
MAGNETOHYDRODYNAMICS OF PLANETS AND STARS
WHAT IDEALISED NUMERICAL SIMULATIONS AND

LABORATORY EXPERIMENTS CAN TEACH US

SUSANNE HORN

Centre for Fluid and Complex Systems, Coventry University

EMFL User Meeting, 11th June 2024



MHD of the Sun MHD of Planets MHD in the Lab and in Simulations A Glance to the Future

Sunspots and the Solar Dynamo

˝ sunspots observed
since 800 BC

˝ thought to be solar
analogues of terrestrial
volcanoes or tornadoes*

⇝ George E. Hale†: fine structures around sunspots,
resembling iron filings around a magnet

⇝ Zeeman splitting in the presence of a magnetic field

*PETERS, C.H.F. Ueber die Sonnenflecke. Annalen der Physik (1855)
†HALE, G.E. On the Probable Existence of a Magnetic Field in Sun-Spots. Astrophysical Journal (1908)
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Sunspots and the Solar Dynamo

Longitudinally Averaged Magnetic Field

Sunspot Area Coverage
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˝ magnetic forces responsible for nearly all activity and variability of the Sun

˝ Hale cycle - magnetic field back to original polarity (22 years)

˝ Sir Larmor suggested solar dynamo*

⇝ originating from tachocline or
near-surface instability?†

⇝ rapidly rotating “underlayer”? ‡

⇝ why is corona 150 to 450 times
hotter than surface?

...

*SIR LARMOR, J. How could a Rotating Body such as the Sun become a Magnet? Rep. Brit. Assoc. Adv. Sci. A (1919)
†VASIL, G.M. ET AL. The solar dynamo begins near the surface. Nature (2024)
‡VASIL, G.M., JULIEN, K. AND FEATHERSTONE, N.A. Rotation suppresses giant-scale solar convection. Proc. Nat. Acad. Sci. (2021)
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Planetary Dynamos
˝ planetary magnetic fields are generated via

self-sustained dynamo action

⇝ maintain magnetic field against decay through Ohmic
dissipation

˝ rotating turbulent convection in
⇝ liquid metal cores of rocky planets

⇝ metallic hydrogen envelopes of gas giants

⇝ superionic ice layer of ice giants



MHD of the Sun MHD of Planets MHD in the Lab and in Simulations A Glance to the Future

Geodynamo

˝ Earth’s liquid metal core: remote,

under-constrained systems

˝ crustal magnetism forms a magnetic curtain

⇝ only observe length scales larger than „ 1700 km
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Dynamo Models and Characteristic Length-Scales ℓ

Pr “ 1, Ra “ 105, Pm “ 5, Ek “ 10´3

˝ numerical simulations easily generate dynamos*

⇝ but only for unrealistic values of the control
parameters, esp. Ekman numbers†

Ek “
ν

2ΩH2
“ 10´3 ⇝ ℓ9Ek1{3 „ 1000 km

⇝ extrapolation to Earth-like values:

EkC “ 10´15 ⇝ ℓ „ 100m

*MagIC, WICHT ET AL., Astrophys. Source Code Lib., https://magic-sph.github.io/ (2017)
†AURNOU & KING, Proc. R. Soc. A 473 (2017)

https://magic-sph.github.io/
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Dynamo Models and Characteristic Length-Scales ℓ
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MHD of the Sun MHD of Planets MHD in the Lab and in Simulations A Glance to the Future

Geodynamo

˝ Earth’s liquid metal core: remote,

under-constrained systems

˝ crustal magnetism forms a magnetic curtain

⇝ only observe length scales larger than „ 1700 km

⇝ objective: understanding the fundamentals of

planetary core turbulence using

idealised models
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Sorting puzzle pieces into a picture. . .

˝ most important puzzle pieces:
˝ turbulent convection (buoyancy)
˝ rotation (Coriolis)
˝ magnetic fields (Lorentz)

˝ methods of solution:
˝ theoretical approaches
˝ numerical simulations
˝ laboratory experiments
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From Physical Phenomena to Non-Dimensional Equations
˝ mass conservation:

∇ ¨ u “ 0

˝ momentum conservation:

Dtu “ ´∇p`

d

Pr

Raγ3
∇2u`T êz´

c

Prγ

RaEk2
êzˆu`

c

Ch2Prγ

Ra
pjˆêzq

˝ entropy (temperature) equation:

DtT “

d

1

RaPrγ3
∇2T

˝ induction equation (quasi-static low-Rm)

∇ ¨ j “ 0

j “ ´∇Φ ` pu ˆ êzq

*

∇2Φ “ ∇ ¨ pu ˆ êzq

˝ control parameters:

Ra “
αg∆H3

κν
, Pr “

ν

κ
, γ “

R

H
, Ek “

ν
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Nakagawa’s Experiments in Liquid Mercury*
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A Bakelite cylinder, R = 6 cm;
B stainless-steel plate; C electric heater;
D non-magnetic ball-bearing;
E stainless-steel rod; F mercury trough;
M front-surface mirror; T camera

*NAKAGAWA Y., Proc. Roy. Soc. A (1959)
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Nakagawa’s Experiments in Liquid Mercury*

˝ magnetic field strength increases from left to right, B “ t125, 750, 1000, 3000u Gs

⇝ Ch “ t9.47 ˆ 101, 3.47 ˆ 103, 6.17 ˆ 103, 5.54 ˆ 104u

˝ constant rotation: Ek “ 1.2 ˆ 10´4

˝ bright streaks represent pathlines created by using sand as free surface tracer particles

Λ“0.01, Ra«1.3ˆ105 Λ“0.41, Ra«3.7ˆ105 Λ“0.74, Ra«3.4ˆ105 Λ“6.48, Ra«8.2ˆ105

*NAKAGAWA Y., Proc. Roy. Soc. A (1959)
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Theoretical Linear Stability Predictions*
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Λ
˝ liquid mercury, Pr “ 0.025, aspect ratio Γ “ 8

˝ Ek “ 1.2 ˆ 10´4 fixed, Ch{Λ varied, test different Ra at fixed Λ “ ChEk

*HORN, S. & AURNOU, J. M. (2022). Proc. Roy. Soc. A 478; MURPHY, J. O., & STEINER J. M. (1975). Proc. Roy. Soc. Lond. A. 347
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Donna DeEtte Elbert (1928–2019)* †

˝ started working with Chandrasekhar in 1948

˝ no formal degree in mathematics (BFA in 1974)

⇝ 30-year collaboration, co-authored 16 papers

⇝ carried out almost all numerical computations

⇝ developed solutions more elegant than Chandrasekhar’s original ones

⇝ first to describe coexistence range of large-scale
magnetostrophic and small-scale geostrophic modes;
footnote in Hydrodynamic and Hydromagnetic Stability (1961)

*photos courtesy of Dianne Hofner Saphiere, Susan Elbert Steele, Joanne Elbert Kantner
†HORN, S. & AURNOU, J.M. The Elbert range of magnetostrophic convection. I. Linear theory. Proc. Roy. Soc. A (2022)
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Geostrophic Regime (G) - Nakagawa’s 1st Case†

Λ “ 0.0114,Ch “ 9.5 ˆ 101, Ra “ 1 ˆ 105

R
a
cr
it

Λ vertical velocity uz, topview

ℓo ℓo

˝ no wallmodes, no stationary modes
˝ oscillatory: Ra{Rao “ 3.3; aO “ 7.921 ñ n « 17*

*ℓ « λc{2 ñ n « Γ{ℓ “ Γacrit{π
†HORN, S. & AURNOU, J.M.. The Elbert range of magnetostrophic convection. II. Comparing Linear Theory to Nonlinear Low-Rm Simulations; under review (2024)
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Elbert’s magnetostrophic coexistence range (MG2) - Nakagawa’s 2nd Case
Λ “ 0.42,Ch “ 3.5 ˆ 103, Ra “ 3 ˆ 105
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Λ vertical velocity uz, topview

ℓo ℓo

˝ no stationary modes

˝ oscillatory: Ra{Rao “ 2.4; aO “ 10.750 ñ n « 27

˝ wallmodes: Ra{Raw “ 1.6, aw “ 3.960 ñ m “ γaw “ 16
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Elbert’s magnetostrophic coexistence range (MG2) - Nakagawa’s 3rd Case
Λ “ 0.72,Ch “ 6.0 ˆ 103, Ra “ 1 ˆ 106
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Λ vertical velocity uz, topview

ℓo ℓoℓms ℓms

˝ stationary magnetostrophic modes: Ra{Rams “ 1.8, ams “ 3.512 ñ n « 9

˝ oscillatory: Ra{RaO “ 2.4, aO “ 11.501 ñ n « 27

˝ wallmodes: Ra{Raw “ 1.6, aw “ 3.938 ñ m “ γaw “ 16
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Magnetically dominated magnetostrophic range (MG3) - Nakagawa’s 4th Case
Λ “ 6.6,Ch “ 5.5 ˆ 104, Ra “ 2 ˆ 106

R
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Λ vertical velocity uz, topview

ℓms ℓms

˝ no oscillatory modes

˝ stationary magnetostrophic modes: Ra{Rams “ 2.7, ams “ 7.941 ñ n « 20

˝ wallmodes: Ra{Raw “ 7.1, aw “ 4.010 ñ m “ γaw “ 16
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Back to Earth . . .
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⇝ Elbert range geophysically most relevant
⇝ linear analysis suggest boundary-attached, oscillatory, and geostrophic and magnetostrophic stationary

modes are excited at Earth-like values
⇝ „ 5 orders of magnitude difference between magnetostophic and geostrophic modes
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. . . and Other Planets
˝ linear theoretical predictions carry over to nonlinear,

turbulent flows
˝ liquid metal rotating magnetoconvection is strongly multimodal:

˝ oscillatory and boundary-attached modes
˝ geostrophic, magnetostrophic, and magnetic

stationary modes

⇝ large-scale magnetostrophic mode appears not dominant

⇝ thermal-inertial oscillatory modes punch above their weight

˝ Elbert Range (MG2) coincides with planetary estimates

4

3
p4π2Ekq1{3 ă Λ ă

1

2
p34π2Ekq´1{3

⇝ We need more extreme experiments and DNS of this system!
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Back to the Sun - Solar Tornadoes†

˝ „ 14 Earths high, lasted 3 days

˝ may contribute to solar coronal heating*

˝ or is it Alfvén waves?
*KUNIYOSHI ET AL., Astrophys. J. 949 (2023)
†Image: J. Guenzel, A. McCarthy
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Creating Magnetic Tornadoes in the Lab - LEE2
Little Earth Experiment 2 - Sulfuric Acid in a 10 T Magnet

˝ Centre for Fluid and Complex Systems, operated at LNCMI Grenoble
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Alfvén Waves in Liquid Metals - Flowcube

Oscillating diffusive or propagative dynamics?
Conditions for emergence of MHD waves at low Rm

S. Lalloz, L. Davoust, F. Debray, A. Pothérat

Aim of the investigation
Alfvén waves are ubiquitous in various geo-astrophysical 
environments (solar corona, solar wind, magnetised planetary 
cores) (Salem et al. 2012; Gillet et al. 2010).
These waves are weakly damped in these media, favouring their 
nonlinear interactions. As such, the energy transfers associated 
with these interactions can bear relevance in understanding yet 
unexplained phenomena like the high temperature in the solar 
corona (Grant et al. 2018).
Unfortunately, studying Alfvén waves in their natural environment 
is extremely difficult, because of limited accessible data and the 
wide variety of MHD waves existing in these environments.
Here, we tackle whether Alfvén waves produced in liquid metal 
experiments can be relevant for those in geo-astrophysical 
environments. More precisely, we want to determine their 
emergence condition and investigate whether non-linear wave 
interactions can be obtained.

Investigation of the flow: the Flowcube experimental device
The experimental device initially designed by  Klein 
(2010) is a cubic vessel of height ℎ = 10cm filled 
with a liquid metal alloy (of kinematic viscosity 𝜈,  
electric conductivity 𝜎 and density 𝜌) and subjected 
to a static, uniform and vertical magnetic field 𝑩𝟎. 

The two Hartmann walls (a in Figure 1) are made up 
of an array of injection electrodes and electric 
potential probes. 

The oscillating flow is forced by injecting at the 
bottom wall a current of amplitude 𝐼0  and 
frequency 𝑓0. 
The flow is diagnosed by measuring the potential 
gradients ∇𝜙 at the top and bottom walls such as 
the attenuation coefficient 

𝛼(𝑥, 𝑦) = ln Τ|∇𝜙|𝑡𝑜𝑝 |∇𝜙|𝑏𝑜𝑡  can be obtained. 

References
H. ALFVÉN, Existence of Electromagnetic-Hydrodynamic Waves. 
Nature, vol. 150 (1942)
SALEM S. et al., Identification of kinetic alfvén wave turbulence in 
the solar wind. The Astrophysical Journal Letter (2012)
GILLET, N. et al., Fast torsional waves and strong magnetic field 
within the Earth’s core. Nature vol. 465 (2010)
GRANT, S.D.T et al., Alfvén wave dissipation in the solar 
chromosphere. Nature Phys. Vol. 14 (2018) 
JAMESON, A demonstration of Alfvén waves part 1. generation of 
standing waves. Journal of Fluid Mechanics, vol. 19 (1964)
SOMMERIA J. et al., Why, how, and when, MHD turbulence 
becomes two-dimensional, Journal of Fluid Mech., vol. 118 (1982).
R. KLEIN et al. Appearance of three dimensionality in wall-bounded 
MHD flows. Phys. Rev. Lett., vol.104 (2010)
BAKER et al., Controlling the dimensionality of low-Rm MHD 
turbulence experimentally, Exp. Fluids, vol. 58, (2017).
LALLOZ S. et al., Alfvén waves et low Magnetic Reynolds number, 
InArXiv e-print (2024). arXiv: 2405.04276 [flu-dyn].

Figure 1: Close-up view of the vessel’s interior

a

a

Quasi-Static (QS) low-Rm versus Propagative low-Rm approximations 
Propagative low-Rm approximation (𝑅𝑚 ≪ 1)
-Navier Stokes equations:

𝜏𝜈

𝜏𝜔
 𝜕𝑡𝒖 +

𝜏𝜈

𝜏𝑢
(𝒖. 𝛁𝒖 + 𝛁𝑝) = 𝚫𝒖 +

𝜏𝜈

𝜏𝑗
𝜕𝑧𝒃,

-Induction equations:
𝜏𝜂

𝜏𝜔
 𝜕𝑡𝒃 = 𝚫𝐛 + 𝜕𝑧𝒖, 

 ➔ propagative dynamics permitted

Resistive screen parameter: 𝑅𝜂 = Τ𝜏𝜂 𝜏𝜔

 If 𝑅𝜂 → 0 : 𝚫𝐛 + 𝜕𝑧𝒖 = 𝟎
 ➔ Quasi-Static approximation
 ➔ No propagative dynamics permitted 

Case for a forced oscillating flow (Fig. 2) (Lalloz et al., 
2024):
- The first peak area predicted by the QS approx. 
 ➔ not propagative
- The second peak area only predicted by the 

prop. approx. 
➔ propagative

Figure 2: Attenuation coefficient α against Τ𝜏𝜂 𝜏𝜔 in the 

QS and Propagative low-Rm approximations

The different regimes of an oscillating MHD flow

- Good agreement between the Prop. low-Rm 
model and experiments for 𝐽𝑎 < 0.85  

- The two peak areas experimentally recovered: 

 - First peaks area scales with  𝑁𝜔  
➔ governed by pseudo-diffusive effects of the 
Lorentz force

 -  Second peaks area scales with 𝐽𝑎 
➔ governed by an Alfvén wave dynamics

- For 𝐽𝑎 > 0.85, discrepancy between the model 
and experiments ➔ calls for a no-linear 
propagative process 

Figure𝜈 3: α against 𝑁𝜔
−1(left) and Ja (right) from experiments and from the model in the prop. low-Rm approx.  

Timescales and non-dimensional 
numbers

Timescales

𝜏𝜈 =
ℎ2

𝜈
, 𝜏𝜂 =

ℎ2

𝜂
,

𝜏𝜔 = 𝑓0
−1,

𝜏𝑢 =
ℎ

𝑢0
,

𝜏𝑗 =
𝜌

𝜎𝐵0
2,

𝜏2𝐷 =
ℎ

𝐿⊥

2
𝜏𝑗,

𝜏𝐴𝑉 =
ℎ 𝜌𝜇0

𝐵0
=

ℎ

𝑣𝐴𝑉
,

Viscous and magnetic 
diffusion times.

Oscillation time

Advection time

Joule time

2D time (𝐿⊥: lengthscale 
perpendicular to 𝑩𝟎 )

Alfvén time (𝜇0: magnetic 
permeability)

Non-dimensional numbers
𝑅𝑚 = Τ𝜏𝜂 𝜏𝑢,  magnetic Reynolds number

𝐻𝑎 = Τ𝜏𝜈 𝜏𝑗
1/2

, Hartmann number

𝐽𝑎 = Τ𝜏𝐴𝑉 𝜏𝜔, Jameson number ➔ Alfvén dynamics

𝑁𝜔 = Τ𝜏𝜔 𝜏2𝐷, (true) oscillation parameter ➔ contains 
diffusive effects of the Lorentz force

Nonlinearity of the experimental waves

𝜖𝑁𝐿(top) = 1 −
∇𝜙𝑡𝑜𝑝 𝑅𝑒0 𝑥,𝑦

𝑅𝑒0
lim

𝑅𝑒0→0

𝑅𝑒0

∇𝜙𝑡𝑜𝑝 𝑅𝑒0 𝑥,𝑦

with 𝑅𝑒0 = Τ𝐼0 2𝜋𝜈 𝜎𝜌𝜈 1/2

Figure 4: 𝜖𝑁𝐿(top) against 𝑅𝑒0.  

𝜖𝑁𝐿(top) quantify the nonlinearity of the flow at the top 
wall
𝑅𝑒0 quantifies the intensity of the forcing

- Nonlinearities prevail in the propagative regime, at 
the highest 𝐽𝑎 value

- In this case, 𝜖𝑁𝐿(top) can reach 40%
- This supports the idea that nonlinearities arise from 

nonlinear wave interactions
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Understanding Tangent Cylinder Physics

Centre for Fluid and Complex Systems

FCS
Magnetic Taylor-Proudman Constraint explains flows into Tangent

Cylinders
Alban Pothérat1, Kélig Aujogue1, Rishav Agrawal2 and François Debray3

� alban.potherat@coventry.ac.uk
1Centre for Fluid and Complex Systems, Coventry University, UK, 2School of Engineering, University of Liverpool, UK, 3Laboratoire National des Champs Magnétiques Intentes, CNRS Grenoble, France

The flow of liquid metal in the Earth’s core is driven by convection and constained by Earth’s rotation and mag-
netic field. Without magnetic field, the Taylor-Proudman (TP) constraint due to rapid rotation would suppress
any flow through the Tangent Cylinder (TC), an imaginary surface extruded from the solid core along the ro-
tation axis. Geomagnetic data and simulations however show that this constraint is broken by flows crossing
the TC[6, 7]. We show that with an axial magnetic field, a Magnetic TP constraint imposes a flow through the TC
controlled by the zonal flow around it. To verify this theory, we optically map velocity fields in an experimental
model of the TC using weakly conducting electrolytes, where we control buoyancy, Coriolis and electromagnetic
forces with a large magnet, to observe how the MTPC reshapes magneto-rotating convection in the TC.

Motivation

˝ Aligned magnetic field, rotation and gravityΩ “ Ωêz,Bz “ Bpx, y, tqêz
˝ Induction equation not needed !

RoDtu`∇p “ Ek∆u` uˆ êz `ΛJˆ êz ` Ro T êz
J “ ´∇φ` Bzuˆ êz ` BtA

∇ ¨ u “ 0 ∇ ¨ J “ 0

DtT “ Ra–1{2Pr–1{2∆T

Ra “
αgpTH ´ TCqh

3

νκ
Ek “

ν

2Ωh2
! 1 Ro “

U

2Ωh
“ EkpRa{Prq1{2 ! 1 Λ “

σB2

2ρΩ
Pr “

ν

κ

U “ pαpTH ´ TCqghq
1{2 convective free fall velocity

Magneto-Rotating Convection equations

Rewriting the Coriolis + Lorentz Force F “ u ˆ êz`ΛJˆ ez using a single solenoidal compound current c
such that cK “ uK `ΛJK and cz “ ´

ş

∇K ¨ cKdz,

BzcK “ OpEk, Roq

∇K ¨ cK “ OpEk, Roq

BzuK “ ´ΛBzpBzJKq ` OpEk, Roq

∇K ¨ uK “ ´Λ∇K ¨ BzJK ` OpEk, Roq

Magnetic Taylor-Proudman Constraint: the compound currentc “ u`ΛJ is quasi-2D and quasi-horizontally
solenoidal butu and J can be 3D, 3C and horizontally divergent. In a domain of heighthpx, y, tq along êz, with
current cwpx, y, tq through its boundaries, global compound charge conservation

ş

∇ ¨ cdz “ 0 implies:

cK ¨∇Kh “ Bth` cw ` OpEk1{2, Roq

With static (Bth “ 0) and insulating (cw “ 0) boundaries, the current cK follows surfaces of constant height.
˝ ForΛ “ 0, classical Taylor-Proudman constraint: the flow follows Geostrophic Contours (GC).
˝ ForΛÑ8, the flow follows Characteristic Surfaces of constant height along êz [2].
˝ Unsteady or non-insulating boundaries deflect the current from geostrophic contours.

The Magnetic Taylor-Proudman Constraint [9]

pn, sq normal and tangential coordinates for a given geostrophic contour, then MTP constraint and Ohm’s law

un `ΛBzJn “ OpEk, Roq

Jn “ ´∇nφ` Bzus ` BtAn
Time-average to eliminateAn, using charge electric conservation, and averaging along a geostrophic contour

∆xB´1z unys,t `ΛB
2
zzxBzusyt,s “ OpEk, Roq

The flows through and along geostrophic contours are kinematically constrained, whetherB is homogeneous or
not, for anyRm, as long asB remains reasonably axial. Planetary cores are axisymmetric domains, geostrophic
contours are cylinders: Bθh “ 0,n “ r, s “ θ:
˝ The MTP constraint imposes that on average, a radial flow into the Tangent Cylinder is driven by the zonal

flow around it: xuryt,θ „ Λxuθyt,θ.
˝ In the quasi-2D limit (Bzuθ “ 0 in the bulk),ur “ 0: the classical TP constraint is recovered.

Kinematic Magnetic Taylor-Proudman Constraint

Challenge:
˝ Control Lorentz, Coriolis and Buoyancy forces
˝ Optically map velocity field with PIV

=ñ Newtonian transparent and electrically conducting fluid
Principle:
˝ Only the Joule time τJ “ ρ{pσB2qmatters
˝ σ{ρ in electrolytes„ 100ˆ smaller than in liquid metals,

=ñ Magnet delivering a 1001{2 “ 10ˆ greater a field !

Solution:
˝ Sulfuric acid
˝ Large bore magnets (up to 10 T in a
376mm bore at LNCMI-Grenoble)

30% mass H2SO4 Gallinstan
σ [S/m] 8.6ˆ 101 3.4ˆ 106

ρ [kg/m3] 1.3ˆ 103 6.4ˆ 103

B [T] 10 0.1
τJ [s] 0.15 0.18

Magnetohydrodynamic Experiments with Sulfuric Acid

˝ When background rotation and magnetic field are aligned, the flow normal and the flow tangent to the
geostrophic contour (GC) are kinematically bound by a Magnetic Taylor-Proudman constraint.

˝ The flow normal to the GC vanishes in the absence of either rotation or without magnetic field, or if the flow
tangent to the GC is quasi-2D.

˝ Sulfuric acid flows in„ 10 T reach the same quasi-static MHD regime as liquid metal flows in„ 0.1 T.
˝ PIV measurements in the Elbert range reveal a zonal flow reversal along the height of TC, with a meridional

recriculation through the TC constrained by the MTP.
˝ In the magnetically dominated magnetostrophic range, the zonal flow is invariant along the height of the

TC, with no radial flow, as predicted by the MTP constraint.

Conclusions
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Left: Schematic of the complete system inside the magnet. Right: 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

The Little Earth Experiment: LEE1 and LEE2 [3, 5, 9, 1]

Control parameters LEE1 (H2O4) Earth [10]
Ek “ ν{p2R2Ωq r5ˆ 10–6 ´ 5ˆ 10–5s 10–15

Ra “ pgα∆Th3q{pκνq r1.4ˆ 107 ´ 2.25ˆ 109s r1022 ´ 1030s

Rc “ Ra{Rac ´ 1 0.1´ 20 1´ 103

Ha “ Bdpσ{pρνqq1{2 r0´ 152s r107 ´ 108s

Λ “ σB2{pρΩq r0´ 1s r0.1´ 1s

Pr “ ν{κ 12 10–2

Pm “ ν{η 10–10 10–6
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˝ LEE1 in the Quasi-Static MHD regime (Rm ! 1 andPm ! 1)
=ñ no oscillatory modes of convection and no feedback of the flow on the magnetic field

˝ LEE1 in the Elbert range (Magnetic onset with minor Geostrophic mode)
˝ LEE2 in the Magnetostrophic III regime (Magnetically dominated onset) [4, 8]

Range of achievable parameters

Velocity profiles of radial and azimutal flow forEk » 1.3ˆ 10´5,Ro “ 0.045˘ 0.015

z{h “ 0.22

z{h “ 0.74

TC Wall
(top) Flow structure in LEE1’s TC

B
Ω

B

TH

TC

˝ Zonal flow xuθyr,θ,t reverses between the hot (bottom) and cold (top) regions, enhanced by Lorentz force
˝ Global meridional recirculation THROUGH the TC more pronouced asΛ increases

Approximate MTP constraint, assuming a single meridional cell: xuryr,θ,t » ΛKbot{top rxuθyr,θ,ts
z{h“0.74
z{h“0.2

˝ z{h “ 0.74
‚ z{h “ 0.22

˝ xuryr,θ,t and xuθyr,θ,t follow the kinematic MTP constaint.
˝ LEE1 is in the quasi-static MHD regime (|BtA| !|uˆB|), so MTP holds at every time, not just on average

Zonal and Radial Flows in LEE1’s Elbert Range [5, 9]

Zonal and radial flows atHa “ 260 (Λ “ 1.49),Ek “ 2.2ˆ 10´5,Ra “ 2.4ˆ 108
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Convection in TC with cylindrical vessel in the magnetically dominated magnetostrophic
range:
˝ Zonal xuθyr,θ,tpzqhardly varies between the hot (bottom) and cold (top) regions
˝ The radial flow is xuryr,θ,tpzq » 0, as predicted by the MTP constraint

Zonal Flow and NO Radial Flow in LEE2’s Magnetic Magnetostrophic Range [9, 1]



Thank you for your attention!




