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Turbulent viscosity measurements relevant to planetary
core-mantle dynamics
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Abstract

Laboratory experiments that combine thermal convection in a rapidly rotating shell with a sudden increase of the shell’s
rotation rate (spin-up) enable us to study processes related to turbulent viscous coupling between planetary fluid cores and
solid mantles. We experimentally measure the large-scale effective viscosity by determining how the synchronisation time
between the fluid and the shell (called the spin-up time) is shortened when convective turbulence exists in the bulk of the fluid.
Our experiments suggest that viscous core-mantle coupling in planets may be greater than has been previously estimated
using molecular viscosity values.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Ludwig Prandtl (1925), modelling the turbulent
flow produced by an obstacle, employed an effective
fluid viscosity (Frish, 1995) that was greater than the
molecular viscosity. In contrast to molecular viscos-
ity, which describes a fluids molecular transport of
momentum, the concept of turbulent viscosity also
takes into account the turbulent transport by regarding
small scales turbulent eddies as “macro-molecules”.
In some cases the turbulent viscosity may be mod-
elled by an additional term in the equation of motion,
νt �u here νt is the turbulent viscosity coefficient,
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� the Laplacian operator andu the velocity field. In
this simple parameterisation, the turbulent viscosity
appears to be a property of the fluid itself. This is
not correct. Instead, the increase in effective viscosity
results from enhanced momentum transfer by turbu-
lence within the flow field. Therefore, the turbulent
viscosity is a property of the flow and depends upon
the details of the flow field. It may be understood as a
mean contribution of the Reynolds stress term (Frish,
1995) that is derived from the non-linearu•∇u term
in the Navier–Stokes equation.

In geophysical fluid dynamics, this concept of
turbulent viscosity is often used to explain measure-
ments of the viscous boundary layers (known as Ek-
man boundary layers) that form in rotating, turbulent
flows (Pedlosky, 1987). For example, the predicted
thickness of the oceanic Ekman boundary layer is ap-
proximately 10 cm using molecular viscosity values
whereas in situ measurements require a much larger
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effective fluid viscosity to explain the actual thickness
of 10–100 m. Throughout this paper we will use the
concept of turbulent viscosity to explain processes
within the Ekman boundary layer that develops be-
tween our experiment’s rotating shell and the fluid.

When modelling planetary core processes, it is cru-
cial to estimate the effective viscosity of turbulent core
fluids. In the deep Earth, the molecular viscosity of
pure iron at core conditions (Poirier, 1988) is deduced
from ab initio numerical simulations (De Wijs et al.,
1998) as well as laboratory measurements (Dobson
et al., 2000; Rutter et al., 2002) to have an approximate
valueν ∼ 10−6 m2/s. On the other hand, a large-scale
effective viscosity of 10−1 m2/s is required to explain
geodetic observations of Earth’s nutations in terms of
a viscous torque at the core-mantle boundary (Buffett,
1992). Ultimately, the published viscosity estimates
of the Earth’s outer core fluid (Secco, 1995) show an
even more extreme range of values (up to 106 m2/s in
Smylie (1999)).

The strength of viscous forces in rotating systems is
measured by the Ekman number,E = ν/�R2, where
ν is the fluid viscosity,Ω the angular rotation rate and
R the spherical radius. Based on the molecular viscos-
ity of iron, E is between 10−12 and 10−15 in terrestrial
planetary cores. At present, geodynamo simulations
(Glatzmaier and Roberts, 1995; Kuang and Bloxham,
1997; Olson et al., 1999; Jones, 2000; Glatzmaier,
2002) are carried out usingE values no lower than
10−5, i.e. using very high viscosity values. Yet, strik-
ingly common features exist between the numerical

Fig. 1. Schematic top view onto the equatorial plane of one half of the experimental device. Andd is the distance relative to the origin of
the velocity profile from the probe,s the cylindrical radius in the equatorial plane. Temperatures are measured atT1 andT2 with platinum
thermo-resistive probes in the copper cylinder and in the Plexiglas shell, respectively.

results at large Ekman numbers (Olson et al., 1999)
and the geomagnetic observations (Hulot et al., 2002).
This has led to the argument (Glatzmaier and Roberts,
1995; Kuang and Bloxham, 1997; Jones, 2000) that
large-scale core dynamics are controlled by a turbu-
lent, effective viscosity that is far greater than molecu-
lar estimates, analogous to the findings of oceanic and
atmospheric studies. Here, for the first time, we give
experimental evidence for the existence of turbulent
viscosity in a fluid mechanical experiment relevant to
Ekman boundary layer dynamics and core-mantle cou-
pling in planetary cores.

2. Experimental set-up

Following the ideas ofBusse and Carrigan (1976),
Cardin and Olson (1994)and Sumita and Olson
(1999), the experimental device has been built to
study thermal convection in a rapidly rotating shell
(Aubert et al., 2001) that models core dynamics in
planets. The experimental set-up is composed of a
Plexiglas sphere (radiusR2 = 110 mm) and a cylin-
der (radiusR1 = 40 mm) that are both concentric
with the rotation axis (seeFig. 1). The device spins at
an angular rotation rate,Ω, which can reach 600 rpm
(revolutions per min). TemperaturesT1 and T2 of
the cylinder and the outer sphere, respectively, are
monitored during experiments with a precision of
0.1 K. Thermal convection develops in the shell when
the Rayleigh number,Ra, becomes greater than its
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critical value,RaC. Here, the Rayleigh number is de-
fined asRa = α∆T�2D4/(νκ) whereα is the thermal
expansion coefficient,∆T = (T2 − T1) is the tem-
perature difference across the shell,D = (R2 − R1)

is the shell thickness, andκ is the thermal diffusivity.
For ratiosRa/RaC > 5 convection becomes turbulent
(Busse and Carrigan, 1976; Cardin and Olson, 1994;
Sumita and Olson, 1999; Aubert et al., 2001). Con-
vection occurs in the range 20≤ Ra/RaC ≤ 80 in the
experiments presented here.

3. Velocity measurements during spin-up

The set-up also consists of an ultrasonic Doppler
velocimetry system (Brito et al., 2001), used to quan-
titatively measure fluid velocities within the shell. A
4 MHz ultrasonic probe measures the velocityu along
the ultrasonic beam in the equatorial plane of the ro-
tating sphere (shown as the continuous line inFig. 1).
The spatial-resolution of the velocity measurements is
∼0.5 mm and profiles are registered every 43 ms.

A well-developed linear theory exists (Greenspan,
1969) to describe the hydrodynamics of the flow fol-
lowing the spin-up of a rotating, axisymmetric con-
tainer of fluid. After a sudden change of rotation rate,
∆Ω, of a container initially rotating atΩ, viscous Ek-
man boundary layers form along the walls of the con-
tainer. Strong viscous effects spin-up the fluid within
the Ekman layers to the new rotation rate of the con-
tainer. Meanwhile, the unperturbed interior flow re-
mains geostrophic, meaning that the flow field remains
nearly two-dimensional, with little variation along the
direction of the rotation axis (Greenspan, 1969; Busse
and Carrigan, 1976; Pedlosky, 1987). The mismatch
in the vorticity field across the Ekman layer induces
a secondary flow, known as Ekman suction. Ekman
suction pulls fluid from the interior into the Ekman
layer where it is spun-up. This re-equilibration occurs
as an exponential process with a characteristic spin-up
time-scale,τ, that scales asE−1/2�−1 which, in turn,
scales with the fluid viscosity as�−1/2. Because the in-
terior flow remains geostrophic, spin-up also depends
on the local height of fluid columns aligned parallel
to the rotation axis. The longer the column, the longer
it takes for Ekman suction to cycle the column’s fluid
through the Ekman layer. Therefore, in a sphere of
radiusR, the spin-up time decreases with increasing

cylindrical radius,s, and the azimuthal velocity,uφ,
measured on a Doppler probe situated in the rotating
reference frame, varies as

uφ(s, t) = −s �Ω exp

[
− t

E−1/2Ω−1(1 − s2/R2)3/4

]

= −s �Ω exp
[
− t

τ

]
(1)

(Greenspan, 1969) wheret is time after the incremental
change in rotation rate. This behaviour holds for low
Ekman and Rossby numbers (Ro = ∆Ω/Ω) and has
been verified both experimentally (Warn-Varnas et al.,
1978) and numerically (Duck and Foster, 2001).

4. Experimental measurements of effective
viscosity

The results of a typical experiment are shown in
Fig. 2. The colour contour plot inFig. 2ashows howu
varies as a function of the distance,d, along the ultra-
sonic beam.Fig. 2bpresents slices at specificd values
of the results displayed inFig. 2a. Note that the veloc-
ities increase exponentially in time towards the new
spin-up value. We invert these velocity measurements
in order to retrieve the characteristic spin-up time,τ,
as a function of position within the sphere.

4.1. Non-convective experiments

Fig. 3 shows experimental measurements ofτ

made during spin-up from 300 to 340 rpm and plotted
versus cylindrical radius.Fig. 3 also contains theo-
retical τ profiles produced usingEq. (1). Using the
averaged rotation rate (Ω + ∆�/2) of the container in
Eq. (1), we carry out least-squares inversions of our
spin-up measurements to determine the effective vis-
cosity of the fluid. In the isothermal (non-convecting,
T1 = T2 = 16◦C) case, shown with red lines in
Fig. 3, the effective viscosity matches the value of the
molecular viscosity to within 2%. Thus we are able to
recover the molecular viscosity characterising viscous
coupling between the fluid and the shell in experi-
ments where convective flow is not present. This test
has been done successfully for different isothermal
temperature values (i.e. for varying values of the vis-
cosity (Lide, 1995)) within the following parameter
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Fig. 2. Measured velocityu along d for spin-up occurring at
t = 0, E = 2.7 × 10−6; Ro = 0.13, T1 = T2 = 16◦C: (a) colour
contour plot of measured velocity as a function of time,t, and
distance,d, along the ultrasonic beam. The white dashed line
shows the distance at which the ultrasonic beam enters the fluid.
(b) Time-series of measured velocity,u, at four different values
for d.

range 16◦C < T1 = T2 < 35◦C, 0.06 < Ro < 0.13,
2.5× 10−6 < E < 6.7× 10−6. In all these isothermal
cases, the inversion always retrieves the molecular
viscosity within a maximum of 2% error.

4.2. Convective experiments

In the presence of turbulent thermal convection, we
observe that the measured velocity profiles still follow
the radial dependence predicted byEq. (1). Thus, it is
possible to use the same basic procedure to obtain the
effective viscosity of the turbulent fluid. Because the
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Fig. 3. Profiles of spin-up time-scale,τ, plotted versus cylindrical
radius, s. In all cases shownΩ = 300 rpm and∆Ω = 40 rpm.
Experimental profiles are shown as solid lines with error bars:
in red, isothermal spin-up (T1 = T2 = 16◦C); in blue: spin-up
in presence of thermal convection (T1 = 4.0 ◦C; T2 = 30.0 ◦C;
Taveraged= 21.3◦C; Ra = 1.0 × 109). Dashed lines show profiles
predicted usingEq. (1), a rotation rate of (Ω+∆Ω)/2 = 320 rpm,
and various fluid viscosity values. The black dashed line shows the
profile for the best-fitting value of the viscosity from a least-squares
inversion of the spin-up measurements from the convective case.
This effective viscosity is 43% greater than the molecular viscosity
of the fluid at the averaged temperature (blue dashed line).

viscosity of the fluid changes with temperature, which
varies through the shell in the convection experiments,
we compute the spatially-averaged temperature of the
fluid in order to proceed. From numerical simulations
of the isotherms in the experimental geometry, the
average temperature of the fluid is found to vary as
Taveraged = T1 + 1.33 (T2–T1)/2. In the convective
spin-up experiment shown inFig. 3as an example, an
effective viscosity 43% greater (black, short-dashed
line) than the molecular viscosity (blue, long-dashed
line) is needed to explain the shorter spin-up time in
comparison to the non-convective case.

Table 1is a compilation of the performed convec-
tive spin-up experiments that gives the experimental
parameters and the corresponding turbulent, effective
viscosities deduced from experiments. Note that by
using the results of the previous experimental study
by Aubert et al. (2001)carried out in the same appa-
ratus, we were able to precisely determine the ratio
Ra/RaC, the ratio of the Rayleigh number over the
critical Rayleigh number for each experiment. The
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Table 1
Parameters and results of the convective experiments

Ω (rpm) (Ω + ∆Ω)
(rpm)

T1 (◦C) T2 (◦C) Ra/RaC �eff /�

300 340 22 34 24.1 1.16
300 340 12 33 40.9 1.36
*300 340 4 30 50.7 1.43
360 400 22 36 29.2 1.18
360 400 12 36 52.0 1.35
360 400 4 36 73.4 1.54
500 540 22 38 40.8 1.19
500 540 12 38 68.1 1.40
500 540 4 32 78.2 1.49

Ω is the initial angular velocity in revolutions per min,Ω + �Ω

the angular velocity right after the spin-up,T1 the temperature of
the inner cylinder,T2 the temperature of the outer shell, the ratio
Ra/RaC is computed fromAubert et al. (2001)and the ratioνeff/ν

is obtained from the inversion as described inFig. 3. Error bars
on the viscosity ratio valuesνeff/ν, are approximately 10%. Note
that the third experiment (with a star) is the experiment ofFig. 3.

experimental data inTable 1show clearly an increase
of the effective viscosity with the turbulence of the
flow: increasing the vigour of the convection (increase
of the ratio Ra/RaC) with a constant rotation rate
(spin-up from 300 to 340, 360 to 400 or from 500 to
540 rpm) increases the turbulent viscosity needed to
explain a shorter spin-up as illustrated inFig. 3. Note
that Lathrop et al. (1992)found a turbulent viscosity
scaling-law by measuring the motor torque in a suite
of Taylor–Couette experiments. There the turbulent
viscosity was deduced through a globally-integrated
boundary effect. Here we invert for the turbulent vis-
cosity from non-invasive, local measurements of the
interior flow field.

5. Conclusions and discussion

Two main conclusions are reached from our experi-
ments. First, the spin-up process between the fluid and
a spherical shell is more efficient in the presence of
thermal convection, leading to a faster spin-up time in
comparison to isothermal cases. Second, the effective
viscous coupling, controlled by the turbulent fluid vis-
cosity in the Ekman boundary layer, clearly increases
(Table 1) with the vigour of the convection in the bulk
of the fluid flow. The physical mechanism leading to a
more efficient viscous coupling in presence of turbu-

lence will need to be fully investigated and understood
with future experimental, theoretical and numerical
studies. These studies should focus on topics, such as
the effect of differing fluid properties (thermal diffu-
sivities for example). Experimental studies with high
levels of mechanically-forced turbulence may also im-
prove our understanding of this phenomenon. Numer-
ical (and theoretical) studies should prove ideal for
probing how the Reynolds stresses cause enhanced
momentum transfer as function of Rayleigh and Ek-
man numbers.

Although caution must presently be taken in directly
applying our experimental results to planetary cores,
our experimental results qualitatively suggest that a
larger effective viscosity value than the molecular one
should be used in modelling core-mantle boundary dy-
namics on Earth (Gubbins and Roberts, 1987; Jault
et al., 1988) and the terrestrial planets (Correia and
Laskar, 2001). As an immediate consequence, the Ek-
man boundary layer may be increased in thickness and
the viscous torque at the Earth’s core-mantle boundary
will increase as well, possibly even becoming as large
as estimated topographic or electromagnetic torques.
Viscous phenomena such as damping of oscillatory
modes (Zatman and Bloxham, 1997), planetary nu-
tations, librations and interior dissipation processes
(Williams et al., 2001) may be strongly affected by
convective turbulence in core fluids. Furthermore, our
results, which formally shed light only on boundary
layer processes, may suggest that the present gener-
ation of large-scale, high viscosity, numerical geody-
namo models are more similar to the real Earth than
presumed. And perhaps this similarity explains why
such models are working so surprisingly well.
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