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Abstract. The most ambitious project within the DREsden Sodium facility for DYNamo and thermohydraulic
studies (DRESDYN) at Helmholtz-Zentrum Dresden-Rossendorf (HZDR) is the set-up of a precession-driven
dynamo experiment. After discussing the scientific background and some results of water pre-experiments
and numerical predictions, we focus on the numerous structural and design problems of the machine.
We also outline the progress of the construction work and give an outlook for the upcoming experimental
campaigns.

Résumé. Le projet le plus ambitieux au sein de I'installation DREsden Sodium pour les études DYNamo et
thermohydrauliques (DRESDYN) au Helmholtz-Zentrum Dresden-Rossendorf (HZDR) est la mise en place
d’'une expérience de dynamo entrainée par précession. Apres avoir discuté du contexte scientifique, de
quelques résultats d’expériences préliminaires en eau et de prédictions numériques, nous nous concentrons
sur les nombreux problémes structurels et de conception de la machine. Nous décrivons également 1’avan-
cement des travaux et donnons un apergu des campagnes expérimentales prévues.
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1. Introduction

Hydromagnetic dynamo action in moving electrically conducting fluids is at the root of plane-
tary, stellar and galactic magnetic fields [1]. While dynamo theory is now a well-established cor-
nerstone of magnetohydrodynamics [2,3], dynamo experiments have been rare due to the enor-
mous technical eVort that is required for their successful realization. Yet, the last decades have
seen significant progress in this field [4-8], starting with the nearly concurrent successes of the
single-scale, Ponomarenko-type dynamo in Riga [9-14] and the two-scale fi*>-type dynamo in
Karlsruhe [15-18], followed by the von-Kdrmén-sodium (VKS) experiment in Cadarache [19-23].
Despite, or better, because of the use of impellers with high magnetic permeability [24-26], the
latter experiment has shown a wealth of most interesting dynamical eVects, including field rever-
sals and excursions, depending on the rotation rates of two impellers. With regard to compara-
ble events the geomagnetic field is known to undergo, these results have spurred new theoretical
eVorts to understand the underlying physical mechanism(s) in a more generic sense [27-29].

It is here where astronomical, or harmonic, forcings of dynamos come into play [30]. As
discussed by Consolini and De Michelis [31] (and later corroborated in a simple fi?-dynamo
model [32]) the probability density of the intervals between reversals appears to be governed
by a stochastic resonance with the 95-kyr periodicity of the ellipticity of the Earth’s orbit. Further
paleomagnetic data suggest complementary influences of the other two Milankovic cycles, viz.,
precession and nutation, on the geodynamo [33]. Tidal forces have also been invoked as possible
sources of the (early) geodynamo, although a quantification of the eVects of all these forces, and
their interaction with more conventional convective dynamo drivers, is still under scrutiny [34].
The same applies to precession as a source of the ancient lunar dynamo [35,36], or of the
magnetic field of the asteroid Vesta [37].

Going beyond planets, moons and asteroids, there is growing empirical evidence that the
solar dynamo might also be influenced by astronomical forcings. First and foremost, it is
the suspicious (though not undisputed, see [38,39]) synchronicity of the Schwabe cycle with
the 11.07-yr periodicity of the envelope of the Venus-Earth-Jupiter alignments that points to
a possible influence of tides on the dynamo [40-48]. The two-planet spring tides of those
planets were recently shown [49,50] to be capable of exciting magneto-Rossby waves with typical
periods between 100 and 300 days, whose joint quadratic action indeed comprises a 11.07-yr
periodicity that may well be capable of entraining the solar dynamo by parametric resonance.
Moreover, longer type-periodicities, such as the Suess—de Vries cycle, could arise as a 193-yr beat
period of the primarily synchronized 22.14-yr Hale cycle with the 19.86-yr period of the rosette-
shaped motion of the Sun around the barycenter of the solar system. First attempts to apply the
underlying orbit-spin coupling [51] to the case of the Sun [52] point to an interesting parallelity
with precession (for the specific influence of eccentric orbits on rotating ellipsoids, cp. [53]).

That said, this paper will exclusively concentrate on how to generate, in the lab, a precession
driven flow that is prone to dynamo action. Our restriction to precession follows from two
general considerations on how to progress from the pioneering experiments in Riga, Karlsruhe
and Cadarache towards a more “natural”, i.e. truly homogeneous, dynamo. First, we note
that any realization of a convection driven dynamo in the lab would be extremely expensive,
requiring an enormous heating power and/or vessel size (although this hurdle could possibly
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be overcome by using centrifugal buoyancy [54]). Second, among the various candidates of
astronomical forcings, precession represents a key paradigm with a relatively straightforward
(although challenging) technical implementability. In this regard, the DRESDYN precession
experiment may, hopefully, pave the way for later implementations of libration, nutation, tides
or changes of the orbital ellipticity.

To get a glimpse on the advantages and limitations of dynamo experiments we compare,
in Figure 1, some dimensionless numbers reachable at the DRESDYN machine with those that
are accessible by present-day numerics, and those of the geodynamo. This is illustrated in two
panels covering (a) the magnetic Reynolds number and the magnetic Prandtl number and (b)
the Reynolds number and the Poincaré number. While, evidently, the experiment can go much
farther than simulations, it is still way oV the reality of the geodynamo.

10° | 107! 4
10 . Numerics =] 10 5 led
ownscale
102 10° | 2" :
" water
E 10° DRESDYN =T 2 0% experiment

sodium

1074 ) 10° | |
experiment

10 - 10% | Geodynamo 1

10° | S 07 ¢

102 10 10* 10° 10° 107 10® 10° 10 10* 10% 10® 10" 10" 10" 10'®

Rm Re

Figure 1. Comparison of various dimensionless numbers of the DRESDYN precession ex-
periment, the 1 : 6 downscaled water experiment, the utilized numerics, and the geody-
namo. Using the radius R, the angular frequencies of the rotation and precession, >, and
>p, the viscosity ”” and the electrical conductivity , (a) shows the magnetic Reynolds num-
berRm ™ ,,s R?>; and the magnetic Prandtl number Pm ™~ ”,,, , while (b) shows the (hy-
drodynamic) Reynolds number Re ~ R?>/”” and the Poincaré number Po ~ >p/>c.

In the next section, we delineate the fundamental hydrodynamics behind precession-driven
flows in cylindrical geometry, and discuss the dependence of the flow on the main parameters
such as Reynolds number, precession ratio, and nutation angle. Then we explore the suitability
of the emerging flows for dynamo action and indicate some optimum experimental parameters.

Section 3 is then devoted to the more technical aspects of the experiment, including the
massive basement, the main parts of the platform and the design of the rotation vessel.

The paper will close with a summary and an outlook on the upcoming experimental cam-
paigns.

2. Precession driven flows in cylindrical geometry, and their dynamo action

Precession-driven flows were first investigated for the case of an inviscid fluid in a spheroidal
cavity [55,56] for which an analytical solution was obtained assuming uniform vorticity. This so-
called Poincaré solution was later extended by Busse [57] to the weakly nonlinear regime, includ-
ing the viscous eVects in boundary layers. Meanwhile, the theory of precession-driven flows has
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been extended to other geometries, and a couple of corresponding experiments were dedicated
to understand particular features such as instabilities [58—60], large-scale vortex formation [61],
the transition to turbulence and its hysteretic behaviour [62—-67]. Dynamo action for precession-
driven ows was numerically found in various geometries [68—75]. Most remarkably, a eld am-
pli cation by a factor of three was reached in an early liquid-sodium experiment by Gans [76].

In this section, we will rst present the mathematical and numerical basics of precession
driven ows in cylindrical geometry and some details of a corresponding down-scaled water
experiment. Then we will compare the obtained numerical and experimental results for di Verent
precession ratios and nutation angles. Based on those ndings we will discuss some predictions
for dynamo action in the large machine.

2.1. Basic theory

Assuming an incompressible uid with constant density ~ %; the Navier—Stokes equation in the
doubly-rotating frame (henceforth called the  container frame ),

@ P , 2
EAUQTUAEIl—/ZIZ(-p{A?- c)£u}l(-p£{7- C)Er}AOr u. (1)
Coriolis force R Poincaré force F,

comprises, as indicated, a Coriolis and a Poincaré force term. Here, u is the velocity eld
(supposed to be divergence-free), P a modi ed pressure (that includes also centrifugal terms),
- p the precession angular frequency, - ¢ the angular frequency of the container, and ©° the
kinematic viscosity of the uid [77]. In the container frame, the boundary conditions at all walls
are no-slip.

Denoting by ® the nutation angle between the rotation and the precession axis (see Fig-
ure 2(a)), - p in the container frame reads

£
- p(t) -, sin®cos(- ctA' )bj sin®sin(- ¢t A’ )'bAcos@bu, 2

with b, 'b, and b being the unit vectors in radial, azimuthal, and axial direction, respectively.
Then, the Poincaré force in equation (1), which results from the temporal change of the
orientation of the rotation axis, acquires the form

Fo A i- ¢- prsin®cos(- ;tA" )b. 3)
The spatial structure of this Poincaré force preordains the fundamental pattern of the directly
driven ow which consists of a non-axisymmetric mode with azimuthal wave number m £l

(/ cos' )and axial wave number k A1, representing a ow that is anti-symmetric with respect to
the equatorial plane (Figure 2 (b), middle).

For a more general characterization of precession driven ows in cylinders with height H and
radius R itis most appropriate to use the eigenfunctions (inertial waves), resulting from the linear
inviscid approximation of rotating systems, which have the analytical form

Uj(r.z,' ,t) &uj(r,2)e" iAm ) Ace. . (4)

Here, the collective index | incorporates three integers m,k,n, comprising the azimuthal wave
number m and the axial wave number k. A third (radial) number n counts the roots of the
dispersion relation

3.3 il

i
i k¥ ' ®
that determines the eigenfrequences of the inertial modes. In Equation (5),J n, denotes the Bessel
function of order m, j the aspectratiode nedby j :A£H/R, and 3; aradial wave number with its
position in the sequence of zeros of (5) corresponding to the number of half-cycles in the radial

. ¢ :
L3 dni 1C)AM 2 1 () £0  with L ER 1A
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Figure 2. (a) Sketch of a precessing cylinder with the container's angular frequency - ¢ &£
2Y£ . and the precession angular frequency - , A2Yf. The nutation angle ® between the
axis of precession R and the axis of rotation b varies between 0 and 90%. Pro- and retrograde
precession is indicated in blue and red, respectively. (b) The three most important ow
modes are (from top to bottom): the geostrophic, axisymmetric mode with ( m A0,k A0);
the forced mode with ( m A1,k A1), and the axisymmetric double-roll mode with ( m A&
0,k /2).

direction. For the following it is important that an inertial mode becomes resonant when the
frequency of the precession matches the natural frequency of a corresponding eigenfunction. For
the resonance of the simplest inertial (or Kelvin) mode with  m A1,k A1 and n A1, this condition
applies to the aspectratio j A1.9898, which is indeed very close to the value j A2 chosen for the
DRESDYN experiment.

Going beyond the linear regime, for increasing forcing the nonlinear interactions of the forced
mode with itself, and with its viscous modi cations in the boundary layers, become relevant. The
underlying nonlinear theory is a quite complex issue and allows for closed solutions only under
special conditions in the weakly nonlinear regime [78-80]. One of the major ow contributions
beyond the directly forced mode is connected with a considerable modi cation of the azimuthal
circulation [59,81] that is always oriented opposite to the (initial) solid body rotation, giving
rise to a “braking” of the ow in the bulk of the cylinder. A direct consequence of the reduced
rotation is the observed detuning [82—-85] of free inertial modes that emerge in form of triadic
resonances [86,87]. For very strong forcing, the rotation pro le even becomes Rayleigh-unstable,
leading to an abrupt transition into a turbulent ow regime, which also shows a hysteretic
behaviour [63].
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2.2. Numerics

Having discussed the basic physics of precession-driven ows in the container frame, we turn
now to the numerical simulations that were actually carried out in the so-called turntable frame .
In this frame, the Poincaré force vanishes and the boundary conditions are governed by the
cylinder walls rotating at - ;. We used the spectral element Fourier code Semtex[88], and meshed
the domain with 300 quadrilateral elements in the meridional half plane and 128 Fourier modes
in azimuthal direction.

As for the magnetic eld, we focus on the kinematic dynamo problem and solve the corre-

sponding induction equation in a uid with conductivity Ya
Il
@@ . r£ B
— AEnE huiE Bj] ——— (6)
@ Lo%a

for the resulting time-averaged velocity eld hui by means of a nite volume method with con-
straint transport which maintains the divergence-free condition r¢ B £0. While, in principle,
the code developed in [89] allows a correct treatment of vacuum boundary conditions by em-
ploying an additional surface integral equation, for our quite comprehensive parameter studies
we employed the simpli ed vertical- eld conditions by demanding all tangential eld compo-
nents to vanish at the surface. Comparable studies, as previously applied to other dynamo exper-
iments [90-92], showed that vertical- eld conditions typically lead to somewhat lower thresh-
olds for the occurrence of dynamo action when compared to more realistic vacuum boundary
conditions. Corresponding comparisons for the DRESDYN experiment are ongoing and will be
published elsewhere.

Speci cally, the simulations were carried out as follows: at t A0 we started with a pure
solid body rotation, which in the turntable frame reads  u A(- <r)'b. Then we imposed the
precessional forcing, and waited until the ow had reached a statistically steady regime. After
inserting the resulting time-averaged ow eld  hui into the induction equation (6), the kinematic
dynamo simulations were run for more than one di  Vusion time, after which an exponential
growth, or decay, is clearly established. As we will see later, dynamo action mainly occurs in
the transition regime (between the laminar and the fully turbulent regime) which is governed by
only a few large-scale modes. Here, the utilized time-averaged ow can be considered as a good
representative of the total ow.

The typical parameter space investigated numerically for the kinematic dynamo problem
covers Reynolds numbers Re :£ER?j- ¢ A- p COs®j/° 2 [1000,10000] and precession ratios (or
Poincaré numbers) Po:/E- /- ¢ 2§ [0.01,0.20]. Later on, we will focus on the results for nutation
angles ® /75, both for prograde and retrograde precession, as well as for ® /90",

2.3. The 1: 6 down-scaled water experiment

Complementary to the numerical simulations, we have set-up and utilized a water experiment,
which is 1 : 6 down-scaled with respect to the big machine, to measure the ow structure and
amplitude (Figure 3). This device consists of a cylindrical vessel with inner height H A326 mm
and inner radius of R A£163 mm. Just as the big one, the down-scaled vessel can rotate with
a maximum rotation rate of 10 Hz around its axis, while the turntable can rotate with up to

1 Hz. One end wall of the vessel is equipped with 9 ultrasound transducers (TR0408SS, Signal
Processing SA, Lausanne), six of which being arranged in a radial array ranging from r/R A0 to
0.92. Four transducers are located at r/R /0.92 (i.e.,r A£150 mm), with 90 * azimuthal spacing
in order to estimate the azimuthal symmetry of the ow. All transducers are aligned parallel to

the vessel axis and can capture the instantaneous axial velocity distribution between  z/H A0
and 1. The transducers are connected to an ultrasound Doppler velocimeter (DOP 3010, Signal
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Processing SA, Savigny) that records the velocity pro les with a temporal resolution of about
10 Hz.

Figure 3. The 1 : 6 down-scaled water precession experiment with the central vessel of
radius R /£163 mm and height H /326 mm. The nutation angle can vary between 60 *
and 90%.

Later below, we will show measurements with one ultrasonic transducer at radius r A£150 mm.
During the experiments, the room was air-conditioned in order to minimize any changes of the
temperature-dependent viscosity of water (assumed as © A1£ 101 m?si 1).

2.4. Comparison between numerical and experimental results

In the following, we will summarize and compare some of the most important numerical and
experimental results, with the main focus on the ow dependence on the precession ratio Po
and the nutation angle ®. As for the latter, we will concentrate on the exemplary cases 75 *
prograde, 90* and 75 retrograde (more results can be found in [93-95]). Figure 4 shows the
temporal evolution of the depth dependence of the axial velocity pro le uz, as measured by
one UDV sensor at r £150 mm (the depth indicates the distance along the beam axis from the
transducer). The three rows display results for ® A£75* prograde, 90* and ® A75* retrograde. The
visible oscillatory pattern of the velocity pro le (governed by the rotational frequency - ¢ of the
cylinder to which the sensor is attached) is representative of the directly forced ( m A1,k A1)
mode which is stationary in the turntable frame.

With growing P o we observe, for all considered angles, an increasingly complex ow pattern.
At lower values of Po (rst column), the ow shows a stable structure which is mirrored by the
regular pattern in form of vertical stripes in all cases. As Po exceeds a certain higher value, for
® = 75* prograde and 90* the ow structure changes and exhibits a breaking of the equatorial
symmetry, as evidenced by the emerging tilt of the stripes. By contrast, inthe 75  * retrograde case
(third row) the occurrence of the tilt is shifted to larger values of  Po.

This breaking of the equatorial symmetry indicates a ow state transition at a critical value
of Po, where Kelvin modes with even axial wave numbers emerge [93]. This transition has
considerable e Vects on the amplitudes of all ow modes, which we will quantify in the following.

The mode amplitudes are calculated by decomposing the axial velocity eld uz AEu,(r,' ,z,t)
into (m,k) modes (the details of the underlying discrete sine transformation can be found
in [95]). Of the various observable modes, we mainly examined those which acquire substantial
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Figure 4. Axial velocity u,, measured by one UDV sensor positioned at r A£150 mm, in
dependence on time and depth, for three di  Verent nutation angles and four di Verent Po.
The Reynolds number in all cases was approximately 10 4. Adapted from reference [95].

amplitudes and are most relevant for dynamo action [74]. This applies, in particular, to the
directly forced ( m A1,k A1) mode and the torus-shaped ( m A0,k A£2) mode (see Figure 2 (b)).

Figure 5 shows the measured and simulated amplitudes of these prominent modes versus the
precession ratio Po for the three angles 75 * prograde, 90%, and 75 retrograde, respectively. Note
that, since a comprehensive numerical parameter sweep at Re%:10* would have been forbid-
dingly expensive, the results of simulations carried outat ReA6500 were linearly extrapolated to
the higher experimental value Re/Z10* (while, in this low Reregime, the scaling of the mode am-
plitudes might actually be a bit atter then linear, any arising discrepancies remain rather small).

For 75% prograde and 90%, we observe that the directly forced ( m A1,k A1) mode increases
up to Po %0.08, beyond which there is an abrupt transition of the ow state connected with a
breakdown of this mode. Simultaneously, an axially symmetric mode ( m 40,k A2) emergesin a
narrow range of Po, which corresponds to the double-roll structure that was previously shown to

be most relevant for dynamo action [93]. Obviously, the nutation angle in uences the critical Po,
such that as the angle increases (from 75 * prograde to 90 %), so does the critical Po (from 0.087 to
0.10).

By contrast, the data for 75 * retrograde precession exhibit not such a clear breakdown of the
directly forced ( m A1,k A£1) mode whose amplitude rather shows a gradual decrease with Po.
At the same time, we observe a smoother increase of the axially symmetric ( m, 40,k A£2) mode
within the considered range of Po. In comparison to the other cases, ® 75" retrograde exhibits
the largest amplitude of the ( m A0,k A£2) mode, and the critical Po is shifted to larger values. In
general, the results of the numerical simulations are in good agreement with the experimental
values, with the exception of the ( m 40,k /A2) mode for the case 75* prograde when Po s large.
The latter discrepancy is presently not well understood.

The right column of Figure 5 may help to explain the observed transitions. It shows, for
the three nutation angles, the radial pro le of the angular momentum L(r) A£ru- (r), averaged
both in azimuthal and axial direction (excluding the boundary layers at the endcaps). For all
®, with increasing Po the angular momentum deviates more and more from the original solid
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Figure 5. Left: Comparison of the amplitudes of the directly forced ( m 41,k A1) mode
and the axisymmetric ( m A0,k A£2) mode between numerically calculated (red) and
experimentally measured ows (blue) for three representative nutation angles. Note that
the numerical values were computed at Re A£6500 and then (linearly) extrapolated to the
experimental value Re A£10000. Adapted from reference [95]. Right: Radial distribution of
the (normalized) angular momentum, determined numerically at Re /6500, for the three
considered angles. Adapted from reference [94].

body rotation (SBR) and eventually becomes rather at, atleastuntil  r/R C 0.8, say. Remarkably,
though, for 75* prograde and 90%, L turns slightly negative, indicating a counter-rotation in
this region, and a breaking of Rayleigh's stability criterion (radially increasing L?). By contrast,
this breaking of the Rayleigh criterion does not occur for 75 * retrograde, which might explain
the smoother transition in this case. However, the violation of the Rayleigh criterion occurs
only (appr. 15 per cent) after the onset of instability, suggesting that a complete understanding

of this connection would also require to consider the in uence of large-scale radial and axial

ow components (a quantitative improvement might also result when measuring the angular
momentum in the frame of inertia rather than in the turntable frame as done here).

2.5. Towards an optimized dynamo

Based on the rather consistent experimental and numerical ndings of the last subsection, we

ask now what Poincaré number and nutation angle might be best suited for dynamo action.

The relevant criterion is a minimum value of the critical magnetic Reynolds number Rm A&
RePm (with the magnetic Prandtl number Pm A (¥%°). Self-excitation is characterized by an
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exponential increase of the volume-averaged magnetic energy when time-stepping the induction
equation (6). From the temporal evolution of the magnetic energy the growth rate ° is calculated.

Figure 6. (a) Growth rate ° of the magnetic eld energy as a function of the magnetic
Reynolds number Rm ZA£ReP m for three nutation angles ®, computed at Re £6500. The
diVerent curves represent di Verent precession ratios, and the arrows mark the dynamo
onset at the optimum Po characterized by the lowest critical Rm. (b) Dependence of the
lowest critical Rm on Re for the special case ® £90*. Note the decrease of the critical Rm
from 525 (for Re A£6500) to 430 (for Re ££10000), in agreement with [74]. (c) Dependence of
the optimized critical Rm on the nutation angle ®, simulated for Re £6500. The optimum
® seems to lie somewhere between 90* and 82.5* retrograde. (a) and (b) are adapted from
Reference [95]. (c) is adapted from [96].

In Figure 6(a), we plot the Rm-dependence of ° for eight di Verent precession ratios Po, and
a xed ReZ6500. The critical Rm achieves a minimum of 525 for Po Z0.1 and ® /£90*. For
this particular angle, Figure 6 (b) speci esthe Rm-dependence of ° when computed for di Verent
values of Re. We observe a sort of convergence to a critical Rm of 430, which had already been
found in [74,93]. However, as shown in Figure 6(c), the real optimum might still lie at slightly
retrograde precession, somewhere between 90 * and 82.5%. It is this range of nutation angles
where we will start our hunt for dynamo action. As for ~ Po, we will focus on the transition region
with a strong contribution of the ( m £0,k A2) mode, which for high Reseems to converge to a
Po value between 0.06 and 0.07 [63,93]. Note, however, that beyond the transition region, i.e. in
the fully turbulent regime, the use of the time-averaged velocity eld in the induction equation
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becomes increasingly problematic. Dynamo simulations for the time-dependent ow elds in
this regime are underway and will be published elsewhere.

3. The machine

Following up on the pioneering experiments in Riga, Karlsruhe and Cadarache, the DRESDYN
precession experiment (Figure 7) is supposed to work as a truly homogeneous dynamo that does
not use any impellers, guiding tubes, or magnetic materials (for the two other recent experimen-
tal eVorts in Maryland and Madison with a similar ambition, see [97] and [98], respectively.) The
central rotation vessel encases a cylindrical sodium volume of 2 m diameter and 2 m height (Fig-
ure 8). This size resulted as a sort of optimum from the two requirements to reach a magnetic
Reynolds number of about 700 while keeping the necessary driving power (which scales, in the
turbulent regime, as » Rm®/R) in the technically a Vordable range of 1 MW. While the latter value
can be roughly estimated from extrapolating the 10 W jump as measured in the downscaled wa-
ter experiment at 4 Hz (see [63, Figure 4]) it certainly needs real con rmation in the “big one”. For
this vessel, we aim at reaching a rotation rate of 10 Hz to obtain Rm 4700, and a precession rate
of 1 Hz to cover the laminar, the fully turbulent, and the transition state in between them which

is the most “dynamo-prone” one. This motion of the vessel, which is driven by a motor with
maximum electric power of 1.2 £ 108 Watts, results in an acceleration of 500 g and a total gyro-
scopic torque of upto 8 £ 10° Nm. The total budget of moving masses amounts to approximately
150 tons. From a mechanical perspective, the entire machine is in many respects at the edge of
technical feasibility, so that a careful design and much optimization was required to ensure that
the mechanical strain does not exceed the material limitations [99].

Due to the use of sodium (the best liquid conductor) and the high acceleration forces, criti-
cal components had to be developed and manufactured in-house. In addition to the mechani-
cal challenges, this also included the design and implementation of both a personal safety sys-
tem (PSS) and a machine interlock system. Here, the real-time extraction of internal states for
machine-monitoring and an online camera inspection of the container surface had to be imple-
mented. As this involves the use of FFT-transforms, a sampling rate of 6 kHz was selected for all
sensors in the data acquisition system (DAQ). On the other side, this also ensures a high level of
qualitative and quantitative data recording on both platform and vessel in order to answer the
scienti ¢ questions posed to the experiment. To withstand the exceptional conditions (120 C,
accelerations up to 500 g), commercially available DAQ-electronics were not quali ed, so that a
dedicated DAQ-system had to be developed and tested in-house. The communication between
the sensor electronics on the vessel and the evaluation system is based on ethernet, providing
suY cient bandwidth to transfer data via two signal rotary transmitters (for the container and the
platform), in order to enable live processing and viewing of the measurement data.

The simultaneous rotation around two axes poses a couple of challenges for the lling and
emptying procedures, heating and the handling of thermal expansion of sodium. To accommo-
date all resulting requirements, a decision was made in favor of a slightly enlarged vessel (Fig-
ure 8), comprising two conical volumes that serve, rst, for a well-de ned lling and emptying
procedure at 43* vessel tilting, and, second, for hosting two bellows which will compensate the
thermal expansion of the liquid sodium.

For the vessel material the austenitic steel 1.4571 was chosen which is well-known for its
corrosion resistance against liquid sodium. A shell thickness of 3 cm makes it safe to withstand
the centrifugal pressure of approximately 20 bar in case of pure rotation with 10 Hz. While for
increasing precession ratio this total pressure decreases, it is complemented by an increasing
pressure vacillation ¢ p of up to 10 bar, resulting from the gyroscopic forces (see [100, Figure 1]).
In addition to those mechanical stresses, we also had to consider thermal stresses caused by
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Figure 7. Drawing of the DRESDYN precession experiment with main parts indicated. The
separate basement rests on 7 ferro-concrete pillars reaching 22 m deep into the bedrock.
The machine is housed in a containment (the lower part of which being indicated in gray).
The 540 kW drive for the platform is situated in a separate engine room, jointly with the two
oil lubrication systems for the large slewing bearing and the two bearings for the rotation
vessel.

the temperature di Verence over the shell when the rotating vessel is cooled by a strong ow of
air [101].

Speaking of temperature: any attempt at perfectly controlling it, i.e. by using an oil jacket as
in the Maryland experiment [97], would have required an enormous technical e~ Vort. Presently,
cooling is realized by a strong air ow in the containment which provides (through the 3 cm
stainless-steel wall of the vessel) a cooling power of around 50 kW. Heating before the experiment,
and between the runs, is accomplished by heating foils with a total power of appr. 60 kW.
In view of the vast thermal inertia of the sodium and the vessel, these cooling and heating
processes would lead to temperature ramps of appr. 0.2 degree per minute which seem well
manageable by a thorough protocol of the experimental campaign. The big player, though, is
the expected hydrodynamic dissipation, going up to 1 MW in the fully turbulent regime, which
indeed constrains the duration of individual runs.

Although the main goal of the experiment is to achieve dynamo action in a truly homogeneous
volume, we have also provided some ba Z es at the end caps which can be inserted into the
cylindrical volume. By increasing the penetration depth of the ba Z es, the ow transitions are
shifted to larger Poincaré numbers [102]. This gives, on one hand, an additional handle to further
optimize the dynamo conditions, but may, on the other hand, also help to elucidate the role of
topographic roughness on the transport of angular momentum in rapidly rotating uids [103].
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