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The Earth’s magnetic field is hugely important, as it protects the surface of the planet
from cosmic radiation and charged particles coming from the Sun and enables navigation
for many living species. However, how it is generated and why it changes its value and
configuration in time is poorly understood. The leading theory for the generation of the
Earth’s magnetic field is the geodynamo: an electrically conductive fluid in the Earth’s
core creates and maintains a magnetic field over an astronomical time scale. To probe this
theory experimentally, the Three Meter Experiment—a 3 meter diameter spherical-Couette
apparatus—was built to model the Earth’s core. The experiment consists of two rotating
concentric spheres with liquid sodium between them. The rotating spheres generate fluid
motion and reproduce the dynamics similar to those that occur in the planet’s core. The
previous generation of the experiment was not able to generate a self-sustaining magnetic

field. However, numerical studies suggest that increasing the roughness of the liquid to



the solid boundary should allow enable entering the dynamo regime. To test this, we first
built a scaled-down model of the Three Meter sodium experiment. This was a 40-cm water
experiment to examine the increase in helicity of the flow from installing baffles on the
inner sphere. We then drained 12 tons of liquid sodium from the Three Meter experiment,
cleaned, fixed, and upgraded it with baffles to increase surface roughness. We then re-filled
the Three Meter experiment with sodium and performed several experiments. Here, we
present the results of studying the torque scaling in the experiment. We show that the
experiment’s highest Reynolds number is limited by the maximum torque and power in
the driving motors. We further investigate the magnetic data from various experiments
and show that we are likely on the edge of the dynamo action. We present observation of
traveling magneto-Coriolis modes and analyze their dynamics in different conditions. These
structures are important for understanding some changes in celestial objects’ magnetic fields
and their mechanical properties. We also present a software tool developed to mimic the
observed behavior of this magnetohydrodynamic experiment. This gives us a proper tool
to predict the near future of dynamos, and allows us take a deeper look into its internal

structure.
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Chapter 1: Introduction

1.1 Motivation

1.1.1 Where do we see magnetic elds?

Planet Earth is the home of our civilization, life appeared on this planet and evolved
for approximately four billion years, and during all these years the surface of the planet
has likely been shielded by the magnetic eld from the harmful e ects of charged particles
[10, 11] allowing the organisms to live long and prosper.

William Gilbert in 1600 [12] realized that compass arrows point to the north and
south because the planet itself is a giant magnet, and even though travelers across the
oceans and seas have been logging the direction of the magnetic eld, we haven't been
able to model the eld until 1835 when Carl Friedrich Gauss t the Earths magnetic eld
[13] to spherical harmonics with high precision. Along the way he also invented the least-
square tting and came up with the idea of Gauss coe cients. Since then we have been
tracking the con guration and dynamics of the eld. We can see that the magnetic eld
has decayed approximately 10% over the last 170 years [14], and also the shape of the eld
has been changing. Current models say that the northern magnetic pole in the last seven

thousand years moved chaotically around the geographic pole without a speci c preference



in location. More recently it has been quasi-stably wiggling in northern Canada between
the sixteen and twentieth centuries. Even closer to our times, during the twentieth century,
it was moving north with the characteristic speed on the order of ten kilometers per year,
but in the last thirty years, it started accelerating and is currently running towards Siberia
at 50-60 km/yr [3]. Fig. 1.1 demonstrates the observational position of the north magnetic
pole. It is known that the magnetic eld is changing, but there is no understanding of the
mechanisms that generate it, nor is there a reasonable tool to predict its behavior.

When paleomagnetic methods were developed and rocks magnetism, paleointensity,
magnetic mineralogy, etc was analyzed, it was discovered that the direction of the eld
was not always the same. Even more than that, the magnetic poles have been switching
many times in the planet's history. For example, in the last ten million years there were
four to ve polarity switches every million years on average [15, 16, 17]. Moreover, several
hundred reversals in the last 160 million years have been estimated, and the most recent one
happened 380 thousand years ago; the reversals expect to take several thousand years to
complete, that is incredibly slow for a human being but unbelievably fast on the timescale
of the planet [18]. Plus, there is evidence of a brief reversal 41-42 thousand years ago that
some researchers even connect with Laschamps Excursion [19].

Outside the Earth, other astronomical objects also have (or at least had) magnetic
elds: Mercury has a weak magnetic eld, Venus does not, Mars has signs of having had
a magnetic eld in the past, Jupiter has the strongest planetary magnetic eld, incredibly
symmetric Saturn's eld stays a huge mystery, elds on Uranus and Neptune are quite
di erent in shape from others and on the top of dipole eld have strong quadrupoles and
the angles between rotation axles and the magnetic elds are unusually large. The moon
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had a eld a long time ago, and helioseismology with other tools give a lot of information
about the Sun's interior and its magnetic eld [20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30].
The mechanisms of generation of these elds are also important for humanity.

However, we will focus here on the Earth's magnetic eld. Ohe tools to understand
the processes that happen inside the Earth's core come from seismology - the science that
investigates phenomena that normally comes with a negative connotation, earthquakes.
Qualitative measurements of waves propagating through the planet give information about
interior structure of the Earth and show that under a thin layer of crust there is a thick
mantle that is almost solid. Under that, there is a core that consists of a liquid outer part
and a solid inner part, with the radii ratio = r;=r, = 0:35[31, 32, 33, 34]. This number
will follow us for quite a while in this thesis. The author would like to speci cally mention

work by Inge Lehman, who hypothesized the liquid composition of the part of the core [35].

1.1.2 What does theory say?

It started with the Cowling anti-dynamo theorem [36], which tells us that two
dimensions is not enough to understand the formation of the Earth's magnetic eld. Later
guantitative works by Elsasser [37, 38, 39] and Bullard [40, 41, 42] created the tools that
we are using today when we talk about processes creating self-sustainable magnetic elds
(dynamos). However, the rst experimental examples of these dynamo systems appeared
later with works of Backus [43] and Herzenberg [44]. After that researchers like Parker [45],
Steenbeck [46], and Roberts [47] came up with the idea that poloidal and toroidal elds

can generate each other (and! e ects) and with some stretching (hence ampli cation)



Figure 1.1: North Magnetic Pole movements during the last two centuries, picture credits
to Livermore, Nature Geoscience 2020 [3].



Figure 1.2: Schematics oft dynamo: (a) Mantle, (b) liquid outer core , (c) solid inner
core, (d) dipole magnetic eld lines, (e) -e ect where B, gets twisted and ampli ed to
produce azimuthal eld, (f) -e ect where azimuthal eld is converting into dipole eld to
reinforce original B,.

create dynamos.

An example of a kinetic spherical dynamo [48] is demonstrated schematically in Fig.
1.2. The outer core is an ocean of liquid iron and nickel. It is located between the solid
inner core (1220 km) and solid mantle (3470 km). In the presence of a moving conductive
uid, the magnetic eld gets stretched, twisted, and folded [30, 49, 50], in such way that
on the left the original dipole eld transforms into a toroidal eld which later transforms
into a dipole eld. These e ects are shown to be connected with the vorticity¥ = r  0O)

R
and helicity (H = |, 0 +dV) of the ow [51, 52, 53, 54, 55, 56, 57, 58].



1.1.3 Laboratory experiments

Even now when we have so much computational power available, running to a
computer and asking it to solve your dynamo problem might not be the most fruitful
approach. These simulations are computationally expensive and stay several orders of
magnitude away from the Earth in their Ekman, Reynolds, and Prandtl numbers (de ned
in Section 2.1) [47, 59, 59, 60, 61, 62, 62, 63, 64, 65, 66, 67, 68]. On the other hand
there are people working on and building laboratory experiments that in many situations
demonstrate incredibly complex dynamics and provide rich and interesting data. For
instance there are experiments like the twisted pipe ow by Benton [69], or cylinder
ows in Riga, Latvia [70, 71, 72, 73], Cadarache, France [74, 75, 76], Karlsruhe, Germany
[77], Dresden, Germany [78]. However, these experiments, while in some cases able to
show magnetic eld generation, do not match the geometrical properties of interest for
astronomical objects - they are not spheres. However, the lack of physical restrictions in a
sphere creates more di culties on the experimental side.

Spherical experiments are important in the topics of rotation turbulence, dynamo,
magneto-rotational instabilities, and planetary dynamics [4, 79, 80, 81]. An example is
spherical-Couette ow experiments, where the uid is constrained between two concentric
spheres. This con guration mimics the inner core by the inner sphere and the outer-core
boundary by the outer sphere shell. Here, ows are driven by shear forces due to the
interaction via shear rotation and with Coriolis forces. These experiments evolved from
similar cylindrical setups known as Taylor-Couette ows [2, 80, 82, 83, 84, 85]. On the

other hand, the reader might think that shear rotation and Coriolis would not be enough



to reproduce the dynamics of the planet, where we don't have such di erence between
rotation rates, but we have Rayleigh-Bernard convection due to buoyancy and gravity.

Thankfully, there is a well investigated analogy between these drivers that says that if

you reach a high Reynolds number (spin it with a strong shear) the statistical di erence

becomes negligible [34, 86, 87, 88, 89, 90, 91].

There are several recent spherical MHD experiments. DTS in Grenoble, France has a
permanent magnet magnetic eld in the inner sphere and liquid sodium, and it has shown
magnetic eld generation [92, 93]. MPDX - The Madison Plasma Dynamo eXperiment
at the University of Wisconsin, USA [94] is build to reach the values that liquid metal
experiments are not capable of achieving. And, we have the Geodynamo laboratory at
The University Of Maryland, College Park, USA with quite a history of experimental
devices with the same aspect ratio as the Earth's core. The group of Prof. Daniel P.
Lathrop in IREAP has been building spherical shell experiments for quite a while: multiple
dissertations were developed on these apparatuses: Sisan [4], Kelley [95], Zimmerman [96],
Triana [7], Adams [97], Mautino [98], Burnett [99], and the sibling thesis to this one by
Rulen Rojas [100].

We have built the Dynamo Il (30-cm) experiment that was able to reach a magnetic
Reynold numberRm 25 We reported the observation of a Magnetorotational Instability,
but did not yield a dynamo [4, 101, 102, 103, 104]. Later, Dynamo IIl and Dynamo 3.5
(60-cm experiment) were built, where inertial modes were observed and analyzed, but did
not succeed in creating the necessary velocity elds to generate a self-sustainable magnetic
eld [5, 105, 106, 107, 108, 109]. The photos of these two apparatuses are shown on Fig.
1.3. And nally, the big one - The Three Meter, demonstrated in Fig. 1.4; this one
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Figure 1.3: Photos of 30-cm dynamo experiment (a) and 60-cm dynamo experiment (b) at
UMD. Photo credits to Sissan [4] and Kelley [5]

approximately matched the Earth's Magnetic Reynolds numbeRm  100Q reported such
phenomena as inertial modes, precessional states, and bi-stability of the hydrodynamic ow
[8, 58, 110, 111].

Even though the observed magnetic eld turns and stretches, and the ampli cation
in the azimuthal direction reached 8 times the externally applied eld, plus the radial
magnetic eld gain reaches 20%, this biggest rotating liquid sodium device in the world
has not created a self-sustainable magnetic eld. On top of that, after less than four years
of experiments, the experiment broke. At this point, we knew that we need to use this
opportunity not just to repair the damage, but also to upgrade it.

According to numerical simulations [112, 113, 114] made speci cally to analyze the
e ects of roughening the surface of the sphere, higher friction changes the boundary layer
from viscosity-coupled to fully pressure-dominated, and this leads to a signi cantly more
e cient angular momentum transfer from the sphere to the liquid. The simulation done

by Finke and Tilgner, which was done directly in the con guration of spherical-Couette



Figure 1.4: Photo of Three-Meter Dynamo experiment, the outer sphere is visible through
the cube door in the center of the picture, the rolling door (on the left) was one of the main
designing constrains, because one cannot t a sphere wider than the opening.



ows, concluded that increasing roughness of the inner sphere leads to a better coupling
between the inner sphere and liquid sodium and it should lower the threshold for reaching
the dynamo state in a parameter space with a factor of ve allowing getting the dynamo
with a lower magnetic Reynolds number [114].

Meanwhile, we didn't have a straightforward idea of how exactly we should "roughen”
the inner sphere, so we created a model of the 3M experiment - a 40-cm water spherical-
Couette experiment - and tested various options to proceed with the repair/upgrade.

Our big hopes were to upgrade the sphere, run new experiments, achieve the dynamo,
analyze it using the available modern nonlinear dynamic techniques, and create a tool that

would be able to mimic and predict the dynamics of the dynamo.

1.2 How to read this thesis

"At rst | was planning to keep the sodium jokes away from this thesis, but then |
was like, - Na, it's ne, people will get it" - Artur Perevalov

This thesis represents multiple research projects the author has been involved in
between 2016 and 2022. The big goal here was to modify the experiment, observe the
dynamo, and develop a qualitative and quantitative instrument with forecasting abilities.

So far we have introduced the reader to the problem of the existence and the evolution
of the planet's magnetic eld, and we showed the existing experimental setups. In the
second chapter, we will develop vocabulary and present the basic theory of the phenomena
that we are interested in.

Nhapter 3 will be dedicated to the long project of rebuilding, xing, and upgrading
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the Three Meter Sodium Experiment. Here we will show the way we approached solving
the engineering problems and safety protocols. In addition, there we will talk about the
software and hardware that was developed. This part can also be used as storage of the
techniques we applied to do all the things we had to do to x and upgrade the experiment.
Some of those things were known before us but got lost and forgotten in time so we had
to reinvent them. So this chapter should be quite useful for people working with the
experiment in the future.

In Chapter 4 we will switch to the software world and try to show the way we have
been digging from the other side of the tunnel. Here we present the results of developing a
software tool that would be capable of reproducing the dynamics of this MHD experiment
and thus the magnetic elds of the Earth.

In Chapter 5, we will come back to the experimental data. Here we will look at many
experimental runs in speci c regimes where we can observe di erent interesting oscillating
structures in this huge conductive uid ball. We will show that we have found something
interesting that we don't really understand.

Chapter 6 (Return of the Spher¢ will be about our "New Hope" experiments that
we have done after upgrading the apparatus, our ndings and problems, our almost tragic
experience of breaking the experiments after we repaired it, and the huge relief after we
xed it yet again.

In Chapter 7 we will talk about torque in rotating systems and its scalings. How much
power do we need to spin the spheres with depending on the sizes or shapes or roughness
of said spheres? Stay tuned.

And nally, in the last Chapter 8, we will conclude the results of these projects, and
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make suggestions for future research.

Regarding other sources of information, the reader should also consider the
dissertation of Ruken Rojas [100], which contains many details about the experiment and
the research we were doing that are not explained in this thesis. And even more, technical
details about the process of designing and developing the Three Meter Experiment can be
found at Santiago Triana's thesis [7] and Daniel Zimmerman's thesis [96].

During all these years of working in the Geodynamo lab, we have been constantly
using Akin's Laws of Spacecraft Design [115]. This set of simple rules was incredibly useful
in many situations, sometimes to do sanity checks, sometimes to slow down and think about
your next steps, or even to make a decision to go back. Therefore, in this thesis, | will
add the Akin's Laws in the text to represent the ideas that we were following on di erent

occasions.
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Chapter 2: Basic theory

In this chapter, rst, we will be developing the vocabulary by de ning the
dimensionless parameters, second, we will be building up the theory that is necessary
for uid dynamics, rotating uids, magneto-hydrodynamics, dynamo e ect, inertial waves
and modes, and their magnetic siblings. After that, we will provide some origins of the

predictive models we will be using in Chapter 4.

2.1 Dimensionless Parameters

In this section, we will de ne the necessary terminology related to the dimensionless

parameters used in this eld.

2.1.1 Reynolds number

To describe the level of nonlinearity in uid we use the Reynolds number. It is
usually de ned as the ratio between inertial and viscous forcefRe uL= , whereu is
the estimated magnitude of the characteristic velocityl is a characteristic length scale,
and is the kinematic viscosity. With largeRe the uid becomes turbulent, with small Re

it is laminar. In the case of two concentric spheres we will rewrite the length as the gap
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between the spheres and the velocity as the gap times di erence of the rotational rates:

Re= i ol 1o (2.1)

here ; and , are the angular frequencies of the inner and outer spheres,and r, are
their radii respectively, and is liquid sodium kinematic viscosity at given temperature.
For The Three Meter Experiment with this de nition, Reynolds number can go as high as

7 1C.

2.1.2 Magnetic Reynolds number
The magnetic analogue of the Reynolds number is represented Byn - the ratio

between the advection and induction of a magnetic eld in a conductive uid system:

RmM = J i oj(ri ro)z; (22)

here the kinematic viscosity () is replaced with the magnetic di usivity ( ) of sodium.
This number represents how much faster the uid can drag the magnetic eld compared
with magnetic eld di usion. The 3M highest Rm was on the scale of 1000, which matches

the Earth's estimated value [116].

2.1.3 Rossby number

To characterize the dierential rotation of the spinning uid we use the Rossby

number. It is de ned by the ratio between the rotational shear inertial force and the
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Coriolis force:

Ro= - ©°: (2.3)

Small Rossby numbers represent systems highly a ected by Coriolis forces and large Rossby
is mostly driven by inertial forces. In the case of Spherical-Couette experiments, we are
able to vary the direction of the relative rotation so we can have positive and negative
Ro. Also, because of the nature of division by outer sphere rotation rate, we can achieve
a reasonably large Rossby number, but we have some di culties with smdRo because of
the way the motors work. We later will focus on the experiments with 20< Ro< 05

and 1< Ro < 20.

2.1.4 Ekman number

The ratio of viscous forces to Coriolis forces is described by Ekman number:

S R @4

The Earth's Ekman number is on the scale ot0 ° [117], and for Three Meter it can go
as low as10 °, which is many orders of magnitude away from the planet but is one of the

lowest for an experimental apparatus.
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2.1.5 Magnetic Ekman number

Our regular Ekman number but we will have magnetic di usivity instead of kinematic
viscosity:

En = —n 7 (23)

For a given material, this can be rewritten in terms ofE and Prm.

2.1.6 Lehnert number

To describe the e ects of the external magnetic eld we will use the Lehnert number
that is de ned as the ratio between Alf\en speed Y, = sz "o ) [118] and rotational

velocity:

Le= = —p—; (2.6)

ofo 0

where is the liquid sodium mass volume density, an® is the approximate value of the
external magnetic eld in the center of the spheres. Like with the Rossby number here we
have a division by ,, so we could achieve a large number if desired, but to keep other

numbers in a reasonable range will mostly talk about experiments withe < 0:1.

2.1.7 Magnetic Prandtl number

The ratio between viscosity and magnetic di usivity is constant for a given uniform

material and does not depend on the properties of the ow:

Prm = —: (2.7)
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For liquid sodium, Pr,, 10 5.

2.1.8 Lundquist number

The ratio between the time is takes Alf\en wave to propagate across the system and

the timescale of the resistive di usion [119]:

_B(ro 1),
pu —pi_

S (2.8)

0

The maximum value for 3M isS = 10.

2.1.9 Control parameters

During the experimental runs, the operators can control each of the rotation rates
of the spheres. Their dierence de nes the Reynolds numbers, their ratio de nes the
Rossby number, and the operators can control the current in the external magnetic coils
which de nes the Lundquist number, and with the outer rotation rate they de ne Lehnert
number. When we talk about experimental runs we will be mostly talking abouRe; Ro; Le.

All other numbers are either de ned by the material or can be calculated via the known

three ones.

2.2 Hydrodynamics

Help me, Navier-Stokes Equation. You're my only hope. - R2R'ito
At some point, | was talking to my friend who was nishing her Ph.D. in mathematics
in Finland working on parabolic equations solvers, and she told me that her advisors and
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mentors from the eld were all telling her that whatever she plans to do with her life, she
should never even think about doing anything related to the Navier-Stokes equation. | took
that advice seriously and in a couple of years | found myself seeing this formula everywhere,
and six years later | am putting this masterpiece in my thesis. The moment any researcher
starts working with uids, they see this intimidating formula shown on Eq. 2.9, that is so

popular that | will skip the derivation and leave it for the greatest [120, 121, 122]:

@,

at (O r)o=r E+r20; (2.9)

here the uid velocity is denoted asU, P is the pressure eld, is the mass volume

density of the media, and is the local kinematic viscosity.

2.2.1 Living on a rotating sphere

Lets take the Navier-Stokes equation and move to a rotating inertial frame witiR
being the position and! ;. being angular velocity and , being the precession vector such

that ! = !.+ . After doing some algebra [7] we can express:

U=0++ R;

r2g=r?0;
(2.10)

+ + R)= r(+ R)Z:

By adding the rotational pressure term into the regular equation foP in such a way

that p= P= %r (+ R)?, then moving to the precessional frame, we can rewrite the
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original equation of motion as:

@,

ot (U r)0+2~, U+rp= r?0; (2.11)

2.2.2 Magnetohydrodynamics (MHD)

Let's take Maxwell equations 2.12 and Ohm's law 2.13

- @B
rE—@t

r A=J+9%

(2.12)
r B=0
r - D= &,
J= E+ (U B): (2.13)

HereE is the electric eld, D is the displacement eld,H is the magnetizing eld, B is the
magnetic eld, J is the current density eld, O is the uid velocity eld, is the electric
conductivity, r is the nabla operator, ¢ is the vacuum magnetic permeability, and ¢ is
the volume charge density.

Combining them and taking curl we obtain:

1

0

@ 2 :
@t red+r (O H): (2.14)

We assume that we have uniform permeability an® = H . This Equation 2.14 is called

the magnetic induction equation and it is probably one of the most important equations
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in our studies of the dynamo. Without any velocities, it just turns into a magnetic eld
di usion equation. In the case of a conductive sphere, the dipole magnetic eld would

exponentially decay with a characteristic timescale [123]:

p=r13=(?); (2.15)

here =( ) ! m?=sis the magnetic di usivity.
So for us not to let the magnetic elds disappear we need to nd a proper con guration

of velocities to balance the heartless Laplacian.

2.3 Dynamo Theory

One of the big questions about the creation of magnetic elds is whether a simply-
connected, symmetrical body of homogeneous and isotropic uid is capable of creating
a motion that would create a self-ampli ed dynamo that would continue transforming
mechanical energy into a magnetic eld without an external magnetic eld. These are
so-called "homogeneous dynamos", and the theory of determining if a speci ¢ motion is
capable of creating these dynamos is brilliantly described by Bullard and Gelman [42].

We can start with a simple example of an "engineering dynamo” that is shown on
Fig. 2.1. In this model, we have a conductive disc that rotates on an axle, and under it,
we have a coil with its ends attached to the edge of the disc and the shaft with conductive
brushes. In presence of an external magnetic eld, that is aligned with the rotation axis,
there will be an electromotive forced:5H,uqa, where ug is the velocity of the edge of the

disc anda is its radius. If we takeR as the resistance of the circuitL as its inductance
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and do some algebra we get:

H = Hoexp((u R)=Lt) ; (2.16)

so with a small velocity u any initial magnetic eld will exponentially decay, but with a
high enough velocity, any initial current or magnetic eld will exponentially grow in time.
While it is only an idealized process, if we add power dissipation, this would let us have a

limit for the magnetic eld.

Figure 2.1: A simple homopolar dynamo with a rotating disc and a feedback loop connected
to the shaft with a brush.

While this system is capable of transforming mechanical energy into a magnetic eld,
this disc dynamo is not able to demonstrate a magnetic reversal. To do that, we can take
two discs next to each other and put feedback loops into each other's axles. This system can
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be solved and shows the magnetic reversals with constant mechanical torque applied to the
discs [124]. Even more, this system produces deterministic chaotic reversals. However, one
of the most important di erences for us between this simple dynamo and a sphere is that
here the original system is not symmetrical, there are some core di erences between the
feedbacks: brushes with wire loops are operating on very di erent principles from the uid
motions in the core of the planet. Rotating the discs in di erent directions has a di erent
e ect on the outcome [125], while the objects that we are interested in are normally spheres
and have more symmetry. So we have two conclusions: we need to be three-dimensional
and rotate fast.

Some other dynamo geometries and approaches are studied and analyzed in di erent
sources [50, 126, 127, 128, 129], but in this work, we will stay within the theory of spherical

kinematic dynamos.

2.3.1 Spherical Dynamos

Probably the most important mathematical achievement in dynamo theory is called
the Cowling anti-dynamo theoren{36]. This theorem says: An axisymmetric magnetic eld
cannot be maintained via dynamo action. In some way, it is the same as a Mobius strip
which cannot live on a at surface. And as we observe the magnetic elds of the planets,
we see that only Saturn is acting not the same way the others do. Its magnetic dipole tilt
is on a scale of 0.0724], while on Earth the magnetic eld tiltis 11.5, and other planets
also demonstrate a signi cant tilt. The reasons behind the Saturn being so axisymmetric

are still under debate.
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To proceed with our three-dimensional systems we will take the magnetic induction
equation 2.14 and rewrite it:

1

at Or 2H (O r)H+(H r)U; (2.17)

the rst term on the right hand is the familiar magnetic di usion term and stays the same,
the second one represents the gradient of the magnetic eld in the direction of the eld
itself or can be interpreted as the convection of the magnetic eld with the moving media,
and the last term is the eld multiplied by the gradient of the uid velocity in the direction
of velocity and can be interpreted as the uid stretching the magnetic lines. These two
e ects are our sources of possible dynamo action, that otherwise would vanish with the
heartless Laplacian.

To analyze the energy balance we will multiply Eq. 2.17 bid and integrate over the

whole volume of our uid, and after some algebra [42] we get:

Z Z Z

2
dw 16° | 2dV H(U H)nd + H(H r)udVv ; (2.18)

dt 0
whered is an element of the surface of the body and is the normal vector pointing
outside of the volume. The rst term on the right-hand side is the Joule heat and it is
always negative. The second term is the rate at which electromagnetic forces work on the
surface of the body, this term converges to zero in case of zero velocities on the surface.
The third term is work that is done by stretching the eld against the magnetic pressure

H2=8 |
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From this equation, it is not obviously visible if the magnetic eld can stay on a non-
zero level for a continuous amount of time. It is visible that we can start and generate some
eld but after some nite time it might decay to zero [121] and not leave us any long-term
magnetic eld. But here we will be looking for solutions where the magnetic energy does

not decay to zero - the kinematic dynamos.

2.3.2 Spherical Harmonics

Solving Maxwell's equations 2.12 and the magnetic induction equation 2.17 directly
is quite di cult, so we will switch to the practicable method suggested by Bullard and
Gellman (1954) [42], where we expand the solutions in terms of spherical harmonits;
and S|, whereT are the toroidal components hence they do not have the radial component,
and S are called poloidal. This expansion of vector elds in spherical coordinates is known
and used [38, 41, 130].

These solutions satisfy a bunch of criteria like orthogonality on the surface, continuity,
zero divergences, any continuous functioR with r F can be expressed as a sum of
these functions, and some normalization rules. These criteria can be found in Chapter 4
of Bullard and Gellman (1954) [42]. These solutions are expressed in some geometrical
transformations of Laplace's spherical harmonics and for example, any radial eld on the

sphere can be expressed as:

T+

X X

B/ (r; )= +1) 2 7 Pm(cos )(g"cos )+ g Msin(m ) i (2.19)

Sl

=1 m=0

hereP™(cos ) are Schmidt normalized Legendre polynomials, is the radius of the sphere,
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andg™;g ™ are Gauss coe cients. So for example the axisymmetric dipole magnetic eld
on the surface of the sphere will bBpo = 2P™(cos )gf, and the terms proportional log, *
de ne the horizontal dipole moment and its direction.

If we take these rules and decompose our magnetic eld in the magnetic induction

equation 2.14 we get:

X
rz@@iﬂZ%i ( +1) U [(SSS)+(TSS)+(STS); (2.20)
X
rz%Ttﬂz% (+1) U [(SST)+(TSTH)+(STTH)+(TTT): (2.21)

These equations have a simple physical interpretation: the left-hand side is the rate of
growth of the speci c ( ) spherical harmonic, the right-hand side is the di usion hidden in

the rsttwo terms, and the rest is the sum of rates of growth of this given spherical harmonic
after interaction with and harmonics. For a kinetic dynamo, the time derivative should

be zero, hence the di usion should be compensated by theterms. Having these equations
allowed Bullard and Gellman to de ne the selection rules described in detail in the sixth
chapter of their 1954 paper [42]. These include like triangle rules, dependence for odd
and even sums, etc. These rules allowed later researchers like Dudley and James [48] and
Gubbins [67] to nd some solutions for dynamo action in systems with magnetic Reynolds

number on the scale of one hundred. Or rephrasing Yod& leads toS , S leads toS ,
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S leads to dynamo

2.4 Inertial Zoo

In this section, we will introduce the reader to the amazing animals (oscillations) that

live in the rotating and conductive uids.

2.4.1 Inertial waves

If we take our favorite Equation (it's always Navier-Stokes) 2.9 and throw away the
uid acceleration we can proceed and get the Taylor-Proudman theorem [131, 132], but if
we assume that Ekman and Rossby numbers are in nitesimally small [96, 120, 133], and
keep the acceleration we get:

@y

@t+ 22 d+rp=0: (2.22)

From here we, as always, take a curl to get rid of that gradient term and after some

algebra we get:

@ +d
@t

2(2 r )u=0: (2.23)

At this point one can look for a solution that would look like

w= A d&r ) (2.24)
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and the corresponding dispersion relation:

I =2jkjcoq ) ; (2.25)

where is the spherical polar angle and the frequency is in the units of rotation rates
[95, 96, 134, 135, 136].

In media where these waves propagate, the velocity vector of the uid rotates with
the frequency up to the twice the rotation rate, according to Eq. 2.25. In this case, the
wave frequency is only a function of the direction of the propagation and the rotation rate
of the system, so it does not depend on its wavelength. And the group velocity of the

package can be derived [95] as:

= 2K (2 RFk; (2.26)

and it is perpendicular to the phase velocity of the wave [137].

Planetary (also known as Rossby) waves are a special case of these inertial waves [138].
They are well-known in meteorology and can come from an assumption that the atmosphere
is a thin layer. On the other hand, the waves with zero frequency are a di erent special
case of the inertial modes and come directly from the Proudman-Taylor theorem [131, 132].

With a more theoretical/hand-waving approach, one can say that inertial waves are
the solutions of the Navier-Stokes equation in a rotating frame with an assumption of
in nitesimally small viscosity. In this case, if we are working with a non-viscous linear

rotating uid, any solution can be represented as a superposition of them. While real-life
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and physical experiments cannot fully satisfy this assumption, this is still a good place to
start. A lot more details about this phenomenon can be found in Greenspan monograph
[133], the waves were observed and analyzed by di erent members of this lab in di erent

experiments [7, 96, 106, 108, 110].

2.4.2 Inertial modes

The inertial waves were derived from the assumption of an in nite rotating media,
here we will have all the possible frequencies between zero and two rotation rates. But if we
put some constraints on top of this, for example, if we put this in a sphere (the author hopes
that the reader has already realized how much we like spheres here), and we add slip-free
boundary conditions, we can nd that not all waves are created equal. In this spherical
con guration, we will call these surviving inertial waves 'inertial modes' [139, 140]. These
modes got excited by the rotating uid and the re ections between the surfaces, while other
waves would dissipate never getting into the loop. The important part of the "re ection”
of these waves is that it doesn't obey the regular (intuitive) laws. Instead of the re ection
angle and incidence angle being equal with respect to the re ection surface, here, due to
the dispersion relation shown on Eqg. 2.25 the re ected wave should have the same angle
with respect to the z-axis. Akin's Law 12. "There is never a single right solution. There
are always multiple wrong ones, though"

The implicit solutions are known analytically [139, 140, 141], and we would normally
identify them by three numbers: the latitudal number™ (degree), the azimuthal numbem

(order), and frequency! , usually normalized by the rotation rate. The similarity between
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Figure 2.2: Spherical harmonics visual representation: the degreg goes from the top
(1) to the bottom (4), and order (m) goes from left (0), to the right (4). The negativem
numbers are not shown.

spherical harmonics [42] (shown in Fig. 2.2) and inertial modes will help us later. More
details on di erent ways of describing the modes can be found in [133, 142, 143, 144]. Some
of the mode selection rules [95, 108] will be important for us when we will discuss the modes
observed in the experimental data. In Fig. 2.2 we can see some of the inertial modes for
4. We will later mostly talk about the magnetic data observations, for this reason, we
not talk about *~ = 0; m =0; mode because James Clerk Maxwell would be very sad if we
did; and we will skip negativem numbers because in this rotational con guration they can

be represented as their phase shifted positive brothers.

29



2.4.3 Magneto-Coriolis Modes

So here we are sitting on a sphere with an unbearably di cult nonlinear equation 2.9
and we still want to go deeper. So let's add more terms to it. In our case, we want to talk
about conductive uids and the waves that can appear in the spherical con guration. We
will linearize the equations that describe the oscillating modes inside the sphere [92], so for
these Magneto-Coriolis Modes [92, 111, 119, 132, 136, 139, 141, 145, 146, 147, 148, 149,

150, 151, 152, 153, 154] we get:

=r p (U r)o (U r)0+Le*(r Bo) Bi+(r By Bo)+ Er20;;

@
@t
&i=r (Bo By+r (U Bo)+ Emr?By;

(2.27)
Here, U, and B are the solutions of the velocity and magnetic elds of these propagating
waves in the background states of these eldd, and By. The dimensionless numbers are
explained in Section 2.1.
From these equations and some algebra [61] we can get the Magneto Coriolis wave

dispersion relation:

lye = - MY (2.28)

where!, = 2 cog ) is the dispersion relation of our regular inertial waves 2.25 and
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I = By k:pT is the Alien wave frequency.

If we come back closer to our everyday life, we should say that understanding these
traveling hydro-magnetic oscillations is important for us, because they were predicted and
observed in the Earth's core [147, 151]. They might be responsible for certain variations of
the planet's magnetic eld and some of the geomagnetic impulses [47, 146, 153, 155].

Due to the incredible di culty of numerically modeling these waves [7, 61, 62, 156,
157] especially in a system like the Three Meter Experiment, in this thesis we will stay
with the observations and classi cations of these Magneto-Coriolis modes. Further in this
thesis in Chapter 5, we will demonstrate the observed modes in the experiment, especially

the modes whose behavior depends on the value of the applied magnetic eld.

2.5 Forecasting the future and neural networks

As far as we can trace human history, we have always been trying to predict what
is going to happen next. Predicting oods and droughts, estimating the positions of the
planets in the sky, the time when your car needs more air in the tires or more oil, eclipses,
stock market prices, etc, all this gave us science as we know it today, and brought us to
the world we live in. While some even complex-looking systems can be predicted relatively
easily with a certain precision, like the sunset, others might look incredibly similar but
appear to behave very unexpectedly. Specically, we will be talking about nonlinear
systems. The di culties that one can face while trying to predict these nonlinear systems
are known for more than fty years. This problem was described by Edward Lorentz when

he tried to run a computer simulation of a simple weather model with just three variables.
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His paper "Deterministic Nonperiodic Flow" [158] demonstrated that the behavior of the
system might change drastically if run with slightly di erent initial conditions. After that,
many researchers in mathematics, physics, computer science, and earth sciences contributed
to research on these nonlinear systems and the ways we could predict their change in time
or use them for this purpose. The author would not forgive himself for not mentioning
here the pioneers: Stephen Smale, Edward Ott, and James Yorke, who referred to these
deterministic but unpredictable systems with the word "chaos", giving it the name that is

so known and used these days[159, 160, 161, 162, 163, 164, 165, 166].

While we don't have a tool to exactly predict these nonlinear systems for an in nite
amount of time [167, 168, 169], it is still incredibly important to create new models that
would allow us to expand the horizon of predictability. We want to predict hurricanes’
trajectories and heat waves. Weather for the upcoming weekend might be one of the most
di cult and at the same time desirable things to know. The methods and techniques
from this new science [170] were successfully used in a number of models. Speci cally in
this thesis, we would like to talk about neural networks. When it began in the middle of
the twentieth century with perceptrons [171], which showed success in pattern recognition.
We currently have seen surprising utility in many di erent areas including art, industry,
technology, and science [172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184].
Particularly, we will be interested in a Recurrent Neural Network technique known as
Reservoir Computing [185, 186]. This technique demonstrated a surprising ability to predict
the dynamics of Lorentz systems as well as Kuramoto-Sivashinsky turbulence [181, 187,
188].

So in this thesis, we will use a reservoir computer in a combination with an auto-
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regressive model to predict the time evolution of the rotating magnetohydrodynamic
experiment. Probably the most important part of these techniques is that they are model-
free, which means that inside the predictive model there is no information about the system
that it is going to forecast. The exact rules of the dynamics of these systems will be
described in Chapter 4, but here | would like to say that the reservoir computer predictive
model basically gathers the data from observing the system for some time, transforms the
observable space into a higher dimensional space while keeping some memory about the
past, performs some nonlinear transformation and learns how to transform it back in such

a way that it will get the next observed values of the observable space. So in some sense,
we will be having a black box where we will throw our data and the box will tell us the

future, exactly like astrology (or maybe not exactly) but signi cantly better.
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Chapter 3: A New Hope: Fixes, Upgrades, Data Acquisition

Akin's Law 40. "(McBryan's Law) You can't make it better until you make it work".

In this chapter, we will describe the most time-consuming part of this dissertation
project. Here we mostly will talk about the mechanical, electrical, and software engineering
that was necessary to redesign, upgrade, and x the Three Meter Sodium Apparatus. Most
of these things were done by Ruken Rojas, Daniel Lathrop, and the author. The author also
wants to give thanks to Nolan Ballew, Don Martin, and Bryan Quinn for all the technical
help, and another very special and giant thanks to Heidi Myers for all that work that she
put into this project, without Heidi it would be signi cantly more di cult to get there,
and would just probably turn into a total mess without her organizational skills.

Back in 2009 The Three Meter rst was lled with water and used as a hon-magnetic
experimental apparatus. In 2012 the crew removed water and lled up the experiment with
sodium and so the MHD era of the apparatus began. Sadly, in the Summer of 2016, when
the author started the graduate school, the apparatus was not fully functional and there

was a long way ahead to make it run again.

34



3.1 Reasons to upgrade

During an experimental run on April 29'th, 2016, the inner motor was "misbehaving"”,
and the inner sphere seemed to get locked to the outer sphere. After this day the experiment
was considered non-functional and needed repair. The main hypothesis was the failure of
the inner bearing of the inner sphere shaft, shown on the bottom right of Fig. 3.1.

By mid-2016 the experiment had not yielded a self-sustaining detectable magnetic
dynamo. During the experiments with liquid sodium, it demonstrated an ability to
amplify the externally applied magnetic eld [58] in the radial direction up to 20% and
in the azimuthal direction up to eight times. The fact that the experiment showed this
ampli cation lines up with the theoretical studies of the dynamo mechanism [70, 189, 190].
One of the possible ways to increase the chance to achieve the dynamo in this experiment
was suggested by the numerical study [114] in 2018. In this study, a rough inner sphere
with blades demonstrated an improved coupling between the inner sphere and the uid,
hence creating a stronger equatorial jet, and giving a better chance to reach the dynamo
state.

Assuming the Three Meter experiment required major repair to run again and the
numerical studies suggested upgrading the inner sphere for reaching the dynamo state,
there was a decision to x and upgrade at the same time. So here we had two questions:
how are we going to repair the experiment and what exactly we are going to do with the
inner sphere? Here two projects were born: the 40-cm water experiment to study how
di erently shaped ba es on the surface of the inner sphere would a ect the ow [191], and

A New Hope project - the one that lead to making the experiment operational again.
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Figure 3.1: The Three Meter experiment schematics in cross-section. Individual drawings
taken from [6].
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The name "A New Hope" was chosen due to the common observation that the Three
Meter experiment is visually similar to The Death Star from the popular movie "Star

Wars: Episode IV A New Hope", and also it was our new hope to achieve the dynamo.

3.2 The 40-cm Water Experiment

To analyze the behavior of the spherical-Couette ow with the di erent inner sphere
designs we decided to make a water model of the Three Meter experiment (which itself is
the model of the Earth's core). Here Rulen E. Rojas, Till Zirner, Daniel P. Lathrop, and
the author designed and made the 40-cm water experiment: a 40-cm-diameter spherical
Couette experiment, with a transparent outer sphere and a 14-cm diameter inner sphere.
Both spheres can rotate independently. The maximum rotation rates were 50 Hz and 5
Hz for the inner and outer spheres correspondingly. In the experiment, we used a 6 W
continuous laser that with polyethylene uorescent particles added to the water allowed
us to Im videos with up to 1000 frames per second and use PIV techniques [192] to
analyze the velocity elds in the experiment [191] . A more detailed explanation of the
apparatus and the results can be found in Ruken's thesis, and our PRF publication [191].
The schematics of the 40-cm is shown in Fig. 3.2, and the photo of the apparatus is in Fig.
3.3. Signi cantly more details about the exact techniques, the experimental approaches,
and the underlying physics can be found in Rulen's thesis [100] and in his PRF article
[191].

We tested four types of the inner sphere, smooth with no ba es, straight ba es,

chevron-shaped, and alpha baes. We 3D-printed the inner spheres with ba es from
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Figure 3.2: The scheme of the 40 cm experiment. (a) inner sphere, (b) transparent outer
sphere, (c) inner shaft, (d) inner motor, (e) outer motor, (f) gear belt, (g) cylindrical lens,
(h) 6 W laser, (i) 1000 fps camera, (k) polystyrene particles in water

Polylactic Acid (PLA). In Fig. 3.4 are shown the listed ba e designs. The study of the
40-cm water experiment let us choose the shape of the ba es we were going to install on
the inner sphere of the Three Meter experiment. Some limitations were also set by the
machine shops that informed us that they cannot manufacture and weld ba es that would
be bent in all three dimensions, like the chevron-shaped ba es. So in the end we decided

to go with the alpha ba es.
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