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Abstract

Liquid metal flow interacts with a magnetic field under the influence of Lorentz force.

This interaction can lead to a remarkable change in magnetic field or liquid metal

flow. The former occurs in geo- and astrophysical dynamos while the latter, which oc-

curs in laboratory scales as well, has applications in liquid metal pumping, stirring,

flow measurement, flow stabilization, cooling of fusion reactors, which has recently

received a great deal of attention, and investigations of large scale natural phenom-

ena such as tornados. A knowledge of flow structure is essential to improve each of

these applications. Thesis at hand extends our knowledge of the basic phenomena.

In present research we deal with two fundamental, but totally different, magnetohy-

drodynamic channel flow experiments. The first experiment is about the transition to

turbulence above and behind a permanent magnet in a shallow liquid metal channel,

a nominally two-dimensional flow with strong transverse variations of magnetic field,

in an unsteady flow regime. Sequence of instabilities that govern the magnetic wake

transition as a result of an increase in Lorentz force and as well the vortex dynamic in

the area above the magnet is studied. Sequence of instabilities is extracted by careful

use of ordinary photography and quantitative analysis of size of vortices and their

appearance time. Newly developed techniques make the visualization of velocity and

temperature fields at the surface of liquid possible. Flow studies are presented here.

In the second experiment we consider the linear stability of electromagnetically

driven flow in an annular channel exposed to uniform magnetic field. Developed

azimuthal flow in a small annular channel with insulating and conducting walls per-

pendicular and parallel to the axial magnetic field, respectively is going to be studied.

This is a simple test facility used to design and manufacture a scientifically reliable

large annular channel aimed for studying laminar/turbulent transition and appear-

ance of intermittent flows, with the largest technically possible outer radius and chan-

nel height, thinnest possible channel width and possibility to change the aspect ratio.

Application of Ultrasound Doppler Velocimetry to visualize velocity profile, as a big

challenge for this special experiment, is proven to be possible. As the second mea-

surement method Potential Drop Velocimetry is used. Results for our small facility,

proven to be unaffected by manufacturing and assembling details, are presented here.





Zusammenfassung

Flüssigmetallströmungen interagieren mit Magnetfeldern unter dem Einfluss der

Lorentzkraft. Diese Wechselwirkung kann sowohl die Magnetfelder, als auch die

Flüssigmetallströmungen signifikant verändern. Ersteres tritt in geo- und astro-

physikalischen Dynamos auf. Der letztgenannte Effekt ist bei Anwendungen in elek-

tromagnetischen Pumpen für Flüssigmetalle, in elektromagnetischen Rührern, bei

Durchflussmessungen, bei der Strömungsstabilisierung und bei der Kühlung von Fu-

sionsreaktoren zu beobachten bzw. wird dort genutzt. Auch Untersuchungen von

großen Naturphänomenen wie Tornados befassen sich mit den Wechselwirkungen von

Magnetfeldern und Fluidströmungen. Die Kenntnis des Strömungsverhaltens ist für

eine Verbesserung der o.g. Applikationen wesentlich.

Die vorliegende Dissertationsschrift ist in diesem Umfeld positioniert und leistet

einen Beitrag zur Erweiterung des Wissens über die auftretenden Grundphänomene.

Im Fokus der Arbeit stehen zwei Grundlagenexperimente zu magnetohydrodynamis-

chen Kanalströmungen. Im ersten Experiment wird Übergang von laminarer zu

turbulenter Strömung in einem flachen Flüssigmetallkanal hinter einem, unterhalb

des Kanals montierten, Permanentmagneten untersucht. Es handelt sich um eine

nominell zweidimensionale Strömung mit starker transversaler Variation des Mag-

netfeldes in einer instationären Strömung. Die Reihenfolge von Instabilitäten in der

magnetischen Nachlaufströmung, als Folge zunehmender Lorentzkräfte, sowie die

Wirbeldynamik oberhalb des Magneten werden untersucht. Dies wird durch eine

Anwendung von klassischer Fototechnik und einer quantitativen Analyse der Wirbel-

größe in Verbindung mit der Bestimmung ihres Erscheinungszeitpunktes erreicht. Die

Geschwindigkeits- und Temperaturfelder an der Oberfläche des Flüssigmetalls wer-

den dagegen mit Hilfe von neu entwickelten Techniken aufgezeichnet.

Im zweiten Experiment wird das lineare Stabilitätsproblem einer elektromagnetisch

angetriebenen Strömung in einem ringförmigen Kanal, welcher einem homogenen

Magnetfeld ausgesetzt wird, analysiert. Untersucht werden die entstehenden azimu-

talen Strömungen in einem kleinen ringförmigen Kanal, welcher isolierende Wände

senkrecht und elektrisch-leitende Wände parallel zu einem axialen Magnetfeld be-

sitzt. Diese eher einfache Testeinrichtung wird als Ausgangspunkt für den Entwurf



eines wissenschaftlich zuverlässigen großen Ringkanals verwendet. Dieser wiederum

ist geeignet, um Betrachtungen zum Übergang von laminarer zu turbulenter Strö-

mung, sowie zum Auftreten sogenannter intermittierender Strömungen anzustellen.

Anzustreben ist ein Kanal mit größtmöglichen Außenradius und Kanalhöhe, bei gle-

ichzeitig schmalster Kanalbreite. Auch die Variationsmöglichkeit des Seitenverhält-

nisses ist für die Untersuchungen vorteilhaft. Die Anwendbarkeit von UDV Geschwi-

ndigkeitsprofilmessung (Ultrasound Doppler Velocimetry), welche nachgewiesen wurde,

war der Schwerpunkt für dieses zweite Experiment. Eine weitere Messmethode basierte

auf dem Einsatz von Potentialsonden zur Geschwindigkeitsmessung (Potential Drop

Velocimetry) im Kanal. Die Ergebnisse, basierend auf Messungen am Versuchskanal,

waren robust bezüglich technologisch bedingter Herstellungs- und Montageunge-

nauigkeiten.
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Farzaneh Samsami

Chapter 1

Introduction

In this chapter we introduce Lorentz force and point out the importance of liq-

uid metal channel flow studies in development of Magnetohydrodynamics. Re-

viewing the channel-magnetic field configurations we present our motivation, aim

and objectives of the current research.

1.1 Aims and motivation

Interaction between a magnetic field and a moving conductor, known as Lorentz
force, results in generation of eddy currents inside the conductor and gives rise to
dissipation of energy via Joule heating [Davidson, 2001; Müller and Bühler, 2001].
Joule heating increases the temperature of the conducting medium which may lead
to melting of a solid conductor. When the conducting medium is liquid this increase
in thermal energy budget corresponding to a drop in kinetic energy budget [Moffatt,
1967], results in a velocity redistribution which in turn can result in new flow struc-
tures or instability. The question of the conditions under which these new structures,
including quasi two dimensional patterns, may appear has received a great deal of
attention recently. The reason is that the answer to this question directly influences
the industrial application of Lorentz force or the understanding of geophysics and
astrophysics. Moreover a deeper knowledge of quasi two dimensional flow and its
occurrence criteria helps understanding and predicting natural large scale phenomena

Experiments on liquid metal flows exposed to magnetic fields 1



1 Introduction Farzaneh Samsami

such as tornado.
The major industrial applications of magnetohydrodynamics (MHD), the science

which deals with the effect of Lorentz force on fluid flow, are in liquid metal pump-
ing [Blake, 1957; Borghi et al., 1998; Zhong et al., 2002; Wang et al., 2004; Homsy
et al., 2005; Polzin, 2007], stirring [Shercliff, 1979; Heaslip, 1984; Spitzer et al.,
1986; Davidson, 1992; Eckert et al., 2007], cooling of fusion reactors [Walker and Pi-
cologlou, 1985; Andreev and Kolesnikov, 1994; Kirillov et al., 1995; Bühler, 2007],
flowmetering [Ricou and Vives, 1982; Eckert et al., 2003; Hofmann, 2003; Thess
et al., 2007b; Viré et al., 2010; Kolesnikov et al., 2011; Priede et al., 2011; Jian
and Karcher, 2012; Heinicke, 2013b; Weidermann, 2013] and stabilizing [Matthiesen
et al., 1987; Walker et al., 2002; Bojarevics et al., 2006; Gerbeth et al., 2013]. Effi-
ciency of a pump, stirrer or heat exchanger as well as applicability and accuracy of a
flowmeter are all proportional to the flow structure and knowledge of instability is es-
sential to stabilize the liquid metal flow in liquid metal batteries or Aluminum cells.
This motivated us to focus on instability in liquid metal MHD flows at laboratory
scales for which the effect of flow on the imposed magnetic field can be neglected. In
present research we deal with two important and fundamental experiments to investi-
gate transition to turbulence in wall-bounded MHD flows. Each of these experiments
consider the instability from a different point of view. In the first experiment we
study the transition to turbulence above and behind a permanent magnet in a shallow
liquid metal channel in an unsteady flow regime and discuss the sequence of insta-
bilities that govern the magnetic wake transition as a result of an increase in Lorentz
force. The aim is to answer the fundamental question of how a permanent magnet
affects the liquid metal flow. Wake is chosen as the first problem since it is physically
complex and rich, has a widespread application in engineering and allows us to study
quasi-two dimensional flows when combined with a shallow liquid metal channel.
This in turn shed further light on flow in these regimes in hydrodynamics and also
answer fundamental questions regarding MHD flow with strong transverse variations
of magnetic field; questions like: Do we have at all a kind of vortex generation down-
stream, at the tail of the magnet? How many vortices will form? In which sequences?
Are they elongated along the magnetic field lines? Are they symmetric and what are
the important parameters? Another advantage of the wake experiment lies in its sim-
plicity meaning that it is relatively simple to set up an appropriate arrangement to

2 Experiments on liquid metal flows exposed to magnetic fields
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study that in an experimental or computational laboratory. The important novelties
of present work, besides extracting the sequence of instabilities through experiments,
are the visualization of velocity and temperature fields at the surface of the liquid and
quantitative analysis of size of vortices and their appearance time.

Electromagnetically driven flow in annular channel is chosen as the second exper-
iment because it is an ideal case for theoretical and experimental investigations of
MHD instability mechanisms although it has neither an immediate practical appli-
cation nor an exact parallel in ordinary hydrodynamics. MHD applications usually
involve liquid metal flow in a channel rather than flow over an objects in a steady
stream and to investigate the MHD instability one need to study a channel flow.
Channels can be straight with circular or rectangular cross section or in the form
of concentric cylinders with low or high aspect ratio. Although straight channels are
common in industrial applications due to their simple construction, easy adjustment
and good accessibility but they are not ideal for experimental studies. Because a long
enough straight channel for the flow to reach fully developed state, is usually con-
nected with pipes or other type of connections to a pump (or other driving sources)
[Hartmann and Lazarus, 1937; Alpher et al., 1960; Frank et al., 2001; Andreev et al.,
2007; Jian and Karcher, 2012; Heinicke et al., 2012]. Considering each connection
as an additional channel, fluid passes through several channels after setting into mo-
tion and undergoes different instabilities and carry the whole undamped perturbations
with it. This increases the difference between numerical simulations and experimen-
tal investigations. On the other hand, an annular channel is an ideal endless channel
with no change in cross section in which the fluid can be set in motion with MHD
driving mechanism as discussed by [Shercliff, 1965; Hunt and Williams, 1968; Hunt
and Malcolm, 1968] or with rotation of inner or outer cylinder or both as in Taylor-
Couette flow [Benjamin and Mullin, 1982; Andereck et al., 1986; Stefani et al., 2006].
In this way the uninvited sources can be eliminated and by changing channel curva-
ture (width to radius ratio) and height to width ratio [Baylis, 1966; Khalzov et al.,
2010] various canonical flow structures can be studied. Numerical investigations of
this ideal channel are as well facilitated due to symmetry and applicability of pe-
riodic boundary conditions. In the second part of these investigations we consider
the linear stability problem of electromagnetically driven flow in an annular channel
exposed to uniform magnetic field to illustrate stable and unstable modes induced

Experiments on liquid metal flows exposed to magnetic fields 3
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by imposing small perturbations to the driving electromagnetic force. Annular chan-
nel experiment is motivated by numerical simulations on large scale intermittency
[Boeck et al., 2008] of liquid metal channel flow and our aim is to experimentally
investigate the appearance of structures predicted in that work. Here a column of
liquid metal, GaInSn, subject to a vertical magnetic field B0, enclosed in the empty
space between two conducting concentric cylinders which provide a uniform radial
path for the current injection, and two insulating plates at top and bottom, made of
Plexiglas (Fig. 1.1b) is set in azimuthal motion by radially injected electric current I

(with current density J). In the laminar regime and when the effect of walls can be ne-
glected, the velocity profile becomes a function of radius and independent of height.
This profile changes in accordance with current and magnetic field intensity and as a
result, flow changes from laminar to turbulent after a sequence of instabilities. This
transition with an increase in J or B and the sequence of instabilities are interesting
for us. A very large annular channel with the largest possible outer radius, R2 and
aspect ratio 2L0

d and correspondingly the thinnest possible channel width, d = R2−R1

(Fig. 1.1b) with the ability to test different aspect ratios is required to visualize large
scale intermittency. Such a channel can be used to investigate the flow in a straight
channel as well.

To investigate the desired instabilities, effect of other instabilizing mechanisms
should be minimized. Among these uninvited sources which can facilitate the ap-
pearance of three-dimensionality and transition to turbulence or eventually trigger
that, are inhomogeneity of magnetic field, injected current and temperature nonuni-
formity in the boundaries of liquid metal as a result of manufacturing deficiencies or
inappropriate design, and the resultant thermally driven fluctuations and mechanical
defects which give rise to residual turbulence. The effect of these triggering sources
was assumed to be small in the previous studies [Boisson et al., 2012; Moresco and
Alboussiére, 2004; Baylis, 1966] but the validity of this assumption has never been
proved experimentally. Some of them can be considered during the design and their
effect can be minimized but the rest should be studied in a small and simple facility.
This is the actual reason that a small scale experiment is manufactured and tested.
This is a simple test facility used to design and manufacture a scientifically reliable
large annular channel. Manufacturing such a large annular channel based on the re-
sults of the small scale experiment is the main objective of the second experiment and

4 Experiments on liquid metal flows exposed to magnetic fields
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(a) Open channel-permanent magnet as the first arrangement

(b) Annular channel-uniform magnetic field as the second arrangement

Figure 1.1: Sketch of experimental set ups in present research

Experiments on liquid metal flows exposed to magnetic fields 5
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further turbulence studies in the prepared large annular channel is left for the future.
Once a channel is prepared precisely and equipped with reliable measurement tech-
niques, theories concerning liquid metal channel flow can be validated experimen-
tally. Lack of suitable measurement techniques and sensitivity of the experiments
to the manufacturing and assembling details make the experimental investigations of
flow in an annular channel hard to perform. An important contribution of the present
work is to present the results which are proved to not be affected by manufacturing
and assembling details and to prepare a large experimental set up which is scientif-
ically reliable. The other new contribution is to visualize velocity profiles using the
relatively new Ultrasound Doppler Velocimetry technique and this is done for devel-
oped flow in a uniform magnetic field (with a very good approximation) for a wide
parameter space which has not been investigated like this before.

1.2 Objectives

We start our study with the spatially localized Lorentz force acting on a thin layer of
liquid metal in a straight cell with closed ends to answer the fundamental question
of how a permanent magnet changes the liquid metal flow. A permanent magnet is
moving beneath the cell with a constant velocity which is the source of Lorentz force
(Fig. 1.1a). Objectives and work plan for this experiment are scheduled as follows

• Design the experiments using proper measurement techniques

Lorentz force set the flow in the available cell and an ordinary camera which
moves with the magnet records the flow streamlines. At the same time, Lorentz
force is measured using a strain gauge. The other measurement technique which
is going to be used here, for the first time in MHD liquid metal experiments, is
the infrared photography of the free surface to measure the Joule heating. With
the aid of these measurement techniques we are able to reveal the vortex struc-
tures behind a specific magnet over a range of Reynolds numbers and compare
them in a systematic way.

• Run the experiments in the laboratory

6 Experiments on liquid metal flows exposed to magnetic fields
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Different flow regimes are generated by varying the velocity of the magnet mov-
ing beneath the cell. Flow states are to be monitored by recording the sequence
of images and time-series of force signals. Adequate number of realizations are
needed for each experiment to perform statistical analysis when necessary.

• Signal processing

Quasi two-dimensional and three-dimensional flow structures are to identify by
comparing sets of images and forces and comparing them against the space of
non-dimensional parameters obtained by calculating different theoretical corre-
lations. The appearance time of different flow structures are to be determined
and the flow are to be quantified as much as possible through the following
steps

1. Determination of the size and structure of vortices via geometrical analysis
of the images taken during the visualization.

2. Analyzing recorded images with the aid of Particle Tracking Velocimetry
principles to extract velocity field. A house-code for velocity extraction is
going to be developed.

3. Developing a proper signal processing algorithm for force measurement
results with a high noise to signal ratio.

4. Investigating the possibility of Joule heating recognition via infrared pho-
tography.

Second part of this dissertation is devoted to spatially uniform Lorentz force in an
annular channel (Fig. 1.1b). The aim is to investigate the appearance of structures
predicted by [Boeck et al., 2008] experimentally with the following objectives and
work plan

• Design and test of a purpose-built experiment to study the transition to turbu-
lence induced by an increase in Lorentz force in a wall-bounded two-dimensional
annular channel flow

A large precise annular channel should be designed, manufactured and equipped
with appropriate and reliable measurement tools. The design considers liquid

Experiments on liquid metal flows exposed to magnetic fields 7
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metal in the empty space between two concentric cylinders made of copper and
enclosed with two Plexiglas plates as top and bottom walls, with the whole set
up exposed to a uniform magnetic field. Copper cylinders provide a uniform
radial path for the current injection. The interaction between the radially in-
jected current and the axial magnetic field set the flow in azimuthal direction
(Fig. 1.1b). This flow changes from laminar to turbulent in accordance with
the changes in current and magnetic field intensity and we plan to investigate
this transition by imposing small perturbations to the current at each step. Tur-
bulence can also be triggered by current and temperature nonuniformity in the
boundaries of channel as a result of manufacturing deficiencies or inappropriate
design. The effect of these triggering mechanisms should be studied. The ex-
periments should be merely sensitive to Lorentz force changes and the influence
of all other forces should be minimized. So our first objective is to design and
manufacture a small scale experiment. Next is the choice of measurement tech-
nique for each specific experimental set up in a way that the highest amount
of accurate, reliable and repeatable data can be collected with the right fre-
quency and without disturbing the flow. Preferable methods are the ones which
are closest to the final result with the least need for signal processing. Two
candidates are Ultrasound Doppler Velocimetry (UDV) and Potential Drop Ve-
locimetry (PDV) which are also going to be used in the main experiment. UDV
measures the velocity fluctuations perpendicular to the flow direction which is
in direct relation with turbulence. Whereas potential drop measurement in the
radial direction is a measure of azimuthal velocity. Applicability of these meth-
ods should be proved in the small scale experiment as well. The main objective,
however, is to use the results of the small scale experiment to manufacture the
large annular channel.

• Run the experiments

Flows are to be generated by applying magnetic field and current. Here the
current would be increased from zero in small increments, i.e. 1 or 2Amps in-
crements, when the magnetic field intensity is kept constant. There is enough
gap between two steps to let the flow develop and converge to a final state.
When the current is higher than 100A the increments would be in the order of

8 Experiments on liquid metal flows exposed to magnetic fields
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5 to 10A. Measurements would be repeated for different magnetic field intensi-
ties. Flow structures for transient and developed states are to be monitored by
recording time-series of electric potentials measured at current injection points
and velocity profiles measured in the axial direction perpendicular to the flow.
Purpose of these experiments are to test the method of measurement, rather than
characterization of the flow itself. As a consequence, some of those flow results
can be presented here. Further turbulence studies in the prepared main annular
channel is left for the future.

• Signal processing

As the next objective the corresponding signal processing routines should be
developed. They need to be logically correct and physically accurate. Flow
states are to be identified from the velocity profiles, categorized and quantified
in the space of non-dimensional parameters with the aid of recorded electric
potentials.

1.3 State of knowledge

Theoretically there are three parameters affecting Lorentz force in liquid metal flow.
These include magnitude of magnetic field as well as its spatial and temporal distri-
bution, conductivity of the fluid and the velocity profile. MHD development started
with applying uniform constant magnetic field to analytical and numerical models of
straight channel flow [Hartmann, 1937; Shercliff, 1965; Hunt and Stewartson, 1965a;
Hunt and Leibovich, 1967; Moffatt, 1967; Krasnov et al., 2004; Boeck et al., 2008;
Krasnov et al., 2008; Dousset and Pothérat, 2008; Krasnov et al., 2013] and curved
channel [Hunt and Malcolm, 1968; Baylis and Hunt, 1971; Khalzov et al., 2006;
Khalzov and Smolyakov, 2006; Khalzov et al., 2010; Zhao and Zikanov, 2012; Zhao
et al., 2011]. The same approach used in experimental studies of straight chan-
nel [Hartmann and Lazarus, 1937; Alpher et al., 1960; Fraim and Heiser, 1968;
Kolesnikov and Tsinober, 1972; Frank et al., 2001] or annulus [Baylis, 1964, 1971;
Baylis and Hunt, 1971; Moresco and Alboussiére, 2004; Boisson et al., 2012; Roach
et al., 2012]. Uniform magnetic field which is much easier to be studied analytically
or numerically, is at the same time far from reality. A further step in studies is to ap-
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ply the nonuniform magnetic field or magnetic point dipole to liquid metal flow under
a known velocity profile. This is done for rectangular channel by [Shercliff, 1965;
Gelfgat et al., 1978; Afanasyev and Korabel, 2006; Cuevas et al., 2006b,a,c; Beltrán
et al., 2007; Votyakov and Zienicke, 2007; Votyakov et al., 2007, 2008; Votyakov and
Kassinos, 2009; Ten Cate, 2009; Votyakov and Kassinos, 2010; Kenjereš et al., 2011;
Kenjereš, 2012; Pulugundla, 2013; Tympel et al., 2013; Tympel, 2013]. The effect
of nonuniform magnetic field on rotational flow in annular channel is investigated by
Ilgisonis and Khalzov [2008]. These studies are devoted to identify characteristics
of MHD flows using 2-D and 3-D numerical simulations but lack of experimental
evidences caused them to halt at this stage. Available experiments which are not nu-
merous are the ones done by [Gelfgat and Olshanskii, 1978; Votyakov and Zienicke,
2007; Votyakov et al., 2008; Andreev et al., 2007; Heinicke et al., 2012; Heinicke,
2013a] for straight channel and by [Cramer et al., 2004; Stefani et al., 2006, 2007]
for Taylor-Couette flow under the influence of a helical magnetic field. Although
Lorentz force has found its place in industry [Hunt and Moreau, 1976; Davidson,
1999; Makarov et al., 2000; Kolesnikov et al., 2011; Asai, 2012; Hofmann, 2003],
still our knowledge of the underlying mechanisms is limited, especially in cases with
complicated force arrangements.

1.3.1 Magnetic obstacle experiment

According to numerical simulations, flow around the magnetic obstacle is supposed
to be laminar or quasi 2D in which bulk flow structures and surface structures are the
same and surface deflection is not important [Cuevas et al., 2006c; Votyakov et al.,
2007]. Free surface visualization, as a known method in liquid metal experiments
[Alpher et al., 1960; Andreev and Kolesnikov, 1994; Denoix et al., 1994; Albous-
siére et al., 1999], is enough to validate the numerical predictions. The idea of visu-
alizing the plane of symmetry in channel flow is introduced recently by Kolesnikov
and Thess [2009]. An important contribution of the present work is to significantly
develop this idea for identification of the flow past a confined magnet and investigate
MHD instabilities. There should be vortex generation above the magnet as predicted
by different researchers in their simulations though that their predictions differ in de-
tails [Cuevas et al., 2006a; Votyakov et al., 2007; Votyakov and Kassinos, 2010]. A
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vortex shedding is also predicted downstream, at the tail of the magnet, similar to
that past a bluff body [Cuevas et al., 2006b,c; Beltrán et al., 2007; Votyakov et al.,
2008; Votyakov and Kassinos, 2009; Ten Cate, 2009]. Predicted similarities between
the flow past a magnetic obstacle and the flow past a cylinder [Williamson, 1996]
suggest the application of magnet as a virtual cylinder which enable us to gener-
ate vortices without inserting any solid body into the flow [Afanasyev and Korabel,
2006; Votyakov and Kassinos, 2009]. The interior of this virtual cylinder as well as
its boundaries can be observed without obstruction and it makes the vortex shedding
sequences and other phenomena occurring visible for us. Having this in mind and us-
ing a combination of different independent measurement techniques and comparing
the results against the flow instabilities past a cylinder and theories concerning quasi
2D MHD flows, developed by [Sommeria and Moreau, 1982; Pothérat et al., 2000]
(explained in 2.4 and 2.5.1) we try to shed further light on the transition process.

1.3.2 Annular channel experiment

Our second experiment is a channel flow experiment with a channel of rectangular
cross section. Flow in such a kind of channel has been investigated theoretically by
Hunt [1965], Hunt and Stewartson [1965b] and Priede et al. [2012, 2010]. The im-
portant parameter in those investigations is the ratio of the conductance of the wall to
that of the fluid and they tried to relate this parameter to the instability mechanisms
within the channel. They observed the Kelvin-Helmholtz instabilities of the jet like
structures. There are other kind of instabilities related to annular geometry including
magnetorotational instability (MRI) [Stefani et al., 2006, 2007], free Shercliff layer
instability [Lehnert, 1955; Roach et al., 2012], centrifugal instability [Zhao et al.,
2011; Boisson et al., 2012] or Hartmann layer instability [Moresco and Alboussiére,
2004; Thess et al., 2007a]. Instability of electromagnetically driven annular chan-
nel flow with insulating Hartmann walls and perfectly conducting Shercliff walls is
intensively investigated by Baylis [1966] and Khalzov et al. [2010]. For the sake of
uniformity of the text we shall come back to these investigations in Sec. 2.3(page 23).
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1.4 Overview of the thesis

Chapter 2 is devoted to the basic information needed throughout this thesis. It in-
cludes the formulation of MHD flows, characteristics of the derived equations and
information about laminar and turbulent flow regimes as well as MHD instability
mechanisms. It is followed by analytic solutions of quasi 2D MHD channel flow and
MHD flow in annular channel. We continue in the next chapter with an introduction
of experimental set ups, procedures and measurement and signal processing meth-
ods. More details on magnetic obstacle experiment is included in chapter 4 in which
experimental parameters and results will be discussed. Results of the flow studies in
small-scale annular channel are presented in chapter 5, together with the results ob-
tained to design and operate the main experiment. Highlights of the present research
are summarized in chapter 6 together with a brief outlook on future steps.
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Chapter 2

Background

In the present chapter we are going to summarize the basics needed throughout

this dissertation. First part is devoted to physical and mathematical description of

fluid dynamics and concept of flow instability together with derivation of impor-

tant dimensionless numbers and their meaning. This is followed by physical ex-

planation of mechanisms triggered by presence of a magnetic field and a detailed

review of literature for the MHD instabilities observed. It can be specially help-

ful in distinguishing the instabilities occurring in annular channel experiments.

After a sequence of instabilities the flow becomes turbulent and the presence of a

magnetic field strongly affects the features of turbulence. This is discussed in the

next section with the features of quasi-2D turbulence which is helpful in analyzing

the results of magnetic obstacle experiment. Related equations are presented in

the next section. We close this chapter by two possible solutions for the case of

flow in an annular channel. They are going to be used in analyzing the annular

channel experimental results.

2.1 Fluid dynamics overview

Fluid dynamics as a subdiscipline of fluid mechanics deals with fluid flow and offers
a systematic structure of empirical and semi-empirical laws derived mainly from the
flow measurement experiments which can be used to solve practical problems. Cal-
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culating forces, moments and mass flow rates are of the daily applications of fluid
dynamics. It is based on the conservation laws of mass, linear momentum (Navier-
Stokes equations) and energy. Magnetohydrodynamics as a subdiscipline of fluid
dynamics considers the flow of electrically conducting fluids in the presence of elec-
tromagnetic fields. This is an interdisciplinary field wherein the fluid flow equations
together with Maxwell’s equations describe the evolution of electromagnetic field as
well as the flow field. Magnetohydrodynamic equations for incompressible flows
with uniform conductivity, viscosity and density are

∂u
∂ t

+(u ·∇)u =− 1
ρ

∇p+ν∇
2u+

1
ρ

j×B+
1
ρ

G , (2.1)

∇ ·u = 0 , (2.2)

j = σ(E+u×B) , (2.3)

∇×B = µj , (2.4)

∇×E =−∂B
∂ t

, (2.5)

∇ ·B = 0 , (2.6)

where u is velocity, p pressure, j current density, B magnetic flux density, E elec-
tric field and G can be any externally applied force (here we assume G=0); density ρ ,
kinematic viscosity ν , electric conductivity σ and magnetic permeability µ are phys-
ical properties which are assumed to remain constant. These quantities for GaInSn,
the liquid metal considered in the present research, according to the manufacturer’s
data sheets (Geratherm) are ρ = 6440[ kg

m3 ], ν = 9.3×10−7[m2

s ], σ = 3.29×106[ 1
Ωm ]

and permeability of free space µ is equal to 4π×10−7[ V s
Am ].

Taking the curl of Ohm’s law (2.3) and using Ampère’s law (2.4) and Faraday’s
law (2.5) leads to the induction equation for the magnetic field which relates the fluid
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velocity u and magnetic field B as follows

∂B
∂ t

= ∇× (u×B)+λ∇
2B , (2.7)

in which λ , the magnetic diffusivity, is defined as λ = 1
µσ

and has a value of λ =

0.24[m2

s ] for GaInSn. Since the first term on the right hand side of this equation is
magnetic field advection and the second term represents the magnetic field diffusion,
it is also known as the advection-diffusion equation.

Kinetic energy density of the flow is obtained by the product of (2.1) with u. The
result is

∂

∂ t
(
ρu2

2
) =−∇ · [pu]−∇ · [(ρu2

2
)u]−ρν∇u ·∇u+u · (j×B)+u ·G , (2.8)

with the terms considering the pressure work, mechanical shear work, viscous fric-
tion, work of Lorentz force and external work respectively.

The last equation in this section describes the temporal evolution of temperature
due to temperature differences at boundaries or initially imposed temperature differ-
ences/heat flux. It takes into account the heat production by Joule and viscous dissi-
pation and also other possible energy releasing reactions such as nuclear or chemical
reactions. These are second, third and fourth terms on the right hand side of this
equation, respectively. The equation has the form of a convection-diffusion equation
as follows

∂T
∂ t

+(u ·∇)T =− 1
ρcp

[∇ · (K∇T )+
j2

σ
+ρν∇u ·∇u+Q] . (2.9)

The first term on the right hand side is the diffusive heat flux with a thermal diffusivity
α = K

ρcp
, where K is the thermal conductivity and cp is the specific heat capacity

of the fluid which is, in the present research, GaInSn with values of K = 40[ W
m·K ],

cp = 365[ J
kg·K ] and α = 1.7× 10−5[m2

s ]. Second term of the left hand side is the
advective heat flux inside the conducting media .

Momentum equation for continuum fluids (Eq. 2.1) state that any change in iner-
tia of the flow, which can be in the form of a time-dependent velocity change or a
change in velocity over position, is directly related to the applied body forces and
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gradients of surface forces. Balance between these forces, including normal pressure
gradients, viscous shearing forces and body forces such as gravity or electromagnetic
forces, and convective acceleration determines the time variations of the velocity
field. This describes a mathematically possible flow regime which is observable in
nature, (occurs naturally) when the prescribed flow is stable. In a stable flow regime,
perturbations which are always present in reality are damped out. However, once the
flow control parameter such as Reynolds number exceeds a critical value, the flow be-
comes unstable and enters the secondary stable state (if available) which is described
by another stable solution of the Navier-Stokes equations. Successive instabilities of
laminar steady or intermediate or chaotic flow states as a result of further increase in
control parameter, lead eventually to turbulence. Turbulence is characterized by ran-
domness of the velocity and pressure fluctuations together with appearance of eddies
with widely varying time and length scales. These features are not enough to define
turbulence rigorously and recognizing a turbulent flow from a complicated laminar
flow is still controversial. The change from laminar to turbulent flow regime originat-
ing from instabilities is referred to as transition to turbulence. The onset of transition
is marked with the instability of the primary laminar flow and is a characteristic fea-
ture of the flow [Mathieu and Scott, 2000; Müller and Bühler, 2001]. Some of the
most important hydrodynamic instabilities which may also appear in the present work
are introduced in appendix A.

The terms streamwise and spanwise are used often in this text where x is the di-
rection of the flow, i.e. streamwise, y is the direction normal to the boundary and the
z-axis is spanwise.

2.2 MHD instability and dimensional analysis

Stability can be best illustrated by the stability of a smooth ball resting on the con-
cave upwards surface of a hollow hemisphere, the state of which remains unchanged
to small disturbances. The same ball resting on the convex upwards surface of the
hemisphere is unstable. This concept can be applied to a fluid flow [Kundu and Co-
hen, 2002]. When the flow remains stable to infinitesimal disturbances it is called
linearly stable, even though that it may still be unstable to sufficiently large distur-
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bances (nonlinearly unstable). At the borderline between stability and instability (so
called marginal state), according to linear stability theory infinitesimal disturbances
grow spontaneously.

A general knowledge of different instability mechanisms will help us interpret our
experimental results. Instability mechanisms can be analyzed qualitatively with the
aid of dimensional analysis. This provides an insight into the phenomena and is es-
pecially useful for the analysis of the experimental results, although this does not
define the marginal state quantitatively. In this method, the characteristic times of
the two parts of the mechanism, i.e. destabilizing and stabilizing forces, are defined
and compared with each other which results in a dimensionless number governing the
physics of instability. Flow instability appears due to, roughly speaking, shear, differ-
ential buoyancy/pressure, centrifugal forces or other dynamically driven mechanisms
whereas viscous relaxation or Joule dissipation (or similar dissipative mechanisms)
tend to stabilize the flow. In special cases diffusion processes like viscous dissipation
can also act as the destabilizing mechanism. Dimensional analysis of Navier-Stokes
(Eq. 2.1) and advection-diffusion equations (Eq. 2.7) with L0, U and B0 being the
characteristic length, velocity and magnetic field intensity respectively, results in the
most important characteristic times and dimensionless numbers as

∂u
∂ t

= O(
U

τcharacteristic
) , (u ·∇)u = O(

U2

L0
) , ν∇

2u = O(ν
U
L2

0
) . (2.10)

Ohm’s law (2.3) is used to determine the Lorentz force order of magnitude as

j = O(σUB0) ,
1
ρ

j×B = O(
σUB2

0
ρ

) , (2.11)

and also terms of advection-diffusion equation (2.7) are considered as

∂B
∂ t

= O(
B0

τcharacteristic
) , ∇× (u×B) = O(

B0U
L0

) , λ∇
2B = O(

λB0

L2
0
) .

(2.12)

Assumption that the temporal change of velocity has the same order of magnitude
as inertia in one turnover time, as viscous force in one viscous time and as Lorentz
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force in a Joule time, leads to

τu =
L0

U
, τν =

L2
0

ν
and τ j =

ρ

σB2
0
. (2.13)

Inertia time scale τu, also known as time scale of energy containing eddies or large-
eddy turnover time, represents the time in which the effect of nonlinear inertial forces
due to velocity gradients become important. Viscose time scale τν is the characteristic
time in which viscosity dissipates perturbations (when it acts as stabilizing mecha-
nism) and τ j, known as electromagnetic damping time or Joule time, is a characteris-
tic time of magnetic suppression and is defined by Moffatt [1967] as τ j =

λ

h2
0
, the ratio

of the magnetic diffusivity (λ = 1
µσ

) to the square of the Alfvén velocity h0 =
B0√
µρ

.
The next two characteristic times refer to the phenomena in which a part of energy is
dissipated with the aid of magnetic diffusion and the other part is converted to elec-
tromagnetic energy (Eqs. 2.12). The amount of dissipated energy is related to the
magnetic field diffusion time τd =

L2
0

λ
and the amount of converted energy is related

to τa =
L0
U , the magnetic field advection time. Relative importance of these character-

istic times and consequently their associated forces introduces the following control
parameters

Rm =
τa

τd
=

UL0

λ
magnetic Reynolds number , (2.14)

Re =
τν

τu
=

UL0

ν
Reynolds number , (2.15)

N =
τu

τ j
=

σL0B2
0

ρU
interaction parameter , (2.16)

Ha =

√
τν

τ j
=
√

Re ·N = L0B0

√
σ

ρν
Hartmann number . (2.17)

Magnetic Reynolds number Rm is the first important dimensionless number in MHD
studies and can be interpreted as the ratio of the induced magnetic field to the exter-
nally imposed, constant magnetic field. In the limit of Rm � 1 the induced field
diffuses inside the conductor almost instantaneously, the energy transfer between
the main flow and disturbances is more mechanical rather than electromagnetic and
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Alfvén waves are negligible. Then if imposed magnetic field is sufficiently strong,
dissipative forces become so strong that at a given finite Re any plane parallel flow
can be stabilized. As Rm increases the energy transfer is as much electromagnetic as
mechanical and in the limit of Rm� 1 the dissipation rate is comparatively low and
fluid particles pass the motion from one to the next along the magnetic field lines in a
wave like motion: Alfvén wave. We will explain Alfvén wave in more details in the
following sections.

MHD flow as the flow of a viscous fluid is also characterized by the ratio of inertial
to viscous forces Re. The next dimensionless number, interaction parameter, is a
measure of the relative importance of Lorentz and inertial forces and the relative
importance of viscous to Lorentz forces forms Hartmann number, based on which a
Hartmann layer thickness δHa can be defined. Hartmann layer is the layer of fluid
next to the wall perpendicular to the magnetic field. Inside a linear Hartmann layer
the viscous and Lorentz forces are of the same order of magnitude which yields

δ 2
Ha
ν

=
ρ

σB2
0
=⇒ δHa =

1
B0

√
ρν

σ
=

L0

Ha
Hartmann layer thickness . (2.18)

Based on the Hartmann layer thickness a Reynolds can be defined as

Rh =
τH

τu
=

UδHa

ν
=

Re
Ha

Re based on the Hartmann layer thickness , (2.19)

in which τH is the Hartmann braking time and will be defined in Eq. (2.31). The
other important dimensionless number is defined through a magnetic field switch-on
time τs. This is the time needed for the magnetic field to penetrate to the center of a
channel after being switched on at t = 0 (for an existing flow). For a cubical duct of
height d parallel to the magnet, the time needed for the field to penetrate to the center
of the box is τs =

d2

λ
and the corresponding dimensionless parameter becomes

S =

√
τs

τ j
=

h0d
λ

= σB0d
√

µ

ρ
Lundquist number . (2.20)

Lundquist number represent the ratio of τs to τ j and controls the Alfvén waves in such
cases. Moffatt [1967] investigates the case of an initially turbulent flow and explains
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that if switch-on time is less than Joule time, magnetic field penetrates into vortices
and then dissipates their energy exponentially without oscillations but in the opposite
case, damped oscillations occur because it can just penetrate into a part of vortices at
t = τ j.

Convection-diffusion equation for temperature (2.9) can be treated in the same way
with Θ being the typical temperature difference. For different terms

∂T
∂ t

= O(
Θ

τcharacteristic
) , (u ·∇)T = O(

UΘ

L0
) , α∇

2T = O(α
Θ

L2
0
) ,

j2

σρcp
= O(

σ

ρcp
U2B2

0) ,
ν

cp
∇u ·∇u = O(

ν

cp

U2

L2
0
) .

(2.21)
which result in

τconv =
L0

U
, τth−d =

L2
0

α
, τth− j =

ρcpΘ

σU2B2
0
, τth−ν =

cpL2
0Θ

νU2 .

(2.22)
τconv is the characteristic time of heat convection, τth−d is the time needed for the
heat diffusion to occur, τth− j is the characteristic time of Joule dissipation and τth−ν

represents the viscous damping. The dimensionless control parameters become

Pe =
τth−d

τconv
=

L0U
α

= Re ·Pr Péclet number , (2.23)

in which
Pr =

ν

α
Prandtl number . (2.24)

τth− j

τconv
=

ρcpΘ

σL0B2
0U

=
1

N ·Ec
with Ec =

U2

cpΘ
Eckert number . (2.25)

τth−ν

τconv
=

cpL0Θ

νU
=

Pe
Pr ·Ec

convection to viscous friction ratio . (2.26)

Eckert number can be interpreted as the relative value of the kinetic energy to the
accumulated enthalpy, describing N ·Ec as the ratio of Joule dissipation to the accu-
mulated enthalpy [Müller and Bühler, 2001].
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2.3 Effects of magnetic field on flow instability

Investigations on the effects of magnetic field on instability and turbulence in the last
sixty years show that a high magnetic field damps turbulence and makes it inhomoge-
neous and at the same time, it can affect the base velocity profile and create inflection
points and jets near the boundaries [Hunt, 1965; Priede et al., 2012] which are subject
to hydrodynamic instability. In fact magnetic field may destabilize the flow in certain
types of duct flows. Presence of a magnetic field can influence the stability of a con-
ducting fluid flow when the result of magnetic field-flow interaction is a rotational
force. This interaction comprises three phenomena [Hunt, 1966], the first of which is
dissipative and stabilizing and the second one opposes the first one and is destabiliz-
ing. Consider a steady flow with mean velocity U under the influence of a magnetic
field B0 with an imposed velocity disturbance u′ (Fig. 2.1). The first phenomenon is a
result of u′-B0 interaction and induces a current j1 which produces its own magnetic
field b1. The electromagnetic damping force j1×B0 damps out disturbances much

Figure 2.1: Schematic of the first and second phenomena which are important in stability
analysis of fluid flow subject to magnetic field (all parameters are schematic and there is
no specific relationship between the mentioned velocities.)

in the same way as viscosity damps out perturbations. But it acts anisotropic and
damps the velocity fluctuations only on the plane perpendicular to the magnetic field
because there is no Lorentz force parallel to the magnetic field. In this way it helps
formation of quasi-two-dimensional structures parallel to the magnetic field though
that it dissipates energy of disturbances. Energy transfer between the disturbance and
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the mean flow at this stage is mechanical. At the next stage a part of the kinetic en-
ergy of the imposed mechanical disturbance is converted to electrical and magnetic
energy through the interaction of mean flow velocity U and b1 (Fig. 2.1d). This re-
sults in a secondary current j2 with magnetic field b2 which opposes the change in
magnetic flux imposed by b1 according to Lenz’s law. By means of j2 the mean flow
can feed energy into magnetic field perturbations and by means of j2×B0 it can feed
u′, the disturbance velocity and acts as a destabilizing mechanism. The part of en-
ergy fed into u′ may get dissipated as Joule heating but the part of energy stored in
electromagnetic fields is still available and can change back into mechanical energy.
The alternation between electromagnetic and mechanical energy provides the new
propagation mechanism for a disturbance to propagate along the field lines as Alfvén
waves. As explained in the previous section importance of Alfvén waves is related to
the magnitude of the magnetic Reynolds number. To summarize, the interaction of
the magnetic field and fluid flow results in:

1. A dissipative electromagnetic force as a result of velocity disturbance-imposed
magnetic field interaction (Fig. 2.1b) which opposes the instability, damps out
perturbations and modifies the velocity field. Damping of this force depends on
the direction of disturbances relative to the main magnetic field and is charac-
terized by τ j.

2. A body force as a result of induced magnetic field-mean flow interaction (Fig. 2.1d)
which supports the instability and can feed energy into the velocity/magnetic
field perturbations. This is related to τa and τd .

3. A new propagation mechanism for the disturbances with which energy ex-
change between a small localized disturbance and part of the flow at some
distance from it is possible. This mechanism is controlled by Rm and S, the
Lundquist number.

In the aforementioned scenario it is assumed that a uniform, homogeneous mag-
netic field and a steady flow are present and the velocity disturbance is imposed at
time t = 0. In reality however, the situation may be different. For example for a
steady flow, a magnetic field can be switched on at time t = 0 and penetrates to the
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center of the channel at time t = τs which is called switch-on time for the field. A
time scale τsλ can be defined in the same way to indicate the time needed for the field
to penetrate into the center of a vortex in an initially turbulent flow, after the magnet
is switched on at t = 0. Lundquist number controls Alfvén waves in such cases.

In a third scenario, a uniform, homogeneous magnetic field is present and the flow
starts at t = 0. This case is similar to other hydrodynamic cases in which a transition
time or entrance length should be passed to achieve a steady or fully developed flow
respectively.

A parameter of importance in MHD duct flow is the ratio C = σwtw
σ f L0

of the con-
ductance of the walls to that of the fluid with tw being the wall thickness and L0 the
fluid layer thickness (Fig. 2.2). This parameter recalls the relationship between the
current distribution inside a channel and the conductivity of the walls and points out
that every factor that can affect the current distribution inside the fluid can influence
the flow instability, since Lorentz force is related to the aforementioned currents j1
and j2. The effect of wall conductivity is subject of a paper by Hunt [1965] for the

Figure 2.2: Sketch of a channel section.

case of perfectly conducting walls perpendicular to the magnetic field (referred to
as Hartmann walls) and thin walls of arbitrary conductivity parallel to the magnetic
field (referred to as Shercliff walls, illustrated in Fig. (2.2)). It includes the case of
non-conducting Shercliff walls and thin Hartmann walls of arbitrary conductivity (re-
ferred to as Hunt’s flow) as well and concludes that magnetic field may destabilize
the flow in certain types of ducts. The case of most practical value, i.e. duct with per-
fectly conducting Shercliff walls and non-conducting Hartmann walls is addressed in
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his next paper [Hunt and Stewartson, 1965b] together with the case in which all the
walls are perfectly conducting.

Stability of the last case with perfectly conducting walls is also subject of a re-
cent research by Priede et al. [2012]. They added details to the explanation of the
instability mechanism which is about the formation of jets near the Shercliff walls.
According to their simulations, induced transverse currents in the bulk of the fluid,
flow in a Shercliff wall-fluid-Shercliff wall circuit and there is no tangential compo-
nent of current density near these perfectly conducting unipotential walls; however in
the corner regions, a small fraction of the current takes a shorter path with lower elec-
trical resistance and connect through the Hartmann wall-fluid-Hartmann wall. This
is the reason that density of transverse current and so the resulting electromagnetic
force is slightly lower at Shercliff walls than in the bulk of flow (core region). The
force distribution inside the duct in this case is the result of driving pressure gradi-
ent and electromagnetic force opposition with the former being constant everywhere
and the latter slightly lower at Shercliff walls. This results in formation of weak jets
with higher velocities along the Shercliff walls. They have inflection points in their
velocity profiles which make them inherently unstable and responsible for the flow
instability. Presence of similar destabilizing jets along the insulating Shercliff walls,
in Hunt’s flow, is predicted by the same authors [Priede et al., 2010]. In this case the
jets are even stronger. Jets along opposite Shercliff walls may affect each other and
retard or accelerate instability if they are not effectively separated by the core region
of the flow. This interaction is controlled by channel aspect ratio as well as magnetic
field intensity. The latter plays a role because the jets are confined to thin Shercliff
layers with a thickness decreasing as the magnetic field intensity increases and in a
strong magnetic field, these layers are sufficiently thin to not meet.

The instabilities in duct flows mentioned above are most probably the familiar
Kelvin-Helmholtz instabilities of the jet-like structures. More instabilities includ-
ing magnetorotational instability (MRI) [Stefani et al., 2006, 2007], free Shercliff
layer instability [Lehnert, 1955; Roach et al., 2012], centrifugal instability [Zhao
et al., 2011; Boisson et al., 2012] or Hartmann layer instability [Moresco and Albous-
siére, 2004; Thess et al., 2007a] are detectable in an annular geometry. Instability of
electromagnetically driven annular channel flow with insulating Hartmann walls and
perfectly conducting Shercliff walls is intensively investigated by Baylis [1966] and
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Khalzov et al. [2010]. Khalzov et al. [2010] presents an overview of the instability
mechanisms in this azimuthal flow based on the relative values of the viscous, Lorentz
and inertial forces. In the so-called inertialess regime viscosity and Lorentz forces
balance each other in Shercliff layers and the bulk of the flow remains force-free. As
a result the base rotational flow becomes quasi-Keplerian, the angular velocity of the
conducting fluid decreases with radius and MRI instability may occur. Here the thin
Hartmann layers at top and bottom serve as current path for inertialess flow at large
Hartmann numbers. In inertial flow, as the opposite case, a secondary poloidal flow
is responsible for the nonlinear radial transport of angular momentum while the other
forces are also important, i.e. the flow is composed of an azimuthal velocity compo-
nent coupled with radial and axial ones. The effect of inertia is more important near
the inner and outer Shercliff layers whose thickness increases and decreases, respec-
tively, with an increase in Re (inertia) (Eq. 2.51). With the increase of inner Shercliff
layer thickness, two poloidal circulation cells, like Taylor-Couette vortices are ex-
pected to develop in the flow (centrifugal instability). On the other hand, decrease of
angular momentum near the outer Shercliff layer may give rise to a hydrodynamic
instability localized near the outer wall. It is distinct from the MRI instability in iner-
tialess regime in the sense that MRI is a global instability that affects the bulk of flow
and global fluid properties such as effective resistance or current-voltage characteris-
tic, while Shercliff layer instability is a localized one with no global effect. Another
well-known instability which may arise and cause the transition to turbulence is the
Hartmann layer instability with subcritical (nonlinear) nature. The hydrodynamic in-
stability of free Shercliff layers is also reported in other flow configurations [Roach
et al., 2012]. A free Shercliff layer can be established when a discontinuity in angular
velocity, parallel to the boundaries, find the opportunity to extend into the bulk of the
fluid.

Instability threshold of Hartmann layers mentioned above are of crucial importance
in many MHD flows. Inside this layer, when it is laminar, viscous and Lorentz forces
have the same order of magnitude. Destabilization of the Hartmann layer is con-
trolled by Rh =

UδHa
ν

(Eq. 2.19), which is the Reynolds number based on Hartmann
layer thickness, δHa. As Rh exceeds the critical value, the Hartmann layer becomes
turbulent, the electric current path changes and the Hartmann braking (global damp-
ing) of the flow is no more linear.
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2.4 MHD turbulence

Effect of magnetic field on fluid flows can be considered in two distinct areas. The
first area includes the instability and the evolution of disturbances in a laminar flow
discussed so far; and the second one is about magnetic suppression of turbulent flows
and formation of a quasi-2D turbulence (Q2D) which will be discussed here.

Turbulent flows comprise vortex structures, or modes, over a wide range of length
scales l (with corresponding wavenumbers k ' 1

l ) and characteristic velocities Ul .
Each vortex rotates with a frequency and contains an amount of energy with E(k) =
de
dk '

U2
l l
2 & e =

∫
∞

0 E(k)dk being the spectral power density and kinetic energy of
the flow per unit volume respectively; in a usual homogeneous 3-D turbulence, the
larger the vortex, the lower the frequency. In an energy decay mechanism the inertial
instabilities break up a large slow eddy into two smaller eddies with higher frequency;
these two do the same and this break down continues down to the small eddies of
Kolmogorov scales, for which the turnover time is comparable with the viscous time.
At this level viscosity dissipates the eddies and their energy. In the steady state,
the rate of turbulent energy production at large scales balances energy dissipation at
Kolmogorov scales. This is the concept of energy cascade through which, energy is
removed from large scales and dissipated in small scales. In some cases, however,
the inverse happens and kinetic energy is transferred from smaller eddies to larger
ones (inverse energy cascade) or larger eddies convert to smaller ones but with lower
velocities (direct enstrophy cascade). As a result, the length scale-frequency range
of the eddies are no more continuous. There are more slow vortices in the flow
which last longer and hardly dissipate by viscous forces. This kind of inhomogeneous
turbulence is known as 2D turbulence and is observable in large scale natural motions
such as motions of geophysical fluids.

The energy spectrum of MHD turbulence in a duct with insulating walls in the lin-
ear phase is similar to that of 2D turbulence, even though that this turbulence is not
two dimensional. Borderline between linear and nonlinear flow regimes is marked
with time scale of energy containing eddies or large-eddy turnover time τu. At the
early stages of vortex formation (in MHD flows) when the only important time scale
is Joule time, i.e. t � τu, inertia term is negligible. As a result equation of motion
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(Eq. 2.1) becomes linear, the vortices in the flow (if any) can be regarded as isolated
eddies each being acted upon by Lorentz force [Davidson, 1997]. In such a flow
vortices parallel to the magnetic field elongate along field lines forming quasi two
dimensional long columnar structures which find their ways to the boundaries very
fast. In this case the energy content of eddies is transferred to the fluid at rest via
the momentum transfer (suggesting the relevance of an enstrophy cascade). A small
vortex which is in contact with initially at rest fluid at its borders should accelerate its
neighboring fluid elements while stretching to the opposite Hartmann wall. Consider-
ing that angular momentum of the rotating fluid volume remains constant, this leads
to a decrease in its rotational velocity at the same time that its volume is increasing
along the magnetic field. The increase in vortex volume in turn, reduces the Lorentz
force because of the fact that Lorentz force is related to the current density in the
core of a vortex and hence is inversely proportional to the vortex volume in balance
of momentum. However this proportionality is controlled by interaction parameter
and if this is large enough, the Lorentz force remains dominant [Müller and Bühler,
2001]. With further evolution of the vortices at presence of a strong magnetic field,
they extend from one Hartmann wall to the other. The result is a core flow with a 2D
profile (Fig. 2.3) which is strongly correlated along field lines (the higher the Ha the
better the correlation).

The flow in the Hartmann layer, to the contrary, can be three-dimensional because
of no slip boundary condition at its border, making the situation kinematically quasi-
2D. The resulting 2D dynamics when Hartmann walls are insulating is investigated
by Sommeria and Moreau [1982] (for nice explanations, see [Knaepen and Moreau,
2008; Klein, 2010] and Sec.(2.5.1)). They consider the flow in two different re-
gions: Hartmann layer and core (bulk of the flow), at the limit of large interaction
parameter and Hartmann number, and derive their model equations separately but
interconnected since Hartmann layer serves as a boundary condition for the bulk
flow. The key assumption which Sommeria and Moreau [1982] did while dealing
with Hartmann layer is that inertia is negligible within this layer, due to its extremely
small thickness, and electromagnetic and viscous forces balance each other. As a
consequence the equation of motion in the Hartmann layer becomes linear, to a good
approximation, and the combined effect of viscous and Lorentz forces imposes a fric-
tion, as the back reaction of the Hartmann layer on the flow, that linearly brakes the
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flow or damps out fluctuations (see Eq. 2.30).

Figure 2.3: A quasi-two-dimensional MHD eddy composed of a core bounded by two
Hartmann layers at its bottom and top. The secondary flow (ū2) and its electric current
( j̄) change the shape of the eddy to a barrel, taken from (Knaepen and Moreau, 2008).

The Hartmann layer along an insulating wall may be seen as a current sheet, which
gives it its important features; the first of which is the orthogonality of the axes of
the Q2D eddies with the insulating walls, though that they may incline further out
in the core flow. The other feature of the Hartmann layer offers a diagnostic tool for
deducing velocity/vorticity from electric potential measurements since all the electric
field components within the Hartmann layer are precisely related to the velocity field
when two-dimensionality is well achieved. Perpendicular components of the poten-
tial difference are proportional to the core velocity adjacent to this layer (ūc) and the
parallel ones are a measure of vorticity parallel to the magnetic field.

MHD turbulence subject to a linear Hartmann damping expressed by Sommeria
and Moreau [1982] is quasi-two-dimensional if all the vortices in this flow are larger
than a specific limit (Eq. 2.32). If the Hartmann braking effect and consequently the
electromagnetic forces are negligible in the Navier-Stokes equations, i.e. τH � τu

(Eq. 2.33), then MHD experiments can be used to perform experiments on ordinary
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two-dimensional turbulence. On the other hand when τH � τu the Hartmann friction
is strong and significantly affects the energy spectrum of the Q2D MHD turbulence.
The ratio of τH (P. 31) to τu which is equal to the Re based on the Hartmann layer
thicknessis, Rh, is the control parameter in Q2D MHD flow regimes.

The key assumption of Sommeria and Moreau [1982] in modeling the Hartmann
layer, as mentioned above, is that the inertia is negligible within this layer which is
legitimate when the magnetic field is strong enough. In the case of an intermediate
magnetic field the inertia within the Hartmann layer should be taken into account.
This is done by Pothérat et al. [2000] who tried to introduce inertia into the Hartmann
layer model. In this case, as it is shown in Fig.(2.3), the secondary flow ū2 becomes
significant. This flow, driven by the disrupted balance between pressure gradients
and inertia, enters the eddy at Hartmann layer and leaves it in the core and give the
vortex a barrel-like shape. Electric current ( j̄) is another factor favoring the barrel-
like shape, but with different scaling laws (Fig. 2.3). At the order of 1

Ha the electric
current, proportional to the local vorticity, flows in a circuit which looks similar to the
secondary flow. The model by Pothérat et al. [2000] presented in Sec.(2.5.2) includes
this current as well.

In this kind of flow regimes, controlled by the interaction parameter N and Hart-
mann number Ha, magnetic field is strong enough to develop anisotropy in the form
of Q2D core flow, before any significant inertial influence can counteract them but it
is not sufficient to suppress the variation of the velocity along the magnetic field lines
which results in no universal mean velocity profile. If the applied magnetic field is
weak enough, the inertia effect becomes more serious, especially in the Hartmann
layer and the flow behavior becomes complex. The inertia time scale is then, of the
same order of magnitude as the Joule time and the linear assumption is not valid any-
more. Depending on Rh the Hartmann layer may become turbulent, even though that
a core flow region, completely in line with the idea of a Q2D core discussed above,
may still exist (depending on the strength of the magnetic field). When the inertia
overcomes in MHD turbulence, the energy cascade transfers the momentum from the
large vortices to the small ones. Energy dissipation in these small vortices occurs at a
higher rate compared to the hydrodynamic case, since the Joule dissipation that acts
at all scales augments the destruction of vortices.
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2.5 Some important MHD channel flow

2.5.1 Shallow water equations for quasi-2D flow

Shallow water equations, derived by integrating the three-dimensional Navier-Stokes
equation from one Hartmann wall to the other, is used by Sommeria and Moreau
[1982] and Pothérat et al. [2000] to model the MHD Q2D velocity field. The accuracy
of this model is of order of max( 1

Ha ,
1
N ) (Fig. 2.3). When quasi-two-dimensionality

is achieved, as discussed in Sec.(2.4), velocities along the magnetic field direction
(z) are small and the flow in the core region moves only in the plane orthogonal to
the magnetic field (⊥) with the velocity u⊥. In this kinematically Q2D situation, the
equation of motion in the core region with assumptions

Re� 1 , N� 1 , Ha� 1 , Rm� 1 ,

and assuming that ∂z� ∂x,∂y becomes

∂u
∂ t

+(u⊥ ·∇⊥)u =− 1
ρ

∇⊥ p̄+ν∇
2
⊥u−

σB2
0

ρ
∇
−2
⊥

∂ 2u
∂ z2 , (2.27)

where
p̄ = p+

1
2µ

B2
0 . (2.28)

This is the equation of motion for a turbulent eddy in the core region which is in
contact with Hartmann layer at both ends. Boundary condition for this equation can
be obtained by applying motion equation to Hartmann layer and considering the cur-
rent conservation throughout the channel. Electric current per unit length inside an
insulating Hartmann layer is proportional to the velocity field just outside that, i.e.
core velocity and is given by [Sommeria and Moreau, 1982]

J = (σρν)
1
2 ez×u(x,y,0, t) , (2.29)

where origin of the z axis is at the wall and ez is parallel to the magnetic field, toward
the fluid. Current conservation requires that the current inside the Hartmann layer be
closed in the bulk of the flow when all the walls are insulating. Under this condition
one can calculate the loss of vorticity due to viscous stresses in the Hartmann layer,
which is transferred into the flow by return of electric currents. If two dimensionality
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is well achieved (dynamically), then both of the derivative of the velocity in the z
direction and the velocity component in that direction are quite small and the end
of quasi-two-dimensional eddies are, to a good approximation, perpendicular to the
walls. The resulting 2D velocity field u⊥(x,y, t) between two Hartmann walls, 2L0

apart, is given as

∂u⊥
∂ t

+(u⊥ ·∇)u⊥ =− 1
ρ

∇ p̄+ν∇
2u⊥−

u⊥
τH

, (2.30)

in which

τH =
L0

B0

√
ρ

σν
= τ j×Ha , (2.31)

is the Hartmann braking time. It yields the turbulence-independent linear drag im-
posed on the flow as the net effect of the Lorentz force, provided that energy-containing
eddies are dynamically two dimensional. It also indicate that this kind of flow is con-
trolled by Ha. The first condition to see whether an eddy of size k⊥ (k⊥ = 1

l⊥
) is a

quasi two dimensional one is that

k⊥ < (
π

2L0
)(

2σL0B2
0

πρU
)

1
3 or the equivalent lQ2D

⊥ � L0N−
1
3 , (2.32)

where l⊥ is the characteristic length of the eddy orthogonal to the magnetic field.
The second condition is that the Hartmann decay time τH is much larger than the
local turnover time τH � τu resulting in

k⊥ > (
B0

UL0
)(

σν

ρ
)

1
2 or the equivalent LQ2D

⊥ � L0
Re
Ha

= L0Rh . (2.33)

with L0 being the distance between two Hartmann walls and L⊥ the characteristic
length of the eddy orthogonal to the magnetic field in the second criteria. When two
dimensionality is well achieved, the electric field components in vicinity of the walls
(E⊥&Ez) are proportional to the velocity field u⊥ and vorticity Ω according to

E⊥ =−(1− L⊥
L0Ha

)(u⊥×B) and Ez =

√
ρ

σν
(1− z

L0
)Ω . (2.34)
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2.5.2 Modified shallow water equations for inertial effects

In the presence of a magnetic field with intermediate strength and when
NL⊥
λlHa ∼O(1)

with λl =
l‖
l⊥

the core flow is still Q2D but the effect of inertia in the Hartmann layer
can not be neglected. This effect is included in the modified shallow water equations
by Pothérat et al. [2000] which has the form

∂u⊥
∂ t

+(u⊥ ·∇⊥)u⊥=−
1
ρ

∇⊥ p̄+ν∇
2
⊥u⊥−

nu⊥
τH

+
nβτH

Ha2 (
7

36
Du⊥+

1
8

∂

∂ t
)(u⊥ ·∇u⊥).

(2.35)
where β = 1+ n

Ha with n being the number of Hartmann walls. The linear operator
Du⊥ is defined as

Du⊥ : F 7−→ Du⊥F = ((u⊥ ·∇⊥)F+(F ·∇⊥)u⊥) . (2.36)

This kind of flow regimes are controlled by the interaction parameter N and Hartmann
number Ha. Here the magnetic field is not sufficient to suppress the variation of the
velocity along the magnetic field lines which results in no universal mean velocity
profile.

2.5.3 Solutions for the case of flow in an annular channel

Two solutions of the MHD equations are going to be presented here, the first of
which is derived by Baylis [1966] for the case of laminar flow and the second one is
derived by Khalzov et al. [2010] based on the method described in Sec.(2.5.2). Both
of them consider the flow in an annular channel (Fig. 2.4) with the inner and outer
radii R1 and R2 respectively, channel height 2L0 and with the uniform magnetic field
B0 imposed in the axial direction and injected current I flowing through the fluid.
Lateral side walls are perfectly conducting and cover plates at top and bottom are
insulating. Throughout this section Ha is defined as Ha = L0B0

√
σ

ρν
.

Baylis solution: For a steady laminar flow of incompressible Newtonian fluid and
at the limit of Rm� 1, the flow is independent of z and the only nonzero component
of velocity is uθ (r). If we assume that the current is uniformly distributed, i.e. it is
independent of z and θ , then: j = jrer. These assumptions result in the following
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Figure 2.4: Sketch of annular channel-uniform magnetic field analyzed here

velocity field

uθ (r) =
IB0

8πµL0(R2
2−R2

1)
· 1

r
[r2R2

2 ln
r

R2
− r2R2

1 ln
r

R1
+R2

1R2
2 ln

R2

R1
] . (2.37)

Inserting this into Ohm’s law we can integrate the electric field between R1 and R2

which gives the total voltage drop inside the fluid

∆φ =− I
4πσL0

{ln R2

R1
+

σB2
0

2µ(R2
2−R2

1)
[
(R2

2−R2
1)

2

4
−R2

1R2
2(ln

R2

R1
)2]} . (2.38)

If width of the channel is small compared to its inner radius, i.e. d = R2−R1� R1,
we can define new variables c = d

R1
and s = r−R1

d (for the small annular channel
presented here c = 0.25 and s = 0.1r−4) and rewrite the equation (2.37) in the form
of

uθ =
IB0d

16πµL0c
{(1+ cs)[(2ln(1+ cs)−F ]+

F
(1+ cs)

} , (2.39)

with F being an integration constant calculated from the condition uθ = 0 at s = 1.
This is an exact solution of the equations that can be expanded in power of c and s as

uθ =− IB0dc
8πµL0

{s(1− c
6
)−s2(1+

c
2
− c2

12
)+s3(

2c
3
+

c2

2
)−s4(

7c2

12
)+O(c3)+O(c5s5)}.

(2.40)
Neglecting terms of O(c3) and higher results in an approximate form for uθ which
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can be used to derive an approximate solution for the voltage drop in the form of

∆φ =− Ic
4πσL0

{(1− c
2
+

c2

3
)+

Ha2

12
[1− c

2
+

78
360

c2]} . (2.41)

If we assume that this laminar flow has a constant bulk velocity of um then Ohm’s law
gives

∆φ =− I
4πσL0

ln
R2

R1
−umB0d =−∆φΩ−∆φµ , (2.42)

⇒ um =
Ic

4πσL0B0d
· Ha2

12
[1− c

2
+

78
360

c2] . (2.43)

Equalities of (2.41) and (2.42) give an approximation for the bulk mean velocity
as a function of injected current and imposed magnetic field (2.43) since ∆φΩ is
the theoretical ohmic resistance multiplied by current value. Using this mean bulk
velocity, a Dean number can be defined

KD =

√
d
R1
·Re =

√
d
R1
· umd

ν
=

√
d
R1
·

∆φµ

B0ν
, (2.44)

which is used by Baylis [1964] as a stability criteria for electrically driven annular
channel flow. Dean number is formerly a hydrodynamic stability criteria established
by Dean in 1928 for pressure driven flows between long cylinders (R1� L0). This
number, together with equation (2.42) will be used in future chapters to analyze the
experimental potential drop results.

Khalzov solution: So far the effect of inertia is discarded which enables us to
derive an analytic solution for the equations. This approach with its underlying as-
sumptions, more or less is the same as shallow water approach for quasi-2D flow and
is valid for very strong magnetic fields. It can be modified using the method proposed
by Pothérat et al. [2000]. This method which is more precise and considers the iner-
tial effects as well, is applied by Khalzov et al. [2010] and Khalzov and Smolyakov
[2006] to calculate the normalized angular momentum of the fluid, ũ = ruθ , and mo-
mentum of azimuthal magnetic field, h̃ = rbθ . At large Hartmann numbers and at the
middle of the channel, far from Shercliff walls, radial dependence of flow parame-
ters can be neglected and the system of equations reduces to that of Hartmann flow
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[Müller and Bühler, 2001]. Considering the analogy between velocity in a straight
channel and angular momentum in an annular geometry it gives

ũz =
coshHa− cosh(Haz)

sinhHa
. (2.45)

Radial dependence of angular momentum, ũ, as well as the effect of Hartmann layers
can be taken into account by multiplying the Hartmann profile, ũz, by a momentum
ũ0(r)

ũ(r,z) = ũz · ũ0(r) . (2.46)

ũ0(r) can be calculated from the following equation obtained by Pothérat et al. [2000]
with the method discussed in Sec.(2.5.1)

∂ 2ũ0

∂ r2 −
1
r

∂ ũ0

∂ r
−Haũ0 +Ha− 7Re2

36rHa3
∂

∂ r
(
ũ3

0
r2 ) = 0 . (2.47)

The first three terms on the left hand side of this equation are the z- averaged viscous
friction due to non-uniformity of the angular momentum. The next term is Lorentz
force and the last is the inertia. If the inertia can be neglected in this equation, which
is legitimate when

Re� Ha2(
R1

2L0
)2 , with Re =

I0

4πν
√

ρσν
, (2.48)

then Eq. (2.47) has an exact solution in terms of modified Bessel function of the first
kind (I1) and r1 =

R1
L0

and r2 =
R2
L0

ũ0(r) = 1− r
I1(
√

Ha(r2− r1))
[

1
r1

I1(
√

Ha(r2− r))+
1
r2

I1(
√

Ha(r− r1))] , (2.49)

which simplifies near the walls at r = r1,2 with the help of x = |r− r1,2| measured
from the corresponding wall. The simplified form is

ũ0(x)≈ 1− exp(−x
√

Ha) . (2.50)

When (2.48) violates, i.e. Re ≈ Ha2( R1
2L0

)2, then inertial effects, which are most
important near the Shercliff walls, should be taken into account. In this case the
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dimensionless width of the Shercliff layers can be approximated by the relationship
given by [Pothérat et al., 2000]

δ1 ≈
Re2

r3
1Ha4

, and δ2 ≈
r3

2Ha3

Re2 , (2.51)

with δ1 for the inner Shercliff layer and δ2 for the outer one. This solution is more
precise than the previous one and gives a detailed explanation of z and r dependence.
Unfortunately such details are not measurable with most of the common measure-
ment techniques including the ones applied in present research. Hence this solution
is not beneficial for analysis of experimental data presented in following chapters.

36 Experiments on liquid metal flows exposed to magnetic fields



Farzaneh Samsami

Chapter 3

MHD Experiments

As explained in Chapter 1 two experimental set ups with different channels,

magnets and measurement techniques are investigated during the current re-

search. Present chapter explains these experimental set ups, together with liquid

metal handling and characteristics of magnets and current sources, followed by

an explanation of experimental procedures and measurement methods.

3.1 Experimental set up: magnetic obstacle experi-
ment

Transition to turbulence above and behind a permanent magnet in a shallow liquid
metal channel in an unsteady flow regime is to be studied here. Results should reveal
the sequence of instabilities that govern the magnetic wake transition as a result of
an increase in Lorentz force. The key idea in designing the magnetic obstacle experi-
ment is to visualize the plane of symmetry in channel flow. Imagine a closed channel
similar to that of Refs. [Votyakov et al., 2007; Votyakov and Kassinos, 2009] with
two symmetrically placed similar magnets near the top and bottom (Hartmann) walls.
Assuming that the horizontal plane passing through the middle of their channel is a
symmetry plane, one should be able to reveal the same flow structure just consider-
ing the lower half. Theoretically it is almost equivalent to the symmetry plane being
replaced by a free surface, having just one magnet and half of the liquid height in
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(a) (b)

Figure 3.1: Sketch of the magnetic obstacle experiment and the relevant parameters (a)
and Re−N area investigated in the present experiments. The experimental points col-
lapse onto the single curve N = c/Re (b)

channel, i.e. present set up. Practically, however, they are not exactly the same since
the layer of liquid metal in contact with air oxidizes immediately and the flow be-
comes a stratified one. We can assume that presence of this very thin layer will not
affect the flow structure within the liquid metal and this assumption is specially rea-
sonable when the flow structure is quasi 2D or the experiment can be classified as a
shallow water experiment. In the current experiment a level of L0 = 10mm GaInSn is
confined within a 1200mm long cell with a rectangular 100mm×25mm cross section
made of Plexiglas (Figs. 3.1a & 3.2). A 40mm× 30mm× 20mm permanent mag-
net (Fig. 3.3b) is installed beneath the channel, on a moving rail with 850mm stroke
which drives the magnet with constant velocities U varying from 0.33mm

s to 277.4mm
s .

The vertical distance between the magnet and the fluid is 8mm which is equal to δ

plus the thickness of Plexiglas plate (Fig. 3.1a). Moving magnet is the source of
Lorentz force which sets the flow in cell and an ordinary camera which moves with
the magnet records the flow streamlines (Fig. 3.2). At the same time, Lorentz force
exerted on magnet is measured using a strain gauge. Free surface observation using
infrared camera, for the first time in MHD liquid metal experiments, makes it possi-
ble to visualize the temperature field and measure the Joule heating. The results of
our flow visualization at free surface can be compared directly with those simulation

38 Experiments on liquid metal flows exposed to magnetic fields



Farzaneh Samsami 3.1 Experimental set up: magnetic obstacle experiment

Figure 3.2: Open channel-permanent magnet and the measurement set up

results by Votyakov et al. [2007]; Votyakov and Kassinos [2009] presented for the
horizontal plane at the middle of two magnets. For this reason the same definition of
Re and interaction parameter is used here (unless otherwise is stated); i.e Re=UL0/ν

and N = σL0B2
0/ρU with B0 being the maximum magnitude of the magnetic field at

free surface. U which is the mean flow velocity in those simulations is replaced by
magnet velocity in experiments. Reconsidering Re and Interaction parameter it is
obvious that for a given shape and intensity of magnetic field, given fluid and geo-
metrical parameters, the only remaining input variable is the velocity and the relation
N = c/Re holds. The constant c is nothing else than the square of Hartmann number
which is equal to 1031 in the following experiments. By replacing GaInSn properties
from page 14, the dimensionless numbers related to the first series of experiments are
Re = 53.7 to 860.2 corresponding to N = 19.2 to 1.2. The dimensionless numbers
related to the second series of experiments vary from Re = 3.5 to Re = 2983 and
N = 290 to 0.34, covering a range of creeping to turbulent flow (Fig. 3.1b).

It should be noted that the value of ν used here is a source of error. There is no
reliable measurement in our group determining the right value of ν and we have two
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different manufacturer data-sheets with two different values, one of which is almost
three times higher than the value used by Votyakov et al. [2007] and the other one is
almost equal to that. To avoid contaminating the results with this error and knowing
that velocity is the only input variable, all the graphs in the following sections are
presented in dimensional form.

3.1.1 Liquid metal handling

The straight channel of the magnetic obstacle experiment was filled under gravity
and the liquid metal handled according to the general instructions of the references
[Minchenya, 2012; Minchenya et al., 2012]. During the experiments, the oxidized
layer of liquid metal on the free surface of GaInSn was removed either mechanically,
using sharp edges of a piece of paper or chemically, using 5% HCl acid. The latter is
used mainly for the sake of streamline visualization.

3.1.2 Magnetic field

Magnetic field measurements of this section and section (3.4.2) are done using a high
resolution Lake Shore Gaussmeter (model 475 DSP) with a standard axial Hall-effect
sensor. This round axial sensor measures the field perpendicular to its end. This
type of sensor is most commonly used to measure fields produced by solenoids, even
though it can be used for other measurements. The output can be read from the dis-
play or from the computer since this model is capable of sending field readings over
the IEEE-488 (GPIB) interface to MATLAB or similar software. The latter is applied
here for magnetic field mapping purposes with 6 digits data output in DC mode. The
measurements have an absolute accuracy of about 0.15% of readings or higher, tak-
ing into account both the Gaussmeter and sensor source of errors. Among them are
the angle between the sensor and the magnetic field (deviation from orthogonality),
sensor temperature and Gaussmeter accuracy which is typically ±0.05% of reading
and ±0.005% of range. In order to increase the accuracy, the sensor is zeroed with
the zero Gauss chamber, before any set of measurements.

The magnet used in magnetic obstacle experiment which moves beneath the straight
rectangular cell is a permanent magnet, a rectangle of 40×30×20 corresponding to
a× b× c in Fig.(3.3b). Magnetic flux density of this magnet is mapped right on its
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surface, i.e. z = 0 plane in Fig.(3.3b), and two other important planes parallel to that
corresponding to the Hartmann wall and free surface in the experiments.

The measurement results for these planes, marked in Fig.(3.3b), are presented in

(a) (b)

Figure 3.3: Permanent magnet used in the magnetic obstacle experiment (a) and different
planes at which the magnetic field intensity is measured (b).

Figure 3.4: Magnetic field intensity of the permanent magnet measured at planes marked
in Fig.(3.3b).
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Figure 3.5: Decay of the magnetic field at the center of the magnet.

Fig.(3.4). Fig.(3.5) illustrates the results of the magnetic field measurements at the
center of the magnet as the distance from the magnet increases. According to these
results the maximum magnetic field intensity at the surface of the magnet is equal to
−0.5591T , maxB =−0.2929T at z = 8mm and maxB =−0.1376T at z = 18mm.

The mapping is done over a 37×27 grid locations in 1mm steps with a cylindrical
sensor, diameter of which is almost 4mm. Taking the edge of the magnet as coordinate
x = 0 & y = 0, the sensor center is at the coordinate(2,2) at the start and (39,y) and
(x,28) at the stop position. Moreover at the stop position, half of the sensor surface
is exposed to air and not to the magnet. These can explain the slight asymmetry in
the results. Highest measurement errors are at z = 0 in which the measurements were
done faster than the sensor-computer transaction rate, resulting in zero data.

3.2 Experimental procedures: magnetic obstacle ex-
periment

Channel is filled with liquid metal and the first series of experiments are done using
ordinary photography and force measurement with low frequency data acquisition.
The measurements are done while the magnet was moving with a constant velocity in
a specific direction, from left to right (Fig. 3.2), with enough gap between successive
experiments for the fluid to reside. Magnet starts moving at the start of the cell and
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stops at the end of that, with the help of a PC driven step-motor. Driver of the step-
motor broke after the first series of experiments and was replaced. The new driver
has a different working principle which makes possible to achieve higher and lower
velocities; however, it is not able to produce exactly the same velocities as the old
driver.

In the waiting period for the new driver to arrive, data acquisition of the force
measurement system is improved. The first experiments of the second series with
the new driver, are the so called zero force measurements which measure the output
signal of the strain gauge when the channel is empty, for the magnet moving from
right to left and from left to right. This is going to be used for signal processing (Sec.
3.3.4). Afterwards the channel is filled with liquid metal for running the experiments
using ordinary photography, infrared thermography and force measurement (in both
directions), the results of which are going to be presented in the next chapter together
with the photography results of the first series. It is possible to recognize a difference
in the photography results of the first and second series. This is due to the slight
difference in the height of the liquid metal in these two cases.

3.3 Measurement methods: magnetic obstacle experi-
ment

3.3.1 Ordinary photography

In the magnetic obstacle experiment, free surface is observable without any obstruc-
tion and can be used to illuminate flow streamlines and velocity field. Velocity field
determination with the help of image processing is a well-known technique which
uses tracer particles, high frame rate cameras and a Particle Image Velocimetry (PIV)
or a Particle Tracking Velocimetry (PTV) software. This concept is used here but
with a much cheaper ordinary camera (Canon EOS 40D) in combination with chem-
ically produced gas bubbles, as tracer particles, and a home-made Particle Tracking
Velocimetry code. The camera, set to continuous shooting mode with a relatively
low shutter speed, records the streamlines revealed using gas bubbles generated due
to the reaction of hydrochloric acid and GaInSn oxide on the free surface. This re-
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action removes the disturbing oxide layer from the free surface and at the same time
provides us with tracer particles bound to the metal surface at their formation points
which move with the bulk flow in our shallow duct. The best tracers are the medium
sized bubbles. Small size bubbles result in pale streamlines and on the contrary big
bubbles hardly move and decrease the picture quality or break and the track get lost.
The quality of the photos depends not only on the proper choice of number and size
of the tracer particles but also on the shutter speed. If the shutter speed is too low and
streamlines collide, then it will be impossible to trace the particles. It may also result
in simultaneous appearance of vortices, that do not occur simultaneously, in a photo.
On the other hand if the shutter speed is too high, the vortex formation can’t be fully
captured. Trial and error principle was used to adjust the shutter speed (exposure
time) according to the magnet and hence, flow velocity, in a way that all the appeared
vortices comprise distinct short lines. We found a relationship between the magnet
velocity U (excluding U = 0.33mm

s ) and the exposure time t as (Fig. 3.6)

t = 5U−
3
4 , (3.1)

which is just an approximation. One should keep in mind that there are special
predefined values in each camera that can be set as exposure time and also that, the

Figure 3.6: Optimum exposure time to obtain vortices made of distinct short lines at
different velocities
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brightness should be changed for each experiment, according to the exposure time.

3.3.2 Particle Tracking Velocimetry (PTV)

Snapshots taken in the magnetic obstacle experiment can be further processed to de-
termine the velocity field at free surface. The most established and widely applied
technique for this purpose is Particle Image Velocimetry (PIV) which benefits from
analysis techniques such as auto-correlation. The idea behind such a method is to
find similarities between two successive images, with the help of mathematical tools
and correlations. Here each image is considered as a color signal whose quality, i.e.
its space and time resolution, is closely related to the success of the PIV method. In
other words, application of such a method requires high resolution photography with
a high frame-rate camera at the presence of adequate amount of tracer particles which
is not the case here. An alternative method is Particle Tracking Velocimetry (PTV)
which is based on streaks and their positions in successive images. In the first step
streaks should be recognized properly. After that, in the commonly used codes, the
successive images are processed to predict the probable position of each streak in the
sequence of images. Based on the change in position of a streak in two successive
images and the time interval between these two images, a velocity can be calculated
which also shows the proper flow direction. However, when the time interval be-
tween two successive images is long, which is the case here, the prediction is almost
impossible and this method, i.e. the available PTV codes, can not be used. A third
method is used here which used to be applied in the old generation of PTV programs.
In this method a single image is analyzed to calculate the velocity field, based on
the length of each streak in that image. The program measures the length of streaks
revealed in each image and divides them by the exposure time of that image. After
trying one of these old PTV programs (flowscan), which could analyze a small image
at each time and was not user friendly, we decided to write our own code to extract
the velocity field using the most developed programming tools and their abilities,
better filtering techniques for streak recognition and if possible, to develop a method
for finding flow direction. This code which is written in the framework of a project
seminar [Wahdan, 2014] by using the MATLAB environment, is used to process the
images of the magnetic obstacle experiment presented here. It calculates the velocity,
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without giving the flow direction since the topological methods applied by Wahdan
[2014] to find the direction were not successful, though numerous. In his program he
firstly modifies the images using different filtering techniques to eliminate the fake
particles (streaks) appeared as a result of particles reflection on the surface. These
techniques are also used to homogenize the light intensity throughout each image in
order to improve streak recognition. Further he uses a streak thinning function, to
eliminate the effect of various tracer particle sizes and the error it may cause in esti-
mating the streak-length. In the next step streaks intersections will be recognized and
split into pieces. After the proper streak recognition, he calculates the length of each
streak and its slope and consequently the velocity field.

3.3.3 Infrared photography

Infrared camera VarioCAM hr head 680 with a wide objective is used here, in the
magnetic obstacle experiment to visualize the temperature field at the free surface
of GaInSn. This camera is made by InfraTec GmbH and has a thermal resolution
better than 0.03K at 30◦C and a geometric resolution of 640× 480 pixels with a
high measurement frequency, up to 60Hz. The thermographic data as the output of
this camera are evaluated using IRBIS3 software from the same company. Further
processing is done in the MATLAB environment.

The temperature of a surface is measured by measuring its thermal radiation in-
tensity in this kind of cameras. The infrared radiation of a surface, however, may be
influenced by the presence of an oxide layer on the surface which is the case here.
For this reason, the GaInSn surface is covered with a very thin layer of HCl acid.

During the photography there was a slight temperature gradient inside the lab and
specially between the both ends of the cell in which GaInSn was enclosed. This
steady temperature difference improved the quality of visualizations.

3.3.4 Force measurement

The force exerted on the magnet in the magnetic obstacle experiment is measured
using a strain gauge, platform-wägezelle 1004 made by SOMER Messtechnik GmbH,
with a rated load of 300g and a sensitivity of 0.9mV ·V−1. It gives the measurement
sensitivity of 9.0mV for a 300g load provided that the recommended 10V supply
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voltage is applied. This equally says that to measure the gravitational force of a 1g

weight, our measurement device should be able to measure a 30µV signal. Since the
used Keithley voltmeter is able to do so, we are able to measure forces as small as
one gram. Force measurement system, including the strain gauge and the magnet, is
shown in Fig.(3.7a).

(a) (b)

Figure 3.7: Strain gauge-magnet assembly used for the force measurement (a) and its
calibration curve (b)

Because of the impulsive start and stop, a high amount of impulsive force is exerted
on the magnet and the strain gauge should be able to withstand that. For a 500g

magnet moving with 80mm
s velocity and a starting time interval of 0.1s, the amount

of this impulsive force reaches to F = ma = 500×10−3× 80
0.1 ×10−3 = 0.4N which

is far beyond the nominal load of the strain gauge (≈ 3N).
After choosing an appropriate sensor, it should be calibrated. Calibration is done

by applying known weights and recording the amount of voltages shown by Keithley

voltmeter when the supply voltage of the strain gauge is 10V . Resulting calibration
curve (Fig. 3.7b) is used to correlate the amount of measured voltages (during the
experiments) with the Lorentz force. Measured voltage, as the output signal in each
experiment, is transferred over the IEEE-488 (GPIB) interface to MATLAB environ-
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ment in our PC which enables us to run the measurements with a rate of 0.1NPLC
(Number of Power Line Cycles) which is almost equal to 110Hz. The measurements
are done in the range of 100mV and an accuracy of ±4µV .

Signal processing: A typical measured Force signal (Fig. 3.8) consists of start and
stop impulses and a noisy body with a very high noise to desired signal ratio which
makes it impossible to calculate the amount of Lorentz force directly. To obtain
Lorentz force value a proper signal processing technique is needed which is based on
the physics of the noises. Power Spectral Density (PSD) windowing technique is used

Figure 3.8: Strain gauge output signal for U = 70mm
s (Re = 752.7)

here for this purpose. To apply this method a so-called zero signal is needed which
contains the noise information and is recorded when the Lorentz force value is zero
(Sec. 3.2). The force signal and the zero signal are divided into small time windows
(δ tn in Fig. 3.8) for which the energy of different frequencies are calculated. If the
energy of zero signal for a special frequency is comparable with that of force signal,
this frequency will be omitted from this window. The resulting denoised signals for
all the windows comprise the filtered signal. This process is done after removing the
start and stop impulses from the signals because of the fact that an impulse pollutes
the whole frequency domain and makes any comparison illogical. The results of
the filtering process for the signal shown in Fig.(3.8) is plotted in Fig.(3.9) in two
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(a) (b)

Figure 3.9: Output of the strain gauge processed using a PSD windowing method; each
window is filtered separately. Filtered signal in each window (a) and the same repre-
sented by a mean value (b).

different forms. Figure(3.9a) represents the filtered signal for each window which is
in this special case, a constant value whereas in Fig.(3.9b) each window is represented
with the mean value of that window.

The filtering code is applied to two arbitrarily random signals, a harmonic signal
and a rectangular one, to test its performance. In both cases random noises are added
to the original known signal and the resultant noisy signal is filtered with our code.
The denoised signals are shown in Fig.(3.10). According to Fig.(3.10a) the size of the
windows should correspond to the physical phenomena inside the cell; this teach us
that δ tn should be equal to the exposure time of the camera in each of the following
experiments.

Fig.(3.10d) indicates that the processing method is not free of errors. Although it
is able to reproduce a signal with the same order of magnitude, it can not follow the
exact form. To overcome this deficit, a statistical approach is used in which several re-
alizations of experiments are used to calculate the PSD. In this method a realizations
of zero experiment, for one special magnet velocity, are analyzed simultaneously. At
first all the start and stop impulses are removed. Then each of the remaining signals
(time series) is divided into n window, with δ twindow being equal to the exposure time
of the camera for that special velocity. Afterwards, energy of different frequencies in
the same time slot for all the signals, i.e. for example 4t3 of all the a realizations,
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(a) (b)

(c) (d)

Figure 3.10: Processing of two arbitrarily noisy signals for which the original signal is
known; comparison of the filtered signal with the noisy signal and the original one for a
rectangular signal (a) with a closer view (b) the same for a signal with harmonic bases
(c) comparison between original and denoised signal (d).

are calculated and averaged over a. The result is an average zero signal PSD for that
time window. This process is repeated for all time windows. Afterwards we consider
the first force signal for this velocity, among the m realizations. Again the start and
stop impulses are removed and the rest of the signal is divided into n windows, with
δ twindow being the same as that for zero signals. Then a time window is considered,
for example we consider the time signal in 4t3 and calculate the energy of different
frequencies in that time interval. Comparing the energy of different frequencies in
4t3 of this realization and those in4t3 of zero signal PSD, noise frequencies can be
recognized and filtered. This process is repeated for all time windows of one signal
and all the m realizations. At last we come up with m filtered signals for a special
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Figure 3.11: Statistical approach used to calculate a mean Lorentz force and its STD.

magnet velocity. The corresponding data-points of these filtered signals are repre-
sented in form of Fig.(3.9b), i.e. one average value for each time interval. Averaging
Lorentz force value in the same time interval over different realizations, i.e.

∑
m
1 average Lorentz f orce in the time interval 4 ti

m
, (3.2)

results in an average time signal for Lorentz force. Mean value and standard deviation
of this mean signal, i.e.

LF =
∑
4tn
4t1

average Lorentz f orce value

n
and ST D(LF) , (3.3)

represent the Lorentz force for this special velocity. The processing method is shown
schematically in Fig.(3.11). Final results are going to be presented in the following
chapter.
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3.4 Experimental set up: annular channel experiment

(a) (b)

Figure 3.12: Schematic of the annular channel experiment and the driving mechanism.
Interaction of the radial current and axial magnetic field set the flow in azimuthal direc-
tion with the shown laminar velocity profile which changes after the first instability (a)
Sketch of the small scale experiment shown in Fig.(3.13).

Subject of this study is linear stability problem of electromagnetically driven flow
in an annular channel, exposed to spatially uniform magnetic field; to illustrate stable
and unstable modes induced by imposing small perturbations to the driving electro-
magnetic force. The problem of interest is shown schematically in Fig.(3.12a) which
is investigated in a small channel sketched in Fig.(3.12b). Here a column of liquid
metal, GaInSn, subject to a vertical magnetic field B0, enclosed in the empty space
between two conducting concentric cylinders, made of OFHC (Oxygen Free High
Conductivity Copper) which provide a uniform radial path for the current injection,
and two insulating plates at top and bottom, made of Plexiglas (Fig. 3.13) is set in az-
imuthal motion by radially injected electric current I (with current density J) (details
on current injection and measurement can be found in Sec. 3.6). In the laminar regime
and when the effect of walls can be neglected, the velocity profile becomes a function
of radius and independent of height and can be calculated from Eq.(2.37). This pro-
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file changes in accordance with current and magnetic field intensity and as a result,
flow changes from laminar to turbulent after a sequence of instabilities (Sec. 2.5.3 &
page 24). This transition with an increase in J or B and the sequence of instabilities
are interesting for us. To investigate the desired instabilities, effect of other insta-
bilizing mechanisms should be minimized. Among these uninvited sources which
can facilitate the appearance of three-dimensionality and transition to turbulence or
eventually trigger that, are inhomogeneity of magnetic field, injected current and tem-
perature nonuniformity in the boundaries of liquid metal as a result of manufacturing
deficiencies or inappropriate design, and the resultant thermally driven fluctuations
and mechanical defects which give rise to residual turbulence. Some of them can be
considered during the design and their effect can be minimized. This is the actual
reason that a small scale experiment (Fig. 3.13) is manufactured and tested.

Figure 3.13: Photo of the small scale experiment and the inner and outer electrodes.

Annular channel experiment is motivated by numerical simulations on large scale
intermittency [Boeck et al., 2008] of liquid metal channel flow. A very large annular
channel with the largest possible outer radius, R2 (Fig. 3.12a) and aspect ratio 2L0

d

and correspondingly the thinnest possible channel width, d = R2−R1 with the abil-
ity to test different aspect ratios is required to visualize the large scale intermittency.
Such a channel can be used to investigate the flow in a straight channel as well. By
changing channel curvature (width to radius ratio) and height to width ratio various
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canonical channel flow structures can be studied. In the way to design a channel
with the aforementioned requisites and to eliminate the uninvited sources which can
trigger turbulence, a relatively smaller channel with an inner radius of R1 = 40mm,
R2 = 50mm and 2L0 = 65.7mm is built (Fig. 3.13). Positive point with this channel
is that it has the same inner- and outer diameters as channels used in [Boisson et al.,
2012; Moresco and Alboussiére, 2004] which aid comparison of results, although it
has a different height. Experiments on the uninvited sources with the help of infor-
mation gained from PDV (Sec. 3.6.1) and UDV (Sec. 3.6.2) measurement techniques
(Fig. 3.20) together with a temperature monitoring (Sec. 3.6.3) and the simulation
results of potential distribution inside channel, when there is no magnetic field, using
COMSOL software lead to the design of a main channel. Potential distribution is
simulated to give us the proper distance/arrangement between two injection points
in order to achieve a uniform current distribution at liquid metal boundaries. The
final result is a main channel with R1 = 136.5mm, R2 = 150mm and 2L0 = 144mm

which is now manufactured and is ready to operate (Fig. 3.14). It is possible to
change the height of this channel between 144mm and 5mm resulting in an aspect

(a)

(b)

Figure 3.14: Sketch of the annular channel experiment and the driving mechanism. The
interaction of the radial current and the uniform axial magnetic field set the flow in
azimuthal direction (a); the built up channel (b).
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ratio of 10.67 to 0.37. 88 and 48 current injection points are provided on the outer
and inner cylinder, respectively with 115 measurement points to measure the electric
potential difference of inner and outer cylinders along one radius/height or different
radii/heights. This experimental facility is tested successfully out of magnet. Further
turbulence studies in the prepared main scale annular channel is left for the future.

In order to test the applicability of UDV and PDV measurement methods and figure
out the linear instability criteria for the smaller channel, experiments are carried out
at a fixed value of B, between zero and 429.7mT , and current is increased in small
steps, 1 or 2Amps increments for currents lower than 100A and 5 to 10A increments
for currents higher than 100A. Details are explained in Sec.(3.5). Velocity profile and
voltage drops are measured for a range of values of I and B, which are going to be
presented in the following chapters.

3.4.1 Liquid metal handling

A good electrical contact should be established between liquid metal and conductive
walls and also between liquid metal and UDV sensor in the annular channel exper-
iment. To fulfill the first requirement GaInSn was rubbed against the copper walls
(with hand) and for the second one the channel was filled under vacuum. Further ex-
periments however, showed that filling the channel under vacuum has no remarkable
influence on the results, provided that oxide layer is removed carefully in advance
and formation of gas bubbles is avoided during the fill up process.

3.4.2 Magnetic field

The axial uniform magnetic field for the annular channel experiment (Fig. 3.15) is
produced by a relatively large, water-cooled solenoid made by Schüler magnetic lim-

ited Co. This is a 400mm long solenoid with inner diameter of 400mm. The mag-
netic field strength is controlled by the current applied to this solenoid drawn from a
water-cooled 1000A−40V current source made by Plating electronic GmbH named
as pe4206. This is a Switch Mode Power Supply (SMPS) which transfers the electric
power, taken from the network mains, to the magnet via energy storage components
such as inductors and capacitors. To this end the power handling electronic compo-
nents are continuously switching on and off with 20kHz frequency. By varying the
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switching frequency, as well as the percentage of the on-time to the off-time or by a
phase controlling, the average value of the output current is controlled. Owing to this
control technique, higher output currents are obtainable but it has its own disadvan-
tages, the greatest of which is a very noisy output. This turn out to be a serious issue
in our experiments which is solved (to some extent) using an external LC filter. We
shall return to this point in Sec.(3.4.4).

Figure 3.15: Schematic of annular channel small-scale experiment. Magnetic field is
measured for r = 0 and r = 45 at two different heights: z = 95.7mm and z = 37.2mm.

A uniform magnetic field is, theoretically, a constant magnetic flux density with
the same direction everywhere but in reality, however, this is never the case. This
makes the magnetic field distribution measurements necessary inside the annular
channel. The aim is to measure the axial magnetic field variation in z and r direc-
tions: Bz = f (r,z), assuming that the magnetic field is homogeneous in azimuthal
direction when the magnetic field is vertically oriented. Measurement results are de-
picted in Fig.(3.16) for two different heights corresponding to the upper surface of
GaInSn in small scale channel and the lower one (almost). The channel (Fig.3.15)
occupies the lower half of the solenoid’s axis with its insulating plate sitting on the
magnet yoke. Considering the center of the lower yoke as coordinate r = 0 & z = 0,
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the small-scale channel is extended from r = 40 to r = 50 and z = 30 to z = 95.7
with the central line of channel at (45,z) , 30 < z < 95.7 (Fig. 3.15). The magnetic
fields depicted in Fig.(3.16) correspond to z ≈ 37.2 (b) and z = 95.7 (a). There are
two extra lines observable in these graphs that are the manufacture’s data. They are
the results of the numerical simulation of the magnetic field which yields Bz as a
function of r without specifying its z dependency. The manufacturer didn’t give us
further information regarding his simulation methods.

(a) (b)

Figure 3.16: Variation of magnetic field with radius in comparison with manufacture’s
data at two different heights corresponding to the upper surface of GaInSn in the experi-
ment Bz = f (r,z = 95.7mm) (a) and near the lower surface of that Bz = f (r,z = 37.2mm)
(b).

According to manufacturer’s data, the variation of magnetic field per radius, calcu-
lated from Bz(r2,z)−Bz(r1,z)

r2−r1
, is about 0.31mT

mm whereas the experimental results show a
maximum variation of 0.19mT

mm and 0.355mT
mm for z = 95.7 and z ≈ 37.2, respectively

which can be regarded as a good agreement. The maximum nonuniformity of mag-
netic field in r direction inside the channel, i.e. Bz(50,z)−Bz(40,z)

Bz(40,z) is about 0.007 and
0.026 for z = 95.7 and z≈ 37.2, respectively.

The z dependency of the magnetic field is tested at two different radii r = 0 and
r = 45 in 10mm steps starting from the upper surface of GaInSn (z = 95.7). Despite
the straight lines observed for Bz = f (r,specific z), the measurement results of Bz =
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f (specific r,z) have a more complicated behavior. The maximum nonuniformity of
magnetic field in z direction inside the channel, Bz(45,95.7)−Bz(45,37.2)

Bz(45,37.2) is about 0.125.
As mentioned so far, the magnetic field is not spatially uniform inside the chan-

nel. Despite this fact, the experimental results should be comparable with any future-
coming numerical simulation based on a uniform magnetic field and hence a constant
Hartmann number assumption. To calculate such a Ha number, a unique characteris-
tic magnetic field value is needed which, by our convention, is the magnetic field at
the center of the channel. Since we did not measure the magnetic field at this point
and we also can not measure that during the experiments, we need to mathemati-
cally calculate its value based on the measured data or the measurements in a given
point. At the first step we calculate that using 2D interpolation of measurements data
resulting in a magnetic field-current relationship

Bz(45,center) = 0.43I +0.79 [mT] for which zcenter =
65.7

2
+30mm

(3.4)
This can be used to calculate the amount of current needed to obtain a specific mag-
netic field intensity at the center of channel or a given Hartmann number according
to

Ha = B0
R2−R1

2

√
σ

ρν
=⇒ B0 = 8.53×Ha [mT] (3.5)

In order to obtain the desired value of Ha, the current calculated from Eq.(3.4) is
applied to the solenoid and modified with the aid of a magnetic field measurement at
a known location (r = 45,z = 99.2). At this point the expected magnetic field value,
based on 2D interpolations of the available measured data (extracted with the help of
MATLAB software), is

Bz(45,99.2)≈−0.45I−2.12 (3.6)

The difference between the expected value and the measured one can be used as a
feedback for regulating the current of the solenoid. It is also an error index.
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3.4.3 Injection current

The driving current needed is in the range 1 to 1000A and is taken from an air-cooled
2000A− 20V current source made by Elektro-Automatik named as PS 1020-2000.
It also benefits from a SMPS control system and has the disadvantage of the noisy
output. In order to decrease the noise level, the output DC current pass through a LC
filter before getting connected to the channel (Sec. 3.4.4).

3.4.4 Current sources and noise

Current sources used for driving the flow and producing magnetic field are Switch
Mode Power Supply (SMPS) shown schematically in top-left of Fig.(3.17).They sim-
ply store the electric power of the network in inductors and capacitors and transfer
it to the circuit by switching the current source on and off. This switching mecha-
nism results in a noisy output signal with high peaks. The output signal of channel
current source for 30A injected current is exhibited in top-right of Fig.(3.17). This
amount of current for a channel of 8µΩ resistance (Sec. 5.1.1) should give an ohmic
voltage drop of 0.24mV . The expected voltage drop of the whole circuit is around
9mV which yields a noise to signal ratio of NSR = 50

9×10−3 ∼ (5×103). These noises
have a twofold effect: electrical and mechanical. First of all they change the na-
ture of the current from DC to AC. Recalling that wherever electric and magnetic
fields are perpendicular to each other, which is the case inside the annular channel,
and have synchronized oscillations, which is provided with AC components of fields,
Electro-Magnetic energy Radiation (EMR) occurs, we conclude that this change in
the nature of current may give rise to electromagnetic energy radiation (as an antenna)
and appearance of standing waves; both of which were observed in our early experi-
ments. They are typical phenomena occurring when AC current passes through very
low resistances. Second effect is mechanical, as a turbulence triggering mechanism;
because these noises are step functions with a high amount of energy delivered to
the flow at once. They are against the linear instability investigations, for which the
amount of changes in influencing parameters should be of a small value. These un-
desired effects are removed by filtering the output of current sources. Recalling that
heat losses in the resistive component of a RLC filter is given by I2×R (I being the
current and R the resistance) and our current may exceed 1000A, one conclude that
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Figure 3.17: Top row: concept of a SMPS power supplly with a typical output signal of
our current source. Middle row: LC circuit used to filter the channel current source with
the output signal and its closer views.

the applied filter should not contain a resistance. Applied LC filter for the channel
current source and the output of that are shown in Fig.(3.17) with an output noise to
signal ratio of NSR = 0.2

9×10−3 ∼ 20. This is an improvement of 2db which is a good
result for a filtering circuit but the output is still noisy, as it is clear in this figure. At
this stage, according to the advise of current source manufacturer, filtering circuits
with the ability of filtering high frequencies, more than 300Hz are used, in the volt-
age measurement circuits and the voltages are measured with a high sampling rate
and resolution (528Hz,1µV ), with a high precision amplifier. The results show a rel-
atively smooth signal of±6µV error (no more peaks). This is a good result indicating
that the noises observed in Fig.(3.17) have frequencies higher than 256Hz.
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(a)

(b)

Figure 3.18: LC circuit used to filter the current delivered to the magnet solenoid(a) and
its appearance in the reality (b)

Circuit elements used for filtering the current source of the channel are three ca-
pacitors of C1 = 3000F , R = 3Ω and 9 ferrite-rings of 5500nH. This arrangement is
chosen with trial and error to achieve the best filtering effect. The same is done for
magnet current source with a difference that the voltage of this current source is much
higher and the elements chosen should handle this. The filtering circuit in this case is
shown in Fig.(3.18) with C1 = 165F , 48V and a water cooling Solenoid. Capacitors
C3 in this circuit are relatively small C3 = 40µF .

One of the main problems that we have due to the aforementioned EMR noises,
is its interaction with our measurement devices, specially ultrasound Doppler ve-
locimetry (UDV). In this measurement method the electric potentials measured in a
transducer are transferred to a processing unit via cables. Cables and processing unit
are in the same room as the current sources and are totally polluted with the electro-
magnetic noises, even after filtering the current sources. We should disentangle the
processing unit and data transfer path from the EMR noises using different shielding
methods, an arrangement of inductive and capacitive elements and proper usage of
different earth connections. This can be done just by trial and error and it is very
tricky. It was just after almost two years of trying lots of different ideas and methods
that we could obtain some clear and not noisy UDV results. All the measurement
devices, including the UDV processing unit, are enclosed in an iron cage, in order to
keep them free from electromagnetic noises.
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3.5 Experimental procedures: annular channel exper-
iment

Channel is filled with liquid metal under vacuum for the first series of measurements
using PDV when there is no magnetic field present. The results are analyzed to mon-
itor the current and temperature uniformity in order to design the main set up. The
channel is refilled in the air for the second series of experiments to investigate the
effect of filling conditions. Analysis of gained PDV results, from the second series
of experiments, revealed a repeating harmonic pattern as a dominant noise. Further
investigations point out the current sources as the source of these harmonics. In or-
der to omit these noises, the output of current sources are filtered using LC filters,
before entering the experimental set up. This is done for the third series of experi-
ments, for which the channel is refilled under vacuum. In these series of experiments
PDV and UDV measurement techniques are applied at the same time. Analysis of the
measured potential drops unveiled a relationship between the current-magnetic field
configuration and increasing/decreasing the temperature of the set up, suggesting the
relevance of thermo-electric effects. However this was not the case and further in-
vestigation of this leads to a new strategy for the fourth series of experiments. In this
last set of experiments B path is chosen, with the magnetic field being constant at
each set of experiments whereas in the third series of experiments the constant J path
was chosen, for which the magnetic field is increased gradually when a constant in-
jected current J is flowing. The right procedure to run the experiments is to keep the
magnetic field intensity constant and then increase the current in small increments.
Current increments, i.e. imposed perturbations, at each step should be small since we
are interested in the linear instability analysis (even if we do not intend to collect data
at that point). Here the current is increased in 1 or 2Amps increments with enough
gap between the steps to let the flow develop and converge to the final state. When
the current is higher than 100A the increments are in the order of 5 to 10A. Final
experimental path is shown in Fig.(3.19).

Experiments should be run in a thermally steady condition meaning that the tem-
perature at each point should remain constant during the experiment. This in turn
means that the experimental path is dictated by the dominant heat source. There are
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Figure 3.19: Experimental path for the fourth series of experiments. Number of points on
the right side indicate the amount of data points (experiments).

two heat sources which may influence the temperature of liquid metal inside the chan-
nel, the first of which is the resistance heating plus Joule heating inside GaInSn and
the second one is the resistance heating of the magnet (solenoid) which influences the
temperature of the magnet. Since the magnet is in direct contact with the channel, its
temperature controls the temperature distribution inside GaInSn. In the third series
of experiments, the first source was assumed to be dominant which is proven to be
wrong.

For the fourth series of experiments, the UDV sensor is improved and the measured
echo is disentangled from the electromagnetic noises, resulting in a high quality ve-
locity signal which can be used without extra processing. Results of the fourth series
of experiments (unless otherwise is stated) are going to be presented in the fourth
chapter.

3.6 Measurement methods: annular channel experi-
ment

The choice of a measurement technique to measure the velocity of opaque GaInSn
flowing in a closed annular channel in a non-invasive and non-intrusive way is limited
to cases such as Ultrasound Doppler Velocimetry (UDV), which is equally called
Ultrasound Velocity Profiler (UVP), and global electric potential measurement or the
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Figure 3.20: Different measurement techniques applied in small scale annular channel
experiment. Here J×B drives the flow, V , in azimuthal direction. The flow structure
is investigated with the help of 13 potential differences throughout the experimental set
up, ∆φi,6×∆φe&6×∆φo, and the UDV technique. UDV probe and its beam is shown
in the right-hand side. The black arrows on the top Hartmann layer (left) represent the
possibility of the local potential drop measurement method.

local one, in the Hartmann layer. Each of these methods has a different working
principle and can give information about the structure of the flow to some extent.
It should be always kept in mind that interpretation of these measurement results
is rather tricky than trivial and needs a knowledge of the working principle. These
principles are introduced here, together with a description of our experimental set up.
Figure(3.20) illustrates a summary of applied methods.
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3.6.1 Potential drop measurement

Electric potential is a quantity that can be measured during our experiments, locally
or globally. Global potential measurement which is used by Baylis [1966] is the main
Potential Drop Velocimetry (PDV) method applied here. This method relies on the
relationship between the potential drop across the liquid metal (Eq. 2.42) and the
mean velocity of the flow (Sec. 2.5.3). In present experiments we are not able to
measure the potential drop across the liquid metal directly. We are going to derive
that from the measured voltage drop across the channel using the following formula

um =− 1
B0d

[∆φ +∆φΩ]Liquid metal =

− 1
B0d
{[∆φJ 6=0&B 6=0−∆φJ 6=0&B=0 +∆φΩ]−∆φJ=0&B 6=0 +∆φΩ} ,

(3.7)

through which voltage drops due to copper walls are eliminated. The first equality
is the Ohm’s law for laminar flow in annular channel with ∆φ being the global voltage
drop measured across the liquid metal. Right-hand side terms of Eq.(3.7), which are
specially derived for our measurement set up, are schematically shown in Fig.(3.21).
First term is the voltage drop across the channel which includes the voltage drop in the

Figure 3.21: Schematic representation of different measured voltages of Eq.(3.7) for a
hypothetical column of liquid metal. Orange parts represent copper walls surrounding
the liquid metal column.

copper walls and contact resistances. These undesired voltage drops are subtracted
with the help of ∆φJ 6=0&B=0 which is the ohmic voltage drop measured across the
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same path. Ohmic voltage drop of liquid metal is subtracted as well, which will
be added again with the third term. The forth term includes the effect of induction
currents which is assumed to be zero as a result of low Rm assumption. Since we
have measured that, we decided to subtract it from the other terms to increase the
accuracy. It could be ignored as well. So far the voltage drop across the liquid metal
is obtained. Adding the ohmic voltage drop of the liquid metal, as the last term, the
mean velocity of liquid metal, um, can be calculated.

Actual measurement points are shown in Fig.(3.20). As shown here, electric cur-
rent is delivered through two cables attached to the top and bottom of the inner elec-
trode (the cable-shoes are shown) through which the driving current is lead to the
center of the annular channel. The current is lead out via 12 cables arranged in 6
equidistant cross sections and in two rows, the distance of which from the closest
Hartmann wall is 20mm. The potential differences between these electrodes, screwed
into the outer cylinder and the inner electrodes, are measured to calculate the voltage
drop at each of the 6 cross sections according to

∆φJ 6=0&B 6=0 = ∆φo−∆φi +∆φe . (3.8)

Measurements are possible thanks to our Keithley voltmeter series 2700 with a mul-
tiplexer type 7703. This data logger enables us to measure 32 potential differences
(channels) in a row. Data are transferred over a GPIB interface to Excelinx module
in Excel environment in a PC, where they can be stored. The data acquisition is done
for two different rate-number of channels configurations; the first one is fast measure-
ment rate for 28 channels in a row which corresponds to a measurement frequency
of almost 0.63Hz for each channel. The second one which has a higher sampling
frequency, about 7Hz, has medium rate for 3 channels in a time, i.e. ∆φo , ∆φi & ∆φe

at each cross section. The measurement results with the second configuration look
more stable and have a lower standard deviation (noise) but the drawback is that the
measurements for different cross sections are not simultaneous.

There is another equation (Eq. 2.34) in Sec. (2.5.1) which can be used for poten-
tial drop velocimetry provided that the two dimensionality is well achieved. In this
method electrodes mounted flush to the Hartmann layer record the potential drops
inside this layer (locally) and relate them to the value of velocity [Klein, 2010]. This
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method is chosen here as an alternative measurement method, in case that UDV does
not work. Four wires mounted at the ends of a cross and flushed with the Hartmann
layer measure the voltage drop parallel and perpendicular to the main flow direction,
with the help of an amplifier borrowed from neuroConn GmbH with a data acquisi-
tion frequency of 512Hz. Processing these data is beyond the scope of the present
research since UDV results are going to be presented.

3.6.2 Ultrasound Doppler Velocimetry (UDV)

UDV provides a one-dimensional velocity profile utilizing the Doppler shift fre-
quency (for more information see [Willemetz, 2001; Takeda, 2012]). In this tech-
nique, an ultrasonic pulse with a basic frequency is emitted from a transducer, with a
pulse width longer than a few wave cycles with the basic frequency. It travels within
the fluid till it gets reflected by a moving tracer particle. This echo, which contains
all the required information to calculate the instantaneous velocity profile, is received
by a transducer at a time corresponding to the distance between the reflector and the
transducer. In the next step the Doppler shift frequency should be computed from
the echo which is difficult since the shift frequency is much smaller than the basic
emitting frequency. Instead of using the direct approach to obtain the Doppler shift
frequency, the phase changes of the consecutive echo signals are calculated meaning
that a number of receptions (emissions) per profile is needed to compute the instan-
taneous Doppler shift frequency (time of flight concept).

In the present experiments the UDV probe TR0803AS from Signal processing com-

pany with a basic frequency of 8MHz and a Piezoelectric diameter of 3 mm is used
in combination with a DOP2000 processor. Each emitting pulse, composed of four
bursts, is emitted with a repetition frequency (PRF) changing from 502Hz to 7812Hz

at each experiment to cover a temporal resolution range of 5 to 50ms corresponding
to a data acquisition rate of 20 to 200Hz. We shall return to the choice of repetition
frequency at the end of this section in Fig.(3.24). For the calculation of velocity 8
or 11 emission per profile is chosen with 2730mm

s as the value of the sound speed in
GaInSn. Three locations are prepared for the UDV probe, in the top Plexiglas plate,
two of which are blind holes. After putting UDV sensors into these holes and re-
ceiving no acceptable signal, we decided to use the third hole. This one is a through
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hole which makes the contact between the sensor and the liquid metal possible. In
the experiments presented here the UDV sensor is in contact with liquid metal, with
a few centimeters distance from the top surface of the annular channel. This distance
is actually good because of the fact that the measurement quality in the near field of
the sensor, which is here the first 26mm from the sensor, is poor. Moreover the sensor
is not embedded in the channel and does not disturb the flow directly.

An important feature of the UDV beam which should be considered when con-
sidering its distance from the surface of the channel, is its divergence along its axis
(Fig. 3.22). For our sensor, the beam width diverges with an angle of 3.3◦ which

Figure 3.22: Width of the UDV beam at the upper Hartmann wall for different experiments
vary from 2.2 to 4.7mm according to the distance of the sensor from the upper surface of
the channel. Solid lines here represent the upper Hartmann wall.

means that, depending on the distance of the UDV probe from the upper Hartmann
wall, the width of the beam at the upper and lower Hartmann walls may vary from one
experiment to the other. The width of the beam at the upper Hartmann wall is chang-
ing from 2.2 to 4.7mm for different experiments. This changes from 6.3 to 8.9mm

at the lower Hartmann wall. The divergence of the beam is shown in Fig.(3.23a)
together with an important working principle of the UDV which is the volume in-
tegration. Here the trapezoid-like area covered by the UDV beam, which is a plane
beam, is divided into small sampling volumes, the height of which is defined by the
burst length and/or the bandwidth of the electronic receiving unit (DOP2000). The
velocities calculated from the instantaneous Doppler shift frequency for the tracer
particles (GaInSn oxides) within this volume are integrated over this volume, result-

68 Experiments on liquid metal flows exposed to magnetic fields



Farzaneh Samsami 3.6 Measurement methods: annular channel experiment

(a) (b) (c)

Figure 3.23: Integrating principle of UDV (a) and its sensitivity to the flow structure; in
case (b) the output UDV signal is asymmetric whereas in case (c) it is symmetric.

ing in a velocity Uz for the whole volume. Repeating this process along the beam
and for a specific spatial resolution, an instantaneous velocity profile is achievable.
The spatial resolution which is defined as the distance between the center of adjacent
sampling volumes, is different from the height of the sampling volumes. If the reso-
lution is higher than the height (thickness) of a sampling volume, an overlapping of
the sampling volumes may occur which introduces a noise into the measurements. In
the experiments here the spatial resolution is set equal to 1.706mm which is equal to
the height of a sampling volume.

Two points should be considered while interpreting the results of the velocity mea-
surement using UDV. First, the measured velocity profile depends on the flow struc-
ture within each integration volume and is not a local (point-wise) measurement tech-
nique. This means that if for example the measured velocity at a point is zero, the
fluid at that area is not necessarily at rest. There can be two small counter rotating
vortices present at that area or even more. The second point is that the integration
volume is not homogeneous along the axis which may result in asymmetric velocity
profile for a symmetric flow (Fig. 3.23b).

In experiments special attention should be paid to the details discussed so far, in-
cluding the ultrasonic basic frequency, transducer setting, and ultrasonic reflectors. A
proper transducer setting helps avoiding multiple reflections from surroundings and
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noise. Besides, parameters influencing the sound speed, such as temperature, should
be monitored carefully because they directly affect the measurement accuracy. For
the special case of our experiment, in which magnetic and electric fields are present
at the same time and give birth to the electromagnetic waves, a special arrangement is
needed to disentangle the measured electric signal from the electromagnetic noises.

There is an important parameter left which influences the results directly and that
is the choice of a Pulse Repetition Frequency (PRF) which is the same as sampling
frequency. Sampling frequency should be set in accordance with the physical phe-
nomena happening inside the channel and its relevant time scales. In the case that
this phenomena in unknown, which is the case here, different random sampling fre-
quencies should be tried, with several realizations for each frequency. This can be
understood from Fig.(3.24). Assume that a harmonic phenomenon is occurring in-
side a channel. Any analog signal reporting this, such as velocity or voltage drop,
is sinusoidal (Fig. 3.24a). However, when this phenomenon is reported in a digital
way, a sample will be taken every δ t seconds, shown with blue vertical lines in these
figures, leading to a description of the flow with black dots shown in Fig.(3.24a).
The same black dots can represent a second flow, shown in Fig.(3.24b), due to a
phenomenon called aliasing. Velocity aliasing appears if the sampling frequency is
not high enough, in comparison with the velocity of the physical phenomenon inside
the channel. Another problem may arise when we sample a harmonic event with the
same frequency. In this case we may end up with zero signal (Fig. 3.24c) or the green
dots in Fig.(3.24d). It basically means that for achieving the right information many
experimental realizations are needed. To report an unknown physical phenomenon,
which may contain all these effects (Fig. 3.24e), we need to choose different sampling
frequencies with numerous realizations, as we do here. Different results are expected
for different sampling rates, the relevance of which should be judged carefully.

3.6.3 Temperature measurement

Small scale annular channel is a test experiment designed to check the effect of dif-
ferent parameters on transition to turbulence, such as temperature distribution, and to
assess the necessity of providing a water cooling circuit for the main annular channel.
We are running a temperature check on all parts of channel, i.e. the isolating wall,
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(a) (b)

(c) (d)

(e)

Figure 3.24: Effect of sampling frequency on the measurement results; the red signal
is the analog signal and the blue lines show the sampling instants(a) the sampling fre-
quency should be high enough for what we want to measure (Nyquist sampling theorem)
(b) sometimes we achieve different results with the same sampling frequency (c)&(d) an
unknown phenomenon may contain all (e).

the conducting wall and the GaInSn. As shown in Fig.(3.25) a PT100 thermometer
is attached to the outer surface of the outer copper ring, almost at its mid-height, a
second PT100 is mounted on the top Plexiglas wall, in the air side, and the third ther-
mometer, is a thermocouple type K, measuring the temperature of the GaInSn inside
the Hartmann layer, where we expect the highest GaInSn temperature. The thermo-
couple is inserted into the hole used for filling up the channel and is made flush with
the upper surface of the channel. These thermometers are all connected to the data
logger 7703 used for voltage drop measurements.
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Figure 3.25: Three thermometers installed to map the temperature.
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Chapter 4

Magnetic Obstacle Experiment

Following chapter starts with the results of temperature field observation. It is

followed by introducing different parts of a typical image as the output of pho-

tography method, where useful carried information are addressed and possible

errors are discussed. This is followed by a short introduction of the applied ter-

minology. Next is the section of results and discussion which is an exhibition

of vortex generation sequences; an attempt to reveal vortex structures over a

range of Re, compare them and relate them to the instability mechanisms. For

this purpose our quantitative and qualitative results are compared with Lorentz

force measurements and PTV results. The chapter is closed with a summary of

visualized instabilities.

4.1 Infrared Photography

In MHD flow, Joule and viscous dissipation help each other to dissipate the kinetic
energy of the flow and perturbations and give it its unique features. These dissipation
mechanisms are related to the temperature according to Eq.(2.9) meaning that by vi-
sualizing the temperature of the flow it is possible to measure the amount of Joule and
viscous dissipation. In cases that viscous dissipation is negligible or known, it leads
to the Joule dissipation measurement. Joule dissipation measurement is a potential
real time measurement technique which can be used in metal industry to diagnose
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the flow regime at each moment and control it, because of the low Prandtl number
of the liquid metals. This is our motivation to check the possibility of temperature
visualization in MHD flows using an infrared camera and the only question is: is it
possible to monitor the Joule dissipation? and the answer is yes.

This is not an answer which one might expect by looking at table(4.1) where the
order of magnitudes of the important dimensionless numbers are listed. However

Dimensionless parameter→ 1
Pe N ·Ec Pr·Ec

Pe
Velocity ↓ 1.7

U ×10−3 U
1.9×10−3 U

1.96×10−6

U = 3mm
s (Re = 33,N = 31.2) ∼ (10−1) ∼ (10−6) ∼ (10−9)

U = 277mm
s (Re = 2983,N = 1.6) ∼ (10−3) ∼ (10−4) ∼ (10−7)

Table 4.1: Order of magnitude of the dimensionless numbers involved in heat transfer.

taking into account the inhomogeneity of the magnetic and velocity fields and the
resultant high gradients, a different perspective of Eq.(2.9) forms which is expressed
in table(4.2). The order of magnitude analysis of the advection, diffusion, viscous

Terms of Eq.(2.9)→ Advection Diffusion Joule heating Viscous dissipation
U = 3mm

s ∼ (10−3) 0.6×52T ∼ (105) ∼ (10−4)
U = 277mm

s ∼ (10−1) 0.006×52T ≈ 0 ∼ (1) ∼ (1)

Table 4.2: Order of magnitude analysis of Eq.(2.9) for the present configuration.

and Joule dissipation terms of Eq.(2.9) shows that for the present experimental set up
at relatively low magnet-velocities, Joule dissipation is the dominant term which is in
agreement with experimental findings (Fig. 4.1). It loses its strength at high velocities
where it has the same order as viscous dissipation which causes the heat dissipation to
take place further downstream (Fig. 4.2). Mid-line (Y = 57) temperature of Fig.(4.2)
is observed over time and plotted in Fig.(4.3) together with that for Re = 1075. These
plots, which vividly show the trace of the magnet and even fine oscillations after the
magnet stops, are an extra proof for the applicability of this method and its precision.
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Figure 4.1: Infrared thermography for U = 9.28mm
s (Re = 99.8) when the magnet moves

from left to right; the Joule dissipation is obvious in inner magnetic region, specially at
t = 64.8s.

Using this method we have access to the two dimensional time series of temperature
field at free surface. These time series can be analyzed to quantify the heat dissipation
which is anyway, not straight forward. Before doing any detailed analysis one need
to find out the best/suitable application of this method. The next is to find out a
characteristic method or value that can be used to represent the results. For example

Experiments on liquid metal flows exposed to magnetic fields 75



4 Magnetic Obstacle Experiment Farzaneh Samsami

Figure 4.2: Infrared thermography for U = 42mm
s from left to right; There is no tempera-

ture change inside the magnet region and energy dissipates at its tail.

Figure 4.3: Space-time graph representation of mid-line temperature (Y = 57) for U =
42mm

s (Re = 452) and U = 100mm
s (Re = 1075). Thermal oscillations after the magnet

stops are marked for Re = 1075.

one may come to the idea of calculating energy in the space window right above the
magnet and two other similar windows, each being three magnet-length apart, and
comparing their results in order to identify the flow structure. The same can be used
to check if Lorentz force is strong enough to affect a flow or not. Further development
of this method is left open for the future.
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4.2 Streamline visualization

As the velocity and subsequently Re and N change, a variety of phenomena are
observable in the magnetic field region and downstream, in its tail. These include
the formation of hyperbolic points or their suppression, vortex shedding, symmetry
breakdown and also duplication of vortices. These phenomena are recorded using an
ordinary camera (Sec. 3.3.1) in two different set of experiments (Sec. 3.2) and for
specific magnet velocities listed in table(4.3). To make the reader familiar with the
results, three photos are exhibited in Fig.(4.4). In these photos the approximate posi-
tion of the magnet is marked with a yellow frame. The area inside this frame is the so

Table 4.3: Studied magnet velocities and corresponding dimensionless numbers.
Abbreviation Magnet-velocity [mm

s ] Re N Experiments of
AB 0.33 3.5 290.5 second series
AC 3 33 31.2 second series
AD (A in Fig. 4.5) 5 53.7 19.2 first series
AE (EA in Fig. 4.29) 9.28 99.8 10.3 second series
AF (B in Fig. 4.5) 10 107.5 9.6 first series
AG 18.37 197.5 5.2 second series
AH (C in Fig. 4.5) 20 215 4.8 first series
AI 21.39 230 4.5 second series
AJ (EB in Fig. 4.29) 27.33 293.9 3.5 second series
AK (D in Fig. 4.5) 40 430.1 2.4 first series
AL 42 451.6 2.3 second series
AM (E in Fig. 4.5) 50 537.6 1.92 first series
AN (F in Fig. 4.5) 60 645.2 1.6 first series
AO 61.31 659.2 1.56 second series
AP 70 752.7 1.4 second series
AQ (G in Fig. 4.5) 80 860.2 1.2 first series
AR 90.32 971.2 1.06 second series
AS 100 1075.3 0.96 second series
AT (EC in Fig. 4.29) 110.25 1185.5 0.87 second series
AU 150.88 1622.4 0.64 second series
AV 200 2150.5 0.48 second series
AW 253 2720 0.38 second series
AX 277.4 2983 0.34 second series
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called inner magnetic field region in which inner magnetic vortices appear [Votyakov
et al., 2007]. In Fig.(4.4a) two vortices are behind the magnet position at Re = 537.6
which are called attached vortices. For Re = 215 shown in Fig.(4.4b) a six vortex
structure is visible at the start of the flow, consisting of two inner magnetic vortices,
two attached vortices and two connecting vortices which link the inner magnetic to
the attached vortices. The flow structure in Fig.(4.4b) develops with the movement of
the magnet along the channel. One of the final evolution stages when the magnet is
near the end of its motion is shown in Fig.(4.4c) in which two inner magnetic vortices,
one connecting vortex and a single vortex in the tail are distinguishable. The survival
of the other connecting vortex is a matter of question in this photo. The connecting
pair is visible a few seconds later, as shown schematically in figure 4.5C. Figure 4.5
which is a collection of drawn streamlines (handmade) for the first series of experi-
ments, represents the simplified vortex generation sequences as an early attempt for
qualitative verification of the numerical results of other researchers. This is the first
step to establish a connection between dimensionless numbers and the phenomena
inside the cell. In the second step, image sequences taken for different velocities in
the first and second series of experiments are watched carefully in order to find a
general pattern for the flow and distinguish different flow instabilities. The next step
is to measure and obtain quantitative data from the images. Each image contains four
types of information: length of the streaks, size of the vortices, their arrangement and
occurrence time. Length of the streaks are measured with a PTV code (Sec. 3.3.2)
and used, in conjunction with the duration of each image, to extract the velocity field.
Size, time and arrangement of vortices are measured manually. Some of these mea-
sured geometrical values including length and width of vortices, their angle with the
flow and their distance as well as neck thickness are introduced in Fig.(4.6). In the
fourth step different measured data are plotted, curve fitted and compared with each
other, in an iterative way, to find universal trends or relations. The last step is to
combine the results of streamline visualization and force measurement.

Measurements using images suffer from different types of errors:

1. Length of streaks are measured using a code for which errors are listed in [Wah-
dan, 2014]. Errors are mainly related to detection of streaks. They originate
from the light reflection on the liquid metal surface and that this surface acts as
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(a) (b) (c)

(d) (e) (f)

Figure 4.6: Definition of geometrical values measured from added images (in red); Length
and width of vortices (a); and naming of the hyperbolic points observed for the six vortex
structure (b); angle of inner magnetic vortices with the flow (c); distance between centers
of them (d); diameter of imaginary circle enclosing inner magnetic vortices (e); length of
neck measured from one connecting vortex to the other (f).

a mirror which produces mirror images of the streaks. This may lead to detec-
tion of streaks that do not exist in reality. This together with differences in size
of bubbles producing the streaks and the resulting fact that the original width of
streaks are unknown causes difficulties in detection of real streaks.

2. Size of vortices are measured manually. Here the personal errors or judgment
difficulties are the source of errors.

3. Recognizing the exact position of the magnet is impossible and there is an error
of ±5mm bound with that. This influence the formation length measurements.

4. Time of appearance of a vortex arrangement is shooting time of the image in
which this arrangement has appeared. This is a digital value and depends on the
exposure time of camera for that velocity. In this sense time measurement have
an accuracy of ±exposure time.

There is a special terminology used in the following to explain the experimental
results. Some of them are introduced shortly here.

Added image : This is an image produced mathematically by adding successive
images from the start or from the so called formation time to the end of movement.
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This kind of image manifests those movement details which are sometimes hard to
see in each of the captured images. These type of images are easy to recognize since
their magnet-box are white whereas the normal images have a yellow box. This color
change is a result of applying color filter to images to make the details more clear.

Formation time : For 53.7 < Re < 1622.4 (AD-AU in table 4.3) and in the time
interval between the start of magnet movement and what we name it formation time, a
totally symmetric flow with a recirculation region containing two symmetric vortices
occurs that is unsteady and evolves in time and space. Symmetry breaks right after
the formation time.

formation length : formation length is defined as the point downstream of the body
where the velocity fluctuation level has grown to a maximum [Williamson, 1996]. For
these measurements we use the added images and measure the distance between the
first point with strong transverse variations and the closest side of the magnet.

Mode A : This is a secondary instability referred to a special pair of secondary
vortices stretched in the streamwise direction. In this special form something in the
shape of tongue is pulled out of a vortex and wrapped around the succeeding one. A
similar structure is reported by Brede et al. [1996]. Fig.(4.7a) can explain how it may
look like in the best way. However our observations are just a 2D slice of what is
shown here and does not provide any information about the body of the vortex.

(a) (b)

Figure 4.7: Proposed/observed secondary stability modes by Brede et al. [1996].

Mode B : This is a secondary instability occurring after break down of the sym-
metric vortex structure. After symmetry break down wake region observed at the
surface is composed of a connected area of vortices, in the sense that every particle
in this region, which has passed the neck, is within the basin of a vortex, belongs to
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Figure 4.8: Re = 230 (AI in table 4.3); Two possible flow paths are marked. In the top
path (orange one) particles passing the neck join the shear layer. The bottom path (red
one) shows particles which can freely move between vortices without being trapped into
them.

that and moves with it. With the appearance of mode B there exist particles in the
wake region which do not belong to any vortex and move in the streamwise direction.
Appearance of mode B can be recognized by following particles in each image to see
whether they belong to a vortex or not (Fig. 4.8). Fig.(4.7b) shows one of the possible
forms that the flow may have. It is impossible to know, from our 2D images, if the
streamwise-freely moving particles belong to a vortex or not.

Mode AA : It is recognized by a round-small vortex pair at a distance of around
3−4 magnet width (similar to mode A in [Williamson, 1996]).

Mode BB : It is the case where laminar shedding is happening with very fine vor-
tices (similar to mode B in [Williamson, 1996]).

Open vortex shedding : Open vortex shedding occurs when there is no closed
vortex visible in the wake region.

4.3 Results and discussion

Relative movement of a magnet and a conductive fluid results in the formation of
closed loop currents perpendicular to both magnetic and velocity fields. The cross
product of magnetic field with those resulted current loops causes the so called Lorentz
force with a normal component in the opposite direction to the flow (Figs. 3.2 & 4.9).
In front of the magnet this normal component is directed away from the magnet sur-
face and prevents the liquid metal from getting into the area above the magnet. At
the back it pushes the liquid metal towards the magnet. As a result the fluid particles
tend to move around the magnet area in front and enter into the magnet region at the
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back, forming two symmetric inner magnetic vortices. At the borders of magnet par-

Figure 4.9: Force distribution and appearance of vortices; a cut off from Fig.(3.2)

allel to the flow, velocity changes happen over relatively small distances which give
rise to a considerable shear. Flow at the tail of magnet becomes a normal shear flow
with inertial forces (Fig. B.1a). It means that the flow structure in magnetic obstacle
experiment should be considered in two different regions: the area above the magnet
with Lorentz force, inertia forces, Joule and viscous dissipation and the area behind
the magnet with inertia forces and viscous dissipation. In the former region different
shear layers including Hartmann layer, side layers and internal shear layers are bound
with the flow instability while in the latter case instead of Hartmann layer, viscous
boundary layer exists. Instability behind the magnetic obstacle exhibits similarities to
the behavior of the flow behind a solid cylinder [Williamson, 1996] because in both
cases the same instability mechanisms, i.e. a separating shear layer and a wake, are
involved. Due to the combined effect of Joule and viscous damping higher critical Re

values are expected .
Flow around the magnetic obstacle is investigated numerically by Votyakov et al.

[2007] and as a result of this they divided the whole Re−N area into three differ-
ent flow regimes, namely (I)flow without vortices (II)flow with inner magnetic vor-
tices and (III)six vortex structure with inner magnetic vortices present in (II) and
(III), regardless of Re value. According to their predictions a minimum Reynolds
number Rem

c is required for appearance of attached vortices with increasing interac-
tion parameter. Moreover the flow is predicted to be laminar or quasi 2D in which
bulk flow structures and surface structures are the same and surface deflection is not
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important. Free surface visualization would be enough to validate these numerical
predictions. The results of the free surface observations from the first series of ex-
periments (table 4.3), at positions near the start and end of the magnet movement are
shown schematically in Fig.(4.5) together with the boundaries of the aforementioned
predicted regimes by Votyakov et al. [2007] (solid lines). Experimental visualization
results to our surprise are in contrast with those numerical predictions which give rise
to the question of whether we are eligible to compare the visualization results with
numerical simulations of this reference. The answer to this question is yes. There are
differences between present experiment and numerical works which originate from
dissimilarities of velocity profile, boundary conditions, magnetic field distribution
and also manufacturing imprecision. Despite all the differences we can still compare
the experimental results with simulations since studies about Q2D flows with trans-
verse variations [Müller and Bühler, 2001; Kolesnikov, 1972], which have similar
physics as what we have here, suggest that the detailed structure of the shear layers
including Hartmann and side layers are of minor importance for the stability of the
flow. Votyakov investigated this independently by changing the boundary conditions
in his simulations [Votyakov and Kassinos, 2009] and came to the conclusion that
they have no effect on the structure of the core and allow us neglecting the differ-
ences. Those named differences will be important when the flow becomes highly
three-dimensional.

In the experimental results presented in Fig.(4.5) attached vortices are always present
regardless of other parameters, which is in contrast with the numerical simulations
Votyakov et al. [2007]. The higher the N the more pronounced are the attached vor-
tices (probably it is not the case for flows with Re less than Rem

c but our investigations
in low Re area are not numerous). Depending on Re the inner magnetic vortices may
appear or disappear. The six vortex structure shown in Fig.(4.4) is very similar to the
topology presented in Fig.(4) in Votyakov et al. [2007]. This topology is, as stated
there, the only possible mathematical solution for a 2D volume conserving and con-
tinuous differentiable flow structure with two pairs of vortices having the same sense
of rotation. This structure is supposed to appear and survive in a wide range of pa-
rameters which is in contrast with the experimental findings. Experiments show that
six vortex structure is not as general as the simulation claims.

Flow evolution : To classify the flow instabilities a closer look at the flow evo-
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lution is helpful. Two regions should be considered separately, the area above the
magnet in which presence of magnetic field can give rise to a Q2D structure and
downstream where there is no magnetic field and shear layer instability may occur.
At very high interaction parameter and very low Re that the flow is creeping and
the effect of Lorentz force is more pronounced, at the start of the magnet movement
and simultaneous with appearance of a stagnation point in front of the magnet, two
inner magnetic vortices appear at the border of magnet in the internal shear layer
(Fig. 4.10) with an angle of −12.6◦ with the flow (Fig. 4.6c). It seems that the flow
skirts an imaginary cylinder of 42mm diameter, almost equal to the magnet dimension
(Fig. 4.6e). This vortex formation can be initiated due to the shear stresses between
the main flow and still fluid above the magnet which is clearly visible at the moment
that magnet stops. Theoretically it can be as well initiated due to the pressure differ-
ence ahead and behind magnet caused by Lorentz force which is not measured here.
The next Re number (velocity) allowed by our device, Re = 33, is almost ten times
higher for which the inner magnetic vortices are almost parallel to the main flow with
an angle of 2.3◦ with that. This is shown in Fig.(4.11) in a special type of image,
referred to as an added image (P. 81). This is an image produced mathematically by
adding successive images and manifests details of movement which are sometimes
hard to see in each of the captured images. For Re = 33 this image shows the separa-
tion of shear layers at two symmetric points behind the magnet and appearance of a
wake region. Particles inside this region rarely move. There are just two hyperbolic
points visible, one in front and the other behind the magnet.

In case AD (table 4.3), corresponding to Re = 53.7 and N = 19.2, the flow struc-
ture is composed of attached and inner magnetic vortices at the start, inner magnetic

Figure 4.10: Creeping flow above the magnet for U = 0.33mm
s (Re = 3.5) and N = 290.5

(AB in table 4.3). Magnet behaves as an imaginary cylinder and the fluid directly above
that hardly moves. The boundary layer formation at sidewalls is obvious in this photo.
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Figure 4.11: Creeping flow above the magnet for U = 3mm
s (Re = 33) (AC in table 4.3).

vortices, obscure connecting vortices and unclear attached vortices at the end (one
can easily argue about their existence). Connecting vortices are clearly visible in the
added image (Fig. 4.12) together with a wake region composed of two shear lay-
ers meeting downstream. Moreover the angle between inner magnetic vortices and
flow is increased (Fig. 4.6c). Six vortex structure with its four relevant hyperbolic
points appears the first time for this velocity. Appearance of this structure which
does not last long can be considered as a sign (and not a proof) for quasi two di-
mensionality of the flow within the time slot that it has happened; because it has
the same topology as the only possible mathematical solution, as stated by Votyakov
et al. [2007], for a 2D flow structure with two pairs of vortices having the same sense
of rotation. Another sign for quasi two dimensionality is a phenomenon similar to
inverse cascade of vortices in the inner magnetic region where two small vortices
merge and form a bigger vortex (Fig. 4.13). This repeats several times during this
experiment. We shall return to the quasi two dimensionality of the flow later in this
section. Six vortex structure is apparent by further increasing Re up to Re = 451.6
(AL in table 4.3) and afterwards there are no inner magnetic vortices visible (case E
Fig. 4.5, 4.17c). This means that the hyperbolic point #3 (Fig. 4.6b) disappears and

Figure 4.12: Added image for U = 5mm
s (Re = 53.7) and N = 19.2 (AD in table 4.3).
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Figure 4.13: Lower inner magnetic region in this image is filled with two small vortices
which merge and form a bigger vortex in consequent images. This repeats several times;
here U = 5mm

s and N = 19.2 (AD in table 4.3).

just three hyperbolic points are visible at the start of flow for higher velocities up to
U = 150.88mm

s (Re = 1622.4) (AU ) which is the last experiment with visible attached
vortices. Attached vortices are formed in the recirculation region and are wrapped in
two shear layers (Fig. A.1). Near Re = 2150.5 (AV ) the flow structure changes to a
downstream inverse Λ (Fig. 4.14) which reminds us of the boundary layer instability
(with direct Λ, see Fig.A.3). This structure becomes wavy for higher Re (Fig. 4.15).

In the range of velocities between U = 5mm
s and 150.88mm

s (53.7 < Re < 1622.4)
and in the time interval between the start of magnet movement and what we name as
formation time, a totally symmetric flow with a recirculation region of two symmetric
vortices occurs that is unsteady and evolves in time and space. This evolution is not

Figure 4.14: Downstream inverse Λ shape for Re = 2150.5 (AV in table 4.3).

Figure 4.15: Wavy streamlines for Re = 2983 and N = 0.34 (AX in table 4.3).
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related to a change in magnet velocity since the magnet is driven by a step motor
that provides the full speed within the first two steps. Observations show that this is
an evolution of the flow and internal shear layers. Symmetry breaks right after the
formation time plotted for different velocities in Fig.(4.16). Flow structures right after

Figure 4.16: Formation time for each velocity after which the flow becomes asymmetric.

symmetry break-down are shown in Fig.(4.17) for four different velocities and right
before that the distance between observed hyperbolic points is measured. Results
shown in Fig.(4.18) yield the length of recirculation region when symmetry breaks.

(a) (b)

(c) (d)

Figure 4.17: Flow structures right after the symmetry break-down for Re = 197.5 (AG)(a)
Re = 215 (AH)(b) Re = 537.6 (AM)(c) Re = 860.2 (AQ in table 4.3) (d)
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(a)

(b)

Figure 4.18: Hyperbolic points observed for the six vortex structure; point three is miss-
ing in higher Re (a) distance between them as well as their average value and standard
deviation (b)

Formation times at U = 5, 9.28 & 10mm
s corresponding to cases AD, EA & AF

(table 4.3) are relatively large. For these cases a long dead region, without any sig-
nificant fluid motion, forms behind the magnet. The reason may be understood by
comparing the added images for different velocities U = 5, 9.28, 18.37 & 42mm

s

(Figs. 4.19, 4.20, 4.21 & 4.22 respectively). Shear layers around the attached vor-
tices in Fig.(4.19) close the recirculation region whereas in Fig.(4.20) they become
parallel and for higher Re they get mixed with the flow behind the magnet (Figs.4.21,
4.22) and cause the wake region to reach a new state.

Figure 4.19: Added image for U = 5mm
s (Re = 53.7) and N = 19.2 (AD in table 4.3).
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Figure 4.20: Added image for U = 9.28mm
s (Re = 99.8) and N = 10.3 (AE in table 4.3).

Here shear layers skirting the wake become parallel.

Figure 4.21: Added image for U = 18.37mm
s (Re = 197.5) and N = 5.2 (AG in table 4.3).

Figure 4.22: Inner magnetic vortices are present for U = 42mm
s (Re = 451.6) and N = 2.3

(AL in table 4.3) but their size is reduced substantially. Mixing in the wake is obvious.

Wake instability : After symmetry break-down flow behind the magnet consists of
shear layers covering a vortex structure. Part of the flow streamlines deformed by
magnet enter the wake through the neck (Fig. 4.6f) or redistribute around the recir-
culation region with the help of hyperbolic point #4. Right after the neck, particles
enter this hyperbolic point. They enter another hyperbolic point (#2) further down-
stream which may return them to the recirculation region again. Every particle which
succeeds to enter the recirculation region will be trapped in the basin of a vortex,
an old one or a newly appeared one. There is an end to this story, i.e. there is a
time that some particles entering recirculating region after the neck, leave it with-
out being trapped by a vortex. This is called here mode B (Fig. 4.8, P. 83) and is
recognized by following particles in each image to see whether they belong to a vor-
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tex. Mode B is visible for velocities higher than U = 18.37mm
s up to U = 110.25mm

s

(197.5 < Re < 1185.5). The time at which this vortex structure appears, for each
velocity, is plotted in Fig.(4.23a) with the time being measured after onset of mo-
tion from rest. In the same figure the appearance time of another common structure

(a) (b)

Figure 4.23: Appearance time of mode B (a) and in-line vortices (b); The time at which
magnet starts moving is considered as t = 0.

is shown. This structure correspond to arrangement of vortices in a line (Fig. 4.24)
which occurs before mode B for low velocities and for higher one, occurs afterwards.

Figure 4.24: Vortices appear in a line, one after each other; Re = 451.6 (AL).

Another instability structure, a less repeated one, is mode A (Fig. 4.25) introduced
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Figure 4.25: A structure similar to mode A-Fig.4.7a; Re = 215 (AH in table 4.3).

in page (82) for which something in the shape of tongue is pulled out of a vortex
and wrapped around the succeeding one. Two other secondary instability modes,
mode AA and mode BB (introduced in Sec. A.2.1), alter the regular vortex street
for some velocities. Mode AA, observed over a range of Re between 197.5 & 645.2
(AG-AN in table 4.3) is recognized by a vortex pair at a distance of around 3− 4

Figure 4.26: Mode AA instability for U = 60mm
s (Re = 645.2) and N = 1.6 (AN).

magnet width (Fig. 4.26). Transition from mode AA to mode BB is clear in Fig.(4.27)
where laminar shedding is happening with very fine vortices. Mode BB is visible in
limited cases. Since the aforementioned three structures do not happen regularly,
their appearance time can not be plotted.

Figure 4.27: Mode AA changed to mode BB further downstream; Re = 215 (AH).
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Figure 4.28: Open vortex structure U = 50mm
s (Re = 537.6) and N = 1.92 (AM).

Open vortex shedding occurs when there is no closed vortex visible in the wake.
This situation is shown in Fig.(4.28). Time of appearance of such a shedding, the
first time, is shown in graph(4.29). For velocities less than B and EA (AF in the first
series of experiments and AE in the second series of experiments, respectively), no
secondary instability, including modes A, B, AA, BB or open vortex is observed. EB

with velocity of U = 27.33mm
s (Re = 293.9) (AJ in table 4.3) does not follow the trend

shown by the fitted line and finally, the case EC with velocity of U = 110.25mm
s (Re =

1185.5) (AT in table 4.3) is the last case with secondary instabilities. For the case
of AU with U = 150.88mm

s attached vortices form at the start but they disappear very
fast and the flow becomes similar to Fig.(4.14).

Figure 4.29: Occurance time of open vortex shedding in the wake for different velocities.
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So far we have considered the wake instability behind the magnet. The last pa-
rameter which we would like to consider in this regard is formation length (P. 83).
For this measurement we use the added images like the one in Fig.(4.30). From right
to left in this figure a magnet frame is recognizable, then a wavy pattern more or
less parallel to the main flow. At the end of this pattern lines transverse to the main
flow appear. Distance between first line of these lines, as the first point with strong
transverse variations, and the closest side of the magnet is measured as the formation
length. The results presented in Fig.(4.31) indicate four different flow regimes, one
from U = 3 to U = 10mm

s (AC-AF ), one from U = 18.37 to U = 42mm
s (AG-AL) after

which the inner magnetic vortices disappear, third one from U = 50 to U = 200mm
s

(AM-AV in table 4.3) and the last one for higher velocities.

Inner magnetic vortices : In the following we would like to consider details of

Figure 4.30: Added image for U = 100mm
s (Re = 1075.3) and N = 0.96 (AS in table 4.3).

The formation point is the first point downstream with numerous transverse lines.

(a)
(b)

Figure 4.31: Formation length as a function of velocity (a) a closer view (b)
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(a) (b)

(c) (d)

(e)

(f)

Figure 4.32: Length and width of vortices (defined in (e)) measured using added images
after the formation time (a) & (c); their evolution over time measured using single images
(b) & (d); average value and standard deviation of (b) & (d) as a function of velocity (f)
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inner magnetic vortices appearing from U = 0.33 to 42mm
s (AB-AL in table 4.3). First

(a) (b) (c) (d)

(e) (f)

(g) (h)

Figure 4.33: Geometrical values measured from added images and their definition (in
red); angle of inner magnetic vortices with the flow with an asymptotic value of 45◦ (a)
& (e); distance between centers of them (b) & (f); diameter of imaginary circle enclosing
inner magnetic vortices falling somewhere between its two asymptotics at 54 & 38.5mm
(c) & (g); length of neck measured from one connecting vortex to the other (d) & (h)
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of all geometrical parameters of these vortices are measured including their width and
length (Fig. 4.32), their angle with the flow and their distance as well as the diameter
of the imaginary circle enclosing them and neck thickness (Fig. 4.33). From these
data one can see no relationship between geometrical parameters and flow patterns.
Best fits to these data are plotted in same graphs to see whether there is a unique
trend or meaningful number recognizable. A meaningful number can be −10U

65 since
it has appeared several times in the form of an exponent. We guess that it represents
the response time of the system to magnet movement. Detailed studies are needed to
prove or reject this which is out of the scope of present work.

Question of quasi two dimensionality of inner magnetic vortices : Current exper-
iments are a visualization of stratified flow composed of a very thin layer of acid on
top of GaInSn with a large density difference between the two layers. Low height of
GaInSn compared to the typical size of vortices as well, makes us believe that these
vortex structures appeared at free surface represent the bulk flow structure, i.e. they
are quasi two dimensional. One more sign for quasi two dimensionality of flow is
appearance of sharp, clear, straight lines in photos specially for velocities depicted in
Fig.(4.5) which confirm that there is no remarkable surface deflection, that is equal
to the movement of fluid in third direction, for those parameters. Deflection can be
recognized as light reflection or curved lines in images which appear for velocities
higher than 200mm

s (Fig. 4.15). However there are also small vortices visible at the
free surface, specially at higher velocities, which convey no information about the
bulk flow and are probably not Q2D. The question is that when appeared vortices are
Q2D and this is of special interest in the area above the magnet where, according to
explanation of quasi two dimensionality of flow in Sec. 2.4, Q2D vortices may appear
due to the presence of magnetic field. Proving the quasi two dimensionality of vor-
tices inside this region (the so called inner magnetic vortices) just by looking at free
surface of flow is impossible. For this reason we combine flow visualization results
with force and velocity measurements and compare them with different analytical
or semianalytical criteria to see if they all draw the same borderline between differ-
ent flow regimes and if these borderlines are supported with the visualization results.
When there are enough evidences repeating the same results, we can say that this bor-
derline is most probably the right one which defines different flow regimes, including
Q2D one. The first evidence is a fact observed in Fig.(4.32b) in which lengths of vor-
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tices are increasing, with the same trend, and then become constant except that for the
case of U = 18.37mm

s (AG) for which they are decreasing. Width of these vortices for
AG are also smaller than those for other velocities (Fig. 4.32d). Having in mind that
these are forced vortices, formed due to Lorentz force and damp with its help, this
size reduction can reflect a higher value of Lorentz force or correspondingly a higher
pressure difference inside the inner magnetic region whose influence is to squeeze the
vortices. Knowing that damping effect of Lorentz force for high N & Re is directly
proportional to the velocity as well as the angle between the vortex (as the wave vec-
tor k) and the magnetic field B, one can conclude that the angle between the magnet
and the vortex is decreased, even in comparison with the case of U = 20mm

s (AH).
That means vortices in the case of AG are aligned with the magnetic field. Magnetic
field is not constant everywhere inside the inner magnetic region and to see whether
this has an influence on the observed phenomena, four magnetic field lines almost at
the center of the magnet are plotted in Fig.(4.34), across (Fig. 4.34a) and along the
channel (Fig. 4.34b). Heights of Z = 8 and Z = 18 represent the Hartmann wall and
free surface respectively. From these graphs no relationship between magnetic field
and the angle is immediately recognizable.

This would be even more interesting looking at Fig.(4.35) where one can see the
order of magnitude of the Lorentz forces measured. In this graph Lorentz force is
changing linearly from EA to EC (AE to AT according to table 4.3) with AG being an

(a) (b)

Figure 4.34: Magnetic field lines along and across the magnet with X and Y being per-
pendicular and parallel to the flow respectively; relevant coordinate system is shown in
Fig.(3.3b).

Experiments on liquid metal flows exposed to magnetic fields 99



4 Magnetic Obstacle Experiment Farzaneh Samsami

(a) (b)

(c)

Figure 4.35: Measured Lorentz force for different velocities in both directions; a close
view (a) and a general view (b); the same as a function of interaction parameter (c).

exception. Measured Lorentz force from EA to EC varies like−3
2 power of interaction

parameter (Fig. 4.35c) with a relationship factor of 50 which may be interpreted as
a geometric factor, representing half width of the channel. After EC the flow regime
changes and this may explain the high standard deviation (Fig. 4.35) because the flow
undergoes a change from wake to the new regime of downstream inverse Λ shape
shown in Fig.(4.14). For the velocity of 253mm

s (AW in table 4.3) and higher, the new
regime is established and the standard deviation is reduced.

With the results presented so far three borderlines are recognizable for the flow in
the inner magnetic region, EA, EB and EC. As it will be discussed in the following
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these borderlines divide the flow in the inner magnetic region into three regions of
Q2D vortices with high Hartmann damping, Q2D structures like the hydrodynamic
2D turbulence and 3D MHD vortices. To theoretically define the borders of flow,
there are two criteria introduced by [Sommeria and Moreau, 1982] and described
in Sec.(2.5.1), Eqs. 2.32 & 2.33. These two are depicted in graph(4.36), with the
inequality of much higher or much lower shown with two times or half, respectively.
According to these criteria, every vortex which has a perpendicular dimension (W
or L) much higher than the first criterion (pink solid line) is 2D. If these dimensions
are much lower than the second criterion then the vortices are dynamically Q2D,
like 2D turbulence. In this figure each of the perpendicular dimensions for EA (=
AE ' AF ) and EB (= AJ) lie in one side of the criteria meaning that EA and EB define
the borderlines of the flow and theoretically divide the flow in three aforementioned
regions as it is shown.

Figure 4.36: Checking our vortices against the Q2D criteria (Eqs. 2.32 & 2.33). Both W
and L from Fig.(4.32) are depicted as characteristic length.

As explained in Sec.(2.4) borderline between linear and nonlinear flow regimes
is marked with time scale of energy containing eddies or large-eddy turnover time
τu which represents the effect of nonlinear inertial forces due to velocity gradients.
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When t� τu, the equations of motion becomes linear, the vortices in the flow can be
regarded as isolated eddies each being acted upon by Lorentz force. In such a flow
vortices parallel to the magnetic field elongate along field lines forming quasi two di-
mensional long columnar structures which find their ways to the boundaries very fast.
With further evolution of vortices at presence of a strong magnetic field a core flow
with a 2D profile forms. The flow in the Hartmann layer can be three-dimensional
which makes the situation kinematically quasi-2D. If inertia can be neglected within
the Hartmann layer, the equation of motion in this layer becomes linear and the com-
bined effect of viscous and Lorentz forces imposes a friction that linearly brakes the
flow (see Eq. 2.30) with a characteristic time of τH . If Hartmann braking effect and
consequently the electromagnetic forces are negligible, i.e. τH � τu (Eq. 2.33), then
MHD experiments can be used to perform experiments on ordinary two-dimensional
turbulence. On the other hand when τH � τu the Hartmann friction is strong and
significantly affects the energy spectrum of the Q2D MHD turbulence. When mag-
netic field is not strong enough the inertia within the Hartmann layer should be taken
into account. In this kind of flow regimes, controlled by interaction parameter N and
Hartmann number Ha, magnetic field is strong enough to develop anisotropy in the
form of Q2D core flow, before any significant inertial influence can counteract them
but it is not sufficient to suppress the variation of the velocity along the magnetic
field lines which results in no universal mean velocity profile. If magnetic field is
weak enough the inertia effect becomes more serious, especially in the Hartmann
layer and the flow behavior becomes complex. The inertia time scale is then, of the
same order of magnitude as the Joule time and the parameter that describes the ap-
pearance of three-dimensionality is true interaction parameter. Characteristic times
of vortices including Joule time, Hartmann time, turnover times and 2D time are
plotted in Fig.(4.37). 2D time, as the ratio between turnover time and true interaction
parameter defined as Nt =

σL⊥B2
0

ρU ( l⊥
l‖
)2, marks the second criterion while τH marks the

first one for Q2D flow like 2D turbulence. Turnover times of different perpendicular
dimensions for EA and EB lie in the opposite side of these criteria, meaning that in
the former case Hartmann friction is dominant and in the latter inertia prevents the
formation of 2D vortices.

The next graph (Fig. 4.38) considers λl =
l‖
l⊥

as a function of interaction parameters
calculated using the liquid metal height L0 and width of the vortices W . Two points
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Figure 4.37: Turnover times of vortices in comparison with characteristic times.

are remarkable in this graph. First is that for high enough interaction parameters, L

is independent of N which is in agreement with prediction of Sommeria and Moreau
[1982]. They predicted that for a 2D flow, vortex reaches its final anisotropic state
with λl '

√
NW . The second point which is especially interesting for us is that two

different lines can be fitted to the L0
W versus

√
NW with EA and EB marking the borders.

Figure 4.38: λl as a function of interaction parameters with L and W being the perpen-
dicular vortex dimensions (Fig. 4.32).
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As the last evidence for defining the borders of quasi two dimensional vortices we
have looked at the kinetic energy of the flow (u2

2 with u being the velocity) for three
critical cases, i.e. U = 9.28mm

s named as EA, U = 18.37mm
s (AG in table 4.3) and

U = 27.33mm
s (EB). These are presented in Figs.(4.39), (4.40) & (4.41), respectively,

in the form of space-time graphs for velocities of particles lying on two different hor-
izontal lines shown at the middle of Fig.(4.39) in red, the mid-line and two-third line.

Figure 4.39: Local kinetic energy of the flow over time at the positions marked with red
lines, for the case EA and a random streamline image for this velocity at the middle.

These graphs not only show the values of kinetic energies at each point, but also the
position of particles at each moment and can tell us if particles are moving toward the
magnet (upward) or away from that (downwards). Local kinetic energies of two-third
lines show the same trend for all three cases but they are different at the mid-line (es-
pecially in the wake region), with EA and EB showing two clear opposite trends and
AG (Fig. 4.40) being a mixture of them. Slope 4 in Fig.(4.39) which represents the
upward movement of particles and correspondingly their energy within the recircula-
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Figure 4.40: Local kinetic energy of the flow over time for U = 18.37mm
s (AG).

Figure 4.41: Local kinetic energy of the flow over time for the case EB.
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tion region, is not observed for velocities less than EA or higher than EB studied here
which supports the idea that EA and EB define the borderlines. Further investigation
of the Local kinetic energy graphs and the direction of the energy transfer is left open
for the future.

According to evidences presented in this section we conclude that EA, EB and EC

mark three borderlines for the flow within the inner magnetic region. There are the-
oretical predictions saying that the exact type of these flows are Q2D with strong
Hartmann friction, Q2D like 2D turbulence and 3D MHD and we presented experi-
mental evidences supporting these theoretical predictions but still a strong and direct
experimental proof for this suggestion, something like the three dimensional visual-
ization of the vortex, is missing.

4.4 Conclusion

Flow structure in magnetic obstacle experiment should be considered in two different
regions: area above the magnet with Hartmann layer, side layers and internal shear
layers and area behind that which is a normal shear flow with two shear layers and
viscous boundary layer instead of Hartmann layer. Flow structures in the area behind
the magnet, including in-line vortices, mode A, mode B, mode AA, mode BB and
open vortices structures, are more diverse compared to the flow past a solid cylinder
with two shear layers even though that they exhibit some similar two and three dimen-
sional flow structures. Here not only the two shear layers behind the magnet should
be considered but also the role of the magnet and its non-uniformity in dictating the
initial and input boundary conditions on the wake should be taken into account.

Experimental results exhibit a sequence of instabilities with increase in Re and de-
crease in interaction parameter. At very low Re, the flow is creeping with streamlines
attached to an imaginary cylinder enclosing two small asymmetric vortices. At Re

equal to 33, two symmetrically placed separation points appear behind the magnet,
resulting in two shear layers forming the wake. Up to now the flow has two hyperbolic
points which increases to four by increasing Re to 53.7, where a symmetric six vor-
tex structure appears with shear layers skirting the two attached vortices in the wake.
This structure breaks after a formation time (as the first wake instability) and give
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rise to a long wake with no remarkable movement within that (dead region). This
structure persists up to Re = 107.5 because of the very high interaction parameter
and Hartmann damping affecting the inverse energy cascade inside the inner mag-
netic region and non-interacting shear layers behind the magnet. For the range of Re

between 33 and 107.5 the formation length is increasing. It decreases drastically for
Re = 197.5 which has another flow regime designated by Q2D turbulence within the
inner magnetic region and shear layers at the tail, which interact with each other and
after the break down of the symmetric six vortex structure (as the primary wake in-
stability) give birth to in-line-vortices structure and secondary instabilities like mode
B, mode AA and open vortex structure. There are two other secondary instabilities,
namely mode A and mode BB which are sometimes observable for Re beyond this.
Near Re = 293.9 the flow regime inside the magnet region changes to 3D MHD flow
with no remarkable change in the wake flow. Formation length is more or less con-
stant, up to Re = 451.6 where the last six vortex structure is observed. After that
the formation length increases monotonically up to Re = 2150.5 and flow possesses
three hyperbolic points (within the formation time) with no innermagnetic vortices
up to Re = 1622.4. Beyond Re = 1622.4, which is the last experiment undergoing
the primary wake instability, the flow enters a new state with no secondary instability.
Nature of the instability changes gradually and no shear layer is visible afterwards.
An inverse Λ shape forms downstream in this last flow regime.
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Chapter 5

Annular Channel Experiment

Transition to turbulence in an annular channel in the presence of uniform mag-

netic field is the subject of present chapter with two main sub-chapters. First one,

which is important for design of main experiment and designing the experiment-

procedure, answers the question of current distribution and temperature unifor-

mity within the channel. Second part is devoted to the results of UDV and PDV

measurements in the small-scale experimental set up with an explanation of scal-

ing laws governing them. In this section a relation is established between the

onset of instability and dimensionless parameters. At last reliability of experi-

mental results are discussed.

5.1 Main experiment design

A large annular channel is to be designed to investigate the transition to turbulence
as a result of gradual increase in Lorentz force. In the design phase three types of
questions should be answered:

1. Are the inner and outer copper cylinders iso-potential? How much is the amount
of nonuniformity for current distribution inside GaInSn?

2. How important are the effects of mechanical defects and manufacturing deficits?
Do they have a remarkable influence on transition to turbulence?
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3. How is the steady distribution of temperature? Can we consider the whole
system as a lumped body? How much heat is going to be generated within the
channel? Is there a need to cool the channel with a water-cooling system? How
long will it take till the system reaches a thermal steady state?

These questions are answered in this section. For this reason a small scale exper-
iment is manufactured (Fig. 5.1) and tested. Test-results are analyzed together with
the analytical models of the system and numerical simulation of current distribution.
Current distribution uniformity at the boundaries of liquid metal, i.e. inside the cop-

Figure 5.1: Small scale experiment with current injection path and measurement points.

per cylinders at the contact area with liquid metal, can be investigated experimentally
when the magnetic field is zero, since a non-zero magnetic field will redistribute the
current and as explained before, this new distribution can be one of the reasons that
instability occurs, for example the jet form instability. However when before apply-
ing magnetic field a current distribution nonuniformity exists, this may destabilize the
otherwise stable flow and/or accelerate the appearance of instabilities after applying
a non-zero magnetic field.

Third question regarding temperature distribution should be investigated, on the
contrary, when magnetic field is non-zero because of the importance of Joule heating.
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5.1.1 Zero magnetic field experiments

Questions regarding the current uniformity, when the magnetic field is zero, can be
answered in two distinct ways: direct answer by measuring the potential of each point
of the conducting cylinders against a fixed reference and checking the constancy of
the results; and indirect answer by measuring a global value, such as the total resis-
tance of the channel, and comparing this measured value with the results of electri-
cal resistance calculations which is chosen here. The general idea behind resistance
calculation, discussed in the next part, is that electrical circuit of annular channel,
regardless of how complicated it may look, can be modeled as a parallel circuit or
series circuit or some other circuit whose value of resistance lies in between the se-
ries and parallel circuits. By electrical circuit we mean the path through which the
electrical current flows. Current flows uniformly throughout the liquid metal if the
potential difference across the liquid metal is the same everywhere, i.e. copper rings
at the contact area with GaInSn are iso-potential. This circuit shown in Fig.(5.2a)
can be best modeled as a parallel one. Blue arrows in this figure represent the current
flow path which, as it is shown, is uniform everywhere despite the fact that current is
injected point-wise, through the bolts (Fig. 5.1). To the contrary current path would
be made of twelve cylinders, each having a cross section equal to the current injec-
tion bolts if the injected current continues its way within the copper and GaInSn in
a straight line, without spreading out inside the liquid metal. This is best explained
with series circuit (Fig. 5.2b). With the help of modeling explained in the next part
a value of resistance is calculated for the annular channel, under each of these as-
sumptions. In the second part of this section the value of measured resistances are
compared with the calculated one. This comparison, however, is not straight forward
and we need to develop an analysis routine for the experimental data. After compar-
ison if the measured resistance is close to the calculated one for the case of uniform
current distribution, we can claim that the current distribution is uniform. The same
is valid for the case of nonuniform current distribution.

Semi-analytic modeling of the experimental set up

There are three possible current distribution arrangements within GaInSn and copper
rings
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(a) uniform current distribution assumption

(b) nonuniform current distribution assumption

Figure 5.2: Schematic of the channel together with the equivalent circuits according to
the a) parallel circuits and b) series circuit hypothesis; in each case a cross section of
the channel is shown with the relevant parameters used throughout this section. Current
paths are shown with blue arrows. Equivalent electrical circuit in each case is drawn
with hand beneath the channel cross section. It describes the current paths from the
current source to the channel and back to that. Current is injected at the mid of the
channel (at top and bottom) through two thick cables and collected back to the current
source through twelve bolts and cables, arranged in two rows, odd and even.
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1. No.1: Uniform current distribution inside the channel; in this case the inner
and outer copper rings are iso-potential and the current is equally distributed
everywhere. Parallel circuit describes this model in the best way (Fig. 5.2a).

2. No.2: Most nonuniform current distribution; this happens when the injected
current continues its way within the copper and GaInSn in a straight line. In
this case the current path has a cross section as the injection bolts. This is best
explained with series circuit (Fig. 5.2b).

3. No.3: Partial current distribution; In this case current is distributed around the
injection bolt (Fig. 5.1) but still there are regions of the channel with no/less
current passing through. Resistance is somewhat between that of No.1 and
No.2.

Equivalent circuitries of No.1 & No.2 are drawn in Fig.(5.2) with the current paths
through the annular channel. Potential differences of V1−V2, V12−V1 and V11−V2

are similar to the experimentally measured potential differences of ∆φi, ∆φe & ∆φo,
respectively (Fig. 5.1). Here V1 and V2 are electric potentials at injection points at
top and bottom of inner copper cylinder and V12 and V11 are two arbitrarily injection
points at outer cylinder, from even row and odd row, respectively. Current paths be-
tween those measurement points of ∆φe or ∆φo, are composed of a cable-shoe, a gas-
ket, a small copper cylinder, massive inner copper cylinder, a contact layer between
copper and liquid metal, liquid metal, another contact layer, outer copper cylinder,
a bolt, a gasket and a cable-shoe. To calculate the total resistances in equivalent
circuits, resistances of injection points including bolts, gaskets and cable-shoes are
modeled and calculated using the formula R = ρ

l
A with ρ being the electrical re-

sistivity, l the length of the conductor and A its cross-sectional area. The value of
contact resistance is still needed. In the present experiments the contact area between
copper and GaInSn is rubbed with GaInSn, resulting in a new contact surface with
an unknown contact resistance value that can be measured experimentally. To mea-
sure the contact resistance value experimentally a very thin wire in a capillary glass
is mounted freely flush to the outer surface of the inner copper ring (inside GaInSn)
while a current of 225A is flowing through the channel. Voltmeter shows a voltage
drop of 1.01mV between this wire and an odd injection point inline with that, in the
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outer ring. Electrical circuit between these two measurement points is composed
of an injection resistance, resistance of the outer copper ring, contact resistance and
GaInSn resistance. Knowing that voltage drop over this circuit for 225A is 1.01mV ,
one can calculate the resistance of this circuit in compliance with the aforementioned
assumptions. For the two different current distribution assumptions No.1 & No.2,
when the magnetic field intensity is zero, a contact resistance of 2.4µΩ and 5.4µΩ

is obtained, respectively. Having this values the total channel resistance for each of
the aforementioned assumptions can be calculated.

Current distribution uniformity

For the case of uniform current distribution (Fig. 5.2a) the calculated channel resis-
tance is equal to 7.98µΩ whereas analysis of the experimental results in the clos-
est case gives a resistance value of 8µΩ, a very good agreement certifying that the
current is uniformly distributed. To analyze the experimental results superposition
principle (Eq. 5.1) is used which has originated from Fig.(5.2a) and is legitimate for
the linear Ohm’s law

itot = i1 + i2 =
V12−V1

Rchannel
+

V11−V1

Rchannel
=

∆φo−∆φi +∆φe

Rchannel
, (5.1)

assuming that the inner copper cylinder is iso-potential with electric potential of
V1 which requires that the potential drops between V1 and V3 and also V3 and V4

(Fig. 5.2a) are negligible which is not far from reality since they are copper cylin-
ders. However there is an extra current path inside the inner copper ring, a steel
threaded rod with the electric potential values of V1 and V2 at its ends. This voltage
drop, V1−V2, which can not be neglected should be measured and added to the mea-
sured V11−V2 for the proper analysis. Rewriting that in the form of experimentally
measured potential drops (Fig. 5.1), one need to measure ∆φi, ∆φe & ∆φo. ∆φi does
not affect the potential value of iso-potential inner copper cylinder since there is an
air gap between the threaded rod and copper cylinder and the only contact points are
at the place of V1 and V2.

Rchannel for the case of uniform current distribution is calculated for each of the 6
current injection sections. Deviation of Rchannel from the calculated resistance at each
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section (Eq. 5.2) is a measure of current nonuniformity in that section

Rmeasured−Rcalculated

Rcalculated
. (5.2)

In this way we can measure the importance of local manufacturing imperfections or
other disturbances which is discussed in the next section.

However, if we assume that the current is nonuniformly distributed, as in Fig.(5.2b),
then we need to calculate the resistances of two rows of 6 cylinders (current path)
starting from V3 and V4 to the bolts at outer copper cylinder. If we assume that
these cylinders have similar resistances, then we end up with the simplified circuit
of Fig.(5.2b) where Rtot1 is the total resistance of 6 parallel resistances. The final
calculated resistance of the channel is equal to 68.5µΩ whereas the measured value
in the closest case is equal to 48µΩ, having a minimum deviation of 30% (Eq. 5.2).
With this assumption all experimentally measured values should be analyzed accord-
ing to

Reach−current−path =
4V such as ∆φo or ∆φe

Itot
12

, (5.3)

where4V is a potential drop measured across the channel and Itot is the total current
injected through the channel.

Experimental results mentioned here and other ones obtained during the last years
and not mentioned here, make us believe that current is distributed uniformly within
the channel when there is no magnetic field present. With this assumption, knowing
the contact resistance value and by following similar procedures, resistance of the
main channel is calculated to be 12µΩ and 28.5µΩ when the liquid height in the
channel is 120mm and 5mm respectively.

These results belong to the first series of experiments, with no filtering of the cur-
rent sources output (Sec.3.4.4) for which deviation of Rchannel from the calculated
resistance lies between 8 and 14% for 225A. Inductive and capacitive elements used
for filtering and not taken into account in this calculations add an offset to the de-
viation percentage, without changing the current uniformity inside the channel. For
example, in these series of experiments deviation of Rchannel from the calculated re-
sistance is equal to 36.75%±2.24 for 30A injected current.
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Sensitivity of the experiments to disturbances

In the last sections we showed that despite all the manufacturing imperfections the
current is distributed uniformly within the small scale channel. This is, however, not
enough to design the main experiment. We need to know how, when and to what
extent the current uniformity may be violated because we need to choose the proper
arrangement which gives us the most uniform current distribution. Moreover we need
to estimate how sensitive is this system to small details like surface roughness, current
nonuniformities due to the differences in electrical resistances of the cables and wires,
undesired pressure differences or unevenly imposed forces. In this section we try to
figure out when the uniformity is destroyed notably. Non-uniformity or perturbations,
in general, are inevitable but what can be done is to minimize them. One should also
notice that the effect of magnetic field on these disturbances is unknown.

Current distribution is proven to be uniform to a good extent, when equal currents
are flowing through the top and bottom of inner electrode. This is shown in Fig.(5.3a)
where the relative difference between the measured resistance and the calculated one
(Eq. 5.2) on account of assumption No.1 for two different currents, four different
experiments and six different cross sections are depicted. As it is obvious in this fig-
ure, pairs 1+ 2 and 5+ 6 differ from the others. The reason is that they lie on the
mechanical defects appeared on the outer surface of inner ring while fixing it to the
spindle at the middle of manufacturing process. Analysis of the surface roughness
carried out at 9 different locations on the surfaces of top Plexiglas plate, outer and
inner copper cylinders indicate an rms height of 2.3, 5.8 & 7.34µm with a maxi-
mum peak to through distance of 4, 10 & 12µm respectively. The maximum peak
to through distance increases up to 37µm at the position of defects on the surface of
inner cylinder which, together with other dissimilarities, can produce up to 7% dif-
ference in resistance deviation (Fig. 5.3a). The effect of other dissimilarities such as
circuit arrangement and thermal asymmetries are further investigated and improved
(details are too lengthy to be discussed here) up to the point that this value is reduced
to 5.5%.

The key point in this discussion is that the difference between the maximum and
minimum deviation of the resistances can be used as a measure of current distribu-
tion nonuniformity inside the channel. Current distribution can not be considered

116 Experiments on liquid metal flows exposed to magnetic fields



Farzaneh Samsami 5.1 Main experiment design

(a) (b)

Figure 5.3: Relative difference of resistances (a) for the case when equal currents are
injected through the top and bottom cables going to inner electrode; one experiment is
done with a total injected current of 225A and three others with that of 700A; (b) when a
nonuniformity is imposed on the current flow path (total injected current of 225A); here
cases of equal and unequal injected currents at top and bottom of inner copper cylinder
are compared. These results are once analyzed using Eq. 5.1 (No.1) and once more using
Eq. 5.3 (No.2). By imposing the nonuniformity difference between measured resistances
and the calculated one of 7.98µΩ (assumptions No.1) is increased, compared to the case
of equal current injection. On the other hand the difference between measured resistances
and the calculated one of 68.5µΩ (assumptions No.2) is decreased which suggests that
current distribution is no more uniform, but nonuniform.

as uniform when the relative differences are noticeable. This is clear in Fig.(5.3b)
where the current nonuniformity is intentionally imposed by setting the voltage drop
along the inner steel threaded rod, 4φi (Fig. 5.1), to zero by using a variable resis-
tance right after the current source. The average value of resistance deviations for the
case of currenttop < currentbottom,No.1 is around 60% whereas that of currenttop =

currentbottom,No.1 is around 10%. This reflects the current distribution nonunifor-
mity. As indicated in this figure for the case of equally injected currents, the relative
difference of measured resistance and the one calculated on the assumption No.2 is
very large (∼ 200%) whereas the case of 4φi = 0 has a lower deviation of resis-
tances. One can conclude that the current distribution is not uniform and it has the
form of assumption No.3. This method can be used to check the sensitivity of the
experimental set up to other disturbances to see when the current uniformity is de-
stroyed notably. To this end different perturbations are imposed intentionally to the
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Experiment and Assumption Currents
tested [A]

Ave. of
resistance
deviations
[%]

Std
dev
[%]

Min
[%]

Max
[%]

Usual case (Fig. 5.3a) / Uniform 225,700 6.2 2.3 −0.1 13
Tilted channel / Uniform 500 8.6 2.2 4.8 11
#12 is removed / Uniform 255,500,700 0.7 6 −11.3 6
#12 is removed / Nonuniform 255,500,700 −37 351 −406 326
#6&#12 are removed / Uniform -
without considering #6&#12

255,500,700 8 7 0 19

#6&#12 are removed / Nonuni-
form - without #6&#12

255,500,700 −2.1 210 −272 194

#6&#12 are removed / Uniform -
with considering #6&#12

255,500,700 1927 2967 0 5970

#6&#12 are removed / Nonuni-
form - with considering #6&#12

255,500,700 1063 2500 −272 6580

One inner electrode / Uniform 224,225,500 80.3 2 72 88
One inner electrode / Nonuni-
form

224,225,500 24 78 −55 105

Table 5.1: Experimental results on sensitivity of the set up to different parameters; In
each case a graph of relative difference of measured and calculated resistances similar
to that of Fig.(5.3a), based on the assumption notified in the first left column is obtained.
The average value of the data-points in this graph, together with their standard deviation,
Max. and Min. are listed here.

experimental set up and relative difference of resistances are calculated with the re-
sults summarized in table(5.1). As a result one can see to what extent the current
uniformity is destroyed. Four cases, when the magnetic field is zero and the liquid
metal is at rest, are considered here

1. Channel is tilted about 30 degrees to impose a pressure difference. Measured
resistances are compared with the calculated one with the uniform current dis-
tribution assumption.

2. One of the even outer electrodes (#12) is removed. Measured resistances are
compared with the calculated one with the uniform assumption and also nonuni-
form assumption.

3. Two of outer electrodes (#6&#12) at 180◦ from each other are removed. Mea-
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sured resistances are compared with the calculated one with the uniform as-
sumption and also nonuniform assumption. The results for each case is pre-
sented once with considering the measured ∆φe at points #6 & #12 and once
without them.

4. One of the two inner electrodes is removed. Measured resistances are compared
with the calculated one with the uniform assumption and also nonuniform cur-
rent distribution assumption (No.2 in last parts).

Comparing these results with the usual/uniform case one can conclude that tilting
the channel or removing one outer electrode do not affect the uniformity of the current
distribution significantly but removing two outer electrodes or one inner electrode
drastically changes the current distribution. The system has a self adjusting behavior
and can compensate for the small disturbances such as differences in the resistances
of the connecting cables.

5.1.2 Thermal design

During the experiments heat is generated within the experimental set up as a result
of resistance heating, Joule and viscous dissipation. This heat is transferred to the
magnet via conduction or radiation, where it is removed by magnet cooling system
or transferred to the air via convection. If the rate of heat generation inside the set up
and the rate of heat removal from that are equal, the system reaches a steady state and
the temperature becomes constant; else the temperature gradually increases and the
system needs a water/air cooling circuit. In this section the necessity of a water/air
cooling circuit is investigated.

In thermal design of main experiment three factors should be considered. First of
all if GaInSn temperature exceeds 50◦C it will start to react with copper walls. The
author has heard it from Prof. Kolesnikov, despite the fact that her experiments don’t
support this and she couldn’t find a reference for that as well. Second is that for a high
temperature gradient, dT

dx , the fluid density may changes locally giving rise to natural
convection. This phenomenon which is accelerated by a cooling system with high
heat transfer coefficient such as water-cooling, should be avoided. On the other hand
behavior of a system with low dT

dx is closer to lumped system which is good. Rate of
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temperature change is the last factor which should be considered here. A high rate
of dT

dt as a result of water-cooling, can trigger turbulence whereas a low rate of dT
dt

increase the settle down time of temperature and increases the energy consumption
during the experiments. Considering all these factors it is wise to avoid a cooling
circuit, if possible.

Heat transfer in the small scale annular channel can be modeled. If modeling shows
that it behaves as a lumped system, i.e. temperature distribution throughout the annu-
lar channel and copper cylinders is uniform, then a simple formulation will describe
the temperature distribution and the time needed for the system to become steady.
By calculating the amount of heat generation and estimating the final temperature
and comparing that with the measured temperatures the accuracy of the model can be
checked. If the results agree, this method is accurate and can be used to model the
main experiment, helping us decide about the cooling system. It includes the calcula-
tion of Biot number, Bi, which represents the ratio of internal conduction resistance of
the channel to its external convection resistance. When Bi� 1 temperature variations
within the channel can be neglected and the lumped thermal capacity solution can be
used. This is the case if that layer of GaInSn rubbed on copper at the contact surface
has a thermal resistance r less than 0.08

◦C
W (or a conductivity of k > 0.146 W

m2·K ). For
such a system the characteristic time, which gives us an estimation of the time needed
for the temperature to eventually settle and become steady, can be easily calculated.
This time is between 7 to 12 hours for the small scale experiment. Temperature of
the system after 12hrs is calculated and is expected to be ≈ 32◦C when the injected
current is 500A. Measured temperature in current experiments is ≈ 30◦C for 525A

current which is a good agreement. According to this calculations the maximum
current passing through the present channel is limited to 725A for which GaInSn
temperature is less than 45◦C. Maximum injected current in our experiments is 750A

apart from one case with 1000A for about two hours. In all these cases the measured
temperatures are less than 50◦C. If we wish to inject higher currents we need to in-
stall an air cooling system. Temperature measurements show an order of magnitude
of dT

dt ≈ 10−4 ◦C
s which means that the system is in quasi steady state and probably

the lumped system analysis is right. On the other hand, the maximum dT
dx between

GaInSn and copper is≈ 2.3◦C
30mm which is a relatively large value and can trigger the nat-

ural convection. Moreover as we expected GaInSn shows a higher dT
dt because of its
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lower heat capacity compared to copper. It means that any change in environmental
conditions will influence GaInSn directly which is observed experimentally as well
(Sec. 3.5).

Main scale experiment can be modeled in the same way, for two different channel
heights, 5mm (Figs. 5.4a & 5.4b) and 120mm (Figs. 5.4c & 5.4d). Results are shown

(a)

(b)

(c)

(d)

Figure 5.4: Heat transfer circuit around the channel for the case of 2L0 = 5mm (a) and
the relevant Biot number calculation (b); the same for the case of 2L0 = 120mm (c) and
the relevant Biot number calculation (d).

in Fig.(5.4) with resistances on the right, left, top and bottom of channel in Figs.(5.4a
& 5.4c) representing the total convective resistances of the inner and outer electrodes
and top and bottom Plexiglas plates respectively. It is clear from Figs.(5.4b & 5.4d)
that lumped system assumption is not valid when the height of channel decreases.
If thermal conductivity of contact layer k > 0.08 W

m2·K , which is always the case, the
channel with 2L0 = 120mm behaves as the lumped system. In this case the character-
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istic time of the system is τ ≈ 4hrs with a settle down time of ≈ 20hrs. Temperature
of the system after 20hrs is expected to be≈ 63◦C when the injected current is 2000A.
To keep the temperature less than 45◦C current should not exceed 1500A. These val-
ues change drastically for the case of 2L0 = 5mm where τ ≈ 20min⇒ 5τ ≈ 1.5hrs

and maximum allowed current is 400A. Consequently to inject 2000A to the first
case an air cooling system will suffice but a water cooled jacket should be used for
the second case. Recalling our decision to avoid a cooling circuit we decided to just
limit the amount of injected current to the allowable values.

There is one more point that we would like to point out here. We have talked about
the dominant role of the magnet cooling in Sec.(3.5). In fourth series of experiments
magnet and lab are kept at the same temperature to minimize the effect of that and
to reduce the risk of undesired convection inside GaInSn. Despite all these efforts a
natural convection has happened for I = 0,B = 198mT , i.e. when there is no Lorentz
force (Fig. 5.5) which drives jets or large scale motions along the axis of annular
channel. Velocity of these jets are from the order of 10mm

s whereas the order of axial
flow when I < 75A,B = 198mT is less than 10mm

s . Consequently it is unknown if
the instabilities for this value of magnetic field, presented in the next sections, are
affected by the observed natural convection or not.

Figure 5.5: Natural convection for I = 0,B = 198mT (Ha = 152.6). This is a typical
UDV result in which y axis represents the height of channel and x axis is the time. Here
the axial velocity component of the flow along the height of channel is depicted for a time
interval of 75 seconds. The working principle of a UDV device is explained in Sec.3.6.2.
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5.2 Experimental results: small-scale experiments

In these experiments magnetic field is kept constant for a set of experiments (Fig. 3.19)
and then current is increased gradually in 1 or 2Amps increments. The flow for each
specific I and B is left for a relatively long time to settle, at least 5hrs (according
to calculations in Sec. 5.1.2), and the final flow structures are recorded (Fig. 5.9c).
When the current is higher than 100A the increments are in the order of 5 to 10A.
Current increments are small since we are interested in the linear instability analysis,
with the help of UDV and PDV measurements. UDV sensor is improved and the
measured echo is disentangled from the electromagnetic noises. Resultant velocity
signals of UDV are presented here without extra processing because of their good
quality. These results are used to figure out the flow structures and categorize them
in a current-magnetic field graph or equivalently in a Re−Ha graph with Re being
defined as I

4πν
√

ρσν
[Khalzov et al., 2010] and Ha being defined using Eq.(2.17) and

half channel height as the characteristic length. This is named as Re defined by Khal-

zov and is different from the Re in PDV results section which is calculated using PDV
results. As explained before, value of ν is a source of error which forces the author to
avoid using it or dimensionless numbers which have it in their formula whenever pos-
sible. Flow structures extracted using UDV are combined with PDV results. With the
help of PDV results it is possible to calculate a mean azimuthal velocity which in turn,
helps expressing the flow in terms of parameters existing in literature [Baylis, 1964,
1971; Baylis and Hunt, 1971; Moresco and Alboussiére, 2004; Khalzov et al., 2010;
Boisson et al., 2012; Roach et al., 2012]. Among them P2 versus KD

Ha2 with P= 1
2Ha ·J

& J = I
πd(R1+

d
2 )B0σvaverage

[Baylis, 1971] fits our data fairly good. vaverage is averaged
um over the 6 cross sections of liquid metal channel, with um being calculated ac-
cording to Eq.(3.7). vaverage is used to calculate Re (Eq. 2.15) and the Dean number
according to Eq.(2.44). Dean number combination KD

Ha2 is used in [Baylis and Hunt,
1971; Moresco and Alboussiére, 2004] to define the parameter θ = ( d

R1+
d
2
) · ( KD

Ha2 )
2

which is a measure of flow similarity to that in a straight channel and equivalently
describes the effect of channel curvature on flow. It is actually θ versus Rh graph
in Fig.(5.14) which helps us defining the instability borders with Rh being Reynolds
number based on the Hartmann layer thickness (Eq. 2.19). Moresco and Alboussiére
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[2004] predicted a transition in Hartmann layer based on Rh. Transition in Hartmann
layer is investigated separately by plotting F −Rh plots with F = IB0

2πρ(R1+
d
2 )v

2
average

being the friction coefficient [Moresco and Alboussiére, 2004]. The next parameter
is Lorentz force which includes both the injected current and magnetic field and is
defined as FL = IB

2πrL0ρν
. Relevance of Elsasser number, defined as σB2

0(R1+
d
2 )

2ρU1
with

U1 =
√

B0Id
2L0R1ρ

, is also investigated here. According to Roach et al. [2012] & Boisson
et al. [2012] Elsasser number is related to the appearance of free Shercliff layer and
hydromagnetic instability or centrifugal one. There are more parameters investigated
and not described here which could not explain our results.

5.2.1 UDV results

Among instabilities mentioned in Sec.(2.2), P.(24) two main instabilities are observed
here: jet like structures (Figs. 5.7a & 5.7b) and poloidal circulation cells (rotating
rings in Fig. 5.7c). The former is a familiar Kelvin-Helmholtz instability and the lat-
ter is a centrifugal instability. Another structure which occurs more often is what we
name it (rotating) rolls structure (Fig. 5.7e). This structure, which is similar to cases
5 & 6 of Fig.(A.6a) [Hoffmann et al., 2009] is explained in Fig.(5.6). In this figure
an imaginary flow containing rotating rolls (case 6 of Fig. A.6a) is scanned with a
UDV beam and the detected velocity for this cross section is integrated within the
integration volume (resembling the working principle of UDV). Finally the obtained

Figure 5.6: Obtaining UDV signal of an imaginary rotating roll.
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UDV profiles for this imaginary flow is indicated on the right, which is similar to the
experimental results, for example rolls in Fig.(5.7e). To our surprise in the present
experiments traveling waves appeared just once (Fig. 5.7f). An interesting sequence
of instabilities is observed for Re = 318038,Ha = 331 (Fig. 5.8) where three differ-
ent flow structures are observable within a short time: rolls, small vortices and two
rotating rings. This flow evolution looks like relaminarization. Some of the most re-
markable UDV results are exhibited in Appendix C in which different flow structures
are shown.

(a) (b)

(c) (d)

(e) (f)

Figure 5.7: Different flow structures observed with the help of UDV; jets and the transition
between two jets with different frequencies (a) jets (b) rotating rings (c) jets and rotating
rings (d) rotating rolls (e) and the special case of a traveling wave (f).
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Figure 5.8: Appearance of different instabilities within a short period of time.

Observed flow structures are summarized in Fig.(5.9a) and Fig.(5.9c). Figures(5.9b)
& (5.9d) mark the I−B & Re−Ha arrangements for which at least once the rotating
rolls are observed, in the transition state or final state (table C.1). Since rolls always
appear for a short time, which can be either due to the sensitivity to data acquisition
frequency (Sec. 3.6.2) or to their transient nature, we avoid calling them a state; even
though we believe they are the most precise and reliable results of UDV and give
us an exact picture of what is happening inside the channel within the span area of
UDV beam and corresponding time (at least). If the flow regime shown by rolls is a
permanent or temporary state is the question left open for future.

The next open question is about the possibility that magnetorotational instability
(MRI) is superimposed on the observed Kelvin-Helmholtz modes whose investiga-
tion, if possible, requires quite complicated analysis methods. Khalzov et al. [2010]
showed that it is possible to observe the MRI instability in an electrically driven flow.
He introduced regions of good parameters that is, for the small scale experimental
set up, Ha > 43.17 and Re < 690 equal to I0 < 0.004A (remind the error related to
ν in these calculations). Having this in mind and considering the facts that the order
of magnitude of the jets observed in Fig.(5.5) is too big for a natural convection and
that a temperature difference along the liquid metal can produce a very small current,
make it reasonable to think of the relevance of MRI instability.
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(a) (b)

(c) (d)

Figure 5.9: Final flow structure for different current-magnetic field arrangements (a);
Flows for which rotating rolls are observed, at least once (b); Re−He representation of
them (c) & (d).

Two other possible instabilities are Hartmann layer and Shercliff layer instabili-
ties, which are hard to recognize from the UDV results. UDV sensor is placed above
the channel, at the middle radius which is schematically depicted in Fig.(3.23a) to-
gether with the UDV beam. As it is shown in this figure, due to the width of UDV
beam we have no access to the vicinity of Shercliff layers to see if jets start forming
from the walls or form at the middle of channel, where holes are provided for UDV
placement, and due to the spatial resolution of the ultrasonic beam, measurement of
Hartmann layer velocity is impossible (Sec.3.6.2). Sometimes high velocity signals
are measured in vicinity of Hartmann layer but we found no way to assure that they
correspond to a real velocity peak because the solid wall next to Hartmann layer
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reflects the UDV beam strongly, resulting in a very high echo signal, which can pro-
duce an artificial velocity peak. On the other hand clear and ordered jets (Figs. 5.7a
& 5.7b) are recorded for strong magnetic fields which are inside the coverage area
of the UDV beam, i.e. in the bulk of the fluid. They can be a result of electromag-
netic instability triggered at the boundaries or instabilities triggered by the presence
of holes provided for UDV sensors which doesn’t change the fact that they are there
and may act as a discontinuity in angular velocity. When a discontinuity in angular
velocity parallel to the boundaries, find the opportunity to extend into the bulk of the
fluid, which can be the case here, one should think of free Shercliff layer instability.
This instability is observed and explained by Roach et al. [2012] and the question
whether this is the case here or not, is left open for the future.

There is one more question concerning the relation between the Hartmann layer
instability and surface roughness. Results of investigations by Moresco and Albous-
siére [2004] indicate that roughness effects become important when the ratio of the
maximum roughness height to the boundary layer thickness (δk) satisfies δk > 0.3
which is not the case here. Calculations for the small scale experiments indicate that
0.005 < δk < 0.04.

5.2.2 PDV results

Experimentally measured voltage drops along the channel (see Sec. 3.6.1) according
to the procedure explained in Sec.(3.5) are analyzed with the formula(5.1) and (5.2)
to calculate an equivalent resistance for the channel and its relative difference from
the theoretically calculated ohmic resistance. Measurements are done with two dif-
ferent data acquisition frequencies almost equal to 0.63Hz and 7Hz with the results
shown in Fig.(5.10). According to Fig.(5.10a) when Lorentz force FL is higher than
50000 the results obtained with these two acquisition frequencies fall onto each other
yielding that physical phenomena occurring inside the channel either have a low fre-
quency, less than 0.63Hz or its frequency is a multiple of 0.63Hz. Below that, for
FL < 50000 the phenomena have a higher frequency, at least 7Hz. This imply that
Lorentz force increases the flow time scales. For a range of Lorentz forces listed in
table(5.2) relative difference of resistances and FL vary according to the power-law
R = aFb

L with a and b given in table(5.2). Another maybe less expected result is that
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(a) (b)

Figure 5.10: Relative difference of measured and calculated resistances as an output of
PDV measurements is shown as a function of Lorentz force (a) and Ha number (b).

with an increase in Lorentz force the relative difference of resistances decrease which
is equal to an increases in current uniformity. The same is observed in graph(5.10b)
for which the current nonuniformity is generally increasing with an increase in Ha;
but for a constant Ha and increasing current it decreases.

With a change in current and magnetic field value, electric resistance of the channel
changes which is the base of formula(3.7), with the help of which one can calculate
an average azimuthal velocity for the flow. The change in electric resistance of the
channel is obvious in Fig.(5.11a) where an average voltage drop across the channel
according to Eq.(3.8) is calculated and plotted against current. According to this

B Ha FL start FL end a b
56.69 43.65 5343.35 23363 518.47 -0.21
96.25 74.1 4709.1 38767 1322 -0.25
96.25 74.1 64797.7 645749 432.355 -0.155
198.16 152.57 27635.4 178149.7 3007.87 -0.25
269.54 207.52 48453.7 1271910 2647.6 -0.2
342.64 263.8 92391.6 923916.5 4409.67 -0.23
429.93 331 115929.1 1159290 5827 -0.23

Table 5.2: List of FL values for which the power-law relation R = aFb
L depicted in

Fig.(5.10a) holds.
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(a) (b)

Figure 5.11: Average of the voltage drops across the channel against current (a) and the
same vs Lorentz force (b).

plot the voltage drop of the jets, and correspondingly total resistance of the channel,
is around 10 to 100 times less than that for the other two flow structures. Average
voltage drop across the channel is plotted against Lorentz force (Fig. 5.11b) which
includes the effects of both current and magnetic field. Interesting point in this graph
is that for almost the same Lorentz force value, different flow structures with more
or less the same voltage drop values exist; which says maybe it is not just about the
magnetic field and electromagnetic instability or maybe some of these structures are
just local and don’t change the global properties of the flow. In any case a proper
nondimensionalization of the voltage drop is required to make this graph reasonable
which comes in the following.

Using the average voltage drop and Eq.(3.7), mean velocity of the flow can be cal-
culated. Resultant Re, which is in the range 238 < Re < 25919 is plotted vs Ha in
Fig.(5.12a) and vs Lorentz force in Fig.(5.12b). In the second plot both of data-sets,
0.63Hz and 7Hz are presented together with the same color code. They fall onto par-
allel lines without any significant change that can help us interpreting the results. The
clear point in this graph is the power-law relationship between the average velocity
over all channel cross sections and Lorentz force.

Rotational effects should be taken into account in an annular channel. It is known
that channel curvature gives rise to a pressure gradient across the channel which in
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(a) (b)

Figure 5.12: Re−Ha plot of the observed structures (a) Re vs Lorentz force (b).

turn, gives birth to a secondary flow. Dean number KD (Eq. 2.44) is used to character-
ize that and when KD < 1 the effect of secondary flow is not that important. The im-
portance of secondary flow decreases when the magnetic field intensity increases as
well. The combined effect of magnetic field-curvature can be investigated using KD

Ha2 .
This is plotted against P2 in Fig.(5.13) with P = 1

2Ha · J & J = I
πd(R1+

d
2 )B0σvaverage

.

Figure 5.13: P2 versus KD
Ha2 showing different flow regimes, at left, right and in between

with B = 56.7mT being an exception. There is a drastic change for KD
Ha2 > 1 and KD

Ha2 < 1.
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This graph shows two different trends for KD
Ha2 > 1 and KD

Ha2 < 1 with most of the data
points lying in the latter region which implies that the secondary flow effect is not
important here. This graph clearly shows a difference for high and low magnetic
field cases when KD

Ha2 < 1. Data points fall onto parallel lines for which the relation
P2 = a( KD

Ha2 )
b holds. The range of data for which this relation holds and correspond-

ing values of a and b are listed in table(5.3). The combination KD
Ha2 is appeared in

B Ha KD
Ha2 start KD

Ha2 end a b
96.25 74.1 0.076 0.945 2.2×10−3 0.9
198.16 152.57 0.027 0.097 3.12×10−3 0.95
269.54 207.52 0.0187 0.063 1.66×10−3 0.7
342.64 263.8 0.009 0.11 4.59×10−3 0.8
429.93 331 0.002 0.075 5.79×10−3 0.8

Table 5.3: List of values for which the power-law relation P2 = a( KD
Ha2 )

b depicted in
Fig.(5.13) holds.

[Baylis and Hunt, 1971; Moresco and Alboussiére, 2004] in the form of a more ac-
curate parameter θ , which is obtained analytically. If θ = ( d

R1+
d
2
) · ( KD

Ha2 )
2� 1, then

inertial effects can be neglected and radial and axial velocities are negligible com-
pared to the azimuthal one. For high magnetic fields and low injected currents, i.e.
θ � 1, flow is expected to be purely azimuthal with current being confined to Hart-
mann layers. On the other hand, the flow is similar to a simple pressure driven flow in
a straight channel when the current is uniformly distributed across the channel height,
that happens at high magnetic fields and high currents according to Fig.(5.10a). But
for those parameters Moresco and Alboussiére [2004] predicted a transition in Hart-
mann layer. To consider all these together θ versus Rh is plotted in Fig.(5.14) which
actually helps us defining the instability borders. A simple calculation manifests
that θ = a×R2

h meaning that all data points tie along parallel lines of slope 2 with
a = d2ρν

(R1+
d
2 )R1L2

0B2
0σ

. According to Fig.(5.14) flow is purely azimuthal for Rh < 10.24,
with increasing Rh different flow structures are observed and for Rh > 1060.12 flow
becomes quite complicated, without any specific structure. In the transition from
laminar azimuthal flow to turbulent flow when 10.24 < Rh < 24.7 and Hartmann
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braking effect is expected to be dominant, rotating rings appear as the first instability.
By increasing Rh for high enough magnetic fields first jet structures appear which
get mixed with the rotating rings for Rh > 45.7. Jets and rotating rings are visible
for 45.7 < Rh < 295 and for B = 430mT and B = 342.6mT . Jets are suppressed for
B = 269.5mT . Jets are the only present structure in the range 96 < Rh < 295 for
moderate magnetic field values of B = 96.25mT and B = 198.2mT . With increasing
Reynolds even more, Rh > 295 jets disappear and rotating rings remain. To summa-
rize, for 10.24 < Rh < 24.7 and 295 < Rh < 1060.12 rotating rings, with probably
different origins, are the only observed structure. Within these two limits rotating
rings may appear alone or together with jets or disappear and just jets are present,
depending on the magnetic field intensity.

Figure 5.14: θ −Rh predicts the appearance of different flow regimes at different Rh.

Transition in Hartmann layer is investigated separately by plotting F −Rh plots
with F = IB0

2πρ(R1+
d
2 )v

2
average

being the friction coefficient [Moresco and Alboussiére,
2004]. Results are presented for different magnetic field intensities (Fig. 5.15a) and
flow regimes (Fig. 5.15b). For B≥ 198.2mT data points lie in the vicinity of the line
of F = 8.5R−0.65

h (Fig. 5.15a). Despite this more or less uniform trend, flow structures
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of these data-points in the vicinity the line of F = 8.5R−0.65
h are different as shown in

Fig.(5.15b). In this figure jets and rotating rings tie along the line of F = 6.15R−0.58
h .

Among data points on this line, three represents only jets. The relation between flow
structure and friction coefficient is more obvious for B = 96.25mT . The interesting
point in F −Rh plot of B = 96.25mT is that it has a negative slope for Rh < 96, a
positive slope for 96 < Rh < 295 and again a different negative slope for Rh > 295.
These changes in slopes correspond to changes in flow structures from rotating rings
to jets and again rotating rings. These jets not only have a different F−Rh slope but
also have one or two order of magnitude lower electrical resistances (Fig. 5.11a). This
indicate that appearance of jets coincides with the occurrence of a global instability.
For a lower magnetic field of B = 56.7mT with negative slope rotating rings are
observed.

(a) (b)

Figure 5.15: Plots of friction coefficient versus Rh which show the Hartmann layer tran-
sition; for different Ha numbers (a) and flow regimes (b).

In general plots of Fig.(5.15) show that for high enough magnetic fields, data points
fall in the vicinity of a line, regardless of the magnetic field value but it does not
mean that they represent one unique flow structure; for weaker magnetic fields, to the
contrary, friction coefficient and/or velocity changes drastically and one transition is
observed. Data points with more or less the same Rh have various flow structures
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and/or friction coefficients. This means that they have different velocities or different
Lorentz force values or both. On the other hand a horizontal line of constant friction
coefficient may cross different data points with different Rh and/or flow structures.
The resulting fact is that these graphs, which just consider the Lorentz force and
Hartmann braking effect, velocity and viscosity are not enough to judge the results.
These results are not similar to what Moresco and Alboussiére [2004] presented sim-
ply because of their high Hartmann and Lorentz force value and that they observed
the transition in the range of F < 0.2 which is much lower than our range of data.
Moreover they measured the transition process whereas here flow in the steady state
is investigated. In order to properly judge the present results one should quantita-
tively investigate observed jet structures or rotating rings and categorize them which
is left open for the future.

(a) (b)

Figure 5.16: Plots of Elsasser number versus Rh; for different Ha numbers (a) and flow
regimes (b).

Roach et al. [2012] & Boisson et al. [2012] discuss about the relevance of Elsasser
number for appearance of free Shercliff layer and hydromagnetic instability at large
Elsasser number and centrifugal one at low Elsasser number. The relevance of this
parameter is investigated in Fig.(5.16) with Elsasser number defined as σB2

0(R1+
d
2 )

2ρU1
and

U1 =
√

B0Id
2L0R1ρ

. There is no particular distinction between the flow regimes for low
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and high Elsasser numbers.

5.2.3 Reliability of experimental results

Experimental results can be influenced by external sources in different ways. The
first way is a result of the presence of an undesired external force interacting with
the flow or driving mechanism which changes the physics. This can be the case here
due to the very low electrical resistance of the experimental set up and very high
currents with non-DC parts, that evoke the antenna effect and give rise to very high
electromagnetic noises. These noises are able to influence the flow. Their effect is
suppressed by electromagnetic filtering of the output of current sources to a level that
noises observed in Fig.(3.17) have frequencies higher than 256Hz which are relatively
safe. Effect of noises with a harmonic part on the flow is understood with the help
of simplified, one dimensional case of Fig.(5.17) in which liquid metal is at rest and
magnetic field is harmonic. This is definitely not our case but can simply explain
whether higher frequencies present in the experiments can influence the results.

Figure 5.17: Simplified one dimentional representation of liquid metal and the harmonic
part of the magnetic field.

Magnetic field distribution inside the liquid metal has the form of

B(x, t) = Real{(c1e
(1+i)

x
δpen + c2e

−(1+i)
x

δpen )eiωt}ey , (5.4)

with δpen, c1 and c2 being the penetration depth and constants determined according
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to the boundary conditions, respectively. Penetration depth determined by

δpen =

√
2λ

ω
, (5.5)

is a measure of penetration of the harmonic magnetic field into the liquid metal.
Penetration depth is less than 0.3mm for the case of liquid GaInSn and frequencies
higher than 256Hz which is much smaller than the width of liquid 2d = 10mm. As

a result the exponent of (− d
δpen

) while applying boundary conditions to Eq.(5.4)

becomes very small, c2 ≈ 0 and c1 = f(− d
δpen

) which leads to B(x, t) ≈ 0. This

yields that a harmonic magnetic field with frequencies higher than 256Hz does not
influence the liquid metal at rest. Liquid metal is not at rest in our real case. Since the
movement of liquid metal does not influence the magnetic field or penetration depth
drastically we conclude that the effect of noises with frequencies higher than 256Hz

are negligible here. Moreover in our case liquid metal is enclosed between copper
cylinders which act as a resistance, a frequency damper, for the harmonic part and
decrease its effect.

Among other forces which could change the physics under investigation are forces
originated from temperature gradients or electric potential differences. The effect of
these forces, as explained throughout this chapter, are minimized. The next is phys-
ical or electromagnetic interference of measurement devices with the flow, that can
change the physics. To minimize this we avoid introducing any sensor into the flow
and all the measurement heads are installed either flush to the liquid metal surface
(within the experimental accuracy) or with a distance from that. Despite all our ef-
forts there maybe be still an influencing parameter which is not known for us, such as
sensitivity of the flow to the infinitesimal submergence of measurement head into the
flow or its sensitivity to the sound waves emitted from the UDV sensor. Within the
experimental accuracy and with the knowledge of today we neglect all these effects.

Having a proper set up and avoiding any other disturbances, measured signals are
supposed to electromagnetic noises during data acquisition or early processing by
UDV processor, DOP 2000. UDV results presented in this chapter are so clear that
reject the possibility of any noise-signal interaction. Reliability of UDV results are
also related to the proper selection of data acquisition frequency, as discussed earlier.
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Measured potential drops are also supposed to noises. Their accuracy is investigated
in two steps. In the first step measurements for all the twelve measurement points are
done with two different data acquisition frequencies. Their averages and standard de-
viations are compared together in this chapter. In second step which is not presented
here, signals of two measurement points are measured using a high data acquisition
frequency (512Hz) amplifier after passing through a RLC high frequency filter. Av-
erage value of these results are compared with those of the other ten measurement
points, obtained in the usual way, for limited cases. The results show a good agree-
ment which yields that the average value of results are reliable, even at the presence
of noises.

Last sources of errors appear during signal processing of the experimental results.
Signal processing methods and formulas used can change the results to a limited
extent. To avoid these errors UDV results are presented without further signal pro-
cessing and PDV results are presented with the very simple processing, i.e. averag-
ing. The remaining sources of errors are formula(3.7) used to analyze the results and
cumulative errors of measurements of different terms in this equation.

5.2.4 Discussion

With the help of UDV and PDV methods in the present experiments three differ-
ent flow regimes including jets, rotating rings and jets and rotating rings as well
as a traveling wave structure and a number of rotating rolls are observed. Jets, ro-
tating rings, and jets and rotating rings affect the electrical resistance of the chan-
nel differently. Resistance of the channel is almost 100 times lower when jets are
the only flow regime. Appearance of different flow regimes are explained using
θ = ( d

R1+
d
2
) · ( KD

Ha2 )
2 and Rh =

Re
Ha . Starting from a laminar flow regime rotating rings

appear when 10.24 < Rh < 24.7. Rotating rings are the only observed structure for
295 < Rh < 1060.12 which is the upper limit of our measured data with a clear struc-
ture. Within these two limits rotating rings may appear alone or together with jets or
disappear and just jets remain, depending on the magnetic field intensity and θ . For
B = 96.25mT this is the F−Rh plot which explains the results in the best way. Start-
ing from a laminar flow this graph has a negative slope for rotating rings structure
followed by a positive slope for jets and again a different negative slope for rotating
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rings when Rh > 295. However this graph is good for observing transition when the
magnetic fields are weak. Our conclusion after trying different dimensionless pa-
rameters is that it is impossible to explain all the results in a unique manner by just
considering the Lorentz force and Hartmann braking effect, velocity, viscosity and
curvature. More phenomena should be considered at the same time.

Rotating rings can have the form of a centrifugal instability as explained in [Zhao
et al., 2011]. Jets and rotating rings structures can be the centrifugal instability to-
gether with a free Shercliff layer instability while the latter is a localized one with
no global effect on the effective resistance which is the case here. They can be as
well secondary flow together with jets forming due to current distribution nonunifor-
mity but if so, there is still a need to explain the behavior of current-voltage graph.
Flow regimes in the form of jets change the effective resistance and current-voltage
characteristics of flow compared to the rotating rings and jets and rotating rings flow
regimes. With an increase in Rh flow regime in the form of rotating ring with higher
electrical resistance undergoes a global instability through which electrical resistance
decreases drastically, i.e. current finds a new low resistance path. This new path is
related to the formation of jets. A possible scenario for formation of jets parallel to
Shercliff wall (for straight channel flow) is explained in Sec.(2.3), P.(24). This can be
the case here as well, where the measured voltage drops and equivalently the density
of transverse currents and so the resulting electromagnetic forces are different at the
top and bottom current injection rows (when the magnetic field is not zero). As a
result a pressure gradient forms between two Hartmann walls which derives the jets
from one Hartmann wall to the other. What causes the aforementioned difference in
voltage drop at the first place? A possible explanation can be the existence of a high
resistance flow structure close to one of the Shercliff walls which forces the current
to avoid Shercliff wall-Hartmann wall-Shercliff wall path and chooses the Shercliff
wall-Hartmann wall-opposite Hartmann wall-Shercliff wall. However this is just a
guess and it should be investigated in the future.

The last but not least point of this chapter is that with increasing Lorentz force the
flow time scales increases, even in the annular geometry.
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Chapter 6

Conclusions and Outlook

Overall aim of this thesis was to shed further light on the flow of liquid metal in-
side channels by experimentally investigating instabilities triggered by an increase in
Lorentz force, despite the opacity of liquid metal. This was a fundamental research
to recognize instabilities and identify their characteristics. As the first step it was
possible to visualize instabilities appeared at the free surface of the flow. A sequence
of instabilities, controlled by Reynolds number and interaction parameter, were ex-
hibited in this way in shallow liquid metal flow over a spatially confined non-uniform
magnetic field in a straight cell, some of which were similar to those observed in
pressure-driven flow past a solid cylinder. Stratified shallow liquid metal flow is in-
vestigated because it is more probable that what is observed at the surface is the same
as what is happening in the bulk of the flow. We provided evidences that this is the
case here, for flow directly above the magnet, for a range of parameters where char-
acteristics of flow in magnetic obstacle experiment became similar to those in quasi
2D flow. Now this range can be investigated in finer steps, experimentally as well as
numerically, to reveal more details of quasi 2D flows occurring in nature.

Analysis of our observations showed that flow details can be revealed by geomet-
rical analysis of the vortex structures, force and velocity measurements as well as
thermal photography. Now that instabilities can be visualized and data mining tools
are introduced, magnetic obstacle can be further investigated; mostly as a flow control
device. To this end the following experiments are suggested:

1. Investigating the effect of magnet to channel width ratio on the flow instability
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with this ratio varying from very low values to values bigger than one. This
leads to identification of flow under the influence of a dipole as well as flow
under the influence of fringing magnetic field.

2. Investigating the effect of magnet shape and geometry.

3. Investigating the effect of a change in channel cross section on the flow insta-
bility, with that being diverging or converging. As well the effect of magnet on
outlet of nuzzles can be investigated.

4. Investigating the effect of current distribution on flow instability with installing
two conducting strips at the bottom of channel at edges of the magnet or one
conducting strip with the same width as the magnet.

5. Investigating the possibility of flow control by injecting current to the bottom-
or sidewalls.

6. Investigating the possibility of flow control by introducing an array of baffles
into the flow with/without electric current injected to them/the flow.

7. Applicability of the kinematical studies introduced in [Hunt et al., 1978] to this
kind of flow should be proved. If it is shown that available kinematical theories
are not valid for magnetic obstacle case, there is a space for further development
of kinematic relations.

The main task of this dissertation was to investigate Lorentz force driven instabil-
ities in an annular geometry, preferably the largest possible one. For this purpose a
small-scale and a large annular channel are prepared. However instabilities are just
investigated for the smallest one in the framework of present thesis and investigation
of instabilities for the largest set up are left open for future. This relatively com-
plicated and huge annular channel with an inner and outer diameter of 273mm and
300mm is designed and built up (Fig. 6.1) based on theoretical modeling and experi-
mental investigations of the small-scale annular channel. It is possible to change the
height of this channel between 144mm and 5mm resulting in an aspect ratio of 10.67
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(a)

(b)

Figure 6.1: Sketch of the annular channel experiment and the driving mechanism. The
interaction of the radial current and the uniform axial magnetic field set the flow in
azimuthal direction (a); the built up channel (b)

to 0.37. 88 and 48 current injection points are provided on the outer and inner cylin-
der, respectively with 115 measurement points to measure the electric potential dif-
ference of inner and outer cylinders along one radius/height or different radii/heights.
In order to find out the proper distance/arrangement between two injection points, for
a uniform current distribution to be achieved, potential distribution inside channel is
modeled using COMSOL software (in addition to zero magnetic field experiments of
small-scale set up).

This experimental facility is tested successfully out of magnet. Further experi-
menting with this channel is left open for future. Proposed measurement methods are
UDV and PDV which are successfully applied to the small-scale experiment. Since
both UDV and PDV techniques are global measurement techniques, it is suggested
to add a local measurement technique to be able to capture a complete image of what
is happening inside the channel. This extra technique which can be the local volt-
age measurement in Hartmann layer enables us distinguishing the global instabilities
such as MRI from the localized ones such as Shercliff layer instability. Following
experiments can be done with this set up:

1. Investigation of flow instability when current is passing through all the injection
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points. The effect of channel aspect ratio is to be investigated in this case.

2. Investigation of flow instability when current is passing through part of the
injection points, in a symmetric/asymmetric arrangement. This can be used to
stabilize else unstable flow and also help us better understanding the role of
current distribution in instability.

3. Investigation of the natural convection in annular geometry. Experiments with
small-scale channel showed that magnet can be used as a controllable heat
source to drive the natural convection inside channel. Adding a water-cooled
copper tube on top of the channel (Plexiglas plate), a natural convection with
controllable temperature difference can be initiated.

Experiments should be designed in a way that all the desired experiments with one
aspect ratio are finished before changing that aspect ratio. Else the channel should
be disassembled, cleaned and refilled which is a huge effort, if possible (consider the
amount of cables in Fig. 6.1b).

Small-scale annular channel, built to experimentally investigate different design
parameters, showed that 78mm distance between two injection points is enough to
have a uniform current distribution inside this channel, provided that no mechani-
cal deficiency exists. It is also calculated that for this channel between 7 to 12hrs is
needed for the temperature to settle down and the flow becomes steady. Any measure-
ment before that would not be precise. Early runs of this experiment were polluted
with an enormous amount of noises coming from current sources which are discov-
ered and filtered. Paying enough attention to temperature and current uniformity and
eliminating noises, we observed five different instabilities, one of which appeared
just once (traveling wave) and the other one, which is new for us, more often (rotat-
ing rolls). The rest are instabilities with the known forms of jet and rotating rings
flow structures, the appearance of which are controlled by Reynolds number based
on the Hartmann layer thickness, Dean number and Hartmann number in the form of
θ = ( d

R1+
d
2
) · ( KD

Ha2 )
2. Origin of these observed instabilities are not fully understood.

This call for more theoretical analysis and numerical simulations. Jets appeared in
these results are suspicious to form because of the UDV-filling holes. To investigate
this we suggest to change the design of the small scale channel. Top Plexiglas plate
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should be blind with no holes in that and instead, two holes should be made in copper
walls in radial direction to be used for filling the channel and also placing UDV for
measuring the azimuthal velocity. Based on early zero experiments we think that two
extra UDV-holes in copper walls would not influence the current distribution inside
the channel.

Data analysis of the experimental results can be also improved in two ways. First
is to write a program that can guess the general flow pattern from the axial UDV data
based on an optimization process. It should guess the pattern, integrate its velocity
over the whole beam-window of UDV and compare its vertical component with UDV
signal. This continues till the matching pattern is found. Second is to define a char-
acteristic velocity based on the axial velocity profiles of UDV which can be related
to the flow structure. It needs a statistical analysis of obtained UDV results.

Throughout this thesis and in analyzing the results assumptions and formulations
are used which should be criticized and/or investigated. Further investigations are
suggested to criticize those or answer the following open questions:

1. How much is the exact viscosity of GaInSn?

2. Is there any chemical reaction between GaInSn and copper of the walls possi-
ble? What is the effect of temperature on this reaction? Does rubbing GaInSn
against copper affect this reaction?

3. Is MRI instability responsible for the phenomena observed in Fig.(5.5)? In
general is it possible to achieve MRI instability when a uniform magnetic field
is imposed to a flow driven by natural convection in an annular geometry?

4. What is the difference between the jets appeared alone and the ones appeared
with the rotating rings? Are the latter a free Shercliff layer instability?

5. Eq.(3.7) is used for calculating the average velocity of um using the average of
voltage drop measurements of annular channel experiment. This formulation
is originally derived using Ohm’s law for laminar flow. Can it be used for
turbulent flow as well? How accurate is it to use the average of voltage drops
and the linear Ohm’s law? Maybe the relation between average velocity and
average of voltage drops is not as simple as we assumed and it depends on the
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flow structure and type of instability (i.e. local or global one). If so, then there is
a need to theoretically develop a formula for average of voltage drops-average
velocity that covers all the situations.

6. Is it useful to do the statistical turbulence analysis for the voltage drop measure-
ments of annular channel experiments? Is it necessary to plan the measurements
with an even higher data acquisition frequency for this purpose?

7. What are the results of statistical analysis of the high frequency voltage drop
measurements inside the Hartmann layer? Do they deliver us new information?

8. Present experiments are done for the constant B and increasing I from zero.
Do we measure the same results for the constant B and I decreasing from its
maximum value? Is there any hysteresis?
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Appendices
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Appendix A

Hydrodynamic instability
Introduction

Here we review some of the well-known instabilities, mainly borrowed from

[Manneville, 1990; Kundu and Cohen, 2002; Manneville, 2004] and films of

„Flow Instabilities“[Mollo-Christensen, 1972] and „Fundamentals of Boundary

Layers“[Abernathy, 1970].

A.1 Kelvin-Helmholtz instability

Kelvin-Helmholtz instability, also known as the shear layer instability, is caused by
the velocity shear in a single continuous fluid or at the interface between two flu-
ids. In a single fluid, a velocity discontinuity can be understood as a vortex sheet
in which the shear is the mechanical origin of instability and viscosity plays a sta-
bilizing role trying to smooth out the velocity differences. At the interface of two
fluids with different densities and velocities the shear is destabilizing while surface
tension, stratification and viscosity stabilize the flow. The onset of this instability is
formulated in different ways for different types of flow and in some cases the Froude

number is used which is the reciprocal of the square root of the Richardson number.
Richardson number, however, as the main dimensionless parameter for this type of
instability is defined as the ratio of potential to kinetic energy. The kinetic energy is

Experiments on liquid metal flows exposed to magnetic fields 149



A Hydrodynamic instability

Introduction
Farzaneh Samsami

a measure of the velocity shear while the potential energy shows the tendency of the

fluid to retain its state. The ratio
U√
gd

defines the Froude number for shallow water

waves in a rectangular duct with a depth d and mean flow velocity U .

A.2 Shear flow instability

In reality, wall-bounded or free parallel shear flows like flows in channels, boundary
layer flow, jets or wakes are subject to perturbations coming from the inlet, contact
surface or vibration (even if small). The perturbations are convected downstream with
the flow while viscosity tends to damp them. The ratio of the viscous relaxation time
over the length l to the advection time required to carry velocity fluctuations over the
same distance is called the Reynolds number (Re = Ul

ν
, U is the velocity and ν is the

viscosity)(Eq. 2.15) and is a characteristic of such a flow. At a low Reynolds number,
viscosity has time to wipe out perturbations. By increasing Re the mechanical contri-
bution of downstream transport dominates. Further downstream the instability mech-
anisms present in the flow, has time to amplify the aforementioned spatially localized
small perturbations composing the residual turbulence. The competition between the
downstream transport of perturbations and their amplification by instability mecha-
nisms determine the type of instability. When the downstream transport is stronger
than the instability mechanisms, the flow behaves as a noise amplifier whose output
depends on the input (perturbation) intensity and the instability is called convective.
With the significant amplification of perturbations, so that they can go against the
stream in spite of a general downstream transport in an absolute instability, the flow
behaves as a self-sustained oscillator. The absolute/convective character of the flow
may change downstream as the flow develops and local Reynolds number and the
intensity of the instability mechanism changes (Fig. A.1). In such a case the under-
standing of the stability mechanism of the flow is possible only with a global analysis.

Instability mechanisms in different shear flows are dependent on the flow config-
uration, i.e. form of the velocity profile and pressure gradient. The effect of the
velocity form is examined by the zeroes of the second derivative of the velocity pro-
file which are called the inflection points (see Fig. A.1). If the velocity profile of
the flow has an inflection point (like wakes, jets and mixing layers), then the flow
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may become mechanically unstable and the viscosity tends to stabilize these insta-
bilities (existence of inflection point is the necessary but not sufficient condition for
appearance of instability). The threshold of such an inertial instability is low and
the instability acts as a general amplifier which amplifies every noise (wave). On the
other hand, flows with no inflection point in the velocity profile, like boundary layer
and plain Poiseuille flow, are mechanically stable flows. Viscosity destabilizes these
flows by producing the so called Tollmien-Schlichting (TS) waves. In such cases the
instability threshold is high and the viscous instability acts as a selective amplifier for
TS waves.

Figure A.1: Instability in the wake of a cylinder [Manneville, 2004]

A.2.1 Flow past a cylinder: wake instability

Flow past a cylinder is associated with various instability mechanisms including wake
instability at low Re followed by the instability of the shear layers that form down-
stream the detachment points. At a very high Re the boundary layer that develops
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along the cylinder itself becomes unstable. Williamson [1996] has given a compre-
hensive description of this phenomena. At very low Re the flow is creeping with
streamlines attached to the cylinder. Beyond that, up to Re≈ 49, a time independent
steady flow persists with a recirculation region of two vortices which are symmet-
ric under reflection in a plane through the cylinder axis parallel to the uniform flow.
The length of the recirculation region grows when Re increases. Recirculation region
appears due to symmetrically placed separation points on both sides of the cylinder.
At these points the boundary layer formed on the cylinder surface separates from the
surface, resulting in two shear layers (see Fig. A.1). These shear layers skirt the re-
circulating eddies. Near Re = 49 the first wake instability occurs as a manifestation
of a Hopf bifurcation, in which the wake undergoes time-periodic, wavelike oscilla-
tions. At higher Re the oscillatory shedding of vorticity due to unsteady separation
of boundary layer on both sides of the cylinder occurs which emits vortices into the
flow periodically. This self-excited oscillation of the near wake resulting from a time-
amplified global instability is known as von Karman vortex street. Karman shedding

Figure A.2: Taken from (Manneville, 2004) Top: 3D view of vortex shedding behind a
cylinder, after one of Taneda’s pictures in [van Dyke, 1982]. Bottom: Parallel vs. oblique
shedding; the marked distance is the wavelength of the vortex street.
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may occur in parallel or oblique shedding mode, depending on the spanwise end
boundary conditions. Oblique shedding is shedding of the vortices with an angle θ

with the cylinder axis (Fig. A.2).

The wake experiences a transition regime at Re≈ 190 to 260, where the regular
vortex street is altered by various secondary instability modes, two of which are mode
A and B. In a mode A instability primary vortices give birth to streamwise vortex pairs
at a wavelength of around 3− 4 diameters (vortex duplication). Mode A shedding
gradually changes to mode B shedding with smaller vortices of around one diameter
spanwise length. At this point, the primary wake instability is similar to laminar
shedding but with fine-scale streamwise vortex structures which can be interpreted
as a resonance due to shear layer-wake interaction. Beyond Re≈ 260 nature of the
instability changes gradually and the shear layers separating from the upper and lower
surface of the cylinder undergo instability via the Kelvin-Helmholtz mechanism. At
the highest Re boundary layer instability occurs.

A.2.2 Boundary layer instability

In a boundary layer with no inflection point and a small pressure gradient in the flow
direction (Blasius flow), viscosity acts through the mechanism of molecular diffusion
to spread the vorticity across the fluid as it is convected downstream. Viscosity desta-
bilizes the flow, as explained in Sec.(A.2), and the laminar flow eventually becomes
unstable with the emergence of 2D TS waves at critical Re (Fig. A.3). Further down-
stream relaminarization may occur or, depending on the level of residual turbulence,
TS waves whose amplitude increases slowly on a viscous time scale, experience the
growth of secondary modes. This introduces three dimensionality into the present 2D
flow on a much shorter inertial time scale and results in the appearance of streamwise
bands with alternating speeds which can take the shape of Λ -vortices upon amplifi-
cation. Breakdown of Λ -vortices into spikes causes the appearance of turbulent spots
which eventually lead to turbulence.
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Figure A.3: Side & top view of an aligned transitional boundary layer [Schlichting, 1979]

A.3 Taylor-Couette flow: centrifugal instability

This is the instability of flow between concentric rotating cylinders which is caused as
a result of adverse gradient of angular momentum. The rotating cylinders give rise to
centrifugal forces as destabilizing mechanism which is counterbalanced with viscous
forces as the stabilizing mechanism. The relative importance of centrifugal to viscous

forces is measured by dimensionless Taylor number (Ta= 4(
ΩiR2

i −ΩoR2
o

R2
o−R2

i
)
Ωi(Ro−Ri)

4

ν2

for an annular channel with an inner cylinder rotating with the angular velocity of
Ωi and radius Ri, and an outer cylinder rotating with Ωo and radius Ro [Kundu and
Cohen, 2002]). The other dimensionless control parameters here are inner- and outer-
cylinder Reynolds numbers. For low Re there is a purely azimuthal circular-Couette
flow (CCF) which remains stable below a critical Taylor number. As Ta exceeds
the critical value instabilities appear leading to a secondary steady state, the type of
which depends on the inner- and outer-cylinder Reynolds values, Rein and Reout re-
spectively. This is shown experimentally by Andereck et al. [1986] for an annular
channel with inner to outer radius equal to 0.833 and aspect ratio 30. His famous sta-
bility diagram (Fig. A.4) shows that with gradual increase in Re the system undergoes
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various instabilities leading to more complex flow regimes till eventually turbulence
occurs. Many of these regimes have standard patterns (Fig. A.5) and names, like
Taylor vortex flow (TVF), wavy vortex flow (WVF), spiral vortex flow (SPI), wavy
spiral vortex flow (wSPI), ribbons (RIB) and turbulent Taylor vortices (TTV). These
3D patterns can be projected onto 2D planes which simplifies them and is particu-
larly helpful for better understanding of experimental results. Hoffmann et al. [2009]
applied this idea to the numerical simulation of transition between TVF and SPI via
wTVF and wSPI in a channel with periodic boundaries (Fig. A.6). The sequence in
which these patterns appear, in reality, is also controlled by geometrical constraints
and boundaries. Boundaries can not only limit the modes participating in the dy-
namics but also can change the dynamics by making the flow turbulent. The flow
complexity increases when we consider the boundary layer transition to turbulence.
They remain laminar in the so-called classical regimes where the bulk of the flow
undergoes instability.

Figure A.4: Experimental stability diagram of Taylor-vortex flow [Andereck et al., 1986]
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Figure A.5: Vortex patterns which may appear between concentric cylinders, depending
on Rein. Here the inner cylinder is rotating, the outer cylinder is stationary and there is
no axial flow [Deshmukh et al., 2007].

There are similar cases in which curvature and the resultant centrifugal forces
destabilize the primary flow and give rise to a secondary flow. Among them are
the boundary layer flow along a concave wall which results in Görtler vortices, flow
through a curved channel driven by a pressure gradient and the annular channel flow
driven by electromagnetic forces. In all these cases, the viscosity acts as the stabiliz-
ing mechanism and in the last case magnetic field also stabilizes the flow.

A.4 Turbulent spots

Turbulent spots are patches of small-scale turbulent flow that can appear, move and
expand within laminar flow. They may occupy the whole flow and result in turbu-
lence. These spots with a normally well-defined form behave as an obstacle in the
flow since they move much slower than the surrounding laminar flow (depending on
Re). This obstacle produces oblique waves in its sides while moving and is followed
by turbulent wake in the form of streamwise elongated streaks. Such a mechanism
has been observed in pipe flow as turbulent plugs/slugs, in shear flow as turbulent
spots/bands and in Taylor-Couette flow as turbulent spirals [Manneville, 2004].
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Figure A.6: Azimuthal vorticity isosurfaces at eight time instances during the transition
(a)TVF-wTVF-SPI and (b)SPI-wSPI-TVF. Red (green) coloring denotes positive (neg-
ative) vorticity. The control parameters are (a) Rein = 115, Reout = −100 and (b)
Rein = 92.2, Reout = 0 [Hoffmann et al., 2009].
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Appendix B

Magnetic obstacle experiment
Further results

There are other phenomena observed during the experiments, two of which are

remarkable and are mentioned here. One is appearance of vortex sheets and

inner-magnetic vortices right after the magnet stops moving and the other is a

wave pattern revealed in the added images.

B.1 After the magnet stops

Right after the magnet stops moving there are two vortex sheets observable behind
the magnet representing Kelvin-Helmholtz instability of the shear layers (Fig. B.1a).
An exposure time later a pair of inner magnetic vortices are seen within the magnet
region which last for a while (Figs. B.1b & B.2). These vortices, appeared from
Re = 33 to Re = 2150.5 (corresponding to U = 3 to 200mm

s ), are different from the
ones in chapter three, in the sense that those were forced vortices and these are free
vortices produced due to the inertia of the flow and its tendency to keep its velocity
even after the magnet stops moving. Here the Lorentz force together with the viscous
forces damp the energy of the flow, till the fluid stops moving. For velocities higher
than 200mm

s and right after the magnet stops, a structure similar to inverse Λ appears
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downstream (Fig. B.3) which moves upward. When this structure reaches the magnet
region, inner magnetic vortices form.

(a)

(b)

Figure B.1: Vortex sheets behind the magnet right after the magnet stops (a) and 1.2s
after that, where the vortices are grown and two inner magnetic vortices appeared inside
the magnet region (b) for U = 50mm

s (Re = 537.6) and N = 1.9.

Figure B.2: Vortices above the magnet after the magnet stops for U = 5mm
s (Re = 53.7)

and N = 19.2.
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Figure B.3: Flow streamlines right after the magnet stops for U = 277.4mm
s (Re = 2983)

and N = 0.34. At this moment Lorentz force is negligible. This structure moves upward
and when reaches the magnet area, give birth to inner magnetic vortices.

Size of the aforementioned inner-magnetic vortices after the magnet stops are mea-
sured and depicted in Fig.(B.4) which can be compared to Fig.(4.32). The difference
is obvious.

(a) (b)

Figure B.4: Size of inner magnetic vortices right after the magnet stops; width mea-
surement shows a low variation and can be considered constant (a) length measurement
shows a general increasing trend (b)

B.2 Appearance of surface waves

A wake pattern is evident in Fig.(B.5) which is an added image. It consists of two
wake-lines forming the arms of a V (slightly curved and broadened at its ends) filled
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with transverse waves, appeared in the form of repeating dark-light strips. Wave-
lengths of these waves for velocities less than 150.88mm

s are comparable to or less
than depth of liquid metal in the cell, as in the deep water waves (Fig. B.6). The
patterns in our experiments are not always the same and their shape and arrangement
depend on the speed of the magnet. For lower velocities they appear in the neck
area and in shear layers enclosing the recirculating region. For velocities higher than
20mm

s they appear mostly inside the neck area and for higher velocities without the
inner magnetic vortices they spread in the channel and gradually become similar to
what is shown in Fig.(B.5). For velocities higher than 150.88mm

s the flow regime
changes and the waves become conical, like Fig.(B.3).

Figure B.5: A clear wake pattern for U = 90.32mm
s (Re = 971.2) and N = 1.06

As the magnet moves, it continuously generates small perturbations composed of
various sinusoidal waves with different orientations and a wide spectrum of wave-
lengths. Those waves with the longest wavelengths who move faster than the mag-
net, dissipate into the surrounding liquid and are not easily observed. Other slower
waves constituting the residual turbulence, are amplified through constructive inter-
ference and form visible waves which are reported in different experiments [Alpher
et al., 1960] and are explained by Manneville [2004] in page(262) under the title of
"Mechanisms?". Alpher et al. [1960] derives the wave equation for propagation of
small-amplitude streamwise disturbances in shallow mercury in the form of

∂ 2u
∂ t2 = v2

0
∂ 2u
∂x2 − (

1
τ j
)
∂u
∂ t

(B.1)

where τ j =
ρ

σB2
0

is the characteristic decay time of all flows and v0 =
√

gL0 = 0.31m
s

is the classical gravity wave velocity, appeared in Froude number. If we assume
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(a)

(b)

Figure B.6: Wavelength of the waves appeared in the wake and neck area as a function
of velocity (a) with one wavelength being measured from one light strip to the next light
strip in the added image (b)

B0 = 0.113T which is almost equal to the average of B0 at the free surface, then
τ j ≈ 10

65 which is the exponent of curve fitting for some of our graphs, including
graph(B.6a).
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Appendix C

UDV results

Remarkable UDV results for different Ha and I are exhibited here.

Figure C.1: B = 57mT , Ha = 43.6
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Table C.1: Details of detected rolls and relevant experiments; 1 is just once and 2succes-
sive means two rolls appeared once next to each other, like I = 525A in Fig.(C.9).

I [A] B
[mT]

emission
per
profile

PRF 1000 profiles
duration
[ms]

profile
acquisition
frequency
[Hz]

number of
rotating rolls
appearance

20.0 56.7 8.0 1063Hz 24.0 41.7 4successive
24.0 56.7 8.0 502Hz 50.3 19.9 1
28.0 56.7 8.0 502Hz 50.3 19.9 1
29.0 56.7 8.0 502Hz 50.3 19.9 1
30.0 56.7 8.0 775Hz 32.8 30.5 1
30.0 56.7 8.0 1063Hz 24.0 41.7 3successive
27-28 56.7 8.0 502Hz 50.3 19.9 4successive
49-50 56.7 8.0 502Hz 50.3 19.9 1
64.0 96.3 8.0 775Hz 32.8 30.5 1
105.0 96.3 8.0 1063Hz 24.0 41.7 2successive
110.0 96.3 8.0 4484Hz 6.1 163.9 1
115.0 96.3 8.0 775Hz 32.8 30.5 1
135.0 96.3 8.0 775Hz 32.8 30.5 1
135.0 96.3 8.0 4484Hz 6.1 163.9 1
150.0 96.3 8.0 1063Hz 24.0 41.7 4successive
175.0 96.3 8.0 775Hz 32.8 30.5 5successive
200.0 96.3 8.0 775Hz 32.8 30.5 1
200.0 96.3 8.0 3278Hz 8.1 123.5 1
200.0 96.3 8.0 3831Hz 7.8 128.2 2successive
210.0 96.3 8.0 1063Hz 24.0 41.7 1
300.0 96.3 8.0 1587Hz 16.2 61.7 1
750.0 96.3 8.0 4484Hz 6.1 163.9 2
1000.0 96.3 8.0 2564Hz 10.2 98.0 1
15.0 198.2 8.0 1587Hz 16.2 61.7 1
20.0 269.5 11.0 1587Hz 18.1 55.2 4successive+ 1

time 1 roll
75.0 269.5 11.0 3278Hz 9.0 111.1 1
90.0 269.5 11.0 2564Hz 11.4 87.7 1
110.0 269.5 11.0 3831Hz 7.8 128.2 1
130.0 269.5 11.0 3831Hz 7.8 128.2 1
140.0 269.5 11.0 4484Hz 6.7 149.3 1
145.0 269.5 11.0 4484Hz 6.7 149.3 1
145.0 269.5 11.0 7812Hz 4.6 217.4 1
195.0 269.5 11.0 4484Hz 6.7 149.3 1
210.0 269.5 11.0 7812Hz 4.6 217.4 2successive
220.0 269.5 11.0 4484Hz 6.7 149.3 1
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225.0 269.5 11.0 2564Hz 11.4 87.7 1
280.0 269.5 11.0 4484Hz 6.7 149.3 2times 1 roll
280.0 269.5 11.0 7812Hz 4.6 217.4 1
290.0 269.5 11.0 4484Hz 6.7 149.3 1
290.0 269.5 11.0 7812Hz 4.6 217.4 1
350.0 269.5 11.0 4484Hz 6.7 149.3 2successive+

2times 1 roll
420.0 269.5 11.0 4484Hz 6.7 149.3 1
420.0 269.5 11.0 4484Hz 6.7 149.3 2successive
430.0 269.5 11.0 7812Hz 4.6 217.4 1
440.0 269.5 11.0 4484Hz 6.7 149.3 1
470.0 269.5 11.0 7812Hz 4.6 217.4 1
480.0 269.5 11.0 4484Hz 6.7 149.3 1
490.0 269.5 11.0 4484Hz 6.7 149.3 1
490.0 269.5 11.0 7812Hz 4.6 217.4 1
503.0 269.5 11.0 7812Hz 4.6 217.4 1
515.0 269.5 11.0 4484Hz 6.7 149.3 1
525.0 269.5 11.0 4484Hz 6.7 149.3 1
585.0 269.5 11.0 4484Hz 6.7 149.3 2successive+ 1

times 1 roll
600.0 269.5 11.0 3278Hz 9.0 111.1 2successive
600.0 269.5 11.0 4484Hz 6.7 149.3 2times 1 roll
615.0 269.5 11.0 3278Hz 9.0 111.1 1
645.0 269.5 11.0 3278Hz 9.0 111.1 1
645.0 269.5 11.0 4484Hz 6.7 149.3 2times 2suc-

cessive rolls
660.0 269.5 11.0 4484Hz 6.7 149.3 1
11.0 342.6 8.0 775Hz 32.8 30.5 1
26.0 342.6 8.0 775Hz 32.8 30.5 1
125.0 342.6 8.0 2564Hz 10.2 98.0 1
525.0 342.6 8.0 1063Hz 24.0 41.7 3successive
750.0 342.6 8.0 3278Hz 8.1 123.5 2times 1 roll
750.0 342.6 8.0 3831Hz 7.2 138.9 1
15.0 429.9 8.0 1063Hz 24.0 41.7 1
82.0 429.9 8.0 775Hz 32.8 30.5 2successive
125.0 429.9 8.0 1063Hz 24.0 41.7 2successive+

3successive+
1+ 4successive

200.0 429.9 8.0 4484Hz 6.7 149.3 1
300.0 429.9 8.0 1063Hz 24.0 41.7 1
525.0 429.9 8.0 1587Hz 16.2 61.7 2successive
500-525 429.9 8.0 1063Hz 24.0 41.7 1
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