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Abstract. Inspired by a design originally proposed by Bullard (1955 Proc.
Camb. Phil. Soc. 51 744), we report a simple experimental arrangement which
generates a turbulent fluid dynamo in the laboratory. It is based on a von Kdrman
gallium flow and it effectively models an ‘alpha—omega’ dynamo process, in
which the alpha component is realized by external wirings, while the omega
contribution fully incorporates the flow turbulence. In the dynamo state, we
observe intermittent reversals of the dipole field, as well as excursions. The
bifurcation develops through an ‘on—off’ regime.
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1. Introduction

The dynamo effect is believed to be at the origin of the magnetic field of planets and stars
[2]. In this process, a fraction of the kinetic energy of motion of an electrically conducting
fluid (liquid iron in the case of the Earth’s core) is converted into magnetic energy. It is a
nonlinear instability that occurs above a threshold, i.e. when the motion of the fluid is so
vigorous that the stretching of magnetic field lines overcomes the Joule (resistive) dissipation.
Not all fluid motions are appropriate. Anti-dynamo theorems invalidate large classes of flows,
for instance two-dimensional motions [3]. Experimentally, the first observation was made in
1964 with solid rotor motions [4]. The turn of the century saw the advent of fluid dynamos
with liquid sodium experiments in Karlsruhe [5], Riga [6], and recently VKS?2 [7], operating in
progressively less constrained geometries. One of the goals of experimental studies has been to
generate a fully homogeneous dynamo. Solid rotor experiments [4] and later fluid experiments
in Riga and Karlsruhe operated with homogenous electrical conditions but prescribed motions.
In the experiment reported here, the opposite limit is explored. The flow is fully turbulent with
very large fluctuations [8] but the current paths are partly imposed. As far as we know this limit
has not been studied before experimentally.

A dynamo cycle can be viewed as a series of magnetic induction steps in which an initial
magnetic seed field By, transported and stretched by the velocity gradients in an electrically
conducting flow, gives rise to an induced magnetic field component B;, which in turn generates
an induced field B,, etc. until eventually the contribution after n steps B, reinforces B, [9].
If this feedback process is efficient enough, By is self-sustained (it is the neutral mode of the
dynamo instability). For this to happen, studies to date have identified differential rotation and
helical motions as key ingredients for the fluid motion. For instance, differential rotation (or zonal
motions) can efficiently induce a toroidal magnetic field from a poloidal field [10]. The reciprocal
conversion, i.e. the generation of a poloidal magnetic field from a toroidal one would complete
the dynamo cycle. Helical motions in columns, present in several models of convection-driven
dynamos in a sphere, have been shown to be able to achieve this [11, 12]. Helical flow geometries
are interesting because they are able to induce currents locally parallel to the magnetic field
[13, 14]. The Riga dynamo experiment [6] is based on an helical motion of the Ponomarenko
type [15]. Organized arrays of helical motions in the spirit of the Roberts flow [16] drive the
Karlsruhe dynamo experiment [5]. The mean field theory of magnetohydrodynamics [17] shows
that if the turbulence is helical (or at least not parity-invariant) it may contribute to the conversion
of a toroidal field into a poloidal one. The associated induction mechanism, usually called the
alpha effect, is widely used and has been very successful for the development of astrophysical
dynamo models [18]. However, for liquid metal flows in the laboratory, experiments have shown
the contributions of small scale turbulent motions to be weak [19]-[21]. The actual role of
turbulence and its positive or negative influence on the dynamo cycle is at present very much
debated, and the study of a dynamo generated from a fully turbulent flow is of great interest. The
recent VKS2 [7] findings are quite promising, but the experiment involves the complex operation
of sodium flows.

We propose here a model that can be conveniently explored in the laboratory. Part of the
dynamo cycle is generated by an external feed-back but the flow turbulence is included and has
a leading role. That is, we relax the requirement that the current path be fully homogeneous, and
we effectively prescribe the mechanism by which a toroidal magnetic field generates a poloidal
one. However, the poloidal to toroidal conversion remains the result of a fully turbulent process.
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2. Experimental set-up

Our experiments are carried out in the set-up sketched in figure 1. The flow is produced by
the rotation of two disks inside a stainless steel cylindrical vessel filled with liquid gallium.
The cylinder radius R is 97 mm and its length is 323 mm. The disks have a diameter equal
to 165mm and are fitted to a set of eight blades with height 10 mm. They are separated
by a distance H = 203 mm. The disks are driven by two 11 kW AC-motors which provide
a constant rotation rate in the interval 2 € [0.5, 25] Hz with a stability of about 0.1%. The
system is cooled by a water circulation located behind the driving disks; the experiments
are made with the flow in a temperature interval between 42 and 48°C. Liquid gallium
has density p = 6.09 x 103kgm™, and electrical conductivity o = 3.68 x 10°ohm™!'m !,
hence a magnetic diffusivity A = 1/ugo = 0.22m?s~!. Its kinematic viscosity is v = 3.1 x
10" m?s~!. The integral kinematic and magnetic Reynolds numbers are defined as Re =
27 R*Q/v and R,, = 2w R*Q /. Values of R,, up to five are achieved, with corresponding Re in
excess of 10°.

Magnetic induction measurements are performed using Hall sensor probes inserted into the
flow in the mid plane, half way between the axis and the vessel wall. We measure the magnetic
field component in the axial direction (B,) and in the azimuthal direction (By). Data are recorded
using a National Instrument PXI-4472 digitizer at a rate of 1000 Hz with a 23 bit resolution.

The above set-up is used to build a simple laboratory dynamo, very much inspired by the
solid rotor arrangement proposed by Sir Edward Bullard [1]. Consider the case when the two
disks counter-rotate at the same rate 2. When an axial magnetic field By, is applied (by imposing
current in the external coils, as in figure 1(upper), the flow differential rotation induces a toroidal
field By. This can be seen from the induction equation

)]
~, =V x (ux(B+By)+1AB (1)

where u is the velocity in the flow. For a constant and uniform axial field applied, one obtains in
the quasi-static limit at low magnetic Reynolds numbers [8, 19, 22],

5
0~ BO,Z$ + AABy 2)
<

so that the toroidal induced field is directly related to the differential rotation in the axial direction.
This is the ‘omega’ induction mechanism. It is a linear effect, and the time average of the toroidal
field at the measurement location verifies By = kR,, By ., where k is a ‘geometric’ constant which
in our experiment has been measured of the order of 0.1. However, due to the turbulent nature
of the flow, the instantaneous values By(f) have strong fluctuations: the standard deviation is of
the order of the mean.

The poloidal to toroidal conversion is obtained when a signal linearly proportional to By is
used to drive the current source that feeds the coils, which, in turn, generate By, (figure 1(lower
diagram)). As aresult, By, = G By with G an adjustable gain. In this closed loop the average axial
field obeys B, = GkR,, B.. A necessary condition for a self-sustained state is then GkR,, = 1.
It corresponds to rotation rates of the disks larger than Q¢ = A /2w GkR?. Clearly, the adjustable
gain of the linear amplifier allows us to set the value of €2¢ to an experimentally accessible range.
At this point, it should be emphasized that although the feed-back scheme is very similar to the
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Figure 1. Experimental set-up: a von Kdrman flow of liquid gallium is generated
in a cylindrical vessel between two counter-rotating disks driven by two
AC-motors. (Upper figure): omega effect; the differential rotation advects and
stretches an externally applied axial field By, (red lines) so as to generate a
toroidal component By (green line). (Lower figure): positive toroidal to poloidal
feed-back: the amplitude of By is used to drive a power source which generates
the current in the external loop. Two Helmholtz coils are set on either end of the
cylindrical flow vessel. By is measured in the mid-plane by a Hall probe connected
to a Bell gaussmeter. Its value is fed into a linear amplifier whose output drives a
Kepco BOP current source. The inset shows the actual position of the Hall probes
used to measure the poloidal (B,) and the toroidal (By) magnetic fields inside the
vessel; the probes are inserted into the flow at R/2 from the rotation axis.
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Figure 2. Evolution of the axial induced field B, as a function of time, for
three values of €2. Saturated (maximum) values correspond to By, ~ +30G.
No external field is applied, other than the Earth’s and its local distortion by the
laboratory environment.

Bullard rotor dynamo [1, 23], it fully incorporates a fluid turbulence component—fluctuations up
to 114% for the omega effect have been reported for this flow in [8]. The feed-back mechanism
would lead to a stationary dynamo in the absence of these fluctuations, but in their presence one
may expect richer dynamical regimes.

3. Results

3.1. Global features

Figure 2 shows the time evolution of the axial magnetic field (featuring the expected poloidal
dynamo dipole) for different rotation rates of the disks. The current amplifier stage is set so that
Q¢ = 8.3 Hz. In this section, we describe global characteristics of the magnetic behaviour of the
system, and we shall return to specific points in the next sections.

Let us first consider the system behaviour as the rotation rate of the driving disks is
progressively increased. The magnetic field is initially null at all times, save for the ambient
Earth’s field. It remains so until a sufficient rotation rate is reached. At this point, one observes the
occurrence of intermittent bursts: the magnetic field grows spontaneously at irregular intervals,
with either polarity. This corresponds to times when the fluctuations in the differential rotation
reach a level high enough to satisfy the instability condition. In figure 2, it is the case when
2 = 8 Hz: during these dynamo bursts, the magnetic field reaches a finite value & By, held for
durations, (Tpu )2 ~ 5 on average (or (Tyug)A/R* ~ 10 if one compares to the diffusion time
of the magnetic field across the flow volume). The fact that either polarity is realized is due to
the symmetry of the induction equation

0,B=V x (ux B)+AAB 3)
which is invariant under the change B — — B, with the velocity field u unchanged.
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As the disks rotation rate is increased further, the dynamo bursts grow longer until aregime is
reached when the magnetic field is always present, with either polarity. This is the case in figure 2,
for the rotation rate 2 = 16 Hz. The polarity of the field is not constant in time: the magnetic field
spontaneously reverses its direction, at irregular time intervals. One also notes the occurrence of
excursions, i.e. times when the magnetic field decreases as if about to reverse, but then returns
to its initial value and polarity. This non-trivial dynamics results from the fluctuations due to
the flow turbulence: the velocity fluctuations [8] together with the creation of a dynamo field
induced in the presence of (non-independent) multiplicative and additive noise in the induction
equation.

In our experiment, the value of the magnetic field at saturation By, is set by the maximum
current that can be drawn from the power amplifier driving the current in the coils. We measure
Bge ~ 30 G, a value such that the Lorentz forces cannot modify the hydrodynamic flow. The
corresponding interaction parameter, computed as N = 0By, /pS2, is of the order of 1073.
The saturation of the instability is therefore driven by the nonlinearities in the feed-back loop
(essentially the amplifier) rather than by the back-reaction of Lorentz forces on the dynamical
velocity field. As a consequence, the B, component of the dynamo field saturates at the same
mean amplitude By, for all rotation rates; i.e. By, corresponds to the magnetic field generated by
the coils when the current source is saturated. However, the saturation amplitude of the toroidal
field, which includes the omega effect, increases linearly with 2, By = kR, Bgy.

An interesting finding is that the presence of turbulent fluctuations plays a crucial role in
the dynamics of the self-generated magnetic field, in particular for the triggering of reversals.
In our set-up, the current source is driven by an amplifier whose input is By + g - by, with By
the low pass DC component of By and b} its AC fluctuating part. This arrangement allows us to
study separately the role of slow variations and turbulent fluctuations in the feed-back loop. In all
results reported here, we have set g = 1.2. A homopolar dynamo, without reversals, is obtained
for smaller values of g. We have also observed that the dynamics is different when the b input
in the amplifier is replaced by a synthetic Gaussian white noise. A full investigation of the role
of noise in the development of the instability will be made in forthcoming studies.

In the arrangement reported here and shown in figure 1, the alpha effect is driven by the
omega effect as evaluated by measurements from a single probe. We have verified that the dynamo
behaviour is unchanged if the omega effect is integrated from measurements along a radius in
the shear layer. This is because the magnetic field dyamics is strongly correlated (in space)
in this flow [8], as the characteristic scale of magnetic diffusion g = 4/A/ € is of the order of
the cylinder radius.

3.2. Bifurcation

We describe in this section the onset of the dynamo instability. Since the magnetic field grows
with either polarity with equal probability, its mean value is always equal to zero. We therefore
compute and show in figure 3 the evolution of the variance of the axial field B, as the rotation
rate of the disks increases. For Q < Q¢ = 5.8 Hz, the amplitude of fluctuations is almost null,
while it grows abruptly for larger rotation rates. Close to this bifurcation, the variance B2 _ grows
approximately linearly with €2, but then saturates for frequencies larger than about 10 Hz when
the dynamo field is always on. This is due to the vanishing of the fraction of time when the axial
magnetic field is zero, while its maximum value is set at Bgy,.
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Figure 3. Evolution of the variance of the time fluctuations of the axial magnetic
field, as the disks’ counter-rotation rate is increased. Measurement is made in the
mid-plane as shown in figure 1.

A noteworthy feature of the bifurcation, as can already by seen in figure 2, is that it proceeds
via an ‘on—off’ regime. This is best evidenced in the changes of the probability density functions
(PDFs), shown in figure 4. For low rotation rates, bursts of magnetic field are observed, but the
maximum of the PDF is for B, = 0. As the rotation rates is increased beyond the bifurcation
threshold, the probability of measuring a zero magnetic field steadily decreases and the PDFs
peak at 4 Bg,. This scenario has been previously hypothesized for dynamo experiments and
models [24]-[28]. It was not observed in the experiments in Riga [6], Karlsruhe [5] and
VKS2 [7], for which the dynamo process is completely homogeneous.

Schematically, the magnetic field in our experiment has three possible states: zero and & Byy,.
The time spent in each state varies as the rotation rate of the disks is increased above threshold
(see figure 5). The average duration 7y of the zero-state intervals, which in the intermittent
‘on—off” transient coincides with the waiting time between bursts, rapidly drops while the average
duration, Ty, of the saturated-state intervals (either + B, or — By, ), which in the fully developed
regime coincides with the waiting time between two reversals, grows continuously up to the
highest rotation rates we have run. The cross-over occurs around 9 Hz; for higher rotation rates
the dynamo is always ‘on’ and spends most of the time in the saturated states and the zero-state
contribution is mostly due to short events, called excursions, where the magnetic field briefly
decreases in amplitude almost to zero before growing back with the same polarity (see subsection
3.3 below). Further studies are currently being done to explore regimes farther from the threshold
in order to elucidate in particular if the average waiting time between reversals will continue to
grow or if there is an asymptotic limit.

Itis interesting to note that the actual threshold ¢ = 5.8 Hz at which the ‘on—off” instability
starts is lower than the threshold ¢ = 8.3 Hz predicted from the gain G of the feed-back loop
and from open loop measurements of k for the averaged omega effect (where only the averaged
conversion of an externally applied stationary poloidal field By ; into a toroidal one is considered,
without caring about the turbulent fluctuations). The intermittent transient occurs for rotation
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Figure 4. PDFs of B, component, for increasing rotation rates. The most probable
value is Bz = 0 up to and slightly over 2, but then the PDFs’ maxima occur
at B, = £ B,,. Note that although the current in the coils is at its maximum
value, the peaks of B, change slightly with €2 because at the measurement point
there is also a contribution due to the induction caused by the axial stretching of
the magnetic field lines.

rates Q° < Q < Q°, while the fully developed dynamo regime, where the magnetic field is
almost always ‘on’, is observed for 2 > Q€. The transition between these two regimes is visible
in figure 3 as a transition around 2 from a rapidly growing phase of B, to a saturation. This
also coincides with a transition from PDFs of B, with a dominant peak at B, = 0 to PDFs with
dominant peaks at + B, occuring 2 ~ €, linked to the crossover between the 7y and 7, curves
in figure 5.

3.3. Fully developed regime

We describe here the dynamical regime reached above the dynamo onset, when the dynamo is
always ‘on’. An example of the time dynamics of the axial field component is shown in figure 6
with a long time series progressively zoomed-in to detail reversals and excursions. In the mid-
figure, one may note that during one polarity phase, the magnetic field can be quite steady as in
the centre of the plot (e.g. 243 < t < 246 ) or display larger fluctuations (e.g. 240 < ¢ < 2425s).
In the latter case, the rotation rate is clearly above the instability onset but the turbulence induces
strong fluctuations in the velocity gradients [8] and prevents the dynamo to set into a steady
regime. In particular, there are times at which the instantaneous differential rotation decreases
so significantly that the dynamo field decreases to zero. It may then either grow again with the
same polarity or change its sign, producing either an excursion or a reversal.

As aresult, magnetic field fluctuations occur over a wide range of timescales, from the long
periods of quasi-steady polarity to rapid fluctuations. This is evidenced in the power spectrum
of the complete time series shown in figure 7. In the higher frequency range (above the disks
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Figure 5. Evolution, with the disks rotation rate €2, of the average duration of the
intervals the dynamo spends in the zero state (red dots) and in the saturated states,
either + By, or — By, (blue dots); the top right inset shows a schematic definition
of these times. We have also checked that the average duration of + By, intervals
is identical to the average duration of — By, intervals. The vertical duration axis
has been normalized by the rotation rate €2. The inset on the left bottom shows the
same data with the vertical axis not normalized, i.e. with times directly expressed
in seconds.
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Figure 6. Example of dyamics of B,(#), at 2 = 16 Hz. The evolution is zoomed
from top to bottom. Magnetic field units are non-dimensionalized by Bi.
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Figure 7. Spectrum of B, component. {2 = 16 Hz. The inset zooms on the low
frequency part, with linear ordinates.

rotation rate), it is very similar to the spectrum of magnetic field induction from an externally
applied field. The low frequency part is very wide and has a maximum around 0.16 Hz.

We have superimposed in figure 8 all ‘down—up’ reversals and the opposite of the
‘up—down’ reversals for the entire time series at 2 = 16 Hz. Their shape is very robust with
a characteristic reversal time of the order of 0.1 s, shorter than the mean duration of each polarity
between reversals (T*) = (T~) = 2.3 s, also widely distributed since their standard deviations
(Tt =T, = 1.5s) are of the order of their mean. The values of the time intervals, and their
fluctuations, are consistent with the broad peak in the lower frequency range of the signal power
spectrum. For comparison, the magnetic diffusion time over the flow volume is of the order of
Tm = R?/A = 0.05's, and the period of rotation of the disk is 1/ = 0.06 s. When the time axis
is normalized by the rotation rate €2, the mean profiles of the reversals collapse for all values of
Q2 (see inset of figure 8). This observation indicates that the reversal timescale is not related to a
magnetic diffusion process but really to the system dynamics.

The probability density of the time interval between reversals AT is shown in figure 9.
In agreement with the peak in the power spectrum, it has a most probable value of the order of
2.5 s. However, at large times the PDF of AT decays exponentially. This long time behaviour
is consistent with a Poisson statistics, for which successive reversals would be independently
triggered. However, the exact nature of the reversal dynamics remains to be elucidated. For
instance, as one can see in figure 6, reversals occur with a dynamics such that the field variation
slows down as its value approaches zero (times ¢ around 247-248 s in the figure) or such that
the field’s time derivative remains high as the zero amplitude is crossed (times around 242.5
and 249.5s). These different behaviours may result from generic characteristics for nonlinear
systems driven by coupled additive and multiplicative noises (in the induction equation they
come from the fluctuations in velocity and in the large scale dynamo field). But they could also
be completely driven by the hydrodynamics of the von Kdrman shear flow. Further experiments
with different values of the feed-back gain G may help decide.
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Figure 8. Superposition of all the reversals — B,y — +Bg, and of the opposite of
the reversals + By, — — By, for the entire time series at 16 Hz. The solid yellow
line represents the profile averaged over all events. The inset shows the averaged
profiles for different rotation rates €2, with the time axis normalized by the
corresponding value of 2. Magnetic field units are non-dimensionalized by Bqy.
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Figure 9. PDF of the time between reversals. The solid line is a decaying
exponential fit on the last points.

Finally, we return to our estimation that due to the very low value of the interaction parameter,
the magnetic field does not modify the dynamics of the gallium flow. We show in figure 10 (left
panel) simultaneous recordings of the axial magnetic field and of pressure fluctuations at the flow
wall. We find that the signals are uncorrelated (the maximum of the cross-correlation function
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Figure 10. Pressure measurements, measured by a piezoelectric transducer
mounted flush at the flow wall, at a distance 5 cm away from one of the driving
disks (also about 5 cm off the mid-plane). (Left panel) magnetic field and pressure
time series. The signals are not correlated; the amplitude of the cross-correlation
function is below 1072, (Right panel) PDFs measured at 0.9 Q€ and 1.2 Q°.

is below 1072 at all times). On the right-hand side of the figure, we show the statistics of the
pressure signal. It is unchanged below and above threshold and also whether the current source
is unipolar (no reversal) or bipolar (with reversals).

4. Concluding remarks

We have reported here a convenient experiment in which some features of turbulent dynamos
can be studied in a gallium laboratory experiment. Our arrangement models an ‘alpha—omega’
dynamo cycle, in which the ‘omega’ part is fully turbulent while the ‘alpha’ part is enforced by
external wires. Even though the flow is fully turbulent the dynamo cycle operates and we observe
a self-sustained field having the form of an axial dipole. We observe a dynamo bifurcation with
reversals of the field, and equal probability for each polarity. These reversals are irregular in
time, as in the dynamics of the Earth’s field. In our set-up, they are induced by the turbulent
fluctuations in the flow. The bifurcation proceeds via an ‘on—off’ regime. This behaviour and
the nature of the bifurcation should be considered in the context of nonlinear instabilities in the
presence of noise.

Several issues related to dynamo and nonlinear bifurcation can be addressed using the
experimental arrangement reported here and will be explored in forthcoming studies:

1. The external gain in the feed-back loop amplifies induction effects. The effective magnetic
Reynolds number in the system is then R = G R,,. One consequence is that one can tune
independently the magnetic Reynolds number and the kinetic Reynolds number of the flow.
It will be interesting to analyse to which extend our arrangement provides a way to study
MHD at varying magnetic Prandtl numbers (here defined as the ratio R,/ Re).

New Journal of Physics 8 (2006) 329 (http://www.njp.org/)


http://www.njp.org/

13 Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

2. The use of amean and a fluctuating component in the feed-back amplification stage provides
a tool to study experimentally the role of fluctuations and noise in the bifurcation dynamics.
Firstly, one can set the threshold by adjusting the gain of the feed-back loop so that one may
choose to operate far above the dynamo onset. Secondly, several kinds of noise (coloured,
correlated, etc) can be inserted into the feed-back loop, and the effects can be quantified.
Some studies have shown that the dynamo threshold would be increased due to the presence
of noise [28]-[30] while others suggested that small scale turbulence may not modify
it or eventually help [31, 32]. The nature of the bifurcation may also change with the
characteristics of the noise, particularly for the on—off regime [33].

3. One may also ask whether it is possible to synchronize the reversals by adding a periodic
forcing (mechanical or applied field) in connection with stochastic resonance issues.

4. Finally, a promising possible development is the use of a current source such that the field
at saturation is large enough for Lorentz forces to alter the flow. One of the open questions
is how the field dynamics, including reversals, is changed in this case.
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