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Three Meter Experiment & Parameters Spherical Harmonic Decomposition: Gauss Coefficients
This research facility was designed and built hoping to achieve a magnetic dynamo in an experiment as 4 a\+2 ) o
similar as possible to Earth’s core. Experiments with liquid sodium have begun; so far no dynamo By(r,0,¢) =2 Y 1(l+1) (;) P/ (c0s(0))(9im cos(mo) + gy, sin(me))

[=0 m=0
After subtracting the applied field contribution from the 31 sensors of the hall sensor array, we project
these measurements of B, onto vector spherical harmonics, giving the Gauss coefficients ;< for the
s(ine) or c(osine) component with order m and degree / (I<4, m<4).

states have been seen, but measurements in this device can help us better understand the rapidly rotating
and strongly magnetized turbulence that prevails 1n planetary cores. This experiment provides rich data
that should be useful to help benchmark and improve predictive models of core dynamics.

Inner shaft Instrumentation ports

torque sensor. €, € Pressure at wall. Wea kly Mag netlzed I nertlal MOd eS

B¢ and B¢ 10cm down _ _ 7
$ > Reconstructed Surface B, Ro =-1.7, A = 0.001, Rm=268, E = 5.6x10-8 008,231 VS Ro, Rm=99-315, £=1.1x10

fromwall. s=04r

Outer Sphere =—— ° Wave frequenc —— A =0.002, /=3, m=1

= a f — v ucncy b I —v— A =0.008, [=3, m=1

ro,=1.46m 1 | Hall sensor array. ( )/ ‘ \ ®/Q = 0.625 ( )0.06 —— A =0.031, =3, m=1
= X 31 sensors rotating I(1+1)g, /B, |

with outer sphere. (RMS) 4!

0.02}

Cutaway View

Inertial modes are excited by differential rotation in spherical Couette flow when E is low enough'!»>>) .
The strongest magnetic induction (a) is dominated by I=3, m=1 magnetic field induced by an inertial
mode recently confirmed as a mode of a spherical shell'V). With zero magnetic field (water!), this mode
peaks at Ro =-1.7. Increasing the Elsasser number A shifts the amplitude peak to higher Ro and weak-
ens the induced field relative to the applied field (b), suggesting increased mode damping. Although the
applied field here is expected to have weak bulk effects, even A~O(E!/?) can modify low Ekman
number flows with thin internal layers(®). The Hartmann number Ha, which compares the Lorentz and
viscous forces, 1s Ha = 0.6, 1.3, 2.5 for the three fields in (b) if calculated for a scale { = E 131,
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The experiment consists of two coaxial, independently rotating stainless steel shells, effectively electri-
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Gauss Coefficient Spectrum, Ro = -4.3, Rm=255, E = 1.5x107

cally insulating boundaries. The ratio of inner to outer boundary radius matches the ratio between the T d) %% ~ |
radii of Earth’s solid inner and liquid outer core, I"=0.35. The gap between the spheres is filled with (c) 0.06f . - S IR (d) 0.94/ -
almost 12,000kg of sodium metal, liquified and held at 120°C for experiments. So far we have only I(1+1)g, /By 0 04l ' : /O 0.92| -
achieved about half of the listed maximum boundary speeds; the dimensionless parameter list above re- (RMS) 0.9 | |

, . . 4 0.020 o\ 0.88| -
tflects what we’ve actually achieved. We can match or exceed the magnetic Reynolds number Rm s = = U » 0. 86| |
thought to exist in Earth’s core, and our low Ekman number £ is among the lowest achieved in a labora- G0N NINE AR p A 70 90 110 130 R (G)
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tory experiment, ensuring that the Coriolis force 1s dominant. By applying a magnetic field, we may

approach an Elsasser number A near unity, giving Lorentz force comparable to the Coriolis force. New waves arise at many parameters and we are working to characterize them. We focus here on data

with Ro = -4.3. We do this because the unmagnetized basic state shows no noticeable wave peaks
above the broadband turbulence. As the magnetic field is increased, the fluctuations in midlatitude
magnetic field develop sharp frequency peaks, shown 1n the spectrogram (a) above. At the highest A,
the magnetic fluctuations are dominated by an oscillation of phase locked g4, and g,, coefficients with
w/CQ = 0.86, as shown 1n the time series (b) and Gauss coefficient spectrum (c¢) above.

We measure external spherical radial magnetic field B; with an array of 31 Hall sensors in the rotating
frame and internal azimuthal tield By and cylindrical radial field Bg with a pair of probes intruding nto
the flow 10cm from the wall and 10cm from the cylinder tangent to the inner sphere. We measure pres-
sure at the wall 1n three ports depicted above, and a torque sensor on the inner sphere gives a global

measure of angular momentum transport. Reconstructed Surface B,, Ro = -4.3, A = 0.433, Rm=255, S=5.1, E=1.5x10"7
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To study hydromagnetic phenomena in the absence of dynamo action, we apply a fffﬁgﬁé‘}ﬁﬁ”ﬁeeld using The two figures above are reconstructions of the radial field at the sphere surface from the Gauss coeffi-
an electromagnet in the equatorial plane. We choose the field at the center of the experiment as a refer- cients at one instant. Warm (cool) colors are outwardly (inwardly) directed field. Peak field strength is
ence value “Bg” in the dimensionless parameters listed above. However, there is substantial spatial about 15% of Bo. The spiral structure suggests a mode with different wave speeds at difterent latitudes,
variation as shown here; the field is stronger at the equator (~2B) and weaker at the poles (~By/2). The which may result from the stronger field near the equator ot the outer sphere. Wave frequency varies

rightmost plot shows applied field measured by each sensor compared to the calculated field. with magnetic tield, shown in (d) above, so this may be a magnetocoriolis mode.
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Mean Flow and Field with Strong Magnetization

Mean Internal Fields, Ro = -4.3, Rm=255, E = 1.5x10"’
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We measure azimuthal field inside the sodium at 60cm cylindrical radius, 10cm outside of the tangent
cylinder and 10cm from the outer wall. The figures above are taken at constant sphere speeds with 1n-
creasing magnet current, and show (a) the raw field and (b) field normalized by Bg. In (b), the dashed
line shows the calculated s-component of the applied field at the probe location. The applied field is
axisymmetric, so By 1s pure induced field. With weakly conducting walls and a tendency toward geo-
strophy, we expect that By 1s mainly induced from Bg near the probe location by radial shear. This im-
plies substantial toroidal field gain, a hopeful sign for eventual dynamo states!

At these flow parameters, 1t seems that the Lorentz force 1s almost always important. At most flow pa-
rameters tested so far, By/Bg decreases with increasing By, likely due to reduced velocity shear. The in-
crease seen here in (b) for Ro =-4.3 up to A = 0.1 1s an interesting exception.
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We do not yet have direct measurements of flow velocities 1n the liquid sodium, but here we use mag-
netic signals as a surrogate. We cross-correlate higher frequency broadband fluctuations between longi-
tudinally separated probe pairs, assuming that the largest peaks seen 1n this cross-correlation represent
advection of slowly evolving turbulence. Using this assumption, we can calculate the mean fluid angu-
lar speed at different latitudes. At (¢), the difference in angular speed between the midlatitudes and
high mostly generally decreases as A 1s increased. This 1s consistent with the weaker production of By
for high A but does not explain increased By below A=0.1.

Summary and Questions

We have performed experiments 1n a laboratory model of a planetary core at unprecedented parameters,
discovering new hydromagnetic internal wave modes and important Lorentz force effects in a variety of
turbulent states. We will continue to more fully characterize the rotating and magnetized turbulent
flows we find; among other things, we wish to determine whether the observed waves are of a magneto-
coriolis type with important Lorentz and Coriolis restoring forces. We will also continue the search for
dynamo action in the parameter space we have not yet explored, and we hope to develop and continue
collaborations seeking to predictively model the interesting hydromagnetic flows we are studying.
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