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Abstract we present new experimental results from the University of Maryland Three Meter
Geodynamo experiment. We drive a fully turbulent flow in water and also in sodium at magnetic Reynolds
number Rm = AQ(r, — r,)?/n, up to 715 (about half design maximum) in a spherical Couette apparatus
geometrically similar to Earth’s core. We have not yet observed a self-generating dynamo, but we study MHD
effects with an externally applied axisymmetric magnetic field. We survey a broad range of Rossby number
—68 < Ro = AQ/Q, < 65 in both purely hydrodynamic water experiments and sodium experiments
with weak, nearly passive applied field. We characterize angular momentum transport and substantial
generation of internal toroidal magnetic field (the Q effect) as a function of Ro and find a rich dependence of
both angular momentum transport and Q effect on Ro. Internal azimuthal field generation peaks at Ro = 6
with a gain as high as 9 with weak applied field. At this Rossby number, we also perform experiments with
significant Lorentz forces by increasing the applied magnetic field. We observe a reduction of the Q effect, a
large increase in angular momentum transport, and the onset of new dynamical states. The state we reach
at maximum applied field shows substantial magnetic field gain in the axial dipole moment, enhancing the
applied dipole moment. This intermittent dipole enhancement must come from nonaxisymmetric flow and
seems to be a geodynamo-style feedback involving differential rotation and large-scale drifting waves.

1. Introduction

The Earth’s main magnetic field arises from partially understood processes in the outer core. The magnetic
dynamo is thought to be driven by convective flows in the liquid iron outer core. One obstacle to quantita-
tive modeling and prediction is turbulence. Estimates of the hydrodynamic Reynolds number, a measure of
nonlinearity in the flow, give Re = UL/v~ 108, where U is the velocity scale inferred in the core, L the size
of the core, and v an estimate of a typical viscosity for the liquid iron in the outer core. In liquid metals, the
magnetic diffusivity # = 1/(uo) is much higher than the viscosity, so that the magnetic Prandtl number
Pr,, = v/nis very low (107> in the case of liquid sodium). Hydromagnetic flows of interest in geophysical and
astrophysical situations have high magnetic Reynolds number Rm = UL/#, and the low magnetic Prandtl
number implies that Re must be many orders of magnitude higher than Rm.

Direct numerical simulation becomes unfeasible with current computational tools not much above Re~10°
and requires high performance computing above Re~10°. Experimental models are useful because they
reach higher Reynolds number than any simulation and have significant levels of turbulence. However,
diagnostic measurements of the flow are limited compared to numerical simulations.

The success of the Riga [Gailitis et al., 2001, 2008] and Karlsruhe [Stieglitz and Miiller, 2001] experiments
demonstrated that self-excitation was possible in fluid dynamo experiments and that theoretical pre-
dictions for the dynamo onset of a well-organized flow were accurate. These pioneer experiments also
opened the way to second generation experiments, which aimed at producing dynamo onset in highly tur-
bulent flows. However, it was discovered that turbulent fluctuations tend to oppose the dynamo action
predicted for the mean flow [Lathrop et al., 2001; Petrelis et al., 2003; Spence et al., 2006; Frick et al.,

2010; Rahbarnia et al., 2012]. Nevertheless, the von Karman Sodium experiment achieved self-excited

field generation when ferromagnetic impellers are used, yielding a rich collection of dynamo behaviors
[Monchaux et al., 2007; Berhanu et al., 2007; Monchaux et al., 2009; Berhanu et al., 2010].
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Earth’s dynamo is peculiar because its magnetic energy, Ey,, is perhaps 4 orders of magnitude larger than the
kinetic energy, E, of the large-scale convective motions inferred from the secular variation of the magnetic

field [e.g., Holme, 2007]. This feature (E,, >> E) is not yet reproduced in numerical simulations, and it is not

clear how this arises.

In Earth’s core, the time scale for rotation (z, = 1 day) is much shorter than the time scale of magnetic
(Alfvén) waves (7, =~ 5 years), which have been recently discovered [Gillet et al., 2010]. As a consequence,
motions are expected to be quasi-geostrophic on short time scales, while shaped by the magnetic field on
long time scales [Jault, 2008; Gillet et al., 2011].

These two conditions, £, >> E¢and 7, >> 7, are difficult to reproduce in the laboratory, and little is
known about the organization of turbulence in these conditions. This was the motivation behind the DTS
experiment in Grenoble. DTS has the same geometry and is driven by differential rotation as in the 3 m
experiment described here, but DTS’s outer shell is only 42 cm in diameter, and its inner sphere is a copper
shell enclosing a strong permanent magnet [Cardin et al., 2002; Nataf et al., 2008; Brito et al., 2011]. The DTS
group observed that turbulent fluctuations are substantially reduced by the combined action of the Coriolis
and Lorentz forces [Nataf and Gagniere, 2008].

We have constructed a 3 m diameter sodium spherical Couette experiment aimed at understanding bet-
ter the role that rotation, magnetic fields, and turbulent fluctuations play in liquid metal dynamos. We
have attempted to match Earth’s core geometry, achieve a high magnetic Reynolds number and realistic
magnetic Prandtl number in this experiment, and achieve an unusually low Ekman number.

A major difference between our experiment and planetary flows is that we drive the flow in the rotating
frame using differential boundary rotation characterized by a Rossby number Ro = AQ/Q_, with AQ =
Q; — Q,. The large Ro of experiments presented here is not typical of the extremely low Ro in Earth'’s core.
However, the actual Ro in the flow is not quite so high as is implied by the boundary speeds used to define
our dimensionless control parameters. We have not yet thoroughly characterized this as a function of Ro,
but Sisan [2004] finds a tangential velocity of about 16% the inner sphere’s tangential velocity at Ro = oo,
and Zimmerman et al. [2011] finds local mean velocities corresponding to at most 20% of the outer sphere
tangential velocity at Ro = 2.13. Despite the apparently large size of Ro, Re, and Rm, we use external driving
quantities to define the dimensionless parameters as is traditional in experimental fluid mechanics so that
comparison with other work is straightforward.

Although the mechanical forcing we employ is significantly different than Earth’s core convective forcing,
the two types of driving share some important properties. Instabilities first appear on the cylinder tangent
to the inner sphere and form a ring of narrow columns with their axis aligned with the rotation axis [e.g.,
Busse, 1970; Cardin et al., 2002; Wicht, 2014]. In both cases, the width of the columns decreases as the ratio
of viscous to Coriolis forces decreases. As the forcing increases, the instabilities invade the bulk of the fluid
shell. In the case of mechanical driving, the instabilities appear in the Stewartson layer that forms around
the spinning inner sphere when the Reynolds number of the differential rotation gets large enough, and the
threshold has been determined by Wicht [2014] for our geometry. All the experiments we present here are
in regimes where the Reynolds number is more than hundred times critical.

2. Experiment Description

2.1. Mechanical Details

The experiment, shown schematically in Figure 1, consists of two independently rotating nonmagnetic
stainless steel shells. The outer sphere, Figure 1a, has an inner radius r, = 1.46 m, and the inner sphere,
Figure 1b, has a radius of r, = 0.51 m for aradius ratioI" = r,/r, = 0.35, dimensionally similar to Earth’s core.
The inner sphere is supported on a 17 cm diameter shaft. The gap between the shells holds 12,500 L of fluid.
In this paper, we present some results where the working fluid is molten sodium metal at approximately
120°C and others where the gap is full of tap water at approximately 20°C.

The density and viscosity of both fluids is similar, so purely hydrodynamic flow of each liquid would be
essentially the same, but the sodium can interact strongly with magnetic field because of its high electrical
conductivity, ¢ ~ 1 x 107 S/m. Since the boundaries are both made of low-permittivity, low-conductivity
stainless steel, and the inner sphere is gas filled, the boundaries are approximately electrically insulating.
The outer shell is one electromagnetic skin depth thick at a few hundred Hertz, and the inner shell is a skin
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(d) depth thick at several kHz. Both are

(¢ therefore essentially transparent to the
low-frequency magnetic fields induced
by the sodium.

The boundaries are driven by a pair of
250 kW induction motors with variable
frequency drives that hold the spheres’
speeds constant to better than 0.2%.
The inner sphere can be driven in either
rotation direction with respect to the

outer sphere, and the torque on the

inner sphere is measured using a Futek
TFF600 torque sensor and a 22 bit dig-
itizer (Figure 1d). The outer sphere has
been tested at the maximum design
rotation rate of Q,/2r = 4 Hz, and the
® design maximum speed of the inner

Figure 1. Schematic of the experiment. (a) Outer sphere sphere is approximately Q;/2% = 20 Hz,

(core-mantle-boundary), inner radius r, = 1.46 + 0.005 m, 304SS but in the experiments described here,
stainless steel with thickness 2.5 cm and rotating at angular speed the maximum speeds we achieve are
Q,. (b) Independently rotating (at ;) inner sphere (inner core), hol- Q,/2n = 2.25Hzand Q,/2x = 9 Hz.

low inert-gas-filled stainless steel, outer radius r; = 0.51 & 0.005 m.
The space between the two spherical boundaries (liquid outer core) is  Access to the flow in the rotating frame
filled with 12,500 L of fluid, either water or sodium metal. (c) External is provided through four 13 cm instru-
magnet, By at experiment center up to 160 G. (d) Torque transducer. mentation ports shown in Figure Te.

(e) Instrumentation ports for fluid access, 60 cm from the rotation axis
(pressure, wall shear stress and velocity in water, internal B; and B¢ in
sodium). (f) Hall sensor array (attached to and rotating with outer shell).

These instrumentation ports are 60 cm
away from the rotation axis and allow
flush mounting of sensors on the outer
sphere wall here. Wall pressure measure-
ments in both sodium and water are made using Kistler 211B5 pressure transducers in three of these ports.
In water experiments, ultrasound velocity measurements up to 30 cm from the outer sphere wall were con-
ducted using a Met-Flow UVP-DUO and a home-made flush-mounted hot film system [see Zimmerman,
2010; Zimmerman et al., 2011] was used to measure wall shear stress calibrated against torque measure-
ments. In sodium experiments, a pair of Honeywell SS94A1F hall effect sensors are inserted into one
instrumentation port to measure field in the azimuthal and cylindrical radial directions, and this will be
discussed more in section 6.

2.2, External Field Configuration

We have not achieved self-excited dynamo action in sodium experiments. However, we will present some
novel results regarding the interaction of the flow of sodium with an external axisymmetric magnetic field.
In the experiments we report here, this field is applied by an electromagnet in the spheres’ equatorial plane,
Figure 1c. This magnet consists of 160 turns of square 1.3 cm aluminum wire with a cooling bore. The turns
are arranged with a rectangular cross section 10 layers high and 16 layers radially with an inner magnet
radius of 1.8 m and an outer magnet radius of 2 m.

We define our reference magnetic field B, as the magnitude of the applied field calculated at the exact
center of the experiment:

B, = |By(r = 0)|. m

By varying the magnet’s current from 0 to 300 A, B,, can be varied from 0 up to a maximum of 160 G (16 mT).
We normalize field quantities throughout the paper using calculated fields from the measured current
instead of a measured field. There are two reasons for this. First, we do not have a magnetic measurement
deep inside the experiment where the field is typical of the average strength inside the sodium. Second, we
typically have substantial mean induction that would confound the use of a measurement to characterize
the mean applied magnetic field. Our calculated value of B, agrees well with the measured field at all
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sensor locations when the sodium is stationary or in solid body rotation, and the use of calculated values to
nondimensionalize measured quantities allows easy interpretation of the mean induction.

The field from the single magnet in the equatorial plane varies appreciably throughout the experimental
volume. It is roughly 2B, at the equator and B, /2 at the poles of the sphere. For the purposes of simulation
the field from this magnet can be adequately modeled by the field of a single filamentary current loop with
radiusr, = 1.9 m carrying 160 times the magnet current. This agrees to within a few percent of a finite
element Biot-Savart calculation using a realistic multiturn geometry for our coil, and the deviations of that
size are confined to a small region near the outer sphere equator.

2.3. Gauss Coefficients

An array of Honeywell SS94A1F Hall sensors in the rotating frame acquires time series of 31 measurements
of the spherical radial component of the field, B,, at a radius r, = 1.05r,. We build a model of the large-scale
magnetic field outside the experiment by projecting these measurements onto vector spherical harmonics.

Outside the sphere where there are no currents, the only contributions to the total field are from poloidal
vector spherical harmonics S, which are given in spherical coordinates (r, 8, ¢) by Bullard and Gellman
[1954] as

N r.\2
P SP.0.0) = 10+ 1) (=) FOYP 0. ) @
r

o L of(r) Y (6. )
00, = 2505
o 90 I 0.9)

- 4)
rsin@ or do

b-SP(r,0,¢) =

The Y™ are scalar spherical harmonics, and f(r) is an arbitrary radial function. Outside the sphere, where the
external magnetic field can be derived from a single scalar potential, f(r) = r~.

A common convention in geomagnetism is to report the measured magnetic field in terms of the Gauss
coefficients g that represent the strength of each individual spherical harmonic. We assume a model of
the external field with vector spherical harmonic components up to degree and order 4. We use a least
squares fit of the radial component of this external field model evaluated at the 31 sensors’ positions to the
measured sensor data to obtain time series of the Gauss coefficients g/":

~ I=4 m=I 142
P06 =Y, D U0+ 1 (2)  PPcos oG (0sind + () cos ) (5)
I=1 m=0

where the P"(cos(6)) are Schmidt seminormalized associated Legendre polynomials.

Because of the symmetry breaking of rotation, standing nonaxisymmetric patterns in the rotating frame are
not possible without pinning or special fine tuning, and the sine (s) and cosine (c) nonaxisymmetric Gauss
coefficients often oscillate 90° out of phase. When we refer simply to g/ with m # 0, it can be assumed that
both sine and cosine components are present to give an azimuthally drifting pattern.

In section 7, we will report the quantity B = I(/ + 1)g" evaluated at the outer sphere’s inner surface so
that it is easy to interpret the size of the different contributions. The quantity B = I(/ + 1)g]" is the peak
field strength of the radial field pattern at the “core-mantle boundary,” which can easily be compared to the
strength of the reference applied field B,,.

The field created by the equatorial current loop (treated as a single loop of radius r,) can be decomposed
into Gauss coefficients as well [Jackson, 1975]. At the position of our magnetometers (inside the loop), the
field is of external origin. But since we only consider B, measurements at a single radius r,,, we can con-
sider the same Gauss coefficients as defined above to get analytic B and B coefficients of the applied field.
We get

80— HoNI
vo2r,

(6)
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and
T \* HoNI
B} =-3 (—) -, 7)
r, 4r,

where Nl is the total ampere-turns of the loop (160/,,,,). With r, /r, ~ 0.8, we find that the applied field
contribution to the Bg coefficient in our inversions is almost perfectly opposite to that of the B? coefficient.

3. Dimensionless Parameters
3.1. Flow Dimensionless Parameters
We define the fluid and magnetic Reynolds numbers Re and Rm with AQ = Q, — Q_:

Re — AQ(r, —1,)? R = AQ(r, — ri)zl
v n

(8)

The kinematic viscosity v is approximately 1 x 1075 m? /s for water and 7 x 1077 m?/s for sodium. Actual
values of density and viscosity used in calculations of dimensionless parameters are taken from Lemmon

et al. [2013] for water and from Fink and Leibowitz [1995] for sodium. The magnetic diffusivity of sodium

n = (cuy)~" is 0.079 m? /s. We have verified this value in our experiment by applying an axisymmetric field
to stationary liquid sodium, interrupting the current, and measuring the time constant for the exponential
resistive decay of the axial dipole component zy,, = r2/(x’#). The measured value of 74, ~ 2.7 sis consistent
with a calculation based on the value of conductivity reported in Fink and Leibowitz [1995].

We define the Ekman number, expressing the importance of viscous to Coriolis forces, using the outer
sphere angular speed:

1%

o ¥

Because of the large size, rapid rotation, and low viscosity, our Ekman number is among the lowest achieved
in rotating fluid experiments to date. We express the dimensionless differential rotation as a Rossby number:

_AQ
=

0

Ro

(10)

Here we have chosen a velocity scale U = AQ(r,—r,) so that Re = Ro/E. As viewed from the laboratory frame,
the inner sphere can superrotate (Ro > 0), subrotate (—1 < Ro < 0), or counterrotate (Ro < —1) with respect
to the outer. As viewed from a frame rotating with the outer shell where we make most measurements,

Ro < 0 is retrograde rotation of the inner sphere and Ro > 0 is prograde.

3.2. Turbulence and the Size of Re, Ro, and Rm

We define our experimental parameters Re, Rm, Ro, etc. based on boundary speeds instead of measured
velocities (which are a response of the system to the boundary forcing) because this allows straightfor-
ward comparisons between different experiments and simulations. However, as we mention in section 1 the
velocities driven in most of the volume in wide gap shear flows by the rapidly rotating boundaries are much
lower than the boundary speeds. We generally expect turbulent flows at high Re, but we should address this
given that measured velocities in the system are substantially lower and therefore imply lower Re and Rm.
Several measurements and estimates can be used to show that while we do not achieve a system response
Re near 108, we do not present results with Re lower than about 10°, high enough that we may expect
asymptotic behavior and some sort of turbulence.

Similarly Rm is substantially lower than implied by the boundary speeds, a serious issue for strong MHD
effects, but an issue shared across the literature of boundary-driven spherical Couette MHD experiments.

A typical velocity characterizing a turbulent shear flow is the friction velocity u* = \/m where 7 is the
wall shear stress and p is the fluid density. If we assume uniform wall shear stress on the inner sphere, then
T = T/(nzrf) where T is the torque (we do not use our wall shear stress sensor for these estimates because it
is calibrated against measured torque using similar assumptions). Typical torque-derived friction velocities
for the results here are roughly 0.1 to 1 m/s (with the lower values at low Ro) and provide a Reynolds number
Re* = u*L/v which ranges roughly from 90,000 to 900,000.

We expect rather inhomogeneous turbulence in a wide-gap boundary-driven system like this but require
substantial Reynolds stresses from fluctuating velocities throughout a large volume of the fluid to explain
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the angular momentum transport we
observe. Though we cannot provide a

Table 1. Relevant MHD Parameters

iti i a,b .
Parameter Deﬁsng"z?) Section 7 Range comprehensive study, there are a few
Lundquist S= 0<5<42 previously published results in spherical
Hartmann Ha = Bole=r) 0 < Ha < 1410 Couette results for comparison.

N
Elsasser A= & 0<A<022 Velocity measurements in Zimmerman

. "”,3;’2“" et al. [2011] in the 3 m apparatus in

Interaction Parameter N= g_e RS RSUL water at Ro = 2.13 at an outer sphere
Lehnert Number A= —go(,o_,?)m 0<4<0.056 rotation frequency of 0.75 Hz (Q.r, = 7

m/s) show velocity fluctuations near

a“Zero” means B, = 0. Earth'’s field approximately 0.3% of max-
0 L2 Y the outer sphere wall with RMS levels

imum By
blargest possible values $=5.9, Ha=1980, A=14.4, approximately 0.20 m/s and 0.30 m/s in
and N =8.7. the low and high torque states, respec-

tively. Mean torque measurements on
the inner sphere are 34 Nm and 50 Nm
in these states, corresponding to u* estimates of 0.17 and 0.20 m/s, which are comparable in magnitude
to the fluctuations directly measured near the outer wall. The mean locally measured mean velocities near
the outer sphere (dominated by the azimuthal velocity) are & = 0.52 m/s in the high torque state (a local
Rossby Ro, = u/(Q,r,) = 0.076) and u = 1.28 m/s (Ro, = 0.186) in the low torque state, both much lower than
Ro = 2.13 defined using external boundary speeds, but sufficient to drive turbulent flow.

At Ro = —0.6, the direct numerical simulations of Matsui et al. [2011] report turbulent fluctuations through-
out the fluid outside the tangent cylinder in a moderately magnetized state with strong excitation of an
inertial mode. At this set of parameters, the mean flow in the rotating frame is localized inside the tangent
cylinder and the maximum mean flow speed is of the order of the inner sphere tangential speed. And Sisan
[2004] measures turbulent fluctuations on the order of 10%-20% of the mean flow at Ro = c at a Reynolds
number more than an order of magnitude lower than those reported here.

Finally, while they represent an indirect probe of turbulence, especially its strength, all magnetic and pres-
sure spectra in our measurements here have substantial broadband fluctuations well above the noise floor
at all parameters. Technical limitations have prevented a thorough direct characterization of the mean and
fluctuating system response velocities at all Ro and Re, but the pieces of evidence we do have point to sub-
stantial turbulence. We do not mean to imply that there is uniform homogeneous turbulence, and indeed,
we expect the turbulence to be strongly anisotropic, strongly inhomogeneous, and with a character that
depends substantially on Ro.

3.3. Applied Field Dimensionless Parameters
The strength of the applied magnetic field in this paper will be expressed using the Lundquist number

— BO(ro - ri) — VAvaén(ro _ri)

N4/PHy n

in which V¢, is the typical velocity of Alfvén waves. The Lundquist number is a convenient dimension-
less measurement of the magnetic field in the context of this paper. It is linear in the magnetic field and
does not vary with Ro, Re, or E. Our strong field data in this paper are in a limited range of parameter space,
so we do not have scaling of results that would suggest a better parameter for data collapse. However,

for readers’ reference and comparison with other works, Table 1 contains the definitions of other com-
mon MHD parameters and the ranges of those parameters accessed in the strong field results of section 7.
For reference, we also list the extreme values of some parameters which can be achieved by the current
machine configuration.

S (11

These extreme parameters allow us to access some novel dynamics. As we discussed in section 1, Earth’s
dynamo operates in a regime where the magnetic energy E,, is several orders of magnitude larger than the
kinetic energy E. By applying a strong magnetic field, especially with weak forcing, we can examine this
regime. It is interesting to explore turbulence where E,; > E, while Rm is still large enough to allow for
strong induction effects.

We can estimate E; assuming angular velocity profiles measured in hydrodynamic spherical Couette flow
with the outer shell stationary [Sisan, 2004], obtaining Ex ~ 0.02Rm? in units of py?(r, — r;). Integrating the
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magnetic energy in the shell at maximum

13
10 applied field gives E,, = 150 in the same units,
. meaning that £y, > Ey up to nearly Rm = 90
Glo (keeping in mind that the effective magnetic
Reynolds number is lower as discussed in
10" section 3.2). In contrast, Nataf [2013] reports
T that in the DTS experiment, E,, > E, only up to
1010 . 11 Rm = 5.
z Furthermore, it is expected that short time
109106 1(;7 108 scale dynamics are controlled by rotation in the

Re Earth’s core. Jault [2008] shows that this is the

Figure 2. Dimensionless torque versus Reynolds number with case when the Lehnert number
outer sphere stationary (Ro = o) in water. The dashed line is a
fit G, = 0.003Re'8° [Zimmerman, 2010]. Error bars represent an _ By (12)

gstimate of the torque due to shaft seals, a substantial con.tribu- Q. (ry — fﬁ)\/ﬂ#o
tion to the total torque at low Re. An offset seal torque estimate

measured with the experiment air filled is subtracted. is less than 10~2, that is, when Alfvén waves

propagate 100 times more slowly than inertial

waves. It is not difficult to achieve small A in an
experiment. However, the Lundquist number S must be high enough to allow Alfvén waves to propagate. In
the DTS experiment, S = 7.8 near the inner sphere, but 4 ~ 0.4 at that location. In the 3 m experiment, the
Lundquist number can be as high as 12 near the equator at just A = 0.04 (here S ~ 6, A ~ 0.02 at the center
of the experiment).

We present some strong field results in section 7.

4, Torque Measurements

The torques on the boundaries of a rotating shear flow are interesting in the context of planetary fluid
mechanics, since angular momentum is conserved in the fluid except by exchange with the rigid bound-
aries. Unlike a planet, we hold the rigid boundaries at fixed speed, maintaining a mean flux of angular
momentum from one boundary to the other. However, the torque required to maintain fixed speeds is an
interesting global measurement of this angular momentum flux and therefore of the angular momentum
transport by the turbulent flow.

We note some similarities of our experiments with experimental results in Taylor-Couette flow. Paoletti and
Lathrop [2011] and van Gils et al. [2011] established that the Rossby number (or similar dimensionless num-
ber related to the rotation rate ratio) has a strong effect on the angular momentum transport, with a torque
peak at a certain value of Rossby in the counterrotating regime. We find a similar result with important quan-
titative similarities in spherical Couette flow over much of the measured range. We also observe differences
for superrotation which lead to intermittent jumps in torque significantly exceeding typical RMS torque
fluctuations due to large-scale flow transitions as in Zimmerman et al. [2011].

4.1. Reynolds Dependence at Fixed Rossby
We define a dimensionless torque G:

T

G= ,
pV2r;

(13)

where T is the dimensional torque that the fluid exerts on the inner sphere. The torque at fixed Rossby num-
ber scales with an expected nearly quadratic Reynolds dependence as shown in Figure 2 with the outer
sphere stationary (Ro = o). The experiment has rubber shaft seals that represent a substantial fraction

of the measured torque at low Re. In Figure 2 we subtract a mean seal torque measured by running the
experiment in air where the seal torque dominates. The seal torque subtracted from these measurements

is constant with differential speed, contrary to the linear assumption used in Zimmerman et al. [2011] used
prior to the air-filled measurements. Due to changes during rebuild between water and sodium experiments
the seal torque for sodium experiments is 16.5 Nm and that for water is 11 Nm. The length of error bars in
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Figures 2 and 3 is equal to the subtracted
1 seal torque. Using a fit to data with outer
sphere at rest, we define the quantity

G (Re):

G, (Re) = 0.003Re"® (14)

G/G_1} 1
osl | for all Re that we measure here. For
’ comparison with equation (14), the
0.6} : 4 implicit expression relating G, and
oal | Re in Taylor-Couette flow, equation (2)
’ ! of Paoletti and Lathrop [2011], can be
02} { approximated by G_(Re) = 0.03Re'®>
| in the range of G in Figure 2. The pref-
0.6 04 -0.2 (')_1 0.2 0.4 0.6 actor of our G, is much lower than that
Ro in Taylor-Couette flow, but this prefactor

Figure 3. Rossby dependence of the magnitude of the measured inner  is @ geometry-dependent friction fac-
sphere torque. The magnitude of the torque at a given Ro and Reis nor-  tor that is likely to be much lower in the
malized by G, (Re), the torque expected at that Reynolds number if the  much wider gap of the 3 m experiment
outer sphere were stationary instead of rotating. A similar Re depen-
dence of the torque at all Ro is also observed in Taylor-Couette flow
[Paoletti and Lathrop, 2011; van Gils et al., 2011]. The torque depen-
dence on Ro~ ! is fit well by a piecewise linear model. Fits to lines

(a) through (h) are given in Table 2. We show both data from sodium
experiments (black inverted triangle) and data from water experiments
(black circle). The sodium data are taken with a weak applied external ~ has a common Re dependence as

field, 20 A magnet current: S = 0.39 to measure magnetic induction. explored in Dubrulle et al. [2005] and
The vertical line Rop is the negative Ro peak of the torque defined by Paoletti and Lathrop [2011], and similarly
intersection of fit lines (b) and (c). At the “Rayleigh” line Rog, the inner here, we observe that the total torque,
and outer sphere equators have equal angular momenta. G(Ro, Re), factorizes

versus a Taylor-Couette experiment with
much smaller radius ratio.

The total hydrodynamic torque as a func-
tion of Rossby and Reynolds, G(Ro, Re),

G(Ro, Re) = f(Ro)G_,(Re). (15)

We find that this is a common feature shared by turbulent Taylor-Couette and turbulent spherical Couette
flow, but the form of f(Ro) = G(Ro,Re)/G_,(Re) for spherical Couette flow is more complex, especially for
Ro > 0. This will be discussed in the next two sections.

4.2, Rossby Dependence of Torque
The Rossby dependence of the torque in turbulent spherical Couette flow is shown in Figure 3. We mea-
sure the magnitude of the mean torque, G(Ro, Re), in both water (black circle) and sodium (black inverted
triangle) over a wide range of Rossby number. To measure induced field fluctuations and internal mag-
netic induction during the sodium runs, we applied a relatively weak magnetic field, 20 A magnet current
for Lundquist S = 0.39. The close agreement between sodium and water torque dimensionless torque
data suggests that there is not a significant dynamical effect of the Lorentz forces on the flow and inner
sphere torque at this value of applied field, except perhaps in the region of fit line (e) (LL state) where the
sodium and water data seem to depart systematically. As we will see in
section 6, this region is a peak of the azimuthal magnetic induction with

T 7 By substantial gain and Lorentz forces from the total field might explain

Lines in Figure 3 this departure.

Line G/G,, Fit To isolate the Rossby dependence of torque, we normalize the mag-

@) 0.56Ro0~" +0.73 nitude of the measured torque, G(Ro, Re) by G (Re). As in Paoletti and
(b) 2.17Ro~" +1.29 Lathrop [2011] we plot G/G_, versus Ro~" as it allows a piecewise lin-

(© ~3.43R0™" +0.99 ear model for the torque. For convenience in comparison to other work,
( —0.01R0™" +0.79 empirical best fits to the data in Figures 3a-3h are given in Table 2.

(e) 0.27Ro~! +0.81

() —0.41Ro~" +1.11 The intersection of fit line (b) and fit line (c) are used to define the Rossby
(@  404Ro”! —077 number where G/G_, peaks for Ro < 0. Thisisat Ro~! = —0.0547 or

(h) 0.56Ro0™" +1.09

Ro = —18.3.
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The form of G/G_, has some interesting common features with that in Taylor-Couette (abbreviated TC) flow.
Line (b) has the same slope as the analogous region in Taylor-Couette flow [Paoletti and Lathrop, 2011], and
the peak G/G_, ~ 1.2 atthe Ro < 0 peak is a similar enhancement above the torque with stationary outer
boundary. The peak is in a different location: Ro = —18.3 instead of Ro ~ —4. However, Brauckmann and
Eckhardt [2013] suggest that the location of this peak will shift substantially to higher Ro as radius ratio " is
decreased in TC flow. It is plausible that similar behavior would be seen in spherical Couette.

It might seem surprising that the peak is not at Ro=' = 0, but the fluid experiences a net rotation as
the inner sphere spins even when the outer sphere is at rest. The situation that may best correspond to
an effective absence of rotation is one in which the two spheres are counterrotating, the precise Rossby
number depending on how the fluid is entrained by the two boundaries [Dubrulle et al., 2005]. Since the
fluid engagement with the inner sphere in our wide-gap configuration is less than that of the narrow-gap
Taylor-Couette device of Paoletti and Lathrop [2011], it is not surprising that the peak is found at a much
larger value of negative Rossby number here. It remains to explain why the torque is maximum in this
particular place [Brauckmann and Eckhardt, 2013].

The form of G/G,, across zero inverse Rossby is also similar to that in TC flow. The intercept of Figure 3¢ must
be unity by definition when the outer sphere is stationary, Ro = oo or Ro~! = 0. The different slope for fit (c)
is no surprise, since the slope is set by the peak location, peak size, and the Ro = o intercept. Finally, we plot
the “Rayleigh line" where the equators of the spheres have equal angular momentum:

1
R0R=ITZ—1=+7.16 (16)

or Ro};1 = +0.14. We note, as in Taylor-Couette flow, that G/G_, comes in with nearly zero slope approaching
this line.

A full explanation of the Rossby dependence in Taylor-Couette flow is currently an area of active and ongo-
ing research [Ravelet et al., 2010; Paoletti and Lathrop, 2011; van Gils et al., 2011; Paoletti et al., 2012; van Gils
et al., 2012; Huisman et al., 2012; Brauckmann and Eckhardt, 2013; Ostilla et al., 2013] and may help to explain
many features of Figure 3. However, we will note here a substantial difference from TC flow. In turbulent
spherical Couette flow, G/G_, climbs substantially above Ro~! > 0.2 and the flow undergoes several turbu-
lent flow transitions at critical values of Ro. These transitions seem to reorganize the large-scale flow in a way
that changes the angular momentum transport (and, as we will see, the internal magnetic field generation)
substantially. The next section summarizes the dynamics in different ranges of Ro.

5. Large-Scale Flow Changes

5.1. Introduction

Our experiments and prior work have shown that the Rossby number Ro is a controlling parameter in select-
ing the large-scale turbulent flow pattern in hydrodynamic spherical Couette flow. Flows at different Ro
can have different mean flows and large-scale fluctuations, and different states seem to have substan-
tially different transport properties. It is important to note that these are likely not transitions between
laminar/chaotic and fully turbulent states such as those that can be accessed at lower Re. As discussed in
section 3.2, Reynolds number defined by the fluid's response to boundary forcing is typically well above 10°
and strong broadband fluctuations are present in all measurements. At any fixed Rossby number, torque
and other measurements scale as expected for a turbulent flow.

We would like to make a comment on the large asymmetry in the torque seen between positive and neg-
ative Ro~! as its magnitude becomes large (nearing solid body rotation) in Figure 3. While the torque must
be zero at solid body rotation, there is no particular reason to assume that G/G_, should take equal values
on either side of solid body rotation. The inner sphere injects vorticity of opposing sign depending on the
direction of rotation as viewed from the outer sphere rotating frame. At a given absolute value |[Ro~"| we
generally find very different behavior in all measured quantities for positive and negative values up until
the point where we reach the RN and RP states described below, with the outer sphere rotating extremely
slowly relative to the inner. Even then, the dynamics are similar but measurably different for positive and
negative Rossby.

We have classified a number of flow regimes in Figure 3 and although boundaries between the states we
have defined at different Ro are somewhat qualitative and precise boundaries in some transitions are not
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Figure 4. Wall shear stress frequency power spectra from water experiments showing the evolution of flow spectra with
Ro~'. The peaks in wall shear stress here are also observed as large wall pressure fluctuations (peak values approaching
pU? with U = RoQ,(r, — r;)) and in velocity measurements at several depths. This evidence suggests large-scale vortices.
Ro > 0 state transitions involve measurable changes in angular momentum transport [Zimmerman, 2010; Zimmerman
et al., 2011]. We use spectral features to help define different turbulent flow states listed in the text. The flat spectra
on the left are due to turbulent fluctuations, not instrument noise.The frequency response of constant temperature
wall shear stress sensors depends on the mean flow, which may explain the different character of the high-frequency
dependence in these spectra.

always clear, we want to summarize the differences in flow in different ranges of Ro appealing to the torque
dependence in Figure 3 and flow power spectra in Figure 4 and describe the behavior in each.

5.2. Inertial Mode Dominated States: IM

Between solid body rotation and Ro ~ —2.5 (below Ro~! ~ —0.4 in Figure 3) there are a sequence of different
strong Coriolis-restored inertial modes along with substantial broadband turbulence. This process has been
reported in Kelley et al. [2007, 2010], where the observed states were interpreted using full-sphere inertial
modes as in Zhang et al. [2001]. Simulations were compared with experiments at Ro = —0.6 (Ro™' = —1.67)
in a magnetized system by Matsui et al. [2011]. The existence of equivalent modes in a spherical shell was
addressed by calculations of nonaxisymmetric modes in our geometry in Rieutord et al. [2012], which also
provides the details of observations of these inertial-mode dominated states in purely hydrodynamic flow in
water. We refer the reader to the prior work for further discussion of these inertial mode states but include
the wall shear stress power spectrum for Ro~! = 0.45 (Ro = —2.2) in Figure 4 as a representative example.

We find here that transitions between inertial modes, while they occur in the runs we present here and
represent a substantial restructuring of the overall large-scale flow, have little observed effect on angular
momentum transport in Figure 3 or the internal field generation we describe in section 6.

5.3. Quiet States: QN and QP

For both negative and positive Rossby number, we find that there are turbulent states characterized by
relatively quiet spectra, with broadband fluctuations but no strong spectral peaks, at least at low frequen-
cies. The large spectral features in the EN, B, LL, and L states are associated with large globally correlated
pressure fluctuations (with peak low pressures down to pU? below ambient where U = RoQ(r, — r;))
that seem to indicate systems of large-scale vortices like Rossby waves or inertial modes. The absence of
these peaks in spectra is the most notable aspect of the quiet states QN (0.4 < Ro™' < —0.033) and QP,
(0.05 < Ro™' < 0.067).
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Figure 5. Power spectrum of cylindrical radial velocity us and vertical velocity u, measured in (a) the high torque H state
in water, Ro = 1.7, and (b) the low torque L state in water, Ro = 2.7. These spectra are measured well in the bulk flow,
vertically down 50 cm from an instrumentation port on an intrusive stalk. The three peaks in the H spectrum are three
drifting waves that are also observed in the magnetic induction at low field but are not strong in the wall shear stress.
The weak peaks in the u, spectrum for Figure 5a suggest that these waves have primarily horizontal velocities, as we
might expect for Rossby waves.

5.4. Rotation Modified Outer Stationary: RN and RP

The turbulent flow in spherical Couette with the outer sphere stationary (Ro~' = 0) and high enough
Reynolds number (somewhere well above Re = 10°) shows an energetic large-scale motion with azimuthal
wave number m = 1 and a broad peak in the frequency spectrum centered on «w/Q; = 0.04 [Zimmerman,
2010]. The RN and RP states at high positive and negative Rossby (JRo™"| < 0.03) appear to be weakly
modified versions of this outer stationary state encountered at infinite Rossby.

These states have a spectral signature in Figure 4 that narrows from a broad shallow bump in the spectrum
to a fairly narrow peak as the system passes from positive to negative inverse Rossby through the outer
stationary state. The frequency of the peak shifts with Q_, but this seems to be a Doppler shift of the 0.04;
frequency peak at different outer sphere rotation rates as the pressure sensors rotate around a flow in which
the fluctuations have the same basic frequency.

5.5. High and Low Torque States and Transitions: Hand L
The transition between the high torque H state and the low torque L state in Figures 3 and 4 has been
characterized and analyzed in detail in Zimmerman et al. [2011].

Briefly, the higher torque H state in water is characterized by large azimuthal velocity and larger torque fluc-
tuations and low azimuthal velocity measured at the instrumentation ports shown in Figure 1 [Zimmerman
et al,, 2011]. The lower torque L state has faster azimuthal velocity at the port location, smaller fluctuations
in azimuthal velocity and torque.

The torque dynamics are the same in the sodium. We refer the reader to Zimmerman et al. [2011] for com-
plete details of these transitions, but the transition between a high azimuthal velocity low torque state
and a low azimuthal velocity high torque state is important to understand the azimuthal magnetic field
generation in section 6. We will see there that the H to L state transition is accompanied by a transition in
the Q effect.

In a transition region of Ro between the H and L states, the flow switches between the states as time goes on
and the steep slope of line (g) in Figure 3 is primarily due to the changing residence time in each individual

state as Ro is changed. G/G_, does vary with Ro within each state, but in the H-L transition, the dependence
of the duty cycle on Ro dominates the steep variation observed in the region of Figure 3 fit line (g).

There is a pair of strong waves in the L state [Zimmerman et al., 2011], seen clearly in frequency peaks in
Figure4at Ro = 2.6 and Ro = 3.0 and in Figure 5b. The lower frequency wave with ©/Q, = 0.18 has
azimuthal wave number m = 1, and the higher-frequency wave with frequency w/Q, = 0.25Ro0 + 0.16 has
m = 2.In the H state, however, the wall shear spectrum shown in Figure 4 and other measurements made at
the location of the instrumentation ports all show fairly indistinct spectral features.
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However, measurements of magnetic induction
in the weakly magnetized high torque state in

1.1

<%> 1f sodium using the Hall sensor array show a drift-
ing trio of globally correlated magnetic modes
0.9} withm = 1,m = 2,and m = 3 with similar
127 } } } } drift speed centered on w/(MQ,) = 0.2. Peaks
T 11 at these frequencies are also present in the H
<7> . state in water in velocity measurements taken

deeper inside the flow, shown in Figure 5a. In

09 ‘ | ‘ water, we measure cylindrical radial velocity, u,,
0 1000 2000 o1 3000 4000 and vertical velocity u, at a location 50 cm ver-
o tically down from an instrumentation port, well

. inside the bulk of the flow.
Figure 6. Time series of the L to LL state transitions in water at

Ro~" = 0.31. This is similar to the H to L turbulent bistability A frequency power spectrum of cylindrical
reported previously [Zimmerman et al., 2011]. (top) The torque radial velocity u, at Ro = 1.7 is shown in
G and (bottom) the wall shear stress ¢ measured at an instru- . s

) . . Figure 5a. At this Ro, the m = 1, 2, 3 waves have
mentation port are both normalized by their long-term mean ) )
values. 7 is low pass filtered with the same frequency cutoff as frequencies w/Q, = 0.2,0.37,0.48. The waves
the torque to show the slow dynamics underlying the waves drift is therefore somewhat desynchronized at

and the large broadband fluctuations. this Ro, but as Ro is increased, the frequencies
of the two higher waves change, and the waves
become more closely synchronized in the intermittent state switching regime at Ro = 2.1.

We also plot the power spectrum of u, in Figure 5a and note that the frequency peaks in the vertical veloc-
ity data are weak compared to the horizontal velocities, suggesting that the motions are nearly geostrophic,
consistent with Rossby waves. The RMS level of the broadband velocity fluctuations outside the peaks

is similar.

Figure 5b shows equivalent spectra at Ro = 2.7 in the low torque L state to highlight the difference in flow
in the bulk. Here the two peaks evident in the wall shear stress spectra of Figure 4 in the L state are clearly
present. These peaks are present in magnetic spectra, pressure spectra, wall shear stress spectra, and these
deep velocity spectra. Unlike the H state spectra at this location, the vertical velocity fluctuations are larger
at all frequencies, one substantial difference in the character of the turbulence seen here in the L state versus
the H state.

5.6. States LL and B

The small jump in Figure 3 between the
L and LL states appears to be a similar
transition as that between the H and L
states. Time series in the transition region
between L and LL states are shown in
Figure 6. We consider these jumps to be
evidence of significant large-scale flow
restructuring for two main reasons.

First, at lower and higher Ro than the
narrow transition regions where we
draw state boundaries, the RMS torque
fluctuations on the inner sphere are

0.8 L | | | | | | substantially lower than those seen in
300 500 oy 700 900 Figure 6. Second, the largest fluctua-
o tions are slow (hundreds or thousands of

sphere rotations) and show a clear corre-
lation between the inner sphere and wall
shear stress measurements on the outer

Figure 7. Time series of the B state in water at Ro~' = 0.16. Bursts of
higher torque occur on a background similar to the LL state. Torque
G and wall shear stress 7 are normalized by their mean values as in
Figure 6. Again, the wall shear stress is low pass filtered like the torque. ~ sphere wall.
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800 —_— The torque as a fraction of the long-term mean is
=#=Ro<0Run1 ]  shown on the top, and wall shear stress r measured
=@ Ro>0 Run 2 R .
600 —wy—Ro>0Run3 { ataportas a fraction of the long-term mean is shown
Rm —€¢Ro<ORun4 | 5, the bottom. The lower torque LL state (existing
400 for0.2 < Ro~" < 0.29) is accompanied by a further
increase of wall shear stress at the port radius.
200 The bursty state labeled B exists for 0.067 < Ro™’
< 0.2. The transition from the LL to the B state shows
O =1 0 032 03 another small drop in G/G_, around Ro~" = 0.2. The
Ro™! torque shows peaked bursts toward a higher value
Figure 8. Parameter space map showing magnetic in this state. A time series of torque and wall shear
Reynolds number as a function of inverse Rossby number ~ Stress at Ro™" = 0.16 is shown in Figure 7. Again,
for the four runs of internal magnetic field measurements ~ the torque variations on the inner sphere are corre-
in Figure 9. All experiments are run at steady state, but  |ated with lower wall shear stress at the ports on the

there is a trend in Rm versus Ro because one sphere or
the other is held at a fixed speed while the speed of the
other is varied to change Ro.

outer sphere, suggesting that the bursts involve a
large-scale phenomenon.

In the B state a third peak appears in the wall shear

stress spectra in Figure 4, and as Ro is increased, even-
tually the higher-frequency peak from the LL state disappears. Throughout the B state, G/G,, varies little. At
the transition from the B to the QP state, G/G_, begins to rise.

6. Magnetic Induction, Q Effect

An important part of understanding the potential for a dynamo in turbulent spherical Couette flow is
understanding the generation of internal fields. Here we examine the Q effect by which azimuthal field is
generated from poloidal field by differential rotation. We do this with weak applied magnetic field in this
section, so that the Lorentz forces are relatively unimportant.

We measure internal azimuthal and cylindrical radial fields, B, and B, using a pair of Hall sensors located
60 cm from the axis of rotation and 10 cm outside the inner sphere’s tangent cylinder (through one of the
instrumentation ports in Figure 1e). The sensors are inside the end of a cylindrical stainless steel housing
that is inserted parallel to the rotation axis so that the probe is submerged to a depth 10 cm from the wall of
the outer sphere.

For several reasons, it was not practical to conduct the experiments in this paper with Rm or Re held con-
stant with Ro. We understand the Re dependence of the torque in Figure 3 and data taken at different Re
collapse onto one master curve of G/G_, versus Ro. We find that the induced field is not quite linear with Rm
and do not have a better collapse at this time, so we present a parameter map of the steady state Rm at each
value of Ro~! in Figure 8.

The highest Rm achieved in any experiment here is 715 with strongly counterrotating boundaries. The gen-
eration of internal field will be stronger at higher Rm. The induction results in this section do not appear to
scale exactly linearly in Rm, suggesting that flow modification from Lorentz force back reaction associated
with the generation of these fields is already measurable, but this effect is fairly subtle. The internal fields
in Figure 9 are measured over a large range of Ro with relatively weak applied magnetic field, $=0.39 (20 A
magnet current).

The fields from the internal probe are made dimensionless by B, the predicted cylindrical radial compo-
nent of the applied magnetic field at the location of the probe. As discussed previously, we use a calculated
value from the magnet current that has been shown to agree with measurements with no flow so that it

is easy to interpret the gain from mean induction. The choice to normalize by the cylindrical radial applied
field B, is motivated by the assumption that mean azimuthal field generation at this location is caused by
rotation-dominated shear flow with strong cylindrical radial dependence and weak axial dependence. If B,
is generated predominately from B, then B, /B, > 1 can be interpreted as Q effect with gain.

The vertical component of the applied magnetic field, B,,, at the internal probe’s location is substantially
stronger than the cylindrical component B, with the ratio B,, /B, = 4.2.1f more of the observed B, is
generated from B, instead of B,, then the gain due to the Q effect is weaker but still present.
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Figure 9. Mean cylindrical radial (B;) and mean azimuthal (B¢) field 10 cm down from the outer sphere surface at 60 cm
cylindrical radius (s = 0.4r,). We plot By, for Ro > 0 and —B,, for Ro < 0 since its direction reverses as expected with neg-
ative differential rotation. By is the cylindrical radial component of the externally applied field predicted at that location.
In these data, the magnet current is 20 A, S = 0.39. Different experimental runs have different Rm, which is the main rea-
son that, for example, the black “Run 2" and red “Run 3" curves do not coincide. Scaling by Rm almost collapses these,
but not quite, evidence that the hydrodynamic base state is slightly modified by Lorentz force back reaction resulting
from this internal field generation. However, there is little effect on the torque (Figure 3) or other measurements with
this low applied field value, indicating similarity to the purely hydrodynamic flow.

6.1. Internal Field: Weak Applied Field

Figure 9 shows the internal azimuthal field, B, and cylindrical radial, By, field as a function of Ro™" at a fixed
Lundquist number S = 0.39. When Ro < 0, we plot —B,, because, as expected, B, reverses sign when the
differential rotation does. It is useful to note here that the applied field has no ¢ component, so B, is entirely
sourced by induction, but if there is no poloidal induction, we expect B, /B,, = 1. There is always measurable
generation of B, in Figure 9.

For comparison between Figures 9 and
3 we have also plotted the Rossby num-
ber of the Ro < 0 peakin G/G_, (Rop)
and of the Rayleigh line, (Rog). The peak
azimuthal field generation happens at
aboutRo = 6orRo™" = 0.167 and
shows large gain, up to a factor of 7.5
atS = 0.39, and a bit higher at lower
S.The large jump around Ro™! = 0.5 is
the H-L transition. This is consistent with
the picture in Zimmerman et al. [2011]
of the emergence of a fast zonal flow
with a sharp shear in the L state with a
boundary near the tangent cylinder. The
200 400 600 800 1000 1200 1400 measurements in Figure 9 are taken at
Qot/2m 1.2 times the tangent cylinder radius, and
the strong Q effect implies strong shear

Figure 10. Time series of azimuthal field and torque at Ro~! = 0.47, . . i
Rm = 152, S = 0.59 showing the importance of the hydrodynamic state !N the azimuthal velocity here.
on the Q effect. A'F constant g)fternal driving parameters, the system In Figure 10 we show some transitions
undergoes intermittent transitions between the two states as described .

in Zimmerman et al. [2011] with very strong Q effect in the low torque between high and low torque states at
L state and weak and even occasionally reversed Q effect in the high fixed Rossby Ro™" = 0.47 with S = 0.59
torque H state. and Rm = 152.
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1.4 10 At higher positive Ro than the H-L state transition,
3 - l;» X the Q effect intensifies with increasing positive
- - Ro up until the peak which is near the onset of
B 12 6 p the B state. The transition from the B to the QP

©n
=

state is accompanied by a drop in the Q effect

o1 4 By,
s s and a substantial increase in the mean poloidal
! 2 induction. This induction is opposing the applied
0.9 0 field, weakening and even reversing B..
0 05 1 15 2 25 3 35 4 45
N The generation of B, at the probe location is

Figure 11. Azimuthal and cylindrical radial induced field at greatly reduced near the negative Rossby peak in

Ro = 6 (Bursty B hydrodynamic state) and Rm = 477 with G/G,, (Rop in Figures 3 and 9), though the min-
varying Lundquist number S. B,, (black circle) as a fraction imum Q effect is slightly offset from the torque

of the applied field at the probe location is sharply maximum. An interesting feature right at the

reduced with increasing S, while B (black inverted triangle) G/G,, peakis strong poloidal induction aiding B,,

grows appreciably. . L . .
increasing it to more than twice the applied value.

This is reminiscent of the sharp peak of induced poloidal magnetic field reported by Nataf et al. [2008] in the
DTS experiment. In that experiment, it was interpreted as a consequence of a stronger poloidal fluid flow as
the geostrophic constraints due to rotation vanish.

There is substantial Q effect for Ro < 0 as well, with a maximum value of B, /B, = 3.2atRo = -2.75,
Ro~' = —0.36. Note, however, from Figure 8 that the magnetic Reynolds number here is about half that at
the Ro = 6 peak and changes substantially with Ro~" since in Run 4 we were keeping the outer sphere speed
constant and changing AQ. In fact, for Ro™' < —0.4 the Q effect scaled by Rm is about constant and about
the same as that at the positive Rossby peak. We do expect strong shear near the tangent cylinder in this
range, as in the simulations at Ro~' = —1.67 by Matsui et al. [2011].

Predicting supercritical dynamo action in high Reynolds number spherical Couette flow requires the ability
to capture the complex Rossby dependence of the flows and fields. Many of the Rossby-dependent features
measured here have not been predicted or reported in spherical Couette simulations carried out at lower Re.

Some care should be taken with the Q effect interpretation of Figure 9 since the measurements are taken
at a single point. The strengthening and weakening of the azimuthal field in Figure 9 could reflect changes
in the position of strong Q effect toward or away from our measurement location rather than an increase
or decrease in production of azimuthal field from poloidal field. Unfortunately, we cannot at this time move
our probe significantly in cylindrical radius to test this idea. Still, the measurements of Figure 9 should be
useful to compare against a similar point measurement taken from a simulation.

7. High Applied Field: Q Effect Reduction and Dynamo-Like Bursts

The results in the preceding sections were in weak field regimes where the Lorentz force has little effect
on the fluid flow. However, as the external magnetic field is increased, we access different states at given
hydrodynamic parameters.

In this section we will describe results of increasing the applied field atRo = 6,E = 1.2 x 1077, and
Rm = 477. This initial state is at the peak of the Q effect for small Lundquist number in section 6.

7.1. Mean Internal Field: Strong Field

Figure 11 shows internal azimuthal and radial field induction (normalized by B,;) as a function of Lundquist
number. We may interpret B, /By, in Figure 11 as a reduction of the Q effect due to growing Lorentz forces in
the flow as the power required to produce the observed toroidal field substantially reduces the shear in the
fluid. This is similar to a reduction of the Q effect observed by Verhille et al. [2012].

Though B, /B, monotonically decreases throughout Figure 11, the strength of the azimuthal field B
increases up to S = 2.75, reaching a peak strength of 40 G. Above the kink in B, /B, at S = 2.75, B drops
and reaches a low of 17 G at the strongest applied field, S = 4.2.

As Sis increased above 0.5, B, /B, grows. This internal poloidal field growth is most likely concurrent with
the observed increase of the mean external dipole moment described later, a phenomenon we believe
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happens through a dynamo-style

i feedback loop involving both
o axisymmetric and nonaxisymmetric
B['/B 0.08 flow components.
0.06
7.2. Bursting State Onset
0.04 The drop in B /B, as S is increased
0.02

above 2.75 is shortly followed by the
onset of a new flow state with much
stronger fluctuations in several Gauss
coefficients, significantly higher torque
on the inner sphere, and bursts of

the axial dipole Gauss coefficient

g? in a direction that augments the

G/G,

Figure 12. RMS fluctuations of 8™ = I(/ + 1)g[" for selected spherical applied field.
harmonic contributions (top) normalized by the reference field By, and

the torque on the inner sphere G (bottom) normalized by the torque The onset. of .thls dlpole-b.urstlng state
at$ =0, G,. is shown in Figure 12, which shows the

RMS level of fluctuations (B]" = I(/+1)g[")
of each Gauss coefficient (or of a nonaxisymmetric pair representing an azimuthally drifting pattern). Above
S = 3.1, there is a substantial increase in the strength of the nonaxisymmetric components B!, Bg, and Bi,
an increase in the fluctuations of B? and Bg, and an increase in the mean of B?. Time series of these external
field components at S = 3.5 are shown in Figure 13.

The torque on the inner sphere is also shown in Figure 12, normalized by its purely hydrodynamic value at
zero applied field. The torque increases with S but begins to increase most rapidly around S = 2.75 where B,
peaks, just before the growth of the strong fluctuations in the new state.

7.3. Mode Interactions: Time Evolution
In Figure 13 we show the time evolution of the state at S = 3.5,Ro = 6,E = 1.2 x 1077, and Rm = 477.
The quantity on top is Py, = P;/0p, + P3/0p, Where P, and P; are the signals from two pressure sensors in

(a) (b)
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Figure 13. Time series at S = 3.5, near onset of the new dynamical state at strong S in Figure 12. B;” =I(/+ 1)97’. In order
from top, Psym, sum of pressure signals from instrumentation port sensors located 180° apart, B?, axisymmetricm = 1
and m = 3 magnetic field components, the most active nonaxisymmetric field components B;, Bg, and Bi, and at the
bottom, torque on the inner sphere normalized by the torque at Ro = 6,5 = 0. These dynamics suggest dynamo-style
feedback that enhances the applied field, as we discuss in the text.
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n ports 180° apart, normalized by their
Tl standard deviations 6, to remove slight
differences in calibration. This combina-
1 1 tion emphasizes large-scale fluctuations
1 with even azimuthal wave number m.

We plot five induced field components, the
axisymmetric dipole B? and axisymmetric
I = 3 component BJ. The contribution to
these components from the applied field
have been subtracted and positive val-
ues of B? correspond to an increase in the
dipole that augments the applied field.
The mean value of the dipole field B? aver-
aged over many bursts is 5% above the
applied value by S = 4.2. As discussed

in section 2.3, the applied Bg is oppo-

site in sign to the applied B%, and so the
positive-going Bg bursts in Figure 13 are
Figure 14. Two different interaction diagrams of externally mea- reductions in the total B field.

sured magnetic field components S™ and internal field compo-
nents T with underlying poloidal and toroidal velocity modes

(@)

We also plot nonaxisymmetric compo-

] ) 1 g2 3 i
s/ and t]" are supported by our data. Directly observed exter- nents B,, B, and B;. The five poloidal
nal field components are in circles and colored as in Figure 12. components in Figure 13 dominate the
We do not have spatial information about the internal toroidal fluctuations seen in the external measured

fields, shown here in blue boxes. In scenario (a) the S; is induced
from the axial dipole by a poloidal velocity field s}. Instead, metri mponents rotate in roarad
in (b) S; arises from the other two nonaxisymmetric modes, .e C_CO Po ? .S otate in a prograde
perhaps then causing a back reaction reducing the s2 and s3 direction with similar phase speeds,
velocity fields. w/(MmQ,) = 0.4.

field at these parameters. The nonaxisym-

The growth of the nonaxisymmetric components B§ and Bi is clearly correlated with the growth of the
axisymmetric components, and both are accompanied by increase in the torque on the inner sphere, shown
at the bottom and normalized by its hydrodynamic value when S = 0. To guide the eye, lines (a) and (b) in
Figure 13 are at a maximum and a minimum of the torque as a function of time.

The fluctuations in this section bear a resemblance to the behavior seen in the high torque state and the
high-to-low transitions discussed in section 5. The high torque state at lower Ro and weak applied magnetic
field discussed in section 5.5 also shows similar bursts of B;, Bg, and Bi synchronized with mean and fluctu-
ating enhancements of the dipole. Many of the details of the temporal dynamics are different, though. The
trio of nonaxisymmetric components drift half as fast at Ro ~ 2 than Ro = 6. The weakly magnetized high
torque state also shows mean and fluctuating dipole enhancement synchronized with the growth of the
nonaxisymmetric modes.

7.4. A Possible Dynamo-Style Feedback

The coupling between the nonaxisymmetric components and the axisymmetric components in Figure 13

is notable. Using the selection rules for flow and field from Bullard and Gellman [1954], we can put forth
two conjectures on the nature of the dipole-reinforcing bursts. Here we will use s7" and t" for poloidal and
toroidal velocity components and S and T]" for poloidal and toroidal magnetic field components. There can
be no toroidal field in the current-free region external to the sphere, so all of the components we directly
observe are external poloidal fields S7". We note that whenever a magnetic field is induced by a velocity
field, energy and momentum conservation require a Lorentz force effect on the velocity field. The enhanced

torque in this state is also evidence of significant Lorentz forces.

We assume underlying nonaxisymmetric flow components withm =1, m = 2,and m = 3. P, in Figure 13
is direct evidence for a m = 2 flow component synchronized with the S§ external induction.

Our imposed differential rotation is expected to be dominated by the axisymmetric component t?. This t?
flow could lead to substantial gain in magnetic field, though that gain is reduced from the hydrodynamic
base state as per Figure 11.
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Each burst of B? and Bg in Figure 13 is synchronized with the growth of the nonaxisymmetric components
B§ and Bi. Spence et al. [2006] were the first to report on the induction of an axisymmetric dipole in the
Madison dynamo experiment. They demonstrate that an axial dipole moment measured external to the
current-carrying region cannot be induced directly from an axisymmetric applied field by an axisymmet-
ric flow. Spence et al. [2006] explain their external axial dipole induction as the net contribution of the
nonaxisymmetric turbulent fluctuations.

We note that the induced dipole adds to the imposed field in our case, while in the Madison experiment it
was always opposite, reducing the total dipole.

We show several possibilities of allowed interactions in Figure 14a, assuming that the internal nonaxisym-
metric components are the poloidal flows s] , sg, and sg. There is a one-step coupling by which those velocity
fields can induce the observed nonaxisymmetric fields from the applied axisymmetric field. We do not draw
an exhaustive network diagram in Figure 143, as there are 41 allowed interactions involving just the eight
field components and four flow components shown there, just to list a few simple possibilities that are
consistent with the behavior in Figure 13.

There are three conceptually similar triads (e.g., 5‘1’, Sg, and TZZ) where an underlying s; velocity component
induces the externally observed poloidal component S;H from S? and Sg. That poloidal component is con-
verted to an internal toroidal T,’ by the action of the differential rotation t%, and the TI’ toroidal component
can be converted to S? and 5‘3’ by the sj poloidal velocity field. Note that each triad has a possible dynamo

mechanism similar to that discussed in Bullard and Gellman [1954].

We present another similar interaction diagram in Figure 14b, this time inducing the S; component from
either of the large S? or S; fields. Note that in Figure 13 S] arises slightly later than either S2 or S3. Also evi-
dent is that as S} grows, the enhanced dipole S and modes S? and S, fall, possible evidence for a strong
Lorentz force back reaction caused by the production of S;. Again, we do not show the large number of total
possible connections.

Assuming some radial dependence for the internal flow and field components and constructing a reduced
induction equation model could be fruitful, as it would allow us to know which interactions were strongest,
but this is beyond the scope of this paper. Nevertheless, these are more results that could provide a good
benchmark for geodynamo codes.

As we do not have conclusive evidence supporting either scenario in Figure 14, we have included both
for scientific completeness. We expect future research can distinguish between them. A complete under-
standing of the scenarios set out in Figure 14 may be of particular geophysical relevance. The observations
here are consistent with differential rotation generating toroidal field plus a few nonaxisymmetric drifting
components that may be similar to Rossby waves. In this sense, they would be similar to the cartridge belt
dynamo scenario seen in the onset of rotating convection in a spherical shell.

The fact that we seem to have large-scale poloidal motions closing an axial-dipole-enhancing induction loop
is encouraging. It points to the possibility of understanding these dynamics with reduced models of the flow
and untangling how the small-scale turbulence interacts with the large-scale motions in both magnetized
and unmagnetized states.

8. Summary and Conclusions

We present a number of novel experimental results in hydrodynamic and hydromagnetic spherical Couette
experiments at unprecedented magnetic and hydrodynamic Reynolds number. We look at angular momen-
tum transport without appreciable magnetic field effects and find broad similarity with recent results from
Taylor-Couette flow over part of the accessible range of Rossby number but find dramatic restructuring of
the flow and strong enhancement of angular momentum transport, possibly involving large-scale Rossby
waves, when 1 < Ro < 5. Changing Re alone while holding Ro fixed leads to expected turbulent flow
scalings. The similarities and differences in the Ro dependence of turbulent angular momentum transport
between spherical and Taylor Couette flow may have interesting implications for understanding angular
momentum transport in rotating geophysical systems.

The Ro dependence of the hydrodynamic mean flow confers a strong Rossby dependence on the Q effect,
the generation of internal azimuthal magnetic field from poloidal field. Although we do not observe a
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self-excited magnetic dynamo in the current set of experiments up to half speed, we do observe substantial
gain in the poloidal-to-toroidal field conversion over a large range of Ro.

Applying a strong magnetic field at Ro = 6, the peak of low-field azimuthal field generation, reduces the
Q effect, a phenomenon that may be important for saturation of geophysical and astrophysical dynamos.
Strong enough field leads to the onset of a different dynamical state with higher torque and bursts of non-
axisymmetric magnetic field and velocity fluctuations that are correlated with bursts in enhancement of
axisymmetric external fields. The nonaxisymmetric fluctuations, like those in the high torque hydrodynamic
state, seem to be a trio of drifting waves that may be Rossby waves.

The dipole bursts are plausibly generated by a dynamo-style feedback loop that involves differential rota-
tion and drifting waves, a scenario that is of substantial geophysical and astrophysical interest. We are just at
the beginning of hydromagnetic experiments in this facility, but these early results suggest a rich interplay
of turbulence, rotation, and magnetic fields, as in a planet’s liquid metal core.
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