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The magnetorotational instability (MRI) is thought to play a key role in the formation of stars and black
holes by sustaining the turbulence in hydrodynamically stable Keplerian accretion disks. In previous experi-
ments the MRI was observed in a liquid metal Taylor-Couette flow at moderate Reynolds numbers by applying
a helical magnetic field. The observation of this helical MRI (HMRI) was interfered with a significant Ekman
pumping driven by solid end caps that confined the instability only to a part of the Taylor-Couette cell. This
paper describes the observation of the HMRI in an improved Taylor-Couette setup with the Ekman pumping
significantly reduced by using split end caps. The HMRI, which now spreads over the whole height of the cell,
appears much sharper and in better agreement with numerical predictions. By analyzing various parameter
dependencies we conclude that the observed HMRI represents a self-sustained global instability rather than a

noise-sustained convective one.

DOI: 10.1103/PhysRevE.80.066303

I. INTRODUCTION

Cosmic magnetic fields are produced, on a wide range of
spatial scales, by the homogeneous dynamo effect in electri-
cally conducting fluids [1]. The Earth’s magnetic field is gen-
erated in its outer core, most likely by spiral flow structures
which result from the combined action of Coriolis forces and
thermal and/or compositional buoyancy [2]. The magnetic
field of the Sun is generated in the convection zone and in
the tachocline, very likely under the influence of differential
rotation and helical turbulence [3]. A similar mechanism is
probably at the root of large-scale galactic magnetic fields
[4], while intergalactic magnetic fields are thought to be a
product of the so-called fluctuation dynamo [5].

Magnetic fields play an active role in cosmic structure
formation. It was in 1991 that Balbus and Hawley [6] high-
lighted the importance of the magnetorotational instability
(MRI) (or Velikhov-Chandrasekhar instability [7,8]) for the
angular momentum transport in accretion disks around stars
and black holes. In MRI, the externally applied magnetic
field serves only as a trigger for the instability that actually
taps into the rotational energy of the flow. This is quite in
contrast to another magnetic instability in which prevailing
currents in the fluid can become unstable by themselves. This
latter so-called Tayler instability [9] is held responsible for
parts of the dynamo mechanism in stars [10] and for some
observed helical structures in jets and outflows [11].

Significant theoretical and computational progress has
been made in the understanding of dynamo action and mag-
netic instabilities. Besides this, the last decade has also seen
considerable experimental activities to investigate those ef-
fects in the liquid metal laboratory [12,13]. At the end of
1999, the hydromagnetic dynamo effect was observed nearly
simultaneously at the large-scale liquid sodium facilities in
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Riga [14] and Karlsruhe [15]. In 2006, the von Karman so-
dium experiment in Cadarache has shown not only self-
excitation [16] but also impressive magnetic field reversals
[17], although the use of soft-iron impellers with high rela-
tive permeability makes the interpretation of these results
cumbersome.

As for the so-called “standard MRI” (SMRI), with only an
axial magnetic field applied, Sisan er al. [18] claimed to have
observed it in a spherical Couette flow, but their background
state was already fully turbulent, thereby defeating the origi-
nal idea that the MRI would destabilize an otherwise stable
flow.

There is a simple reason for the flow being turbulent be-
fore the SMRI sets in. The point is that the azimuthal mag-
netic field component of the MRI mode can only be pro-
duced from the axial field by induction effects, which are
proportional to the magnetic Reynolds number (Rm) of the
flow. Rm, in turn, is proportional to the hydrodynamic Rey-
nolds number according to Rm=Pm Re, where the magnetic
Prandtl number Pm=v/\ is the ratio of viscosity v to mag-
netic diffusivity A=1/uyo. For liquid metals Pm is typically
in the range of 107°~1075. Therefore, in order to achieve
Rm~ 1, we need Re~ 10°-10°, and wall-constrained flows
with such high Re are known to be turbulent, whatever the
linear stability analysis might tell. Apparently in contrast
with this common wisdom, a group in Princeton has recently
shown [19] that a flow profile in a short Taylor-Couette (TC)
cell can be kept stable until Re~ 10° if an appropriate con-
figuration of split end caps is used. However, the mecha-
nisms that ultimately lead to flow stabilization in this con-
figuration are not well understood. At least, the optimum
rotation ratios of the split rings do not agree with numerical
predictions, a discrepancy that might be explained by some
wobbling of the inner cylinder [20]. Presently, work is ongo-
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FIG. 1. (Color) Sketch of the PROMISE 2 experiment. The gap
width of the Taylor-Couette cell is 40 mm and the height is 400
mm.

ing to identify the MRI in a corresponding gallium experi-
ment, and first encouraging results, including the observation
of nonaxisymmetric magneto-Coriolis waves, have been ob-
tained [21].

Having learned that Rm~1 (and hence Re~10%) is
needed just to produce the azimuthal magnetic field compo-
nent of the MRI mode from the applied axial field, one might
ask why not substitute this induction process by simply ex-
ternally applying an azimuthal magnetic field as well. This
idea was pursued in [22,23], where it was shown that this
“helical MRI” (HMRI), as we now call it, is indeed possible
at far smaller Reynolds numbers and magnetic field ampli-
tudes than SMRI.

In [22] it was also shown that HMRI and SMRI are con-
tinuously connected. In Fig. 1 in [22] the critical Re was
plotted against the rotation ratio w:= f,,/fi, of outer to inner
cylinder of a Taylor-Couette setup. The extremely steep in-
crease of this curve at the Rayleigh line, which occurs for a
purely axial magnetic field, is just smeared out when an azi-
muthal field is added. Although HMRI, in the limit of small
Re, is a weakly destabilized inertial oscillation [24], there is
a continuous and monotonic transition to SMRI when Re and
the magnetic field strength are increased simultaneously.

The relation of HMRI, which appears as a traveling wave,
and SMRI is currently the subject of intense discussions in
the literature [25-33], the roots of which trace back to an
early dispute between Knobloch [34,35] and Hawley and
Balbus [36].

A remarkable property of HMRI for small Pm (which has
been coined “inductionless MRI”) was clearly worked out in
[25]. Tt is the apparent paradox that a magnetic field is able to
trigger an instability although the total energy dissipation of
the system is larger than without this field. This is not so
surprising though when seen in the context of other dissipa-
tion induced instabilities which are quite common in many
areas of physics [37].

Another and not completely resolved issue concerns the
relevance of HMRI for astrophysical flows. On first glance,
HMRI seems very attractive as it could extend the range of
applicability of MRI into those regions of accretion disks
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FIG. 2. (Color) Details of the PROMISE 2 experiment at the
top. The inner ring rotates with the inner cylinder and the outer ring
rotates with the outer cylinder. The same applies to the end cap at
the bottom.

which are characterized by a small Pm. This might apply to
the “dead zones™ of protoplanetary disks [38] as well as to
the outer parts of accretion disks around black holes [39].

However, before discussing this point in more detail, it
has to be checked whether HMRI works at all for Keplerian
rotation profiles Q(r)~r~¥? or not. In the inductionless
limit, i.e., for Pm=0, and using a local WKB analysis in the
small-gap approximation, the answer to this question is “no”
[24]. In contrast to this the solution of the corresponding
global eigenvalue equation gives an affirmative answer as
long as at least the outer or the inner radial boundary is
electrically conducting [40]. Interestingly, this is not the first
example of an instability for which WKB analysis predicts
stability while global analysis predicts instability. The same
applies, e.g., to the stratorotational instability (SRI), which is
presently discussed as another candidate to explain turbu-
lence in accretion disks [41,42]. The SRI seems to rely on
the existence of reflecting boundaries, while it disappears for
other boundary conditions which are more realistic for rotat-
ing disks [43]. Note, however, that this grave counterargu-
ment against SRI does not apply with the same severity to
the working of HMRI in the outer cold parts of accretion
disks since their inner parts have indeed a higher conductiv-
ity.

Unfortunately, even this is not the end of the story. Both
methods, the WKB method and the global eigenvalue equa-
tion, deal with waves with a single wave number and fre-
quency. However, since HMRI appears in the form of a trav-
eling wave, one has to be careful with the interpretation of
the positive growth rate of a single monochromatic wave.
The crucial point here is that those monochromatic waves are
typically not able to fulfill the axial boundary conditions at
the ends of the considered region. To fulfill them, one has to
consider wave packets. Only wave packets with vanishing
group velocity will remain in the finite length system. Typi-
cally, the onset of this absolute instability, characterized by a
zero growth rate and a zero group velocity, is harder to
achieve than the convective instability of a monochromatic
wave with zero growth rate. A comprehensive analysis of the
relation of convective, absolute, and global instability can be
found in the survey papers [44,45]. In the context of magne-
tohydrodynamics, this distinction played an important role,
e.g., in the Riga dynamo experiment [46]. A detailed analysis
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of the relation of convective and absolute instabilities for
HMRI can be found in [33]. From the extrapolation of the
results of this paper it seems that Keplerian rotation profiles
are indeed absolutely HMRI unstable, but a final solution to
this puzzle is still elusive.

Other arguments that have been put forward against the
relevance of HMRI to disks with Keplerian rotation profile
concern the ordering of Alfven speed and rotation speed [47]
and, for thin accretion disks, the necessity for a large ratio of
toroidal to poloidal magnetic fields [48].

Notwithstanding these ongoing debates, the dramatic de-
crease of the critical rotation rates and magnetic field inten-
sities for HMRI, as compared with SMRI, made this new
type of MRI particularly attractive for experimental studies.

First experimental evidence for HMRI was obtained in
2006 at the liquid metal facility Potsdam Rossendorf Mag-
netic Instability Experiment (PROMISE) which is basically a
TC cell made of concentric rotating copper walls, filled with
GalnSn (a eutectic which is liquid at room temperatures). In
[49] it was shown that the MRI traveling wave appears only
in the predicted finite window of the magnetic field intensity,
with a frequency of the traveling wave that was also in good
accordance with numerical simulations. More detailed results
were published in [50,51].

However, a slight difficulty with these early experiments
was the fact that the MRI wave did not travel along the entire
height of the Taylor-Couette cell but ceased to exist at some
position typically close to midheight. By modifying slightly
the electric boundary conditions in radial direction and ana-
lyzing the resulting change of the axial velocity [52], it was
possible to identify this sink of the traveling wave with the
position of the radial jet that originates from the Ekman
pumping at the upper and lower lids of the TC cell [53]. The
influence of this Ekman pumping on the flow structure was
extensively discussed in a number of papers [26,28,29].

A related critical point is connected with electric currents
which are induced in the lower end cap that was made of
copper in the first PROMISE experiments (now called
PROMISE 1). In the worst case these currents are able to
drive a significant Dean flow which possibly could modify
the original Taylor-Couette flow profile [28,54].

In order to overcome both problems we have changed the
axial boundary conditions first by replacing the copper of the
lower lid by insulating material and second by splitting the
(upper and lower) lids into two rings (rotating with the inner
and outer cylinder, respectively) in order to minimize the
Ekman pumping. Henceforth, this new version of the experi-
ment will be called PROMISE 2 in order to discriminate it
from the previous PROMISE 1 experiment.

In this paper we will show that the minimization of the
Ekman pumping makes the radial jet disappear almost com-
pletely. Consequently, the MRI wave can travel throughout
the entire TC cell [55]. We will investigate in detail four
parameter dependencies of the MRI wave showing a much
improved agreement with the two-dimensional (2D) numeri-
cal predictions. Further comparisons with the results of a
one-dimensional (1D) eigenvalue code for the convective
and absolute instabilities will provide strong evidence that
the observed wave represents a global instability and not
only a noise-triggered convective instability as argued in
[27,32].
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II. FROM PROMISE 1 TO PROMISE 2

Apart from the modified end caps, the PROMISE 2 setup
is more or less identical to that of PROMISE 1 which was
described in detail in [49,51]. Its main part is a cylindrical
vessel (cf. Fig. 1) made of two concentric copper cylinders.
The inner one is 10 mm thick, extending in radius from 22 to
32 mm; the outer wall is 15 mm thick, extending from
80 to 95 mm in r. This vessel is filled with the eutectic
alloy Ga®'In*3Sn!>> whose physical properties at 25 °C
are as follows: density p=6.36X10° kg/m?, kinematic
viscosity »=3.40X 107 m?/s, and electrical conductivity
0=3.27%X10% (A m)~". The magnetic Prandtl number is
then Pm= puyov=1.40 X 1075

The copper vessel is closed by a plastic bottom and is
fixed, via a brass spacer, on a precision turntable; the outer
wall of the vessel thus serves as the outer cylinder of the TC
cell. The inner cylinder of the TC flow is fixed to an upper
turntable and is immersed into the liquid metal from above.
It has a thickness of 4 mm, extending in radius from 36 to 40
mm. Between this immersed cylinder and the inner wall of
the containment vessel there is thus a gap of
4 mm, also filled with GalnSn. The actual TC cell then
extends in radial direction over a cylindrical gap of width
d=ry,—1,=40 mm from the outer surface of the inner cyl-
inder at r;;,=40 mm to the inner surface of the outer wall of
the containment vessel at r,,,=80 mm and in axial direction
over the liquid metal height of 0 mm=z=400 mm.

While in PROMISE 1 the upper end cap was a plastic lid
fixed to the outer frame this end cap is now split into two
concentric plastic rings (see Fig. 2). The inner ring rotates
with the inner copper cylinder; the outer one rotates with the
outer cylinder. By this means, the opposing Ekman pumping
effects at the rings compensate each other to a large extent.
The choice of the splitting position at ¥=56 mm was moti-
vated by the simulation in [28] showing that a splitting at
0.4 d would minimize the global Ekman pumping for the
case with the two rings attached to the cylinders (using only
two rings significantly simplifies the construction when com-
pared to a many-ring case). The lower end cap is split in the
same manner, so that we have a symmetric configuration,
with respect to both the rotation rate and to the electrical
conductivities. This is a significant improvement compared
with PROMISE 1, in which the copper bottom was simply
part of the vessel which rotated with the outer cylinder.

The magnetic field configuration is identical to that of
PROMISE 1, with axial magnetic fields of order 10 mT be-
ing produced by the current /_; in a double-layer coil with
78 windings, and an azimuthal field of the same order being
generated by a current /.4 through a central water-cooled
copper rod of radius 15 mm.

As in PROMISE 1, the measuring instrumentation con-
sists exclusively of two high-focus ultrasonic transducers
(from Signal Processing SA) with a working frequency of 4
MHz which are fixed into the outer plastic ring, 12 mm away
from the outer copper wall, flush mounted at the interface to
the GalnSn. Since this outer ring is rotating, it is necessary to
transfer the signal into the laboratory frame (in contrast to
PROMISE 1 in which the upper lid was fixed to the frame).
This is accomplished by the use of a slip ring contact which
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is situated below the TC vessel (not shown in Fig. 1).

The advantage of the ultrasound Doppler velocimetry
(UDV) is that it provides full profiles of the axial velocity v,
along the beamlines parallel to the axis of rotation. The spa-
tial resolution in axial direction is chosen 0.685 mm and the
time resolution is 1.84 s. The width of the beam (over which
v. is averaged) is approximately 8 mm, according to the
diameter of the ultrasonic transducers.

To get reliable signals from along the 400 mm height of
the TC cell one has to ensure a good acoustic contact be-
tween the transducer and the GalnSn which is often compro-
mised by nonperfect wetting, sticking oxides or bubbles. A
good signal is all the more important since the velocity per-
turbations to be measured are typically in the order of 0.1
mm/s, which is at the lower edge of the applicability of the
UDV technique.

This fact has to be kept in mind when comparing, i.e., rms
values of the velocity perturbation from different runs. For
example, the identification of the transition between stable
and unstable regimes relies strongly on the measured veloc-
ity distribution. However, this velocity signal is typically af-
fected by noise which, in turn, depends on the acoustic con-
tact.

Note that the initial idea to measure also the torque in-
crease at the onset of instability, as it is usual in the Taylor-
Couette community [56], had been abandoned due to the
complexity and the high weight of the experiment.

Typically, the duration of the experimental runs was 1900
s after a waiting time of 1 h or even longer in cases when
long transients were to be expected.

III. RESULTS

In this section, we will present the main experimental
results and compare them with numerical results based on a
1D eigenvalue solver (for details consult [25,33]) (which has
been carefully benchmarked with quite a number of similar
codes) and on a time-stepping 2D solver that was already
used in [28]. Both codes utilize the so-called inductionless
approximation in which the induced magnetic fields (but not
the induced currents) are neglected relative to the imposed
ones. For PROMISE this seems well justified since Rm does
never exceed a value of 1072, Usually, for both solvers per-
fectly conducting boundary conditions were applied at the
inner and outer radii, which are certainly not completely cor-
rect since the conductivity of copper is approximately 13
times higher than that of GalnSn but not infinite. For some
parameters, at least, it has been checked that the inclusion of
the finite-thickness copper walls in the 1D eigenvalue code
does not change significantly the results based on perfectly
conducting walls.

In particular we will study the dependence of the HMRI
on the four parameters that govern the problem. Given the
inner and outer radii of the TC cell, r;, and r, (with a gap
width d=r,,—r;,), the rotation rate of inner and outer cylin-
der, f;, and f,,, and the axial magnetic field B, and the azi-
muthal magnetic field at the inner cylinder, B, (r=r;,), these
governing parameters are the Reynolds number

PHYSICAL REVIEW E 80, 066303 (2009)

Re = 27f,dl v, (1)
the ratio of rotation rates
M= foud fins (2)
the Hartmann number
Ha := B.(r,,do/pv)'?, (3)

and the ratio of azimuthal to axial magnetic field

B = B(p(r: rin)/Bz' (4)

With the actual geometry and the material properties of
GalnSn given, we can derive the following useful relations
between the experimental parameters and the dimensionless
parameters:

Re =29 586f,, Hz ', Q)
Ha=0.1581,,; A~', (6)
B = 0~04911r0d/lcoil' (7)

Before entering into the details of the parameter depen-
dencies of the MRI, we present the results in the magnetic
field-free case.

A. Results without magnetic fields

The flow structure in the nonmagnetic case is an impor-
tant reference point for the later analysis of the MRI. Starting
with u=0, we expect a Taylor vortex flow (TVF) whose
amplitude decreases for increasing w. Beyond the Rayleigh

point purayi:= rizn/ r2,,=0.25, the TVF is supposed to disappear

completely in acgglrdance with Rayleigh’s criterion. How-
ever, in any real TC cell with finite height this is far from
trivial due to the existence of a meridional flow driven by the
Ekman pumping at the upper and lower lids. Approximately
at midheight of the TC cell the two opposed vertical flows
meet each other and produce a radial jet [53].

The difference of the flows in the PROMISE 1 and
PROMISE 2 configurations, respectively, is documented in
Fig. 3. What is actually shown is the velocity component
measured along the ultrasonic beamlines. This velocity com-
ponent is supposed to represent the total axial velocity
V.(z,1), although some slight influence of the strongly domi-
nant V,, component cannot be ruled out in case the direction
of the UDV transducers is not perfectly vertical. On the rhs

of each panel the time-averaged value V,(z) is given in de-
pendence on the axial position z.

Figure 3 shows, at f;,=0.1 Hz, the results for PROMISE
2, [(a)—(c)] corresponding to =0, w=0.1, and u=0.27, re-
spectively. As expected, we observe a TVF which is getting
weaker for increasing u and which disappears completely at
u=0.27. For comparison, Fig. 3(d) shows one result for
PROMISE 1 at f;,=0.06 Hz and ©=0.27. Here we observe a
very steep sign change of V_(z) approximately at midheight
which necessarily must be connected with a radial jet at this
point, a feature that is nearly absent in PROMISE 2 [Fig.
3(c)]. Evidently the global effect of the Ekman pumping is
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FIG. 3. Measured axial velocity V,.(z,7) [left-hand side (lhs)]
and time averaged ‘_/z(z) [right-hand side (rhs)] in the field-free case
for PROMISE 2 at f;,=0.1 Hz: (a) u=0, (b) u=0.1, and (c)
©n=0.27. (d) The same for PROMISE 1 at f;,=0.06 Hz and
n=0.27.

drastically reduced by the splitting of the end caps. In the
following we will see that this absence of the radial jet has
important consequences for the propagation of the MRI
wave.

B. Variation of Re

As with many other instabilities in hydrodynamics, MRI
is expected to set in at a certain critical Reynolds number
Re, In order to study this transition in detail, we have fixed
the rotation ratio to u=0.27 and the current through the coil
to I.,;=76 A (i.e., Ha=12). The current through the central
rod has been set to either 1,,4=4000 A (i.e., B=2.59) or
I,4=7000 A (i.e., B=4.53). Throughout the paper, unless
stated otherwise, we have chosen the rotation to be clock-
wise when viewed from above and B, and I,,4 directed down-
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v, ] T [ T

(a) 04-03-02-01 0 010203 04

|
t[s] V. [mmis]

FIG. 4. Measured axial velocity perturbation v,(z,7) (lhs) and
time averaged V.(z) (ths) for f,=0.1 Hz, f,,=0.027 Hz,
I,q=7000 A, and I.,;=76 A. (a) at UDV sensor 1, (b) at UDV
sensor 2, (c) average of sensor 1 and sensor 2, and (d) difference of
sensor 1 and sensor 2. The frequency seen in (d) is just the rotation
rate of the outer cylinder.

ward, where the latter induces B, in the clockwise direction.
To start with, we show in Fig. 4 the axial velocity signals,

again the time averaged \72(2) on the rhs, but here and hence-

forth the deviation v,(z,7):= V.(z,1) = V,(z) of the total veloc-
ity from the time-averaged value on the lhs. Panels (a) and
(b) exhibit the individual signals from the UDV sensors 1
and 2, respectively, (c) shows their average, and (d) shows
their difference. Actually, in this difference signal one ob-
serves a slight m=1 mode with a dominant frequency equal
to the rotation rate of the outer cylinder, which results just
from some slight asymmetries of the facility (e.g., the current
leads to the central rod). This is in contrast to PROMISE 1
where we have observed, in some parameter regions
[49,51,52], an m=1 mode with a frequency between the ro-
tation rate of inner and outer cylinder whose origin is not yet
clarified.

For 1,,4=7000 A and I.;=76 A, the 12 panels of Fig. 5
show V,(z,7) for increasing fj, (i.e., Re). From here on, the
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FIG. 5. Measured axial velocity perturbation v_(z,#) (lhs) and time averaged \_/Z(z) (rhs), both averaged over the two UDV sensors, in

dependence on f;, (i.e., Re) for u=0.27, ,,4=7000 A, and I.,;=76 A.

lhs of each panel exhibits the average over the two sensors
[corresponding to panel (c) in Fig. 4]. Evidently, the travel-
ing wave instability sets in approximately between f;,=0.04
and 0.05 Hz (i.e., Re=1183-1479) and remains until the
highest value f;,=0.24 Hz (i.e., Re=6830) that we have
studied in the experiment.

It is also instructive to see what happens when we change
the direction of B, by changing the direction of the current in
the coil. It is well known that the direction of propagation,
i.e., whether the wave pattern drifts in the +z or —z direction,
depends on whether the product (1B.B,, is negative or posi-
tive, respectively. Figure 6 documents this effect for the pa-
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FIG. 6. Measured axial velocity perturbation v (z,#) (lhs) and
time averaged V,(z) (ths), both averaged over the two UDV sensors,
for f,,=0.1 Hz, £=0.27, and I,;q=7000 A: (a) I.;;=76 A; (b)
I.,qi=—76 A. The change of the current direction in the coil makes
the MRI wave change its direction from (a) upward to (b)
downward.
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fin=0.1 Hz, ©=0.27, I,,4=7000 A, and I,,;=76 A. (a) Dominant
upward traveling component; (b) minor downward traveling com-
ponent which results from a reflection of the upward traveling com-
ponent at the upper end cap.

rameter choice f;,=0.1 Hz, u=0.27, [,4=7000 A, and
I..,;=*=76 A. Note that the shape of the (a) upward and (b)
downward traveling waves is now quite symmetric, in con-
trast to PROMISE 1 in which the position of the radial jet
made the pattern more asymmetric (see, e.g., Fig. 4 in [52]).

When speaking about upward and downward traveling
waves it is also necessary to say that these two types do not
appear exclusively. Actually, the upward traveling wave,
when reflected at the upper boundary, produces a slight
downward traveling wave and vice versa. To analyze this
point we show in Fig. 7 the 2D Fourier transform from the
z,t space to the k,f space of the signal v.(z,r) for
fin=0.05 Hz. Not surprisingly, the experimental data are
more smeared out than the numerical predictions. Neverthe-
less, the position of the maximum in the k,f space is ap-
proximately the same in both cases. The maximum of the 2D
fast Fourier transform (FFT) is mainly localized in the sec-
ond and fourth quadrants of the k, f space which indicates an
upward traveling wave. However, the slight signal in the first
and third quadrants indicates also the existence of a down-
ward traveling wave.

By applying a Hilbert transform to the original data, it is
possible to disentangle the dominant upward traveling wave
and the minor downward traveling wave which result from a
reflection of the upward traveling wave at the upper end cap.
This is done, now again for f;;=0.1 Hz, ©=0.27, in Fig. 8.
Inspired in [57], we will later use the ratio of the maxima of
the downward to the upward traveling wave as an additional
indicator for the onset of the absolute instability.

In Fig. 9 we restrict ourselves to the downward traveling
wave and compare its shape with simulated results for the
particular cases f;,=0.04 Hz and f;,=0.05 Hz. We observe a
quite convincing agreement of experimental data and
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FIG. 9. Comparison of experimental and simulated results for
the upward traveling wave component of v_(z,7) (lhs) and time
averaged V.(z) (ths) for w=027, Iq=7000 A, I.;=76 A,
fin=0.04 Hz (upper two panels), and f;;=0.05 Hz (lower two
panels).

numerical simulation; even the amazing slow decay of a
transient wave at f;;=0.04 Hz is recovered by the numerics.

A more quantitative comparison of various experimentally
and numerically obtained features of the MRI wave, in de-
pendence on f;,, is made in Fig. 10. This figure contains four
parts. Figure 10(a) shows the squared rms of v.(z,7), calcu-
lated between 250 mm<z<350 mm (this particular range
has been chosen since the velocity in this interval is compa-
rably high and the UDV signal is usually not much affected
by noise as it is for smaller values of z). Figure 10(b) shows
the squared ratio of the maximum amplitude (taken over all
z) of the downward to that of the upward traveling wave.
This quantity had been used successfully in other problems
to distinguish between absolute and convective instabilities
[57]. Figures 10(c) and 10(d) show the normalized wave fre-
quency fuave/fin and the normalized phase velocity of the
Wave Cyave/ (finkin)»> respectively. The same dependencies, but
now in more detail for 0.02 Hz<f;,<0.1 Hz, are shown in
Fig. 11.
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Basically, the agreement between experiment and numeri-
cal results from the 2D code is quite convincing, in particular
the onset of the instability approximately at f;,=0.04 Hz for
1,,4=7000 A. However, there is one significant deviation:
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FIG. 12. From top to bottom: simulated angular velocity Q(r,z),
specific angular momentum 72Q(r,z), and radial derivative of
Q(r,z) for ©=0.27, I,,4=7000 A, and I..,;;=76 A. (a) Subcritical
fin=0.04 Hz. (b) Supercritical f;,=0.05 Hz.

while the numerics indicate a disappearance of the instability
approximately at f;,=0.11 Hz, the experiment shows a con-
tinuation of the instability far beyond this point. The reason
of this difference is not yet clear. It is not very likely that the
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FIG. 13. Measured axial velocity perturbation v_(z,#) (lhs) and time averaged ‘_/z(z) (rhs), both averaged over the two UDV sensors, in

dependence on w for f;,=0.1 Hz, 1,,4q=7000 A, and /.,;=76 A.

inductionless approximation starts to fail at this point since
the magnetic Reynolds number is still very small (approxi-
mately 0.004). What can be said, at least, is that the chosen
parameter u=0.27 is very close to the maximum value of w
beyond which HMRI ceases to exist. Here, the instability is
extremely sensitive, and any slight deviation of the experi-

mental conditions from the numerical assumptions can play a
significant role. Another probable scenario, which is sup-
ported by the comparably steep increase of vfms close to fi,
=0.08 Hz, is the appearance of a secondary bifurcation. A
clear identification of this would require further detailed in-

vestigations of the spatiotemporal character of the mode,
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probably with an increased number of UDV sensors.

For 1,,4=4000 A, the amplitude of the velocity is very
small in good accordance with the numerics which predicts
stability for all values of Re.

As noted in Sec. I, the importance of MRI lies in the fact
that it destabilizes rotational flows with outward increasing
angular momentum which would otherwise be hydrodynami-
cally stable, according to Rayleigh’s criterion. Doing experi-
ments on MRI it is necessary to validate that the angular
momentum of the base flow is indeed increasing outward.
This is all the more important since a peculiarity of HMRI at
small Reynolds and Hartmann numbers is that it works only
for values of w which are slightly above the Rayleigh line.
Since, in a finite system, some deviation from the ideal TC-
flow profile is unavoidable, in particular close to the end
caps, one has to be careful that the observed instability is
indeed a magnetically triggered one and not an instability of
a flow which is (at least in some parts) hydrodynamically
unstable.

Unfortunately, the UDV technique allows us only to mea-
sure axial velocity distributions in detail. Some efforts have
been made to measure V,, by means of an electric potential
probe inserted into the liquid metal, but neither the necessary
accuracy nor the desired spatial resolution could be achieved
by this method. For that reason we have to rely on the nu-
merical simulations exclusively. Given the good correspon-
dence of numerics and experiment, as seen so far in the V,
data (at least for not too high values of Re), we believe that
the numerics gives a more or less true picture of the real
physical process.

In the following we will consider the particular case
n=0.27,1.,,;=76 A, I,,4=7000 A with two different values
of fi,=0.04 Hz (corresponding to Re=1183) and
fin=0.05 Hz (corresponding to Re=1479). For these two
cases we plot in Fig. 12 the numerical snapshots of the an-
gular velocity Q(r,z), of the specific angular momentum
r*Q(r,z), and of the radial derivative of this specific angular
momentum.

While the plots for Q(r,z) [Fig. 12(a)] are not very in-
structive and seem to indicate only a slight difference be-
tween the two cases, the plots for the angular momentum and
its radial derivative show considerably more structure. For
fin=0.04 Hz we observe a rather regular outward increase of
the angular momentum, with the only exception close to the
splitting positions of the upper and lower end caps. This is
not surprising since, with the inner ring rotating with the
(fast) inner cylinder and the outer ring rotating with the
(slow) outer cylinder, there must be a certain region where
the angular momentum decreases, while in the rest of the
fluid it increases outward.

The crucial point here is the transition from global stabil-
ity to global instability when going from f;;=0.04 Hz to
fin=0.05 Hz. For the latter we observe a wave that travels
throughout the total volume of the TC cell. Clearly visible is
the “fingering” of the angular momentum which is typical for
MRI [58].

C. Variation of u

Without any magnetic field, the case w=0 corresponds to
the classical TC flow with its well-known critical Reynolds
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FIG. 14. Comparison of experimental and simulated results for
the upward traveling wave component of v (z,7) (lhs) and time
averaged V.(z) (rhs) for f;,=0.1 Hz, I,,q=7000 A, I.;=76 A,
n=0.26 (upper two panels), and ©=0.27 (lower two panels).

number Re,;=68.2 (for our particular case ri,/ry,;=0.5)
[59]. With a purely axial or a purely azimuthal field applied
this critical value would increase. If both fields are applied,
the character of the instability changes from a steady TVF to
a traveling wave, although with a very small frequency. If u
is then increased, the wave frequency increases also. HMRI
means that the traveling wave continues into the region be-
yond the Rayleigh point ug,y =17,/ 15, =0.25 where any (lin-
ear) hydrodynamic instability would disappear according to
Rayleigh’s criterion.

For the PROMISE 1 experiment the behavior of the wave
with increasing u was documented in Fig. 5 in [51]. It was
characterized by a rather broad range of instability extending
to values as large as w=0.35. Here we present the corre-
sponding results for the PROMISE 2 experiment. Figure 13
shows 12 panels for 0<u<<0.35. We have fixed
fin=0.1 Hz, I,.;,=76 (i.e., Ha=12). The current through the
central rod has been set to I,,4=7000 A (i.e., B=4.53). It is
clearly visible that the traveling wave continues beyond the
Rayleigh line, though not very far. At ©=0.32 it has disap-
peared completely.
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PHYSICAL REVIEW E 80, 066303 (2009)

foutHz]
0.024 0.026 0.028 0.03
0.5 a T - -
o,
N\
g
g
o,
E
>
0.24 0.26 0.28 0.3
u
f out[Hz]
0.024 0.026 0.028 0.03
1.0 T T - T
9 /
(o] a ’
>:5
N\=
£
=
0.3
foutlHz]
0.024 0.026 0.028 0.03
0.20 T T - -
A
0.15
< R
2 0.10 :,,_»»—»»—;;64/ o
oF W
0.05
0.00 - - - -
0.24 0.26 0.28 0.3
u
fout[Hz]
0.024 0.026 0.028 0.03
0.8 T T - -
=
[
*
8=
e
\;’ a
E
Q
0.0 - - - -
0.24 0.26 0.28 0.3
u
Expt. I =4 kA —e— Expt.  14=7 KA -—-a---
Sim. 2D I ;=4 kA e Sim. 2D I ;=7 kA --a--
Sim. Conv. [ ;=4 kA O Sim. Conv. [ ;=7kA A

Sim. Abs. I =4kA @  Sim. Abs. [ ;=7kA A
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The comparison of the upward traveling wave for
m=0.26 and ©=0.27 is illustrated in Fig. 14. Figures 15 and
16 show again the squared rms of the velocity, the squared
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FIG. 17. Measured axial velocity perturbation v (z,7) (lhs) and time averaged Vz(z) (rhs), both averaged over the two UDV sensors, in

dependence on 3 for f;,=0.06 Hz, ©=0.26, and /.,;=76 A.

ratio of the upward and downward traveling waves, the wave
frequency, and the wave speed. In addition to the results of a
time-stepping 2D solver we have also added the critical w
values for the convective and the absolute instabilities as
they result from a 1D eigenvalue solver [33].

Besides the good agreement of experimental and numeri-
cal results from the 2D code, it is most remarkable that the
transition point from the 2D code corresponds quite accu-
rately to the absolute instability from the 1D simulation,
while the 1D results for the convective instability lie at much
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FIG. 18. Comparison of experimental and simulated results for
the upward traveling wave component of v_(z,7) (lhs) and time
averaged V,(z) (rhs) for f,=0.06 Hz, u=0.26, and ;=76 A,
Ioa~4500 A (upper two panels), and I,,4~7000 A (lower two
panels).

too high w values. This is strong evidence that the observed
instability is a global one and not only a noise-triggered con-
vective one as claimed in [32].

D. Variation of

For liquid metals with Pm= 107°-1073, the critical Rey-
nolds number for SMRI (with a purely axial magnetic field)
is in the order of several millions. The key point of HMRI is
that by adding an azimuthal magnetic field, this number
drops drastically to approximately 10°. For PROMISE 1, the
transition to instability for increasing B turned out to be not
very sharp, as documented in [50]. In the following we will
investigate the corresponding transition for PROMISE 2.

Figure 17 shows 12 panels for 0<[,,4<8200 A. Evi-
dently, there is no indication of any instability for
I,,4<<3000 A. The transition to MRI occurs approximately
between /,,4=4000 and /,,4=5000. The comparison with the
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FIG. 20. Measured axial velocity perturbation v (z,7) (lhs) and time averaged Vz(z) (rhs), both averaged over the two UDV sensors, in
dependence on Iy (i.e., Ha) for f;,=0.06 Hz, u=0.27, and I,,4=8000 A.

numerical simulation for /,,i=4500 A and ,,4=7000 A is
shown in Fig. 18.

Figure 19 shows again the quantitative analysis for two
different lines corresponding to u=0.26 and u=0.27. The
first noticeable fact is that for u=0.26 we obtain, quite simi-
lar to the case of the u line discussed above, a good agree-

ment of the 1D numerical results for the absolute instability
and the 2D simulation, while the 1D code results for the
convective instability would point to much smaller values of
the critical B. Quite interesting, however, is the fact
that for w=0.27 the agreement of absolute instability
(at I.,q~8200 A) and global instability (/,.,q~ 7000 A) be-
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FIG. 21. Comparison of experimental and simulated results for
the upward traveling wave component of v (z,7) (lhs) and time
averaged V,(z) (rhs) for £,,=0.06 Hz, u=0.27, and I,,4=8000 A,
IC0i1=70 A, and IC0i1~ 110 A.

comes worse. Evidently, the value x=0.27 is (at least for the
given Ha number) very close to the upper limit of the HMRI.
In this case, the threshold of MRI will be extremely sensitive
to any slight modification of the base V,(r) profile. This is a
typical case in which we indeed observe a global instability
for the experimental axial boundary conditions, but the hy-
pothetical use of ideal Taylor-Couette boundary conditions
would make the flow stable again. This interesting case has
been observed in the numerical simulations of Liu ([27] for
PROMISE 1 and [32] for PROMISE 2). However, as we see
here, the interpretation of the author is not correct: what is
observed for real boundary conditions is not a noise-induced
convective instability (this would start already at $=2.3) but
still a global instability, although on the basis of a flow that is
slightly modified by the lids which make the flow a bit more
prone to MRI than the ideal TC flow would be.

E. Variation of Ha

MRI is a weak field instability characterized not only by a
lower critical Ha but also by an upper one. For the PROM-
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ISE 1 experiment it had been shown in [49] that the traveling
wave appears approximately at a coil current of 30 A and
disappears again at 110 A.

Here we discuss the corresponding behavior for PROM-
ISE 2. We choose f;,=0.06 Hz, ©=0.27 and study in detail
the cases I,,4=7000 A and [,;=8000 A. Figures 20-22
document again the MRI dependence on I (i.e., Ha), the
comparison with numerics, and the quantitative analysis, re-
spectively. While the transition between stable and unstable
regimes for large Ha numbers (around 15) shows a satisfac-
tory agreement of experiment and numerics, this agreement
becomes worse for the transition at low Ha numbers. Actu-
ally, the observed MRI starts already at lower Ha (around
4-5) in contrast to the theory which predicts it to start be-
tween 8 and 9. This effect needs further work to be under-
stood.

Similar as for the B line (at u=0.27) in Sec. III E, we
have to note that the absolute instability would only start
slightly beyond the chosen rod current of 8000 A. We obtain,
nevertheless, a global instability which points to a slight
modification of the base flow.

IV. CONCLUSIONS

In this paper we have documented and analyzed four
types of parameter variations in order to characterize in de-
tail the HMRI in a TC flow with split end caps (PROMISE
2). Due to the strongly reduced Ekman pumping, resulting
from this apparently minor modification, we have observed
much sharper transitions from the stable flow regime to the
MRI regime than in the former PROMISE 1 experiment.

In general, the experimentally observed thresholds turned
out to be in good correspondence with the thresholds result-
ing from 2D simulations for the global instability. In addition
to that, we have shown that the results of a 1D eigenvalue
solver for the absolute instability are in good agreement with
the global instability at least as long as we are not too close
to some upper limit values of u (approximately 0.27 for the
considered values of Re, Ha, and B) for the occurrence of
HMRI.

In contrast to that, the convective instability resulting
from the 1D code would generally imply a larger range of
the instability than observed in the experiment. From this it
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seems justified to conclude that the observed instability is
indeed a global one which corresponds, in a wide range of
parameters, to the absolute instability and not to a noise-
driven convective one.

Coming closer to those parameters (in particular u) for
which helical MRI ceases to exist (at least for the achievable
values of Ha and B) we observe increasing deviations be-
tween global and absolute instabilities, which very likely
trace back to the slightly changed velocity profile of the base
flow in the finite TC cell.

What is left for future work is a careful comparison of the
z dependence of the wave amplitude with the corresponding
results of the 2D code and of the 1D eigenvalue code (in
which this z dependence appears as an imaginary part of the
wave number). Comparisons for a few parameters seem to
indicate a fairly good agreement, but a quantitative compari-
son for all parameter variations requires much more work.

A “promising” perspective of PROMISE would be to ex-
tend the range of parameters Re and Ha in order to investi-
gate the continuous transition between the well-studied re-
gion of HMRI and the experimentally much more
demanding region of SMRI. One way to accomplish this
would be to replace the working fluid GalnSn by sodium. In
this respect, it might be indicated to carry out some water
pre-experiments in order to measure in detail the velocity of
the base flow and to optimize the ring configuration of the
end caps.

Another interesting extension of the work would be to
study various combinations of MRI and Tayler instabilities,
which would require to direct electric currents through the
liquid metal. The most interesting idea, however, namely, to
realize in experiment a self-sustaining nonlinear dynamo
process in an MRI-destabilized (quasi)-Keplerian shear flow
[60], will probably remain a dream at least for liquid metal
flows. Some appropriate plasma experiments [61] may be
better suited for such an ambitious project.

ACKNOWLEDGMENTS

This work was supported by the German Leibniz Gemein-
schaft, within its Senatsausschuss Wettbewerb (SAW) pro-
gram, and by the Deutsche Forschungsgemeinschaft in the
framework of SFB 609.

[1] G. Riidiger and R. Hollerbach, The Magnetic Universe (Wiley,
Berlin, 2004).

[2] D. J. Stevenson, Earth Planet. Sci. Lett. 208, 1 (2003).

[3] M. Ossendrijver, Astron. Astrophys. Rev. 11, 287 (2003).

[4] A. Brandenburg and K. Subramanian, Phys. Rep. 417, 1
(2005).

[5] A. A. Schekochihin and S. C. Cowley, Phys. Plasmas 13,
056501 (2006).

[6] S. A. Balbus and J. F. Hawley, Astrophys. J. 376, 214 (1991).

[7] E. P. Velikhov, JETP 9, 995 (1959).

[8] S. Chandrasekhar, Proc. Natl. Acad. Sci. U.S.A. 46, 253
(1960).

[9] R. J. Tayler, Mon. Not. R. Astron. Soc. 161, 365 (1973).

[10] H. C. Spruit, Astron. Astrophys. 381, 923 (2002).

[11] R. Moll, H. C. Spruit, and M. Obergaulinger, Astron. Astro-
phys. 492, 621 (2008).

[12] A. Gailitis, O. Lielausis, E. Platacis, G. Gerbeth, and F. Ste-
fani, Rev. Mod. Phys. 74, 973 (2002).

[13] F. Stefani, A. Gailitis, and G. Gerbeth, Z. Angew. Math. Mech.
88, 930 (2008).

[14] A. Gailitis et al., Phys. Rev. Lett. 84, 4365 (2000).

[15] R. Stieglitz and U. Miiller, Phys. Fluids 13, 561 (2001).

[16] R. Monchaux et al., Phys. Rev. Lett. 98, 044502 (2007).

[17] M. Berhanu e al., EPL 77, 59001 (2007).

066303-17



STEFANI et al.

[18] D. R. Sisan, N. Mujica, W. A. Tillotson, Y. M. Huang, W.
Dorland, A. B. Hassam, T. M. Antonsen, and D. P. Lathrop,
Phys. Rev. Lett. 93, 114502 (2004).

[19] H. T. Ji, M. Burin, E. Schartman, and J. Goodman, Nature
(London) 444, 343 (2006).

[20] A. Roach, H. Ji, W. Liu, and J. Goodman, Bull. Am. Phys. Soc.
52 (11), BP8.00084 (2007).

[21] M. Nornberg, Bull. Am. Phys. Soc. 53 (14), GI2.00003
(2008).

[22] R. Hollerbach and G. Riidiger, Phys. Rev. Lett. 95, 124501
(2005).

[23] G. Riidiger, R. Hollerbach, M. Schultz, and D. A. Shalybkov,
Astron. Nachr. 326, 409 (2005).

[24] W. Liu, J. Goodman, 1. Herron, and H. Ji, Phys. Rev. E 74,
056302 (2006).

[25]J. Priede, 1. Grants, and G. Gerbeth, Phys. Rev. E 75, 047303
(2007).

[26] J. Szklarski and G. Riidiger, Astron. Nachr. 327, 844 (2006).

[27] W. Liu, J. Goodman, and H. Ji, Phys. Rev. E 76, 016310
(2007).

[28] J. Szklarski, Astron. Nachr. 328, 499 (2007).

[29]7J. Szklarski and G. Riidiger, Phys. Rev. E 76, 066308 (2007).

[30] V. P. Lakhin and E. P. Velikhov, Phys. Lett. A 369, 98 (2007).

[31] J. Szklarski and G. Gerbeth, Astron. Nachr. 329, 667 (2008).

[32] W. Liu, Astrophys. J. 692, 998 (2009).

[33]J. Priede and G. Gerbeth, Phys. Rev. E 79, 046310 (2009).

[34] E. Knobloch, Mon. Not. R. Astron. Soc. 255, P25 (1992).

[35] E. Knobloch, Phys. Fluids 8, 1446 (1996).

[36] J. F. Hawley and S. A. Balbus, Astrophys. J. 400, 595 (1992).

[37] R. Krechetnikov and J. E. Marsden, Rev. Mod. Phys. 79, 519
(2007).

[38] N. J. Turner, T. Sano, and N. Dziourkevitch, Astrophys. J.
659, 729 (2007).

[39] S. A. Balbus and P. Henri, Astrophys. J. 674, 408 (2008).

[40] G. Riidiger and R. Hollerbach, Phys. Rev. E 76, 068301
(2007).

PHYSICAL REVIEW E 80, 066303 (2009)

[41] B. Dubrulle, L. Marie, Ch. Normand, D. Richard, F. Hersant,
and J.-P. Zahn, Astron. Astrophys. 429, 1 (2005).

[42] D. Shalybkov and G. Riidiger, Astron. Astrophys. 438, 411
(2005).

[43] O. M. Umurhan, Mon. Not. R. Astron. Soc. 365, 85 (2006).

[44] P. Huerre and P. A. Monkewitz, Annu. Rev. Fluid Mech. 22,
473 (1990).

[45] J. M. Chomaz, Annu. Rev. Fluid Mech. 37, 357 (2005).

[46] A. Gailitis and Y. Freibergs, Magnetohydrodynamics 16, 116
(1980).

[47] W. Liu, Phys. Rev. E 77, 056314 (2008).

[48] W. Liu, Astrophys. J. 684, 515 (2008).

[49] F. Stefani, Th. Gundrum, G. Gerbeth, G. Riidiger, M. Schultz,
J. Szklarski, and R. Hollerbach, Phys. Rev. Lett. 97, 184502
(2006).

[50] G. Riidiger, R. Hollerbach, F. Stefani, Th. Gundrum, G. Ger-
beth, and R. Rosner, Astrophys. J. 649, 1145 (2006).

[51] F. Stefani, Th. Gundrum, G. Gerbeth, G. Riidiger, J. Szklarski,
and R. Hollerbach, New J. Phys. 9, 295 (2007).

[52] F. Stefani, G. Gerbeth, Th. Gundrum, J. Szklarski, G. Riidiger,
and R. Hollerbach, Astron. Nachr. 329, 652 (2008).

[53] A. Kageyama, H. Ji, J. Goodman, F. Chen, and E. Shoshan, J.
Phys. Soc. Jpn. 73, 2424 (2004).

[54] J. Priede, Phys. Rev. E 79, 066314 (2009).

[55] F. Stefani, G. Gerbeth, Th. Gundrum, J. Szklarski, G. Riidiger,
and R. Hollerbach, Magnetohydrodynamics 45, 135 (2009).

[56] F. Wendt, Ing.- Arch. 4, 577 (1933).

[57] N. Garnier and A. Chiffaudel, Phys. Rev. Lett. 86, 75 (2001).

[58] B. Jamroz, K. Julien, and E. Knobloch, Phys. Scr. T132,
014027 (2008).

[59] S. Chandrasekhar, Hydrodynamic and Hydromagnetic Instabil-
ity (Dover, New York, 1981).

[60] F. Rincon, G. I. Ogilvie, and M. R. E. Proctor, Phys. Rev. Lett.
98, 254502 (2007).

[61] E. J. Spence, K. Reuter, and C. B. Forest, Astrophys. J. 700,
470 (2009).

066303-18



	Priede1
	physical review e

