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Abstract: We present an experimental study of the convection within the region of
the Earth liquid core, the Tangent Cylinder (TC). Until now, experimental studies were
mainly focussed on rotating convection outside the TC and were often neglecting the
crucial role played by the magnetic forces [1]. Studies of the convection in liquid metal were
investigated for plane layer geometry [2]. Unfortunately this geometry cannot capture the
specificities of the TC. For the first time, our experiment reproduces the interplay between
Coriolis force, Buoyancy force and Lorentz force. Our study was conducted for Elsasser
numbers Λ (ratio of the Lorentz force to the Coriolis force) from 0 to 1.1, Ekman numbers
E (ratio of the viscous force to the Coriolis force) from 10−4 to 10−6 and Rayleigh number
Ra (ratio of the Buoyancy force over the diffusion) from 107 to 109. We show results
obtained with particle image velocimetry (PIV) measurements evidencing the effect of
the magnetic field on convection at onset and above.
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1. Introduction The generation of the magnetic field on Earth is referred to as
Geodynamo. Its study is highly challenging due to the difficulty in harvesting data and
reproducing the Earth’s parameters either experimentally or in numerical simulations.
Nevertheless, it is understood that most of the Earth’s magnetic field finds its origins
in the liquid part of the Earth core. This mechanism involves an interplay between the
rotation of the Earth, the Buoyant force and the Lorentz force. Hence the problem
corresponds to a rotating magnetoconvection system in a spherical geometry. Our work
focusses on the flow underneath the Earth pole known as the Earth Tangent Cylinder
(TC). The TC corresponds to the region bounded by the Earth solid core at its lower
end, the mantle at its top end, and by an imaginary cylinder tangent to the solid core
extending along the Earth’s rotation axis. In this area the flow dynamic is believed to
play a fundamental role in the dynamics of the Earth magnetic field, and could explain
phenomena such as the drift of the magnetic north pole. Remarkably in most studies, the
TC is assimilated to a rotating plane layer convection problem [2, 3, 4]. Although this
first approximation appears sensible, it neglects the impact of the confinement induced
by the aspect ratio of the TC. Indeed it has been showed by [5] that the aspect ratio
of the geometry has a large impact on the convective pattern. Interestingly this point
was not acknowledged by [1] in their study of the onset of convection in the TC. In this
latter work, the authors neglected the effect of the magnetic field. Nevertheless the TC
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was studied in its integrality throughout numerical simulations [6]. Their results showed
that the effect of the magnetic field is significant at onset and leads to the generation of
a polar vortex for supercritical regimes. In this paper, we present a unique experimental
rig developed to address the question concerning the flow at the onset of convection and
above in the TC. We discuss the nature of the convective patterns and how they are
affected by the magnetic field and the geometry of the TC.

2. Experimental Apparatus The experimental apparatus we developed is a
30 cm diameter glass dome filled with sulphuric acid, heated on the inside, cooled on
the outside and spun (1rps) about the vertical axis and permeated by a high, mostly
vertical magnetic field (10 Teslas). It enables us to investigate the effect of the magnetic
field on the onset of convection and supercritical regime up to Ra = 15 × Rac, with
Rac the Rayleigh number at onset. Our setup reproduces the balance between Lorentz
force, buoyant force and Coriolis force. Therefore, the challenge in designing our system
lies in simultaneously catering for high magnetic fields, rotation and sulphuric acid. At
the center of the apparatus is the main vessel. It is composed of a hemispherical glass
dome filled with sulphuric acid (H2SO4 concentrated at 30% mass), heated in its centre
by a cylindrical heating element, cooled on the outside and spun inside a high magnetic
field. Technically our system is composed of three sub-systems: the magnet, the driving
system, and the main vessel with its acquisition system. Figure 1 (left) shows a picture
and a general schematic of the apparatus with all subsystems. The driving system is
made of a DC motor (DOGA Model 111 E 22) with a belt and pulley arrangement.
The dome has an inner diameter of 276 mm and is filled with the Sulphuric acid. At
the centre of the dome, a cylindrical heating element is used to generate convection.
The heating element provides two essential features of the hot solid core: releasing heat
and imposing the Taylor-Proudman constraint responsible for the formation of the TC.
Finally, the acquisition system includes a thermocouple data logger, a CCD Camera (Point
Grey Flea 3), a wirelessly triggered LASER and a rotating laptop used to record data
from the camera and control the LASER. This equipment allows temperature and PIV
measurements. The whole system is approximately 5 m in height.

In Table 1, we summarize the range of parameters that our system achieves in terms
of non dimensional numbers. It shows that the Elsasser number can be reproduced for
values relevant to the Earth estimates [7]. Unfortunately, the Ekman number and the
Rayleigh number of the Earth are out of reach. The Prandtl numbers are different too,
this is a consequence of our choice to use a transparent electrolyte in order to conduct
PIV measurements.

Control parameters LEE (Water) LEE (H2O4) Earth
E = ν/(r2Ω) [1.25 × 10−5 - 1.25 × 10−6] [4.51 × 10−5 - 4.51 × 10−6] 10−15

Ra = (gα∆Td3)/(κν) [2.09 × 107 - 2.93 × 109] [1.4 × 107 - 2.25 × 109] [1022 - 1030]
Λ = B2/(µ0ρηΩ) 0 [0 - 1] [0.1 - 1]

Pr = κ/ν 7 12 10−2

Pm = ν/η + inf 10−10 10−6

Table 1: Range of achievable parameters in the experiment and comparison to the Earth
parameters. Where ν the kinematic viscosity, r is the radius of the dome, Ω the rotation rate,
g the gravitational constant, α the expansion coefficient, ∆T the temperature difference, κ the
thermal diffusivity, B the magnetic field, µ the permeability of free space, ρ the density and η
the magnetic diffusivity. The Earth parameters are given after [7].
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Figure 1: left: Schematic of the complete system inside a 10 T , 376mm bore Magnet. Scale:
1:50. Right: Detailed drawing of the main vessel. A: Driving module, B: 10T magnet, C: Main
Vessel, D: Measurement system. 1: Motor, 2: Rotary Union, 3: Torque Tube, 4: Liquid Heater,
5: Dome, 6: Cooling Water, 7: Supporting structure, 8: PIV Camera, 9: Optical speed sensor,
10: Wirelessly controlled laptop recording data in the rotating frame, 11: Mirror, 12: LASER
diode, 13: K-type thermocouples connected under and in the ceramic plate, 14: Pipe carrying
the ethylene glycol

3. Effect of the Lorentz force in the Tangent Cylinder

3.1. Effect on the onset of convection Figure 2a and 2b show contours of the z-
component of the velocity in the vertical plane averaged in time at a fixed Ekman number
of E = 1.15×10−5 for Λ = 0 and Λ = 1.12 respectively. Both cases exhibit clear upwelling
and downwelling regions in well defined convective plumes. Their radial size is found by
searching the radial distance corresponding to the first zero of the longitudinal correlations
of radial velocity. Convection without magnetic field exhibits spiral structures akin to
those first identified by [5] and theoretically predicted by [8], with a radial size lr = 0.2.
By contrast, the magnetic case at Λ = 1.12 features much larger structure, with lr = 0.35
with lr defined as the ratio of the structure size to the diameter of the heating element. In
the non-magnetic case, the radial size of the plumes is consistent with [5]’s observations
and with [8]’s prediction of the unstable mode responsible for the onset of convection in a
solid rotating cylinder heated from below. No such study exist in the magnetic case, but
remarkably, the size of the observed plumes matches [9, 6, 3]’s theoretical prediction for
the size of the unstable mode at the onset of plane magnetoconvection.

The thickening of convective plumes by an external magnetic field had been observed
in a mercury experiment between two horizontal planes by [4]. Our results show that
the transition between viscous and magnetic convective modes is indeed relevant to the
dynamics of the TC. Nevertheless, it is shown for the first time to take place in a confined
cylindrical geometry, where the viscous mode is of entirely different nature to the plane
viscous mode.
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(a) uy(x, y) with Λ = 0, E = 1.15 × 10−5 and
Ra = 1.2 × 108.

(b) uy(x, y) with Λ = 1.12, E = 1.15×10−5 and
Ra = 1.17 × 108.

Figure 2: Contour of the z-component of the velocity in the vertical plan derived from PIV
measurement

(a) Vorticity along the vertical component with
Λ = 0, E = 6.39 × 10−6 and Ra = 1.9 × 108.

(b) Vorticity along the vertical component with
Λ = 0.16, E = 6.39×10−6 and Ra = 6.98×108.

Figure 3: Plot of the vertical component of Vorticity derived from PIV measurement

3.2. Effect for supercritical system With figures 3a and 3b, we present the evolution
of the vorticity patterns from weakly to strongly convective regimes. These contours were
obtained by measurement in the plane normal to the axis of rotation at the latitude 58
degrees and averaged in time. With figure 3a at low Rayleigh number, we observe a
spiraling structure consistent with [5]. As the effect of the magnetic field, we note that
the arms of the spiral are thicker than in the viscous case. Without magnetic field, [1]
showed that at high Rayleigh numbers the convection is advected outside the TC. On
the other hand with figure 3b we point out that the magnetic field seems to promote the
generation of large structure confined around the axis of rotation. This latter pattern
exhibit by figure 3b could correspond to the very peculiar structure characteristic of the
TC: the polar vortex. Until now evidence of a large vortex underneath to polar region has
only been numerical [6]. Our results are the first experimental evidence of this pattern.
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4. Discussion In this paper, we introduced a new and unique experimental setup
capable of modeling flow in an Earth like geometry with a special focus on the Tangent
Cylinder. We showed evidence of the effect of the magnetic field on our apparatus near
the onset of convection and above it. These results represent the first visualization of
the Lorentz force, Buoyancy force and Coriolis forces in a geometry relevant to the TC
and confirm that subtle MHD effects can be reproduced in electrolytes and thus opens
the way to a new range of experiments where visualization can be achieved by means of
transparent electrolytes in extremely high magnetic fields. The drastic change of structure
in the flow patterns is very relevant as it confirms the crucial role of the magnetic field
on the convection inside the TC. Finally we showed the first experimental evidence of a
polar vortex induce by the Lorentz force. Our setup as well as our results open a new
perspective on the understanding of the flow dynamic in the Earth Tangent Cylinder.
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