SEARCH & DISCOVERY

Circulation collapses in turbulent liquid metal

The liquids’ opacity makes
it impossible to look at their
flow structure. Instead,
researchers listen to it.

for navigation but for shielding the

planet’s surface from the charged
particles of the solar wind—owes its
existence to the convective flow of the
outer core. Heated from below and
cooled from above, the churning liquid
iron—nickel alloy hosts a self-sustaining
dynamo in which electric currents and
magnetic fields continually induce one
another.

But the full picture is not so simple.
The flow in Earth’s core is almost cer-
tainly turbulent—and therefore chaotic,
nonlinear, and hard to model. Observing
the flow directly is impossible. And mod-
elers get their simulations to output an
Earth-like field only when they input ma-
terial parameters, such as viscosity, that
they know are wrong. (See the article by
Daniel Lathrop and Cary Forest, Prysics
Topay, July 2011, page 40.) Clearly, some-
thing is missing from researchers’ under-
standing of liquid-metal turbulence.

Now Tobias Vogt, of the Helmholtz-
Zentrum Dresden-Rossendorf (HZDR)
in Germany, and colleagues have identi-
fied what may be an important piece of the
puzzle. In a 64-cm-tall cylinder, shown in
figure 1, they studied turbulent convec-
tion of a gallium-indium-tin (GaInSn) mix-
ture that’s liquid at room temperature.

What they found was completely un-
expected. Instead of a stable large-scale
circulation—one or a few big swirling
vortices that fill the entire container and
persist over time —they saw a constantly
changing flow structure dominated by
smaller, fleeting features.'

Until now, large-scale circulation has
been considered an inevitable and ubiq-
uitous feature of turbulent convection. Its
absence in the HZDR liquid-metal exper-
iments was not predicted by any theory.
It’s too soon to say exactly what Vogt and
colleagues’ observation means for under-
standing Earth’s core and other planetary
dynamos. But there could be profound

E arth’s magnetic field —useful not just
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FIGURE 1. FELIX SCHINDLER, a PhD student at the Helmholtz-Zentrum Dresden-
Rossendorf, assembles a cylindrical drum to be filled with liquid metal for turbulent
convection experiments. (Photo by Tobias Vogt.)

implications for how turbulent liquid
metals transport heat and momentum,
especially at large length scales.

Listen in

There are good reasons to think that tur-
bulence in liquid metals is fundamentally
different from turbulence in other fluids.
Convective turbulence involves the in-
terplay between the fluid’s velocity field
and its temperature field, so it's gov-
erned by the relative sizes of the fea-
tures—vortices and thermal hot spots—
that the fluid can sustain over time. For

many fluids, the features are about the
same size, but for liquid metals, the high
thermal conductivity quickly washes out
any small-scale temperature gradients.
The difference is quantified by a dimen-
sionless material property called the
Prandtl number: on the order of 1-10 for
typical liquids and gases, but just 0.03 for
GalnSn.

Liquid metals are difficult to study in
the lab. They're expensive, heavy, and
hard to work with. They're also opaque,
so the light-based methods used to study
turbulence in other fluids (see, for ex-
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FIGURE 2. BREAKDOWN of large-scale circulation and heat transport in turbulent liquid metal. (a) Ultrasound Doppler velocimetry
measured the fluid velocity profile along 17 straight-line beams. Tracking the data over time revealed that the flow consists of
fast-changing, small-scale structures, not a single circulating cell. (b) Contactless inductive flow tomography confirmed the collapse
of large-scale circulation. (c) A log-log plot of the Nusselt number (a measure of convective heat flow) versus the Rayleigh number
(proportional to the temperature gradient) shows that heat transport unexpectedly levels off in the 64-cm-tall cylinder (green data).
Measurements on a shorter cylinder (purple data), by comparison, show an expected power-law relationship. (Panels a and ¢
adapted from ref. 1; panel b courtesy of Tobias Vogt.)

ample, the article by Leo Kadanoff,
Prysics Tobay, August 2001, page 34) are
inapplicable.

But all is not lost. For decades the
HZDR magnetohydrodynamics depart-
ment has been working to develop, re-
fine, and apply techniques for measuring
velocity fields in liquid metals. In addi-
tion to turbulent convection and plane-
tary cores, HZDR researchers are also
interested in industrial applications—
optimizing metallurgical processes and
even exploring possibilities for liquid-
metal batteries.

Light doesn’t penetrate liquid metals,
but sound does, so one of the HZDR
team’s go-to methods is ultrasound Dop-
pler velocimetry (UDV): using ultrasound
transducers to measure the velocity pro-
files of tiny acoustically reflective oxide
particles that permeate the liquid metal.
Technical limitations make it hard to de-
ploy more than about 20 transducers si-
multaneously, and each one measures the
profile only along a one-dimensional cut
through the system, as shown in figure 2a.
But the direct velocity measurements,
especially when tracked over time, give
the researchers some idea of the flow
structure.

For a more complete picture, the
HZDR team developed a complementary
technique called contactless inductive
flow tomography (CIFT). In a CIFT mea-
surement, flowing metal is placed in a
weak magnetic field —not strong enough
to disrupt the flow but strong enough
to induce eddy currents.” The currents
generate their own magnetic field, which
is measured with magnetometers sur-
rounding the sample. By solving a sophis-

ticated inverse problem, the researchers
can convert their magnetic measurements
into a reconstruction of the 3D flow.

Although CIFT potentially offers
much more detailed insight into a flow
structure, it’s also a lot more work. So the
researchers typically start their studies
with UDV measurements and turn to
CIFT only when they know it will be
worth the effort. Vogt and colleagues’
published analysis is based on their
UDV studies. But in the time since they
submitted their paper last year, they’'ve
begun some preliminary CIFT mea-
surements, including the one shown in
figure 2b. Both experimental techniques
show the collapse of the large-scale cir-
culation, with the liquid-metal flow de-
volving into smaller, fast-changing, in-
coherent structures.

Great heights

To classify different regimes of turbulent
convective flow, another important di-
mensionless number is the Rayleigh num-
ber. Unlike the Prandtl number, which is
an inherent property of the fluid, the
Rayleigh number also depends on the
experimental conditions and geometry:
It’s proportional to the container height
to the fourth power times the overall
temperature gradient. (Equivalently, it’s
proportional to the temperature differ-
ence across the system times the height
cubed.) The temperature gradient is what
drives the convection; to become turbu-
lent, the flow needs to overcome resis-
tance imposed by the fluid’s viscosity and
thermal conductivity, each of which in-
troduces a factor of the height squared.
Earth'’s outer core is more than 2000 km

thick, so its Rayleigh number is many
orders of magnitude larger than can pos-
sibly be studied in a lab or simulated on
any present-day computer. In their push
to higher Rayleigh numbers, Vogt and
colleagues chose to use a cylinder taller
than it is wide, so they could make the
best use of their costly and cumbersome
GaInSn. In their previous work on con-
vective turbulence, they’d always used
containers as wide or wider than they are
tall. All those systems—by necessity,
much shorter than 64 cm—featured sta-
ble, large-scale circulation.?

To estimate how turbulence might be-
have in systems too large for a lab exper-
iment, researchers look for trends as a
function of the Rayleigh number. For a
single experimental setup, they can ob-
tain a range of Rayleigh numbers by vary-
ing the temperature difference across the
fluid. Because liquid metals transport
heat so easily, it’s difficult for them to sus-
tain large temperature gradients. But with
the help of powerful heaters and coolers,
Vogt and colleagues realized temperature
differences from 0.25 K to 51.2 K across
their tall cylinder, for Rayleigh numbers
of 2 x 107 up to 5 x 10°.

The key thermodynamic output is the
Nusselt number, roughly the ratio of the
amount of heat transported by convec-
tion to the amount that would have been
transported by conduction alone if the
fluid were at rest. For turbulent flows, the
Nusselt number is greater than 1, even in
liquid metals—despite the high thermal
conductivity, the majority of heat is trans-
ported by convection. And as the Rayleigh
number increases, so does the Nusselt
number. The question is, how quickly?
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For a given fluid and experimental
geometry, the Nusselt number is usually
a power-law function of the Rayleigh
number with an exponent somewhere
between about 0.2 and 0.5, depending on
the system. If the scaling isn’t well char-
acterized by a single exponent, then it
can often be described by a sum of terms
with different exponents, with the effect
that the dominant exponent increases
with increasing Rayleigh number.*

But that’s not what Vogt and col-
leagues observed. Rather, as seen in the
green data in the log-log plot in figure 2,
they found a lower power-law expo-
nent for higher Rayleigh numbers. For
Rayleigh numbers below 2 x 10%, the ex-
ponent was 0.22: on the low side, but
within the expected range. But for higher
Rayleigh numbers, the exponent dropped
to 0.124—a lower value than had been
predicted by any theory or observed
before in any other experiment.

Scaling up
If the low-exponent power law could be
extended indefinitely to higher Rayleigh

numbers, it would suggest that Earth’s
core convection transfers far less heat
than previously expected—and that it
probably differs from expectations in
other ways too. But far too many dots
remain unconnected to confidently make
such a simple extrapolation.

The HZDR researchers don'’t yet have
a clear understanding of exactly what’s
going on at the Rayleigh numbers they
observed, let alone at the ones they
didn’t. They tentatively attribute the
change in power-law exponent at the
Rayleigh number of 2 x 10° to a transition
from a partially decoherent regime of
turbulent flow to a fully decoherent one.
But their observations of the turbulent
flows are still too spotty to draw any
solid conclusions.

Experimenters often turn to computer
simulations to fill in the gaps in their
measurements, but Vogt and colleagues
don’t have that option. A huge amount
of computing power is necessary to
simulate all the tiny vortices of high-
Rayleigh-number, low-Prandtl-number
flows. Meaningful results are possible

only up to Rayleigh numbers of about
10°. Vogt and colleagues’ experiments are
already past that threshold.

But with the confirmation that liquid
metals’ strange behavior is within exper-
imental reach, the HZDR researchers are
pressing on with their measurements. To
push further into the unexplored regimes
of turbulent liquid metals, they’re in the
process of setting up a new lab to per-
form experiments on liquid sodium. De-
spite that material’s hazards, it’s avail-
able in larger quantities —the researchers
have 12 cubic meters of it ready to go—
and has a Prandtl number an order of
magnitude lower than GaInSn’s.

Johanna Miller
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Magnetic field induces spatially varying superconductivity

Strontium ruthenate

may exhibit an exotic
superconducting state
composed of electron pairs
with nonzero momentum.

(BCS) theory emerged as the first

quantum mechanical model of what
would become known as conventional
superconductors. Below a critical tem-
perature, the highest-energy electrons
in those materials form pairs with anti-
parallel spins. Pairing up allows the elec-
trons to act like bosons rather than fermi-
ons and condense into a collective state
that moves without resistance. (See the
article by Howard Hart Jr and Roland
Schmitt, Puysics Topay, February 1964,
page 31.)

But other models for superconductiv-
ity exist. In 1964, for example, Peter Fulde
and Richard Ferrell and, independently,
Anatoly Larkin and Yuri Ovchinnikov
predicted that a large magnetic field
could induce a different type of super-
conducting state.! Known as Fulde-

I n 1957 the Bardeen-Cooper-Schrieffer
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Ferrell-Larkin-Ovchinnikov (FFLO) su-
perconductivity, the state’s parameters
would vary periodically in space, unlike
the homogeneous BCS state.

Direct evidence of FFLO super-
conductivity has long been elusive, how-
ever, in large part because the predicted
state is unstable. A few materials, such
as quasi-two-dimensional organics and
the heavy-fermion system cerium cobalt
indium-5, have shown some signatures
of a potential FFLO state. Now Kenji
Ishida of Kyoto University in Japan, his
graduate student Katsuki Kinjo, and
their colleagues have found the most
direct evidence to date of the state.? Their
observation of modulations in stron-
tium ruthenate’s spin density, illustrated
in figure 1, points to inhomogeneous
superconductivity.

Gaining momentum

The key difference between BCS and
FFLO superconductivity is the response
to magnetic fields. In the case of BCS, an
applied magnetic field, if strong enough,
twists the spins apart and destroys the
material’s superconductivity—a phe-

nomenon known as Pauli pair breaking.
An FFLO superconductor also eventu-
ally succumbs to pair breaking under
the influence of a sufficiently strong
field. But when subjected to slightly
weaker fields, the FFLO gains its signa-
ture inhomogeneity.

To understand how, consider the sim-
ple band structure depicted in figure 2a.
In the absence of a magnetic field, spin-
up and spin-down electrons zip around
with the same magnitude of momentum
for a given energy (gray dashed curve).
With the addition of a magnetic field,
Zeeman splitting shifts the energy band
of one spin upward and the other down-
ward. The highest-energy spin-up elec-
trons have different momenta from those
of the highest-energy spin-down ones,
and the resulting pairs adopt a nonzero
net momentum, which creates spatial
modulations in the superconducting
order parameter and spin density.

Many superconductors, including
most elemental ones, are well-described
by BCS theory; finding materials suit-
able for an FFLO state has been a chal-
lenge. For starters, unlike robust conven-




