. The facility has the potential to exceed the thresh-
old of magnetic field self-excitation by some 20% with
respect to the critical magnetic Reynolds number. The
experiment will be repeated at a lower temperature af-
ter the technical problems with the seal will be resolved.
For a lower temperature, a higher growth rate will drive
the magnetic field to higher values where the backreac-
tion of the Lorentz forces on the velocity should lead to
saturation effects.

We thank the Latvian Science Council for support un-
der Grant No. 96.0276, the Latvian Government and I nter-
national Science Foundation for support under joint Grant
No. LJD100, the International Science Foundation for sup-
port under Grant No. LFD0Q0, and Deutsche Forschungs-
gemeinschaft for support under INK 18/A1-1. We are
grateful to W. Héfele for his interest and support and to
the whole experimental team for preparing and running
the experiment.

[1] F Krause and K.-H. Radler, Mean-Field Magnetohydro-
dynamics and Dynamo Theory (Akademie-Verlag, Berlin,
and Pergamon Press, Oxford, 1980).

[2] H.K. Moffatt, Magnetic Field Generation in Electrically
Conducting Fluids (Cambridge University Press, Cam-
bridge, England, 1978).

[3] G.A. Glatizmaier and P.H. Roberts, Nature (London) 377,
203 (1995).

[4] F.J. Lowes and I. Wilkinson, Nature (London) 198, 1158
(1963).

[5] A. Gailitis, B.G. Karasev, I.R. Kirillov, O.A. Lielausis,
S.M. Luzhanskii, A.P. Ogorodnikov, and G. V. Preslitskii,
M agnetohydrodynamics 23, 349 (1987).

[6] Proceedings of the International Workshop on Laboratory
Experiments on Dynamo Action, Riga, 1998, edited by
O. Lielausis, A. Gallitis, G. Gerbeth, and F. Stefani (FZ
Rossendorf, Dresden, 1998).

[7] Yu.B. Ponomarenko, J. Appl. Mech. Tech. Phys. 14, 775
(2973).

[8] A. Gailitis, Magnetohydrodynamics 32, 58 (1996).

[9] F. Stefani, G. Gerbeth, and A. Gallitis, in Transfer Phe-
nomena in Magnetohydrodynamic and Electroconducting
Flows, edited by A. Alemany, Ph. Marty, and J. P. Thibault
(Kluwer Academic Publishers, Dordrecht, 1999), p. 31.

[10] M. Christen, H. Hanel, and G. Will, in Beitrége zu Fluiden-
ergiemaschinen (Verlag und Bildarchiv W. H. Faragallah,
Sulzbach/Ts., 1998), Bd. 4, p. 111.

[11] A. Gallitis, B.G. Karasev, I.R. Kirillov, O.A. Lielausis,
and A.P. Ogorodnikov, in Liquid Metal Magnetohydrody-
namics, edited by J. Lielpeteris and R. Moreau (Kluwer
Academic Publishers, Dordrecht, 1989), p. 413.



