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Abstract. It has been shown theoretically in the past that netic seed fields to a finite intensity, depending on the con-
homogeneous dynamos may occur in electrically conductversion rate of mechanical into electrical energy and the dis-
ing fluids for various vortical velocity fields. Roberts (1972) sipation rate of the dynamo system. Roberts (1970, 1972)
investigated spatially periodic, infinitely extended fields of studied analytically dynamo action associated with an in-
vortices which Busse (1978, 1992) confined to a finite cylin- finitely extended and with regard to two directions spatially
drical domain. Based on Busse’s vortex arrangement a conperiodic velocity field characterized by a velocity scale
ceptual design for an experimental homogeneous dynamand a wavelength@ Together with the magnetic diffusiv-
has been developed and a test facility was setup at théy of the fluid A these parameters can be combined in a di-
Forschungszentrum Karlsruhe. The first experiments demonmensionless group, the magnetic Reynolds nunigr =
strated that permanent dynamo action can be generated in@ - @)/, to characterize the system. Roberts shows that
cylindrical container filled with liquid sodium in which by “almost all spatially periodic velocity distributions in a ho-
means of guide tubes counterrotating and countercurrent spimogeneous conducting fluid will generate dynamo action for
ral vortices are established. The dynamo is self-exciting andalmost all values of the conductivity”. Busse (1978, 1992)
the magnetic field saturates at a mean value for fixed supemodified Roberts’ dynamo model by introducing a second
critical flow rates. The instantaneous magnetic field fluctu-larger length scale, say the radiis(see Fig. 1a). He as-
ates around this mean value by an order of about 5%. Asumesa/rg <« 1, and using a scale separation method
predicted by theory the mode of the observed magnetic fielche derives approximate conditions for the onset of mag-
is non-axisymmetric. In a series of experiments a phase- andetic self-excitation and the solution for the associated mag-
a bifurcation diagram has been derived as a function of thenetic field pattern. Introducing magnetic Reynolds numbers
spiral and axial flow rates. for the mean axial and the mean azimuthal velocity com-
ponents(uc, uy) in the form Re,,c = (uc - a)/r and
Reng = (ug -d)/X he finds as a condition for the occurence
of an axisymmetric field,

1 Introduction

originate from vortex-type flow of electrically conducting Reémc - Remn = - @)

fluids. From general physical and physico-chemical consid-

erations it has been concluded that in rotating planets vorti- ) ) o )

cal flow is generated in a liquid core by thermal and solutalWhered is the axial length of the cylindrical domain. Based

convection (see, e.g. Braginsky and Roberts, 1995). Buss@n the two-scale dynamo model Busse (1992) proposed a

and Carrigan (1976) have demonstrated experimentally tha@oncgptual.deggn for an experimental \{al!ci_atlon of this |.dea.

in rapidly rotating spherical shells a convective flow driven Relationship (1) suffers from several limiting assumptions

by density gradients may form a columnar vortex pattern typ-cONncerning realistic boundary and matching conditions as

ically oriented parallel to the rotation axis. well as the mean field approximation itself which were ad-
Naturally the question arises, whether a regular spatial ardressed by Busse et al. (1996) aratifer et al. (1996, 1998).

rangement of spiral vortices is capable to amplify small mag_Nevertheless, it has been employed to optimize th(_a container
and the channel geometry with regard to the pumping power,
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Fig. 1. Conceptional engineering design for a dynamo test module according to Stieglitzidled (1996),(a) vortex generator and vortex
generator assemblfh) Photograph of the operational Karlsruhe Dynamo test module. A reference coordinate system is marked.

Vhelical, Which are related to the axial and azimuthal veloctiesterms in volumetric flow rates required for self-excitation of
uc andu g of the model flow. Veentral = VHelical = 115— 143 nP/h for the following ge-

In order to assess constraints of Relationship (1)ometrical dimensionsZ = 52 a = 0.21m, h = 0.19m,
Tilgner (1997) and Rdler et al. (1996, 1998) performed Ar = 0.055n, ro = 0.85m, d = 0.703n andy = 3.7. The
more detailed calculations for technical geometries which acmodule is entirely fabricated of stainless steel. The module is
count for realistic matching conditions for the magnetic field placed in a room in which the average magnetic field strength
from the inside to the outside domain of the dynamo moduleis less than 05 Gauss. A power test of the sodium induction
and also for the sodium filled zones at rest within the mod-pumps showed that the magnetic perturbations produced by
ule as well as for connecting bends and pipes. As a result ofnem do not affect the locations where the measurements of
their calculations it turned out that the lowest critical mag- the dynamo action are conducted. The dynamo’s magnetic
netic Reynolds numberRe,,c and Re,,; are obtained for field is measured by six Hall-probes resolving less th&n 0
the lowest non-axisymmetric mode= 1 rather than for the =~ Gauss and, moreover, sensed by six global induction coils.
axisymmetric moder = 0 of the magnetic field. The results The sodium volumetric flow rate for the test module is pro-
of Radler et al. (1996, 1998) and Tilgner (1997) will be used vided by MHD pumps in three independent loop systems and
for comparison with experimental results. is measured by electromagnetic (EM) flow meters in each

loop which are calibrated to have errors less than 0.3%. The
pressure drop across the module in each of the three inde-
2 Experimental facility pendent flow channels were measured by using sensitive ca-
pacitance pressure gauges with an accuracy®f 10°Pa.
The dynamo test module was designed under the viewpoinf more detailed description of the experimental set-up and
that for an available pumping capacity a sufficient flow rate the sodium systems may be taken from a report by Stieglitz
for a self-excitation of a magnetic field can be achieved. Thisand Miller (1996). Dynamo action in this test facility was
required a fluid dynamic optimization of the vortex gener- demonstrated in late 1999 and first experimental results have
ators with regard to the pressure losses. A semi-technicapeen published by Stieglitz and iMer (2001). Here we
sketch of the module and the coordinate system with its ori-present some results from recent experiments.
gin located in the module’s center is shown in Fig. 1. In
a test series a pressure drop correlation for the flow in the
helical ducts was derived containing the following param-3 Results
eters: Z the number of vortex generatorg, the number
of windings per vortex generator,, the mean radius of Figures 2b—d show time series of the signals of six Hall-
the helical duct,Ar the distance between inner and outer probes located in a tube on the center axis of the module
tube, i the height of each winding and the density of at different positions. The gradual increase of the volumetric
the liquid sodium. Using Relation (1) and the derived pres-flow rates in the central ducVgentra) and the helical chan-
sure drop correlation the optimization results in critical mag- nels (Vielica 1, VHelical2) IS Shown in Fig. 2a as a function of
netic Reynolds numberBe,, of less than 10 or in technical time. The graphs in Figs. 2b and ¢ show as a response the
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Fig. 2. (a) Time averaged signals of the volumetric flow rates in the cen¥@gddtra) and the helical ductsWielical 1. VHelical 2)- (0)—(d)
Corresponding signals of three Hall probes{ —135mm,z = —35mm and; = 65 mm) indicating the thre8-field components, (b),
By (c) andB; (d) according to the coordinates defined in Fig. 1b.

step-like increase of two components of the magnetic fieldof the modem = 1 is shown by the photograph in Fig. 3b
in x and y direction. These figures demonstrate the pres-and the isoline graph in Fig. 3c. An array of compass nee-
ence of a homogeneous dynamo producing a mean magnetiles (located in the plang = 1.5m) was photographed at a
field of the order of 80 Gauss. Moreover, each increase okuper-critical state of the dynamo. The photograph indicates
the volumetric flow rate to the next level is followed by a a source (sink) of lines of force near theaxis emerging
corresponding increase of the magnetic field to another satufrom the center of the module.
ration level. There is a delayed response of fhdield to the The graph in Fig. 3c shows the normal component of the
controlled variation of the volumetic flow of about 2-3 times B-field on the same plane measured by a “carry on” Gauss
the variation interval of the flow. Itis to be noted here that meter. The isolines clearly indicate the quasi-dipole axis to
no additional external magnetic field was supplied to the tesbe perpendicular to the axis of the module. Moreover, the
module during this run aside from the ambient seed field ofquasi-dipole axis is slightly shifted towards the fourth quad-
less than (b Gauss. rant of the plane. Whether this effect reflects small techni-
Two other Hall probes sensitive to thecomponent of the ~ cal non-symmetries of the module or generic non-symmetic
magnetic field did not record signals of comparable inten-properties of the velocity field has to be shown by further
sity. Figure 2d shows the corresponding axial magnetic fieldanalyses.
intensity in the center bore of the module. The relatively Hall-probe signals for the saturated magnetic field at fixed
low intensity of the axial field component together with the super critical flow rates show characteristic fluctuations with
high intensities of the other field components indicates thedifferent time scales. In Fig. 3a the time series of three simul-
non-axisymmetric nature of the generated magnetic field andaneously recorded Hall-probe signals are presented. Pre-
thus supports the theoretical predictions of Tilgner (1997)liminary assessments have given that the frequency of the
and Radler et al. (1996, 1998). Their calculations show thatmagnetic field fluctuations is much smaller than that of the
for the mean field the non-axisymmetric mode = 1 is pressure fluctuations caused by the feeding pumps, which
preferred. Another experimental evidence for the presencéave a typical time period of the order 0.1s. Moreover, the
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Fig. 3. (a) Simultaneously recorded time series of different Hall-probes and different magnetic field directions for the volumetric flow rates
Vcentral= 134 me/h, VHelical = 101 ne/h. (b) Photograph of an array of compass needles indicating the magnetic field line structure in the
planey = 1.5m at the same condition&) Isolines of the normal component of magnetic field in the same plane.

amplitude of the magnetic field fluctuations is much larger suring the pressure losses for various helical and fixed central
than the resolution limit of the Hall-probes. First time se- flow rates a phase diagram for dynamo action was derived for
ries analyses suggest that the signals of the probes seem twr test module. This can be seen from Fig. 4.

be cross-correlated and characteristic frequencies seem to beThe jnterpolation line between experimentally determined
related to the transport velocities of the fluid and to the mag-points of transition separates the domains in #ignyaiand
netic field within the module. However, more detailed anal- y,, .. plane for which self-exitation of magnetic fields is
yses have to be performed in the future. possible or not. For comparison, Fig. 4 shows also the curves

A characteristic feature of the observed dynamo action isfor onset of dynamo action predicted by the numerical model

the measured significant increase of the pressure losses fflculations of Tilgner (2000). The theoretical curve which
the flow channels of the test module after the onset of selfPest fits the experimental data takes into account a correction

exitation. The increase is caused by the occurence of Lorent2f 10% of the molecular value of the magnetic diffusivity of
forces which gives rise to an additional magnetic pressureSodium due to turbulence.

These additional MHD-pressure losses can be recognized At a closer look to an actual point of transition defined by
from the insert graph in Fig. 4 where, as an example for athe pressure criterion we observe in reality a smooth transi-
fixed flow rate in the central loop, i.&central = 105 n¥/h, tion. This is seen more clearly from the local measurement of
the pressure losses accross the module in the helical loophe magnetic field at saturation near the center of the module.
ApHelical @re given as a function of the volumetric flow rate Figure 5 shows as a typical case the measyredmponent
Vhelical- The sudden change in the slope of the pressure lossf the B-field as a function of the flow rat&yejicy at a fixed
curve indicates the transition from a pure non-magnetic tocentral flow rateVcenyal = 105n/h. The curves fitted to

a magneto-fluiddynamic state. The intersection of the twothe experimental points exhibit characteristic features of a
curves is assumed to define the point of transition. By meanon-perfect transcritical pitchfork bifurcation from a basic
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Fig. 4. Phase diagram of dynamo action as a function of the centralrig. 5. A typical bifurcation diagram of the Karlsruhe dynamo.
and helical flow ratesWcentral ViHelical): The subgraph illustrates  Here, the measured magnetic field intensity indirection (By) at

the method to determin the stability limit &enuai = 105nP/h.  x — y — ; — 0 is shown as a function of the helical flow rate
The dashed lines represent model calculations of Tilgner (2000) fory,,4)ica)) and for a fixed central flow raté/Eentra)-

two different values of the magnetic diffusivigy.

4  Summary

It has been demonstrated experimentally that a permanent
dynamo can be generated in a finite quasi-homogeneous do-
main of a well conducting fluid by a proper arrangement of
state, here the pure hydrodynamic state. There are on the orspiral vortices within. The onset of self-exitation is char-
side the continuously emerging dynamo states indicated bycterized by a drastic increase of the pressure losses in the
the slowly increasing-field for lower helical flow rates and  flow channels of the test module due to the effect of increas-
drastically increasing values beyond a certain threshold floning Lorentz forces. As predicted by theory the mode of the
rate. On the other side we find also saturated dynamo statesbserved magnetic field is non-axisymmetic. Two different
which have a magnetic field of opposite direction. They existmagnetic states of opposite field direction were realized in
only above a certain value of the flow rate. These states cathe experiments, one by increasing the volumetric flow rates
not be obtained experimentally by increasing the flow ratesin a quasi-steady process, the other by an external magnetic
in a quasi-steady way from subcritical to supercritical con- pulse of opposite direction and adequate intensity.
ditions. They represent the stable part of the isolated branch
of an imperfect bifurcation graph. In our experiment these
magnetic states were enforced by imposing suddenly for g&eferences
short period of time an external magnetic field of opposite
direction to a dynamo state on the continuous branch. Thepel, A., Apstein, E., Rdler, K.-H., and Reinhardt, M.: Contribu-
external magnetic field was generated by two properly ar- tion to the theory of the planned Karlsruhe dynamo experiment,
ranged Helmholtz-coils close to the test module. Depending AlP-Report, 96, 1996.
on the intensity of the externd-field a transition could be Braginsky, S., Roberts, P. H.: Equations governing convection in
realized from states on the continuous branch to states on the the Earth's core and the geodynamo, Geophys. Astrophys. Fluid
isolated one. Furthermore, we find that the dynamo mag-_ DY~ 79,1-97,1995. _ ,
netic field changes direction in a transient, if the helical flow BUSSe: - H.- Magnetohydrodynamics of the Earth's Dynamo, An-
. - . nual Rev. Fluid Mech., 10, 435-462, 1978.
rates are reduced below a certain threshold value, thus |nd||-3usse F H. and Carri C. R Laboratorv Simulation of Th |
. . . . . . . , FoA. gan, C. R.. Laboratory simulation o ermal
cating the existence of a the turning point in the bifurcation

‘ ) ) Convection in Rotating Planets and Stars, Science, 191, 81-83,
diagram. The observations show that after the transient the 1974

previous states on the continuous branch is not exactly recovsusse, F. H.: Dynamo Theory of Planetary Magnetism and Labora-
ered, rather a magnetic field of lower intensity is found. This  tory Experiments, Springer Proceedings in Physics, 69, 197—208,
phenomenon has to be investigated in more detail furtheron. Springer Verlag, 1992.
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