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Preface

Over the years, at the same time that the understanding of natural phenomena has in-

creased, new branches of knowledge have emerged. But the existence of these new branches

increases the complexity and the treatment of some of these problems. To deal with them we

need a multidisciplinary approach. A clear example of this situation is the synergy between

physics and biology. These two areas of knowledge are not independent sciences. There is

a large number of natural processes where both disciplines are necessary. There are multiple

physiological processes that concern humans, animals and plants that need a quantitative phys-

ical description to complement the biological interest. The coupling between these branches

allows to study in depth the nature of the new problems. Only the synergy between these two

branches, or more if we consider the mathematical tools used or the progress in engineering,

allows to improve the understanding of the new biological problems.

One of the most studied biological systems is the human body. The human body function

has been studied for many centuries in diverse cultures. Although a surgical papyrus written

in Egypt by Edwin Smith between 3000 and 2500 BC is the oldest known medical document

[1], we can consider that Leonardo da Vinci [2], in the sixteenth century, was the first to

propose a mixed approach between anatomy and engineering. The acceptance of physical laws

as part of the human bodily functions has given rise to new disciplines as medical physics or

biophysics (although this last one is extended to all biological systems, in this text we refer to

biophysics as the physical principles present in the human body). This physics branch includes

medical knowledge as a part of the problem resolution. The medical part of biophysics com-

plements some medical aspects of the human body, the medical equipments of diagnosis and

the treatment protocols with the physical laws or mechanisms that merge in the human bodily

functions. This fact, which is true in the most general cases related with biophysical medicine,

is furthermore necessary when the studies involve the interaction of the human body with large

magnetic fields. Clear examples of this fact are the magnetic resonance imaging (MRI), the

transcranial magnetic stimulation (TMS) or Magneto Encefalogram (MEG).

The study of the effects of MRI on the human body is a great scientific challenge [3].

MRI has increased its importance as a medical diagnosis equipment during the last years. Its

relevance has been further increased due to two main factors. On the one hand, the new

xv
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technologies allow most powerful supercomputers, and new techniques for image acquisition

have been developed. On the other hand, the high resolution of the new MRI devices. The

high spatial resolutions obtained in images are linked to an increase of the magnetic field used

in the device. The magnetic fields reach between 1.5 T and 3 T in clinical diagnosis or be-

tween 1.5 T and 11 T in medical research [4]. A MRI test depends on the combined action

of a constant magnetic field of high intensity with radiofrequency waves and magnetic field

gradients. The atomic nuclei are oriented to low energy states associated with an antiparallel

orientation of the nuclear spin related to the constant magnetic field. A pulse of electromag-

netic radiation, breaks the equilibrium state of the atomic nuclei. When radiofrequency ceases,

nuclear spins return to the initial low energy state, producing photons whose energy provides in-

formation on tissues types, being possible to reconstruct 3D images from the collected data [5].

Perhaps the greatest concern about these methods is the interaction of the magnetic field

with the human body. Although MRI is considered as a non-invasive technique, the interaction

between the magnetic field and the tissues is responsible of some bodily functions perturbations.

The human body has a large number of organs and parts where magnetic field interactions can

appear. One of the most common topics of research is to consider the possible perturbations

of the nervous impulses transmission [6]. These interactions are possible due to the presence

of electric charge currents or the emergence of electric potentials. It is possible to find some

experimental works clarifying these phenomena [7, 8], but a lack of consistent results makes it

difficult to extract clear effects [9–11]. Another evidence of magnetic field effects in humans

are experimental works that noted the interactions between the magnetic field produced dur-

ing the MRI test and the fluids that flows throughout the human body [12, 13]. Almost all

the fluids present in the human body are conductors of electricity. Magnetic fields produced

during the MRI test interacts with this conducting fluids. There are many possible effects,

electromagnetic induction, magnetic susceptibility, Lorentz forces, etc. These interaction may

destabilize natural flows of the body or may stablish other new flows. As a consequence, some

of the natural process could be altered. The interactions and effects of the MRI with the hu-

man body are better described by adding a solid physical basis. By studying the interactions of

magnetic fields with conducting fluids in real cases and models as close to the human cavities

as possible, it is possible to stablish physical evidences reaching a better knowledge of the MRI

effects in humans.

On the other hand, the effect of time dependent magnetic fields applied in conducting

fluids have been known in the physics community for decades. When a conducting fluid layer

flows through a region under the action of a time dependent magnetic field, a force that can

destabilize the fluid emerges. This idea has been deeply studied by a relatively young discipline

of physics, magnetohydrodynamics (MHD). MHD combines the electromagnetism and fluid

mechanics branches due to the mutual interaction of the magnetic and velocity fields involved

[14]. The evolution of the fluid motions is described by the Navier-Stokes equation and the
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magnetic field growth depends on the induction equation that is derived from the Maxwell’s

equations. The link that allows the coupling of both equations is the Lorentz force, that de-

pends both on the magnetic field and the velocity field. So, there is a competition between

the inertial, advective and magnetic effects.

This work combines the two previous ideas. This thesis is focused on the slowly variable

magnetic field effects in two different conducting fluids, an InGaSn fluid layer and the en-

dolymphatic fluid of the inner ear. In spite of the different nature of these configurations, the

problem resolution has a common nexus: the MHD as forcing mechanism. The emergence

of non-linear effects due to Lorentz forces is a key point in the dynamics of both systems.

The two different experimental setups proposed have great scientific interest. They have been

studied individually:

MRI hypothesis

We started with the MRI problem. Recent experimental works noted the effects produced

by the MRI magnetic field in the vestibular system [13]. Nearly all the human fluids consist of

electrolytes: ions solutions that convert them in electrical conductors. This fact is the main

explanation about how a large number of physiological processes are altered under the effects

of large magnetic fields. The main effects emerge as phantom sounds or lights perception,

dizziness or vertigoes. Focusing the attention on the last two cited symptoms, their presence

is a clear evidence of interactions between the MRI magnetic field and the body balance sys-

tem. Body balance is the final result of three different sensory-motor control systems working

together, sight, proprioception and vestibular system. The vestibular system is located in the

inner ear and it is formed by the vestibule and the semicircular ducts. Inside the duct we find

the perilymph and the endolymph, two conducting fluids that can be potentially altered by

the presence of large magnetic fields. However, the previous work neglected the MHD causes

as magnetic vestibular stimulation [13, 15]. One of our hypothesis is to evaluate the induced

effects by the MRI test magnetic field in the semicircular ducts through MHD causes.

MHD hypothesis

On the other hand, it is well know that the action of external magnetic fields that evolve in

time can produce surface waves or instabilities in conducting fluid layers. The study of these

instabilities involves various parameters as: the electrical conductivity and the magnetic field

properties, frequency and intensity. There are two different types of forces involved depending

on the magnetic field frequencies. For large frequencies the instabilities grow due to forces

localized near the surface. On the other hand, for low frequencies, those forces may penetrate

and produce a bulk force. There are a lot of experimental works related to the large frequen-

cies regime. In contrast, there are very few works at low frequencies regime. Almost all the
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observed instabilities in recent experimental works done in the low frequencies regime are far

from threshold. As it was shown experimentally by J. Burguete et al. [16], these instabilities

appear for very small parameters values. Another important hypothesis is the existence of

instabilities with a very small threshold or even without threshold.

Our objective is to analyse two completely independent systems that are forced by the

same mechanism, the MHD forces. If these are two different problems (each of them with its

scientific value), why to study them jointly? There is an added value that comes from the

combination of both studies. The effects of time dependent magnetic fields in conducting fluid

layers have been studied for decades. In this sense, the physics behind this problem is well

defined and studied. The proposed geometry in our study can be considered a close model

to the semicircular ducts of the inner ear. Therefore, the correct magnetic field and electrical

conductivity selection in the model allow to extrapolate the data obtained from the liquid metal

experiment to the MRI experiment. Under this framework, we add a physical ground to the

MRI experiment with volunteers.

This manuscript has been divided into three parts. Through these parts and their chapters

the study of the effects of slowly variable time dependent magnetic field over the two exper-

imental configurations proposed is shown: In Part I we present an historical introduction to

biophysics (Chapter 1) and then we present an introduction to both problems, the effects in

the inner ear (Chapter 2), and the effects on a liquid metal (Chapter 3). In Part II we present

the experimental setup that we have developed to study the MHD experiment (Chapter 4) and

the ultrasound Doppler velocimetry (UDV) measurements done to complement this approach

(Chapter 5). At the end of this part, we present the data processing, discussion and results

recovered from this experiment (Chapter 6). In Part III we present the experimental setup

that we have developed to study the MRI experiment (chapter 7) and the data processing,

discussion and results recovered (chapter 8). Finally, we present the Conclusions and Outlook

of this thesis.



Glossary

γ surface tension

ǫ0 electric vacuum permittivity

η magnetic diffusivity

θpitch,roll,yaw pitch, roll or yaw angle

λm azimuthal mode wave length

ρ density

σ electrical conductivity

τ magnetic damping time

ω angular frequency

µ, ν dynamic and kinematic viscosity

µ0 magnetic vacuum permeability

an waves amplitude

A frequency spectrum amplitude

AH, AP, PH Anterior-Horizontal, Anterior-Posterior and Posterior-Horizontal functional pairs

B magnetic field

c sound velocity

DFT Discrete Fourier Transform

Dt,i threshold

E electric field

EN cumulative energy

f frequency

fL Lorentz force frequency

fext external forces

Fb body force

FL Lorentz force

Fsu surface force

FT Fourier transform

g gravity

Gi ith magnetic field gradient direction
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2 Glossary

h height

hd drop height

H filter function

Ha Hartmann number

I current

IGBT Isolated Gate Bipolar Transistor

InGaSn Indium Galium Tin alloy

IR Infra Red

j electrical current density

lc capillary length

L typical length scale

Lp penetration length

mi ith azimuthal wave number

MRI Magnetic Resonance Imaging

MVS Magnetic Vestibular Stimulation

N interaction parameter value

Nyaver average nystagmus

Nyi ith nystagmus

NL Noise Level

NMR Nuclear Magnetic Resonance

p pressure

p0 typical pressure scale

Pm magnetic Prandtl number

q electric charge

Re Reynolds number

RM magnetic Reynolds number

ROI Region Of Interest

St Stuart number

Tη diffusive time

u velocity

vHIT video Head Impulses Testing

VEMP Vestibulo Evoked Myogenic Potential

VHA,PA,PH posterior, horizontal or anterior semicircular duct normal vector

VOR Vestibulo Ocular Reflect

W patterns weight

xi ith point

xm men average age

xw women average age

X,Y,Z MRI device coordinates
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Chapter 1

An historical introduction to

biophysics

Abstract

A brief historical introduction has been done to clarify how the study of different

scientific branches that have been developed individually or as a whole converge to new

subjects. These new branches of knowledge allow to study different problems related

to the human physiological functions. There are several mechanisms and physical laws

involved in modern medical problems. The more understanding of the physical aspects,

the best understanding of the medical phenomena.

1.1. Synergy between physics and biophysics

Many uncertainties about nature’s secrets have stifled humans throughout the ages. From

prehistoric times with the discovery of fire, great efforts have been done in order to determine

the physical mechanisms involved in the natural processes. Even nowadays during the age of

technology, there are still many unsolved challenges. At the same time that our knowledge

increases, the complexity of the new questions that arise also grows. The intricate nature of the

new uncertainties produced requires various lines of research to be solved. As a consequence,

there is an emergence of new science branches that are the result of the convergence of some

areas.

Terms as nanotechnology, biophysics or biomedical are well known nowadays. These new

science branches couple different disciplines and are synonyms of progress. In the old times,

the concepts of physics, medicine or mathematics were not split, but were part of philosophy.

Philosophers’ work was multidisciplinary: they dedicated their lives to study the connections

5



6 An historical introduction to biophysics

between different problems as logic, philosophy of sciences, metaphysics or others.

1.1.1. Biophysics history: from earliest times to present days

Since the very beginning of humanity one of the most interesting mysteries is how the hu-

man body works. The uncertainties about our nature and the human physiological functions

have existed since the beginning of human life. Medicine started as a discipline to answer these

questions.

The medical expertise is constantly growing and its progress was unimaginable few years

ago. In the scientific medical evolution, there are several fields as mathematics, physics or

chemistry that helped to understand the basic phenomena. In particular, there are different

physical branches or mechanisms as electricity, electromagnetism or mechanics that are involved

in many humans functions. The collaboration between medicine and physics has produced two

new areas: biophysics and medical physics.

The historical origin of the connection between physics and medicine is certainly difficult to

define. The scientific revolution between the sixteenth and seventeenth centuries changed the

scientific thought because of the scientific method. The new approach played an important

role in the development of medicine and physics. This new focus resulted in the emergence of

new ideas based on physics: electrophysiology, biomechanics or ophthalmology to cite a few.

However, we have to look a little bit back in history to define the origins.

The Edwin Smith Surgical Papyrus, dating from 3000-2500 B.C. and written in Egypt, is

one of the oldest known medical documents [1, 17]. In that document there are evidences of

abscesses treatment by using a fire drill. The physics contribution to medicine in first civiliza-

tions was focused in the use of physical factors as heat or cold. Years later Hippocrates (460

B.C. - 370 B.C.) described the first method to measure the body temperature (he is considered

by many authors as father of medicine). He covered body parts with mud. There were areas

that dried first due to high temperature body areas. He said that hotter areas were related to

pathologies [18]. Other ancient philosophers as Aristotle (384 B.C. - 322 B.C.) even defined

doctrines under these physical factors. He contributed with the so called four basic qualities

doctrine (hot, cold, wet, and dry) that later other philosophers applied to characterize the

foundations of balance and homoeostasis in Greek Medicine [19].

The first documents where the coupling between the human body physiology and mechan-

ics is clearly studied are the Leonardo da Vinci (1452-1519) notebooks [20]. Da Vinci made a

significant contribution to medicine through the dissection of at least 30 human bodies: these

documents provide amazing drawings and sketches of the anatomy. Perhaps da Vinci’s most
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widely known work in this area is the Vitruvian man. It is a representation of the proportions

of the “perfect” human body. In this research, he used physical principles to understand the

function of some body parts. Da Vinci’s drawings were very realistic. Even nowadays, there

are several medical methods that follows the da Vinci’s ideas: the mechanics of joints, the

deep definition of limbs, spine or heart. All these da Vinci’s discoveries have influenced the

medical and biophysical evolution. In that line, humans could be described as mechanical sys-

tems [1]. Under this influences, Andrea Vesalius (1514-64) defined the heart functioning as a

pump and William Harvey (1578-1657) described the circulation of the blood. René Descartes

(1596-1650) described the human body as a perfect machine gears. Finally, Giovanni Borelli

(1608-1679) works gave birth to biomechanics [21]. Under biomechanics, the main uncertainty

was the real nature of the forces that moved the body.

Other examples can be extracted from medicine history. William Gilbert (1544-1603) com-

bined his professional career as medical doctor with studies done in physics. He developed

several experiments related to electrostatics, magnetism and thermodynamics. He observed

that some materials served to attract or to repel small particles after rubbing them [22]. Un-

der the medical doctors influence of this period they conceived the existence of tempers and

Gilbert’s proposed that the electrical interaction phenomena was a consequence of a material

nature entity. He developed the first idea of electroscope. Scientists started to stablish relations

between the new inventions and their applicability in medical practice. Galileo Galilei (1564-

1642), introduced the first working thermometer [23]. This invention allowed to differentiate

between cold and hot temperatures by using a liquid mixture of alcohol that flowed through

a capillary tube. Thermodynamic effects were the activation mechanism. Galileo’s discovery

of the thermoscope encouraged Santorio Santorio (1561-1636) to add a scale performing a

device that was able to measure with precision the temperature [24]. Once more, the medical

requirements (Santorio needed highly accurate clinical devices) was supported by the physical

concepts. He became later well known for his basal metabolic studies.

Other Galileo’s important discoveries was the telescope. He had heard about Hans Lipper-

hey’s (1570-1619) device to see distant objects. Galileo worked and refined the lenses geometry

until got enough amplification “to see the stars” [25]. Some years later, under the Galileo’s

ideas, Anton van Leeuwenhoek (1632-1723) made important visualizations of live cells by using

optical microscopes made by himself. He developed different techniques in order to construct

superior lenses with a magnifying power of 270x (he could view individual cells of one microm-

eter [26].

Although sixteenth and seventeenth centuries changed the scientific evolution, it was not

until the eighteenth and nineteenth centuries when biophysics and medical physics began to

grow faster. Luigi Galvani (1737-1798) was medical doctor, physiologist and physicist. He

studied the properties and the nature of electricity. He showed that electric impulses trans-
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mission was able to stimulate repeated contraction of the muscles [27, 28]. He gave birth to

a new intellectual discipline called electrophysiology. Based on the Galvani’s work, Alessandro

Volta (1745-1827) thought that electricity was outside of the animal. He showed that it was

possible to define a potential difference between two metallic materials [29]. This new idea

introduced a debate among animal and metallic electricity.

The historical evolution of the interaction between physics and medicine has also produced

pseudo-science. Some years later Franz Anton Mesmer (1734-1815) used magnets to induce

mystery flows through his patients in order to reduce adverse symptoms. The patients had to

drink an iron based dilution. After this, Mesmer placed magnets in the affected body parts

to produce these curative flows. He thought that he could concentrate “animal”magnetism.

The transmission of the confined “animal”magnetism was the tool that allowed him to treat

his patients. The Mesmer’s idea was not accepted by the scientific community. The generated

controversy gave rise to the first double-blind test [30]. The French Academy of Sciences set

up a commission to investigate the Mesmer’s“animal”magnetism experiments. The committee

was leaded by Benjamin Franklin and Antoine Lavoisier.

It is essential to include in this brief historical time-line the figure of James Clerk Maxwell

(1831-1879). The famous Maxwell’s equations unify some of the nature’s fundamental forces,

he discovered that electricity and magnetism converges in the electromagnetic force. In addi-

tion, Maxwell showed that light is an electromagnetic wave. So, he linked electricity, magnetism

and optics. One of the main Maxwell contribution to medicine is focused on the physiological

optics. Isaac Newton (1642-1727) advanced that the light could be divided in different color

bands. He explained some optical phenomena as reflection, refraction and dispersion of light.

The Newton’s works guided Thomas Young (1773-1829) to derive the color theory definition

who supposed an important improvement in optical physiology. Maxwell continued with this

line of research and experimented with spinning color wheels, who allowed him to define the

light receptors in the human eye [31]. It should also be noted that Young works in elasticity

were used to create the first system to measure blood pressure.

Other clear example of multidisciplinary research during the nineteenth century was done

by Hermann Ludwing Ferdinand von Helmholtz (1821-1894). He was sure that physical forces

were governed by the same laws in living and dead matter. He only conceived the research

in living matter as the phenomena examinations with physical methods and physical analysis.

He worked in animal heat generation, velocity of nervous impulses, ophthalmology, animal

electricity and sensation of tone [32].

The previous examples are a clear evidence that biological systems as human phenomena

are controlled in some cases by physical mechanisms. At the end of the nineteenth century

and beginning of the twentieth century, there were different discoveries that confirmed the
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Helmholtz ideas about physics and medicine. The synergy between these two branches re-

vealed a really powerful research tool that produced new discoveries that were a revolution for

diagnose and treatment. The first of these discoveries that changed the human life was done

by Wilhelm Conrad Röntgen (1845-1923). He was working with cathodic ray tubes when he

discovered the X-rays [33]. The X-rays are nowadays used in one of the most powerful tech-

niques of medicine, the radiology. On the other hand, the development of the knowledge of

radioactive materials started on these years. Antoine Henri Becquerel (1852-1908) discovered

the radioactivity. Joseph John Thomson (1856-1940) discovered the electron, isotopes and

developed the mass spectrometer. Ernest Rutherford (1871-1937) studied radioactive parti-

cles. He observed that radioactivity was accompanied by a breakdown of the elements and

classified the α and β radiation. Then, Marie Salomea SkÃlodowska (1867-1934) and Pierre

Curie (1859-1906) discovered the radium and isolated radioactive isotopes. They worked with

Rutherford and developed the radioactivity. From these discoveries, many scientist worked in

medical application problems based on the ionizing radiation: radiotherapy, nuclear medicine,

etc.

Physicists started to be present in hospitals to control and verify the correct behaviour of

devices used in radiography, dosimetry, radiology, etc [2]. Actually, the presence of physicist

and engineers in hospitals is opened to all areas where the interaction of physics and physi-

ological process are observed. It is not possible to finish this short historical review without

the mention of other important achievements as Computed Tomography (CT) by Godfrey

Hounsfield (1919-2004) or Magnetic field Resonance Imaging (MRI), attributed as a whole to

Raymon Damadian (1936-), Peter Mansfield (1933-) and Paul Lauterbur (1929-2007) (further

information of these discoveries can be found in Chapter 7 of this manuscript).

Some historical achievements of the medicine and physics convergence have been shown

here. There are several subjects that could be considered as examples of the biophysics evo-

lution since first civilizations. Even important findings in other fields including pure scientific

research without an obvious relation have become part of the biophysics before to be discov-

ered. Since second half of the twentieth century, the scientific community accepts this term

as a distinctive branch of science and many advances have been done. Other topics have not

been covered, as new materials, biophysics of membranes, but is impossible to review all the

new topics where these two branches interact.

This doctoral dissertation is another example of this collaboration between areas of knowl-

edge. Two works with totally independent natures: instabilities in conducting fluids (pure

physics) and MRI effects in the inner ear (biophysics) are studied. The resolution of the phys-

ical problem allows a better understanding of the physiological phenomena as it is shown in

the next chapters.
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Chapter 2

MRI effects in the inner ear

Abstract

Recent works show the existence of side-effects in some patients when they are subjected

to magnetic resonance imaging tests. Although the symptoms are diverse and the

diagnostic criteria can be different, some of them are related to an alteration on the

body balance system, dizziness and vertigoes. The body balance function is controlled

by different mechanisms that work together in order to control the body positioning.

The mismatch of one of them produces the mentioned alterations. One of the aims of

this doctoral thesis is to study the MRI test induced effects in one element of these

mechanisms, the semicircular ducts. In order to better understand these phenomena, a

brief introduction to the human physiological functions, inner ear physiology and body

balance system has been done. The vestibular system is responsible of our statical

and dynamical balance. These cavities are filled with electrolytes (endolymph and

perilymph), that due to their nature, are electrical conductors and could be altered by

magnetic fields following the principles of Lenz’s law and Lorentz forces. So, the natural

flows in the cavities could be altered.

2.1. Physiology of the inner ear

Inside the human body a group of different biological functions are necessary for human

live. They form complex systems. The simple actions of walking across the street or turn the

head seem simple in principle. Most people don’t have problems running on the street, jump-

ing, getting out of bed in the morning or bending them to tie their shoes without dizziness.

All of these actions that appear as very easy are controlled by an amazing complex system

where different sensory receptors work together in order to control the body balance [34]. The

human body balance could be compared with a machine with gears that fit together perfectly.

But this system is an unstable configuration that needs continuous control and feedback as

11
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in an aeroplane guidance system. The body movement includes the integration of different

control mechanisms that the central nervous system processes. The output goes to the ocular

muscles and spinal cord that produce responses or reflexes as the vestibulo-ocular reflex that

control the eyes movement or the vestibulo-collic reflex and the vestibulo-spinal reflex that

are a compensatory response of the neck muscles. Three sensory-motor control systems work

together to achieve the perfect balance (Figure 2.1). The nature of these systems is quite

different and the balance depends on the coupling between them [35].

Figure 2.1: Sketch of the body balance mechanism: the brainstem, cerebellum and cortex

process the received signals from the sensory inputs and produce the motor output. At this

step, there is a feedback on the brainstem due to the vestibulo-ocular reflex. All the motor

output working together fix the body balance. Extracted from [36].

The sensory information from the eyes, the sight, allows to know the spatial position. This

sense give us the frame of reference between the body motion and the environment. The

information received from muscles, tendons and joints, the proprioception, allows us to know

where the body parts are at any given moment. Finally, the balance organs of the ear allow to

perceive the position respect to gravity and allow to perceive turns and rotational accelerations.

They are located on the vestibular system. Information from these three sensory receptors are

combined to produce our spatial perception. Although the body balance is the final result of

these mechanisms, a person can become disoriented or feel vertigoes or dizziness if at least

one of them fail because of an injury, disease or external force. A conflict between them can

appear, as one gives contradictory information compared with the others [37, 38].
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This is exactly what may happen sometimes when a patient is inside the magnetic reso-

nance imaging (MRI) device. It is well known that there are biological effects when patients

are subjected to MRI scanner magnetic fields [9]. Although these effects are not permanent or

can be considered dangerous risks [3], one of the transient effects of the high magnetic field

may bring out of equilibrium the vestibular system. In order to better understand the possible

interactions between the magnetic field involved during the MRI test and the inner ear, it is

necessary a description of the inner ear physiology. This small body part is very complex and

its anatomy could be clearly divided in three parts: outer, middle and inner ear (Figure 2.2).

Figure 2.2: Anatomy of the ear, divided in three clear different parts: outer, middle and inner

ear. In the inner ear, embedded in the bone cavity rests the vestibular system, responsible of

the body balance. Adapted from [39].

From outside to inside, the first part that we find is the outer ear. It consists of the pinna

and the ear canal and constitutes a sound reception mechanism. The pinna collects the sound

waves that cross through the ear canal arriving to the eardrum. The eardrum separates the

outer and the middle ear, where three tiny bones, called the ossicles, transform the sound wave

into a mechanical vibration (the ossicles transmit and amplify the sound wave from the ear to

a liquid in the inner ear). In this region, the eustachian tube balances the external and internal
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pressures. The deepest region of the ear is the inner ear, embedded within the temporal bone.

The inner ear is the most complex region because it is responsible of two functions, associated

to two connected parts. On the one hand, the cochlea, a snail-shaped tube that contains the

Corti organ and that is responsible of the audition. Connected with the cochlea and sharing

the same fluid volume is located the vestibular system, responsible of the body balance [40, 41].

2.1.1. The vestibular system as responsible of our balance: the semicircular

ducts

The vestibular system provides sensory information about humans motion, spatial orien-

tation and definitively, about body balance. It is formed by a complex system that involves

the collaboration of the peripheral vestibular apparatus, ocular system, muscles, brainstem,

cerebellum and cortex. The final result is that the vestibular system drives reflexes to main-

tain stable vision and posture. There are two vestibular systems, located at both sides of the

head. They form a symmetrical system that includes in each inner ear the vestibule and the

semicircular ducts (Figure 2.3). Inside the vestibule, many different structures can be distin-

guished. The utricle and saccule are two bags that contain some calcium carbonate crystals

called otoliths which are responsible for our statical orientation being able to establish the head

position with respect to gravity and to perceive lineal accelerations [42].

Other structures are the semicircular ducts, responsible of the dynamical balance and ro-

tations. They detect angular accelerations or rotation of the head. These ducts are three

annular bone cavities embedded in the temporal bone of the head (inner ear). They are called

the anterior, posterior and horizontal ducts. These ducts form a nearly perfect rectangular

trihedron, where each pair of ducts form approximately a 90◦ angle. So, the morphology of the

cavities is close to a reference frame where each duct represent three different planes in the

space (x, y, z). The orientation of this reference frame is not parallel to gravity: by using the

horizontal duct as a reference, the bone cavity is angled with respect to the horizontal plane of

vision. The horizontal duct plane orientation match with the imaginary line between the tragus

(the small cartilage at the beginning of the ear canal) and the eye border. The superior and

posterior ducts are aligned in a 45◦ angle to the sagittal plane (left-right symmetry plane), and

the lateral canals are aligned in a 30◦ angle in the axial (horizontal) plane [42]. The position

of the ducts is symmetric in both ears (Figure 2.4).

Inside the ducts, there is an internal concentric membranous cavity (labyrinth) with the

same shape of the bone cavity. So, there are two clearly differentiated regions: an inner cavity

limited by the membrane and an outer space between the bone and the membrane. Both

volumes are filled by ionic aqueous dilutions, endolymph and perilymph respectively.
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Figure 2.3: The vestibular system is formed by many parts. The balance is governed by three

of them. On the one hand, utricule and saccule (blue colors in the figure), that are in charge

of the statical balance. On the other hand, the semicircular ducts (red, orange and pink colors

in the figure), that control the dynamical balance. Adapted from [43].
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Figure 2.4: Semicircular ducts orientation. The reference frame is not oriented perpendicular

to gravity. Horizontal semicircular ducts form around 30◦ with the occipital plane (red line).

All of them form around 90◦ taken two by two. Both ears are symmetric and the ducts form

functional pairs: anterior and posterior ducts (blue and green lines), and horizontal ducts.

Adapted from [44].
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The balance mechanism works as follows: when the head rotates a flow is created because

of inertia on the membranous labyrinth. Inside each membranous duct there is an expansion,

the ampulla (Figure 2.5). This bulge plays a main role in the sensory perception of rotational

accelerations. Inside the ampulla there is a gelatinous diaphragm that is shaped as a cupula

and close completely the channel. The cupula rest on the crista ampullaris, that contains clus-

ters of vestibular hair cells (There are around 7000 hair cells per cupula [13]). The hair cells

are rod-shaped sensory mechanoreceptors. They feel the motions inside the different ducts

through the cupula deflections. Rotational acceleration produce the hair cells bending because

of the pressure gradients exerted against them [43]. The hair cells are capable to detect and

quantify even really small pressure variations. The minimum pressure variation noted is 10−5

Pa [45]. The hair cells even may produce mechanical non-linearities that allow to reduce the

angular motion threshold perception at low stimulus strengths [46].

It is possible to better understand the hair cell behaviour isolating one of the ducts. Each

semicircular canal forms a toroidal loop. If we tilt our head towards the floor with an angle

close to 30◦, a horizontal rotation of the head from the left to the right will produce an iso-

lated flow inside the horizontal semicircular duct loop. This motion forces a pressure gradient

between both sides of the cupula in response to the angular acceleration of the head (Figure

2.5). The hair cells are displaced from their equilibrium position in the opposite direction of

the head rotation. They produce a signal to the brain that is transferred to the brainstem in

the primary vestibular afferents. The deflection of the hair cells causes the opening or closing

of ionic channels (potassium ions) due to polarization or depolarization of the hair cell towards

the interior of the cell. This process increases or decreases the firing of its afferent fibers.

The resting state of the ducts is not zero. Without rotation, a continuous train of spikes is

transmitted to the brain by the hair cells. Depending on the rotation direction, the hair cells

are polarized or depolarized and the spike frequency is increased or decreased (Figure 2.5).

So, the ducts encode the rotation of the head based on the modulations that suffer the basic

afferent resting state [47], that has bidirectional sensitivity.

These basic impulses induced by one duct are not unique. As was explained before, the

bone cavities form a reference frame and all of them work together. Each duct produces their

own signal and are combined as the motion superposition of the three bone cavities. In a

normal balance system with no pathology, the impulses originating from the right side are con-

sistent with impulses originating from the left side. So, if an endolymphatic flow produces the

polarization in one semicircular duct, at the same time inhibit the hair cells of their functional

pair. In that sense, all the ducts works as coplanar pairs. There are three of them: the two

horizontal ducts form a pair, and the two pairs formed by one of the anterior ducts and the

contra-lateral posterior duct [43].

These mechanisms take part of the vestibulo-ocular reflex. When an external force stimu-



Section 2.1 17

Figure 2.5: Upper panel shows the ampulla. The head motion produce an angular acceleration

in the ducts. The endolymph motion deflects the cupula and the hair cells. All the hair cells

are polarized in the same direction in each cupula. Bottom panel: each hair cells cluster has

a resting train of spikes. The polarization or depolarization of the cluster changes the spikes

frequency. Adapted from [43].

lates the semicircular ducts, there is a direct connection between the eyes and the stimuli. The

eyes rotate automatically in the opposite direction. This complex mechanism does not need

the brain processing and allows humans to look at a fixed point while we are walking or the

head is in motion [48]. This natural behaviour and the vestibulo-ocular reflex will be a relevant

mechanism in the third part of the thesis.
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Perilymph Endolymph

Sodium (mM) 141 1.3

Potassium (mM) 6.0 157

Chloride (mM) 121 132

Bicarbonate (mM) 18 31

Calcium (mM) 0.6 0.023

Protein (mg/ml) 242 38

pH 7.3 7.4

Potential (mV) <3 85

Table 2.1: Endolymph and perilymph chemical composition. Perilymph is based on chloride

and sodium. On the other hand, endolymph is based on chloride and potassium. Extracted

from [49].

2.1.2. Endolymph and Perilymph as conducting fluids

How could the natural flows of the inner ear be affected by the magnetic field generated

during the MRI? The symptoms observed in patients during MRI tests may be caused by the

interaction of the magnetic field involved with the vestibular system fluids. There are two

fluids that produce the stimulation because of the semicircular ducts motions. These fluids

are electrolytes and have a finite, but small, electrical conductivity [50, 51]. Therefore, these

fluids are potentially alterable by external magnetic fields as the ones involved in the test.

This condition is especially important when the magnetic field has high intensities as during

the MRI. Between the bone cavity and the membrane cavity flows a sodium chloride dilution

called perilymph. Through the membrane cavity flows the endolymph, a potassium chloride

solution (Table 2.1). As we saw before, the endolymph is the fluid responsible of the dynamical

balance. The pressure gradient in the hair cells is a reaction to the endolymph motion.

As a consequence of the endolymph electrical nature, the external magnetic field could

modify the normal behaviour of the fluid inside the duct. This means that the physiological

process that controls the body balance can be altered by the presence of the magnetic field. As

was explained above, the conflict in one of the three different sensory-motor control systems

could produce balance alterations. In other words, it may be said that the vertigoes observed

in patients can be a direct consequence of the interaction of the magnetic field with the en-

dolymph contained in the semicircular ducts. In order to study in depth this effect, we need

to understand how a conducting fluid interacts with a magnetic field. This will be the subject

of the next chapter.



Chapter 3

Magnetohydrodynamics

Abstract

The morphology and functioning of the inner ear and the semicircular ducts have been

defined in the previous chapter. The unanswered question is how the vertigoes are

induced by the MRI test. In this chapter we will introduce the basic concepts about

the interaction between conducting fluids and magnetic fields. This topic is covered by

MHD (magnetohydrodynamics). As the semicircular ducts are filled with electrolytes,

they can be affected by process described by this discipline. The MHD equations

allows to discern over the effects caused in a conducting fluid that flows in presence

of magnetic fields. These equations have a highly non-linear interaction. Some MHD

assumptions are introduced in order to simplify the equations. In addition, dimensionless

study has been done. The non-dimensional parameters obtained explain the relative

importance of the physical process behind the stimulation of the semicircular ducts.

3.1. A brief introduction to the effects of a time dependent

magnetic field in the semicircular ducts.

When an electrical conductor loop rotates on a magnetic field ( ~B), a variation of the initial

magnetic flux density may appear. As a consequence, an electromotive force is generated

(EMF). The EMF originates induced electrical currents (~jinduced) that will appear through the

electrical conductor [52].

These induced currents try to balance the varying magnetic flux densities giving origin to an

induced magnetic field ( ~Binduced) according to the Ampère’s law. This induced field“tries” to

compensate the magnetic fields flux density variations (Figure 3.1). The direction of ~Binduced

will be opposite to ~B variations. The same behaviour can be obtained if the electric loop is
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static, but ~B evolves in time [52].

Figure 3.1: Faraday-Lenz principle. Assuming an axisymmetric geometry, ~B variations pro-

duce azimuthal induced currents. These currents generates ~Binduced in the opposite direction.

Extracted from [53].

The Lenz’s law allows to define the direction of ~Binduced. The evolution between electric

and magnetic fields is quantified through the Faraday-Lenz’s law (Equation 3.1).

∇× ~E = −∂ ~B

∂t
(3.1)

where ~E is the electric field and ~B the magnetic field.

This phenomenon is just what happens in the inner ear. If an external magnetic field could

induce currents that flow through an electrical conductor, this process may also appear in

the semicircular ducts fluids. The presence of the magnetic fields generated in the MRI test

affects the ducts as follows: the magnetic field will induce currents in the semicircular ducts.

These electric currents flow in azimuthal direction due to the morphology of the ducts. In each

orientation of the main field, an induced magnetic field compensates the magnetic field flux



Section 3.1 21

variation in different directions. So, the azimuthal induced currents have different orientation

depending on the phase of the cycle.

It is clear that the presence of an external magnetic field evolving in time or the movement

of the patient in a constant magnetic field will produce induced currents in the perilymph and

the endolymph. The presence of these electrical currents through the semicircular ducts gives

origin to a feedback in the system. These currents interact again with the induced and external

magnetic fields giving rise to electromagnetic forces. The magnetic component of the Lorentz

forces are proportional to the vectorial product between the current and the magnetic field.

~FL = ~j × ~B (3.2)

where ~j represents the electrical current density.

So, when a patient is lying down on the bed out of the MRI device, the sight, propriocep-

tion and vestibular sensory-motor mechanisms send similar information to the brain. There

is a match on the sensory-motor signals. When the patient is moved (under the effects of

the constant magnetic field) or is located inside the MRI device (under the effects of a time

dependent magnetic field), the presence of induced currents in the endolymph may produce

Lorentz forces that alter the natural behaviour of the ducts. Although the patient is at rest,

Lorentz forces could create pressure gradients and motions inside the semicircular ducts. This

also means that the stimulation of the hair cells of the semicircular ducts could take place

even when the patients are lying on the test table. Because of the interaction between the

external magnetic fields and the endolymph, the Lorentz forces will modify the perception of

the vestibular system. On one hand, the proprioception and sight mechanisms send signals to

the brain informing that the body is at rest and there is no relative displacement in relation

to the external environment. On the other hand, the vestibular system send a impulse to the

brain that mismatch with the others.

The question that we would like to answer is if these currents are strong enough to trigger

instabilities in the electrolytes of the inner ear. To do so, we need, in a first stage, to charac-

terize these instabilities in a liquid metal experiment and determine any potential threshold.
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3.2. Electromagnetism and fluid dynamics: the basis of MHD

early days.

As H. K. Moffat said: “ ...MHD is concerned with the dynamics of fluids that are good

conductors of electricity, and specifically with those effects that arise through the interaction

of the motion of the fluid and any ambient magnetic field B(x,t) that may be present. Such a

field is produced by electric current sources which may be either external to the fluid (in which

case we may talk of an “applied” magnetic field), or induced within the fluid itself...” [54].

Under this definition we can say that MHD is a branch of continuum mechanics that couples

electromagnetism equations with fluid dynamics equations. MHD describes the mutual inter-

action of conducting fluids in presence of magnetic fields, because there is a coupling between

the velocity field ~u and the magnetic field ~B. MHD is a relatively young scientific discipline

developed since the twentieth century but the origin of this branch goes back to nineteenth

century when electromagnetism and fluid dynamics were fully matured [55].

Fluid dynamics

Although fluid mechanics has been used since old times from a practical point of view, a deep

understanding of the natural systems involved has its origins in 1738, when Daniel Bernoulli

(1700-1782) published his work called Hydrodynamics [56]. The hydrodynamics pressure was

defined under the idea of energy conservation laws [57]. Bernouilli derived the energy conserva-

tion in fluids, that for an incompressible flow is defined in Equation 3.3. Bernouilli considered

the kinetic energy, gravity and pressure.

1

2
ρu2 + ρgh+ p = const (3.3)

Some years latter Leonard Euler (1707-1783) studied the flows dynamics deducing the fluid

mass and momentum conservation equations. The conservation of mass law define mathemat-

ically how in fluid dynamics, mass could not be created or destroyed, dtm = 0. The mass in

a fluid volume could be defined in terms of density as m =
∫

v ρdV and the mass conservation

could be written in a differential form as function of density:

∂ρ

∂t
+∇ · (ρu) = 0 (3.4)

On the other hand, the conservation of momentum is based on the second Newton law.

In a fluid, the second Newton law is defined as the temporal derivative of momentum as
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F = dtpmex where pm =
∫

V ρudV . The momentum conservation could be written as:

∫

V
ρ
Du

Dt
dV = F (3.5)

where F represents the external forces present in the fluid. Under this assumption, there

are two different forces to consider. On the one hand, body forces that implies long-ranges.

These forces used to be consequence of external fields as the gravitational force. The second

group is formed by surface forces that imply short-range. These forces are surface forces per

area unit. In fluids, this term is a little bit complex and scientists needed years to fully describe

the components. Under these considerations, the momentum conservation could be written as

follows:

ρ
∂u

∂t
+ ρ(u · ∇)u = −∇p (3.6)

Several works were done to better understand the Euler’s equations. Augustin Cauchy

(1789-1857) observed that viscous effects could be expressed in terms of a mechanical stress

tensor. Claude Luis Henri Navier (1785-1836) added to the momentum conservation equation

a viscous term based on his experiments and George Gabriel Stokes (1819-1903) defined latter

the real nature of the viscous effects observed by Navier. As a result, in 1845 Navier-Stokes

(NS) equation was fully described as we know it today. This is a complex non-linear equation

that allows to predict the behaviour of fluids as a competition between the inertial, viscous

and external forces present in the fluid. For a Newtonian fluid could be written as:

∂t~u+ (~u · ∇)~u = −1

ρ
∇~p+ ν∇2~u+ ~fext (3.7)

In order to solve the Navier-Stokes equation, we should close the loop specifying the bound-

ary conditions. Although they don’t appear explicitly in the NSE, the boundary conditions are

implicit in the problem definition: In the case of the InGaSn drop of fluid experiment, we have

an interface between two fluids with free surface. In the case of the inner ear experiment, the

boundary is defined by the membrane that surrounds the endolymph. This condition cannot

be further expanded because the physical properties of this membrane (i.e. the elasticity) are

unknown.

There are some assumptions, for example to consider the fluids as incompressible or perfect,

that simplifies these equations. A more detailed derivation of the mass conservation equation
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or the Navier-Stokes equation can be found in classical fluid mechanics books [58, 59].

Electromagnetism

The conception of electromagnetism evolved little by little from old times as fluid dynamics.

Those phenomena were not purely defined until the discovery of the magnetic induction and

electric charge definition. Hans Christian Oersted (1777-1851) was the first who observed the

relation between electricity and magnetism [60]. He showed that the magnetic compass was

altered in presence of wires traversed by currents [61]. He did not found the mathematical

solution, however, his discovery inspired other scientists in that field.

First, it is necessary to mention the figure of George Simon Ohm (1789-1854). Following

previous works and experiments done (maybe the most relevant were done by Henry Cavendish

(1731-1810)) he was the first scientist that established the relationship between the induced

current in conducting materials and the applied electric field (Equation 3.8) [62]. This is a

macroscopic constitutive equation.

~j = σ ~E (3.8)

This is a constitutive equation where ~j is the current density, ~E is the electric field and σ

is the electrical conductivity that is a magnitude that depends on the material nature.

During this same period André-Marie Ampère (1775-1836) advanced that there is a direct

relationship between magnetism and electricity. Based on the Christian Oersted discoveries, he

related the needle orientation on a compass with the electric currents present [63]. He derived

the relationship that allows to calculate magnetic fields from electrical currents as:

~∇× ~B = µ0
~j (3.9)

where B is the magnetic field and µ0 the magnetic permeability of vacuum.

Some years later Michael Faraday (1791-1867) developed some experiments showing that

a time dependent magnetic field produces an electric field. His studies allowed to establish the

basic ideas that helped to develop the concept of electromagnetism. The great discovery of

Faraday in this topic is the mutual induction phenomena [64]. Faraday developed an experi-

mental approach based on two cooper coils windings on two rings of iron. He realized that a

current in a solenoid can temporarily induce a current in the other. This finding complemented
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the discoveries made by Ampère (that only defined induction in one direction). In addition,

Heinrich Friederich Lenz (1804-1865) complemented the Faraday’s works discovering that the

direction of the induced electromotive forces is always opposed to the cause that produces it

[65]. The mutual induction is nowadays described by the Faraday-Lenz law equation:

∇× ~E = −∂ ~B

∂t
(3.10)

Carl Friedrich Gauss (1777-1855) defined a theorem establishing that the flow of vector

fields in closed surfaces are proportional to the magnitude of the sources of that field enclosed

inside that surface [65]. This principle is applicable to both magnetic and electric fields. On

the one hand, he related the electric field with the source of electric field lines, the enclosed

free charge. This relation is mathematically described as:

∇ · ~E =
ρe
ǫ0

(3.11)

where ρe is the free charge density and ǫ0 is the electric permittivity in vacuum. On the

other hand, the Gauss theorem for the magnetic field implies that magnetic flux in closed

surfaces is always zero (Equation 3.12) as there are not magnetic monopoles.

∇ · ~B = 0 (3.12)

All these experiments and laws were rearranged by James Clerk Maxwell (1831-1879). He

connected those ideas under a strong theory that is well knows nowadays as classical electro-

magnetism theory [66, 67]. Those equations verify that electricity and magnetism integrate

the electromagnetic field. Maxwell derived some modifications in the original equations adding

the concept of displacement currents. The Maxwell’s final equations are :

1

µ0

∇× ~B = ~j + ǫ0∂t ~E (Ampere′s Law) (3.13)

∇× ~E = −∂t ~B (Faraday′s Law) (3.14)

∇ · ~B = 0 (Gauss′ Law) (3.15)

∇ · ~E =
ρe
ǫ0

(Gauss′ Law) (3.16)
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Analogously to Navier-Stokes, we can specify the boundary conditions for the electromag-

netism equations. In our case, we assume that in both experiments the induced currents are

enclosed in the conducting fluids, so the fluids are surrounded by isolant materials.This is not

completely exact, because the conductivity of th CLH dilution is not zero, but it is negligeable

compared to the one of the InGaSn alloy, In the inner ear, we don’t know the conductivity of

the membrane, so we assume that the currents cannot cross this barrier.

Here, we only present the differential form of the different laws involved in the classical

electromagnetic theory. A more detailed derivation of these laws could be found in classical

books [52, 68, 69].

MHD early years

What is considered as the early days of MHD could be an interesting discussion between

MHD experts. To describe a MHD problem the minimum ingredient is to consider the mutual

interaction between the magnetic field and the velocity field. The first effort to measure a MHD

phenomena could be attributed to Michael Faraday who in 1832 unsuccessfully attempted to

measure the electric potential induced in the Thamesis river. He predicted that the interaction

between the Earth’s magnetic field and the river flow should produce a potential difference

between both sides of the river. Although there are reticence to consider this experiment

as a MHD mechanism (there is not feedback in the system on B), it may be said as the

first attempt to study MHD interactions [70]. Although he was right, the lack of measuring

sensitivity didn’t allow him to obtain relevant data. In 1917 Julius Hartmaan studied the MHD

flow produced in a mercury layer by applying electrical currents in presence of magnetic fields.

He published theoretical and experimental results of the fluid flows produced by electromagnetic

forces [71, 72]. There are other opinions that consider Hannes Alfvén as father of the MHD

new branch of knowledge because in 1942 described MHD waves under a solid mathematical

background [55]. Regardless of who was considered the father of the MHD phenomena, Alfvén

waves provided a great impulse to MHD and its application range and relevance is still growing

today.

3.3. MHD main equations

We have seen in the historical evolution of fluid mechanics and electromagnetism that there

is a set of equations that allows an accurate description of both phenomena. But it is impor-

tant to define the physical mechanism responsible of the coupling between the velocity and

magnetic field coupling.

The motion of the conducting fluid in presence of the imposed magnetic field generates

induced electric fields. We can describe this process as follows: These fields produce electrical
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currents that flow through the media. The induced current interacts again with the magnetic

field giving rise to a Lorentz’s force and producing a feedback into the fluid. Those forces can

produce an important flow in the fluid and at the same time, the induced currents change the

magnetic field. The Lorentz force is the key that allows to combine the equations, as it is the

link between fluid mechanics and electromagnetism. The MHD problem is quite complex due

to the non-linearities present in the equations. Some MHD assumptions must be accepted in

order to solve the problem. The understanding of these coupled phenomena depend mainly on

two equations, the Induction equation and the Navier-Stokes equation.

Induction equation

We will consider the deduction of the induction equation for electrically neutral conducting

fluids ( free charge density is zero, ρe = 0). Although there are many different conducting

fluids as plasmas or molten glasses, here we will concentrate on the case of liquid metals and

electrolytes and this assumption will be valid. The fluid is assumed to be incompressible and

its magnetic permeability, electric permittivity, electrical conductivity and kinematic viscosity

are assumed to be constant. In order to fully describe the induction equation, the starting

point should be the Maxwell’s equations. Assuming a non magnetizable and non polarizable

fluid those equations are written in a first approximation in equations: 3.13, 3.14, 3.15 and

3.16 although this last one is equal to zero due to the zero free charge density.

The first MHD assumption is that the velocity of the conducting fluid in the experimental

scales will be very small compared with relativistic scales, v ≪ c. In addition, the mag-

netic field typical evolution scales will fulfil the condition L/T ≪ c, where L and T are the

typical length and time scales. Basically, that means that we don’t have electromagnetic waves.

If we consider that E0 and B0 are typical values of the electric and magnetic fields, both

terms of the Faraday’s equation will be of the order of magnitude E0/L and B0/T respectively.

By comparing these values we obtain that:

E0

B0

=
L

T
∼ v (3.17)

If we use this relationship on Ampère’s law making balance between their two terms, we

obtain the relation µ0ε0L
2/T 2, where c = 1/

√
µ0ε0. If we assume that v ≪ c:

L2

T 2c2
=

v2

c2
(3.18)
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So, the displacement current is negligible compared to ~j and ~B and the Ampère’s law is

expressed as:

∇× ~B = µ0
~j (3.19)

Maxwell’s equations allows us to relate the magnetic and electric field vectors and are

fundamental laws. But inside the material, we need constitutive equations to describe the

macroscopic behaviour. For example, the Ohm’s law (Equation 3.8) define the relationship

between the electrical current and the different electromagnetic fields. Although the general

form of this equation is defined as ~j = σ ~E, if we consider a conducting material in motion in

the laboratory frame of reference, the Ohm’s equation can be defined as:

~j = σ( ~E + ~v × ~B) (3.20)

where σ is the electrical conductivity that is considered constant for each media. By using

Ohm’s law in the Ampère’s law equation, it is possible to define a new relationship between

the electric and magnetic field:

~E = (∇× ~B/µ0σ)− ~v × ~B (3.21)

If we replace the previous equation in the first simplification of the Faraday’s law we obtain

that ∇× (η∇× ~B/µ0σ) − ~v × ~B) = −∂t ~B where the η is the magnetic diffusivity (1/µ0σ).

We can expand and reorganize the other terms:

∂t ~B = ∇× (~v × ~B)− η(∇× (∇× ~B)) (3.22)

Taking into account the properties of the vector product ∇× (∇× ~A) = (∇ · ~A) −∇2 ~A

and the Gauss’s law for the magnetic field, we can rewrite the previous expression:

∂t ~B = ∇× (~v × ~B) + η∇2 ~B (3.23)
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This expression is known as the Induction Equation. It gives an idea about how the mag-

netic field ( ~B) evolves in a moving fluid. So, the induction equation is really important in the

resolution of MHD problems because it is a direct link between the velocity field and the mag-

netic field. Furthermore, this relation has an added value because the magnetic field evolution

is defined independently of the other involved vectorial fields.

Navier-Stokes equation and Lorentz force

In the previous section, the definition of the induction equation allowed us to define the

effect of the velocity on the magnetic field evolution. However, in order to close the problem,

we need the feedback of the magnetic field on the dynamics of the fluid. The presence of the

induced electric currents produces MHD forces that will deviate the system from the original

state. The evolution of the fluid motion is very important because the feedback in the fluid will

be dependent on the physical mechanism that governs the dynamics created on the fluid. In

the Navier-Stokes equation (Equation 3.7) we can locate different terms, (~u · ∇)~u governs the

advective effects (non-linear term), ν∇2~u is referred to the viscous effects and ~fext represent

any external body forces that should be considered. What are these other forces in our MHD

problem?.

Any material that is affected by a magnetic field ~B and where an electric current is circu-

lating will suffer the action of the Lorentz force as:

~FL = ρe ~E +~j × ~B (3.24)

Equation 3.24 is a volumetric force that emerges due to the Lorentz force an the individual

charges. If we compare both therms of the equation by using 3.16 and 3.19 we obtain that
~FL ≈ ǫ0µ0E0/B0 = v2/c2 ≪ 1, so we can neglected the Coulomb force. Now, it is possible

to combine the Lorentz force whit the Ampère’s law (Equation 3.19) obtaining an expression as:

~FL =
1

µ0

(∇× ~B)× ~B (3.25)

By adding the previous term on the Navier-Stokes equation (Equation 3.7) as a volumetric

force, ~FL will represent the link between the fluid dynamics and electromagnetic field equations,

as it provides the coupling mechanism between Navier-Stokes and the induction equation. For

a flow with a velocity field ~v, the induction equation indicates how the magnetic field ~B will

evolve in time. If ~B evolves in time ~FL will produce a back reaction in the fluid generating

a force that will change the dynamics of the fluid closing the loop. Assuming that there are
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not other volumetric forces involved, the Navier-Stokes equation in the MHD approximation

is expressed as follows:

∂t~u+ (~u · ∇)~u = −1

ρ
∇~p+ ν∇2~u+

1

µ0

(∇× ~B)× ~B (3.26)

In conclusion, we have obtained a set of equations (Equation 3.3 and 3.3) that governs the

MHD problems formed by the Induction equation and the Navier-Stokes equation. However,

these equations are highly non-linear even if the induction equation is linear (for B). The

Navier-Stokes equation has non-linearities due to the advective term. In addition, new non-

linearities are present due to the Lorentz force term because of the feedback on the fluid.

3.3.1. Dimensionless MHD equations

The non-dimensional analysis simplifies the study of any phenomenon in which the vari-

ables of the problem are independent. It is a largely used tool in fluids mechanics because it

allows the comparison between different situations and analyse the complexity of the non-linear

terms. The dimensionless equations allow us to compare the weight of the different terms of

the equation in the physical processes.

From the Buckingham Π theorem [73], these dimensional variables could be changed by

another set of reduced variables without dimensions that allows a more general study. In our

case, the non-dimensional form of the Navier-Stokes and Induction equations allows us to sim-

plify the understanding of the MHD problem giving us a tool to compare the relative weight

of the advective, diffusive and magnetic terms involved.

The first step must be the correct selection of the characteristic scales of the different

magnitudes related to the physical problem. In the proposed MHD problem, the independent

parameters are the physical characteristics of the fluid and external fields. Table 3.1 shows the

main physical magnitudes used in the Navier-Stokes and induction equations related to the

respective characteristic magnitudes.

In addition, it is necessary to define the characteristic time of the MHD problem. There

are three different options available: it is possible to use the advective scale (L/V ), the mag-

netic diffusivity time scale (L2/η) or the diffusion time scale (L2/ν). The diffusion time scale

doesn’t work in MHD problems. This assumption used to be used in Navier-Stokes equation

for fluid mechanic problems. In the MHD phenomena, the other two terms could be used. The

main difference is that the non-dimensional parameters are located in different terms of the
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Characteristic value

Length L

Velocity V

Magnetic field B0

Pressure p0

Table 3.1: Main non-dimension values.

main equation depending on the time scale selected. Due to simplicity of the final equation, it

is common to define the time evolution scale from the magnetic diffusivity (that is a measure

of the tendency of a magnetic field to be diffused through a conducting medium at rest):

η =
1

µ0σ
= [

L2

T
] =⇒ T =

L2

η
(3.27)

Starting with the Induction equation, it is possible to replace each variable with its non-

dimensional version ( ~B = B0
~B∗, ~u = V ~u∗ t = Tt∗, etc.):

[
B0

T
]∂∗

t
~B∗ = [

V B0

L
]∇∗ × (~u∗ × ~B∗) + [

ηB0

L2
]∇∗2 ~B∗ (3.28)

Replacing T by the definition in Equation 3.3.1, dividing each term of the Equation 3.28

by T and introducing the magnetic Reynolds number:

Rm = µ0σV L =
V L

η
(3.29)

the non-dimensional Induction equation is reduced to:

∂∗
t
~B∗ = Rm[∇∗ × ( ~u∗ × ~B∗)] +∇∗2 ~B∗ (3.30)

The magnetic Reynolds number gives an idea of the importance of the advective effects

compared to the magnetic diffusion in the Induction equation. It is really important in order to

detect induction effects due to the magnetic field imposed. When Rm is small, the diffusion

effects are considerable. On the other hand, large Rm values implies that the velocity field has

strong influence in the main magnetic field.
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Following an analogous process, the Navier-Stokes equation can be simplified by intro-

ducing characteristic parameters and non-dimensional variables to each term in the equation,

including the characteristic time scale:

[
V η

L2
]∂∗

t ~u
∗ + [

V 2

L
](~u∗ · ∇∗)~u∗ = −[

p0
ρL

]∇∗~p∗ + [
νV

L2
]∇2∗~u∗ + [

B2
0

µ0ρL
](∇∗ × ~B∗)× ~B∗ (3.31)

Now, we can divide all the terms of the equation by the first one:

∂∗
t ~u

∗ + [
V 2L2

LV η
](~u∗ · ∇∗)~u∗ = −[

p0L
2

ρLV η
]∇∗~p∗ + [

νV L2

L2V η
]∇2∗~u∗ + [

B2
0L

2

µ0ρLV η
](∇∗ × ~B∗)× ~B∗

(3.32)

By analysing term by term it is possible to see that the advective term on the left side of

the equation depends on the magnetic Reynolds number that was defined before. The pressure

terms will not be studied in depth, so this term is grouped in a global parameter Pres. The

diffusive term shows a relationship between the magnetic Reynolds number and the Reynolds

number. The Reynolds number, who is one of the most used parameters in fluid mechanics,

gives an idea of the influence of the inertial forces compared to viscous forces:

Re =
V L

ν
(3.33)

The relation between these two non-dimensional parameters is studied as independent pa-

rameter called the magnetic Prandtl number, that depends on the fluid nature and define the

relationship between the viscous diffusive time and magnetic diffusive time:

Pm = µ0σν =
ν

η
(3.34)

The magnetic term of the Lorentz force (the last one on the right in Equation 3.32) is

associated to the combination of two parameters: the squared Hartmann number and the

Reynolds number. This last relation is called the Stuart number (St) or Interaction parameter

(N). N gives an idea of the influence of the electromagnetic forces compared to the inertial

forces. The interaction parameter follows the expression:
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St = N =
B2Lσ

ρV
=

H2
a

R
(3.35)

where Ha is the Hartmann number defined as:

Ha = B0L

√

σ

µ
=

√

Q (3.36)

where Q is the Chandrasekhar number. Ha gives an idea of the the relationship between

electromagnetic forces and viscous forces.

The non-dimensional Navier-Stokes equation becomes as :

∂∗
t ~u

∗ + [Rm](~u∗ · ∇∗)~u∗ = −[Pres]∇∗~p∗ + [Pm]∇2∗~u∗ + [N ](∇∗ × ~B∗)× ~B∗ (3.37)

The definition of these non-dimension parameters will be a very useful tool in order to

consider the effects present in these fluid. The characteristic length of the system combined

with other important magnitudes as the velocity field, or the magnetic field will allow to define

the dominant mechanisms on the system.
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Part I summary

“All trades, a master of none” is an old Spanish popular saying. It was attributed to those

persons that try to work in multiples tasks instead of focusing in one of them to become an

expert. A consequence is that the evolution of science and technology have promoted the

creation of scientific specialists on specific branches. This fact, that was not necessarily a

negative factor for progress years ago, can be a key limiting factor nowadays. It is maybe the

main reason why research is increasingly being conducted by multidisciplinary team groups in

some special areas of knowledge.

Medicine is a clear example of one multidisciplinary area of knowledge. A physical, chemical,

mathematical or technological basis are necessary to complement the medical approach. The

new equipments are based on very complex physical principles and modern medicine cannot

be imagined without them. The multidisciplinary perspective is being increasingly accepted

by medical community, the academical community and the society. One hears more and more

the prefix “bio” in front of scientific branches as biochemistry, biophysics or bioengineering.

A brief introduction to biophysics history has been done showing some of the most relevant

achievements done.

One of the purposes of this project is to study what kind of effects can appear in the

interaction of the magnetic fields generated during the MRI test with the conducting fluids

flowing through the vestibular system. These interactions can trigger alterations in the natural

flows or establish other flows. A brief introduction to the inner ear physiology has been done

in this part of the thesis, where the balance system of the human body has been presented.

This fact allows to define the possible mechanism that modifies the natural flows in the semi-

circular ducts. The last chapter of these part introduced a relatively new branch of knowledge,

magnetohydrodynamics. After a brief historical introduction, the more relevant concepts that

concern MHD have been presented. Now, we have enough information to work with the two

different experimental approaches proposed.

35
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Part II

Effects of a time dependent

magnetic field in conducting layers.
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Chapter 4

Instabilities in conducting fluid layers

Abstract

Fluids instabilities have been observed during decades in many different natural and

artificial systems, even in humans. In order to assess the hypothesis that the MRI

magnetic fields could alter the natural flows of the inner ear, the first step is to study

the non linearities in a liquid metal experiment. Different geometries have been studied

where a droplet is under the presence of a time dependent magnetic field. There are

two main sets of control parameters, the fluid properties (ρ, σ) and the magnetic field

properties (f , B0). After a brief historical introduction, the study of the instabilities at

low frequency regimes are shown. Once the basic principles of the experimental model

have been set, the geometry and magnetic field definition have been detailed in the last

part of the chapter. In addition, the optical system and data processing that allows to

record the forced dynamics in images is presented.

4.1. Introduction

The stability of fluids depends on the response of the system to small perturbations. Under

some conditions, these small perturbations could induce effects on the previous state of the

fluid. The instabilities amplitudes grow in time modifying the system initial state and a new

state appears. These disturbances can grow up to a certain amplitude value reaching a new

state that could be perturbed again. So, the flow instabilities play an important role in fluid

mechanics.

Many natural systems are affected by instabilities processes (Figure 4.1). Our life is full

of instabilities examples: it is easy to locate rivers where the forces and the boundary condi-

tions produce turbulent flows, the local velocity field of the fluid is continuously undergoing

changes in both, magnitude and direction. Oceans satellite images show currents that form

39
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plumes due to density gradients or swirls due to temperature gradients and Coriolis forces.

Even atmospheric events present the evidence of instabilities: there are amazing images of air

velocity competitions that produce clouds like ocean waves in the sky, atmospheric convective

instability competitions that are at the origin of a feedback system that gives life to hurricanes

and tornadoes. All of these systems share a common feature, they are really large systems

with large aspect ratios considering the aspect ratio as the relationship between the horizontal

characteristic dimension and depth of the fluid system.

Figure 4.1: Natural examples of instabilities: Top left image, a river producing turbulence.

Top right image, swirls in the ocean. Bottom left image, Kevin-Hemholtz instability. Bottom

right image, a hurricane viewed from a satellite. Extracted from [74–77] respectively.

Despite the fact that there are a large number of extended natural systems, where the

instabilities are important, sometimes instabilities grow and modify small systems. The study

of the small or medium aspect ratio instabilities is also important because of the several con-

fined systems that exist and their applications. The shapes, characteristic lengths, boundaries,

surface conditions and other important parameters at these scales become increasingly influen-
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tial. The spatial dimensions could be comparable to any characteristic length produced by the

instabilities. Thus, a possible competition appears and the difficulty increases. There is a lack

of understanding of these small problems in contrast with the deep knowledge of large sys-

tems. The situation has changed substantially in the last decades with new interest in various

fields as hydrodynamics, aerodynamics, etc. The scientific community is making great efforts

to understand these phenomena because of their importance in a lot of industrial processes

(Figure 4.2). Continuous casting where the molten metal is poured in containers, metal alloys

mixed under levitation or liquid metals cleaned of impurities are just a few examples among

many which could be studied. The non-linearities that govern the equations make the analysis

really complex. So, experimental works become critical and complement the theoretical works

to define accurate behaviours of the fluid dynamics present in each case.

Figure 4.2: Instabilities in confined systems. Left image, instabilities due to high temperature

continuous casting. Right image, an example of melting and mixing process by using MHD.

Extracted from [78, 79] respectively.

Many different configurations have been analysed where various mechanisms produce in-

stabilities: Vibrated systems that produce instabilities due to Faraday crispation [80–83], ul-

trasounds as media to drive different droplet or fluid systems [84], convective problems in

several configurations and vessels [85, 86], acoustically levitated liquid drops [87], different

liquids under the action of electrical fields [88, 89] or magnetic fields [90–92]. Even natural

systems affected by instabilities in small aspect ratio configuration have been noted. In the

last few years the presence of instabilities in humans have been noted too [93]. In our case, we

centred our study in a particular mechanism of activation, the magnetohydrodynamics forces.

These effects have been noted in conducting fluids as plasmas, electrolytes and liquid metals

configurations. In this work we have analysed the instabilities of a liquid metal alloy in a small

aspect ratio setup.



42 Instabilities in conducting fluid layers

4.2. Instabilities in conducting fluids due to MHD forces

It is well known that the action of external magnetic fields that evolve in time can produce

surface waves or instabilities in conducting fluid layers [16, 92]. There are several experimen-

tal works related to the study of these instabilities. This effect depends on various sets of

parameters, the fluid layer characteristics (layer depth and diameter), the magnetic field prop-

erties(frequency, intensity and orientation) and the fluid itself (electrical conductivity, viscosity,

etc). When the magnetic field frequencies are large, the instabilities grow due to forces local-

ized near the surface. On the other hand, for low frequency ranges, those forces may penetrate

and produce bulk forces. Many experimental works have been developed for the large frequen-

cies regime [94–96] but very few in the domain of low frequencies, probably because of the

limited potential applications. In our case, the hypotheses is that the effects induced in the

inner ear are consequence of body forces in the ducts produced by the low frequency excitation

of magnetic gradients during the MRI test. So, we will work in a low frequency regime where

the skin effect is negligible and the system is forced through body forces.

The first experiments published in the range of low frequencies were done by J.M. Galpin

and Y. Fautrelle in 1992 [97]. The work was done in a mercury pool under the action of a low

frequency magnetic field [2−20]Hz. They noted that in the studied frequency regime motions

could be split into two parts. On the one hand, a bulk motion driven by the mean Lorentz

forces. On the other hand, surface waves driven by the alternating part of the Lorentz forces.

The effects of the mean component have been studied for several authors while the oscillatory

used to be neglected because of the high frequency ranges of study. They observed for first

time that the effects of the oscillatory part on the fluid was the emergence of surface waves.

These waves were dependent of the frequency and intensity of the imposed magnetic field

and these authors noted the presence of different complex free surface motions with different

standing wave patterns. In these first steps J.M. Galpin et al. emphasized the presence of

parametric resonances as the ones observed by Faraday [80].

In the same year and in collaboration with A.D. Sneyd [98], they analysed some of the free

surface instabilities observed in the previous work. They showed in this work three different

transitions to instabilities. The first one, (t1) is a regime where a superposition of axisymmetric

waves occurs. In the second type, (t2), there are instabilities where non-axisymmetric waves

are observed. Both types are governed by a frequency twice the excitation frequency of the

imposed magnetic field. Finally, the last regime (t3), is characterized by non-axisymmetric

large waves governed by a subharmonic frequency of the Lorentz force. They presented the

instabilities diagram of the studied cases. One year later, F. Debray and Y. Fautrelle [99]

conceived a new experimental setup in order to deeply study the superposition of two surface

modes noticing new aspects to consider. They defined new instabilities diagrams slightly dif-

ferent from he initial ones. Although other works have been done studying these instabilities
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activation mechanism [97, 100], all of them have been carried out far from the threshold with

minimum parameters larger than N > 1.

As it was explained before, the effects of the MRI test in the inner ear are assumed to

be present with extremely low interaction parameters values. The first study where it was

noted the presence of the instabilities for tiny values of N was done by J. Burguete and M.A.

Miranda in 2012 [16]. They produced Lorentz forces in a conducting fluid droplet by moving

a coil along the axis of the droplet in low frequency regime [0.5 − 10]Hz. Due to the exper-

imental setup nature, the imposed magnetic field had a mean component and a modulation

B = B0 + B1cos(ωt). They observed and characterised different patterns very close to the

threshold confined in restricted windows of the phase-space. The proposed results allowed to

estimate the possibility of instabilities existing without threshold. This prediction was already

proposed theoretically by Y. Fautrelle and A.D. Sneyd in 2005 [101]. Although the instabilities

region was not delimited, they proposed a precise threshold determination and they clearly

defined the spatial symmetries. In addition, they observed that the instabilities appeared for

very small interaction parameters values, comparable to the ones estimated for the instabili-

ties presence in the inner ear. These works motivated our new experiment where ~B is purely

sinusoidal, and where the patterns should be quantitatively determined close to threshold.

We proposed a study of instabilities where it was possible to fully control the system. With

this idea in mind, we designed an experimental setup divided in three different parts, the cell

geometry, the stimulation mechanism through an external magnetic field that evolves in time

and a sensitive optical system that allows to observe the fluid layer behaviour. Finally, we will

close this chapter with a discussion of the data processing.

4.3. Experimental cell

The definition of the experimental cell is a key point in the study of instabilities. When

the experiments are made in confined systems, the vessel becomes important, as the effects of

the borders could influence the involved physical processes because other physical mechanisms

could be forced on the system due to walls contacts. In our experiment, all the dynamic takes

place in a Teflon R© cylindrical cavity with upper free surface (Figure 4.3). The vessel cannot

interact with the fluids to avoid flows alterations. The main property of Teflon is that is prac-

tically inert. In addition, the friction coefficient is really low so the friction effects with the

vessel and the wettability are negligible.

The cavity has an inner diameter of 84 mm. The main body of the vessel is completed with

a Teflon R© modular plate with different top geometries (see Figure 4.4). The different modules

fit in the vessel and shape the bottom surface of the container. By exchanging the different
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Figure 4.3: InGaSn droplet placed on the cylindrical vessel. The liquid metal adopts the shape

of a thin circular fluid layer due to the bottom surface and the surface tension. An HCl-water

dilution fill the vessel.

modules it is possible to modify the interface between the fluid and the container. Different

configurations are available for the bottom surface as an inverted truncated cone with different

depths (a), a cone (b) and different rings (c) (Figure 4.4). Although different test have been

done with all the configurations, the vast majority of them where obtained with an inverted

truncated cone with a 40 mm flat centred depression (Figure 4.4, left).

Figure 4.4: Teflon R© experimental cell and bottom surfaces sections. The bottom surface is

removable and interchangeable. There are different configurations available as its shown in

the right side (a, b and c).

The experimental cell is completed by adding on the vessel the conducting fluid layer. An

electrolyte has very small conductivity, so large magnetic fields should be used. Molten glasses
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Fusion temperature (◦C) σ(Ω−1m−1)

Weak electrolyte 20 10−4 − 10−2

Strong electrolyte 20 10−2 − 102

Molten glass 1400 10− 102

Cold plasmas 9.97 · 104 103

Hot plasmas 9.99 · 106 106

Mercury 20 106

Steel 1500 0.7 · 106
Sodium 400 6 · 106

InGaSn alloy 20 3.46 · 106

Table 4.1: Electrical conductivity of different conducting fluids. It can be noted that liquid

metals have electrical conductivity values ten orders of magnitude higher than electrolytes.

Extracted from [14].

or plasmas need really high temperatures to work with them. We have chosen as working fluid

a liquid metal. Mercury has often been used in experiments but it has been discarded due to

its toxicity. In our case, the vessel is filled with a large drop of an eutectic liquid metal alloy

composed by Indium, Gallium and Tin (InGaSn MCP11). As it is shown in Table 4.1, this alloy

has two main advantages. It has a good electrical conductivity [102] and the InGaSn remains

liquid at room temperature [103].

The main disadvantage of the proposed alloy is that reacts strongly with the oxygen present

in the air. A white highly viscous layer covers the liquid droplet after some minutes. A volume

of 1% water-HCl dilution has been placed in top of the InGaSn layer and fill the vessel. The

HCl dilution reduces the oxidation of the eutectic alloy. The liquid metal adopts on the vessel

the form of a thin circularly shaped fluid layer due to surface tension [104] (Figure 4.3). This

drop remains centred on the cell due to the depression milled on the bottom surface. The

working volumes are smaller than the diameter of the container. Different volumes have been

used from 8 ml to 35 ml although the main set of data were obtained for 28ml volume. For

the case of 28ml volumen, the radius is rd = 35 mm and the estimated height of hd = 11 mm.

For the 35ml volume, the radius is rd = 40 mm and the estimated height of hd = 22 mm.

4.4. External magnetic field

The existence of instabilities in the fluid layer is a natural consequence of the magnetic

field effects and the conducting material. It is a very common mistake to confuse the MHD

effects with ferrofluids or similar [105]. They consist on magnetic particles in suspension that

are synthetically added to some fluids. InGaSn has not magnetic particles, however the InGaSn
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alloy are affected by the presence of magnetic fields.

The magnetic field effects in our liquid metal model could be induced in two different ways.

One option is a shift between the coil and the cell (one part is fixed and the other part is

in motion) in order to force the magnetic flux density variations. For example, the vertical

motion of a coil that is powered by a DC current [16]. In that case, the mean magnetic field

is non zero (B = B0 + B1cos(ωt)). The alternative is that the effects could be triggered if

the fluid is forced by a time dependent magnetic field [106]. In both cases, it is not necessary

to apply any external current in the droplets to destabilize the fluid layer. The forces appear

only through the magnetic field applied.

In our experiment, we only force the system with an external magnetic field that evolves in

time (Figure 4.5). The time dependent magnetic field is forced through a cooper coil powered

with a sinusoidal current. The magnetic field generated will be proportional to the modulated

current Bext ∝ Igen where the amplitude and frequency of the current Igen = I0 · sin(ωt) are
the two main control parameters.

Figure 4.5: Magnetic field generated by the coil. Right section: cross section of the cell and

the coil. Left section: picture of the real setup. Each wire turn contributes to the final net

magnetic field. The magnetic field will be directed in both vertical directions in each period

of the sinusoidal current that flows through the coil. The experimental cell is placed just on

the middle of the coil. So, the magnetic field in the drop of fluid is highly homogeneous.

Although we are interested on low N values regime, we want to study parameter regions

as large as possible, for B and ω. So, in order to obtain the highest magnetic field large
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sinusoidal currents must be created. To obtain this objective we use a variable frequency drive.

This device allows to produce a time dependent current, but it is usually developed in order

to control the rotational velocity of an AC engine with high frequencies. That means that the

commercial devices are far from the values of interest for our experiment. So, the current is

modulated with a home-made frequency shifter that allows us to control the frequency and

current intensity in a very low frequency regime ([0.1 − 10] Hz). The other option, a four

quadrant power supply exceeded our budget at the time.

4.4.1. Variable frequency drive

Using a DC power supply and a wave generator as input signals of the variable frequency

drive, it is possible to generate a single-phase time dependent current. A wave generator

provides a desirable range of frequencies between 0.1 Hz and 10 Hz, but the signal has low

amplitude and an amplifier must be used before it can be applied in the coil. The DC power

supply will allow to reach intensities up to 45 A. Both signals are combined in the variable

frequency drive.

Our home-made variable frequency drive could be divided in three phases. First, we have a

circuit based on digital electronics that compares the input signals by using CMOS logic gates:

one wave at the desired frequency created with the wave generator VCA (red color in Figure

4.6) and its inverse VCB (cyan colour in Figure 4.6) are compared with a high frequency trian-

gular wave provided by the variable frequency drive. The results are two squares waves: VA0

and VB0 are maximum when VCA and VCB are higher than the triangular wave and minimum

in the opposite case respectively. The difference between VA0 and VB0 gives a modulation

VAB that is used to produce four outputs using a logic circuit, the logic signals S1,S2,S3 and

S4 that will control our system in the power electronic phase and allows us to produce the

sinusoidal current (Figure 4.6).

Before the power electronic circuit, a second phase is necessary. The idea is isolate the

ground connection from the control circuit through optocouplers. Third, the new isolated

logical signals are the main control of the power electronic phase. Each signal is connected

individually with an insulated gate bipolar transistors (IGBT) device. IGBT are power transis-

tors that can be conceived as switches. They allow currents only in one direction. S1, S2, S3

and S4 control the open or closed state of the IGBT (0 close and 1 open). The correct IGBT

combination (Table 4.2) in an electric circuit allows to redirect the current in two different

directions on a given point (Figure 4.7). A coil placed in this circuit will receive the current in

both directions. The current that flows is provided directly by the DC power supply.

With this configuration a high amplitude time dependent current is produced. The mod-
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Figure 4.6: Signal modulation through the variable frequency drive: the first graph shows the

triangular wave (gray) that is compared with two control sine wave signals VCA (red) and its

inverse VCB (cyan). The triangular wave is produced by using an integrated circuit ICL8038

with a frequency at least twenty times higher than the control sinusoidal wave frequency. The

second and third graphs show the output signal produced by the comparison between the

triangular wave with both control signals (VA0 (red) and VB0 (cyan)). When the control sine

wave is higher than the triangular wave, the output values jumps to a maximum state. On

the other hand, when the control signal becomes lower than the triangular one, the output

value jumps to a minimum state. The final graph is the comparison between the outputs

VA0 and VB0. In that case, there are three states defined as a maximum, minimum and zero

voltage. When VA0 and VB0 are equal, the final state of VAB is zero. While VA0 > VB0, VAB

is maximum. On the other hand, while VA0 < VB0, VAB is minimum. The final result is a

modulated signal that is transformed using a logical circuit into four output signals (S1, S2,

S3 and S4) that are connected to IGBT gates in order to transform the DC current provided

by the power supply in a sinusoidal current.

ulation of the current and the IGBT circuit produce noise in the final signal (in the form of

higher harmonics). A capacitor box added in a parallel circuit reduces the noise and allows

to increase the maximum current from 45 A to 60 A. In addition, it makes possible a very

accurate control of two of the main control parameters of the experiment, the frequency and

intensity of the magnetic field.
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Figure 4.7: Variable frequency drive sketch: the four signals produced in the initial stages by

using the DC power supply, wave generator and electronic circuits, control the IGBT in the last

part of the proposed system. The output is governed by functional pairs of S1, S2, S3 and S4

(right panel). The switch S2 could only be closed if S1 is closed. In the same line, the switch

S4 could only be closed if S3 is closed. When S1 and S2 are closed, the current flows in the

coil in one direction (orange line in right panel). When S3 and S4 are closed, the current flows

through the coil in the opposite direction (blue line in the right panel). The noise is reduced

by using a capacitor box that filters the high frequencies.

4.4.2. Magnetic field homogeneity

The magnetic field is generated using a home-made coil formed by 176 turns of a copper

wire of 4 mm of φ. The arrangement has an outer diameter of inner diameter of 110 mm and

a heigh of 102 mm (Figure 4.5). The magnetic field will evolve harmonically because of the

oscillatory nature of the generated current B = B0sin(ωBt). It is oriented mostly perpendic-

ular to the vessel free surface and can reach maximum values of 70 mT for I = 60 A. The

experimental cell is placed just on the center of the coil. In order to characterize the applied

field, different measurements of the vertical component of the time dependent magnetic field

have been done using Hall probes. We used one component Hall probes that have a saturation

value of 250 mT with a resolution of 0.1 mT.

When the cell is inside the coil, the droplet rests just in the middle of the transversal plane

of the coil. The magnetic field decreases from maximum values close to the inner coil walls

to minimum values in the center. Four different Hall probes are distributed in the central area

in order to better define the homogeneity of the magnetic field. Three of them are placed

close to the inner walls of the coil. They are located at the same radius each 120◦ in az-

imuthal direction. The last one is placed at the center of the plane. The vertical component
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VAB S1 S2 S3 S4 Estate

1 1 1 0 0 Vcoil > 0

1 1 0 1 0 Vcoil = 0

0 0 0 1 1 Vcoil < 0

0 0 1 0 1 Vcoil = 0

Table 4.2: Logic control for the IGBT. For one half of each cycle, there are only two states,

the electrical circuit is closed or in short circuit. While VCA > 0 the logic signal S1 is always

1 and S4 is always 0. During this period, S2 is 1 when VAB > 0. During the next half cycle

VCA < 0, the logic signal S4 is always 1 and S1 is always 0. During this period S3 is 1 when

VAB < 0.

is considered almost sinusoidal comparing the obtained data with a perfect sinusoidal wave.

Following the temporal evolution of the signals, a variation below 2% between the magnetic

field observed by using the Hall probes and the magnetic field estimated theoretically could be

observed independently of the position (Figure 4.8).

Figure 4.8: Temporal evolution of the central magnetic field. The hall probe measurements

match with the theoretical signal. The inset is an amplification of the green section marked in

the central area of the signal. In this figure is easily detected the gap between both signals.

The origin of this discrepancy is a problem on the implementation of the electronics when

the sinus crosses zero that triggers of higher harmonics. The small signal variation showed in

Figure 4.8 can be assumed because the higher harmonic peaks observed in the power spectrum

of the obtained signals have at least four orders of magnitude compared with the fundamental
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mode (Figure 4.9).

Figure 4.9: Hall probes measurements FFt. The power spectrum should look like a Dirac delta

function where only the excitation frequency should appear (fo). Due to the variable frequency

drive functioning many harmonics are triggered (2fo, 3fo, ...). All these extra modes can be

considered as noise.

The symmetry of the magnetic field has been measured by using a magnetometer (in our

case, formed by a single component Hall probe) that allows to obtain the magnetic field con-

tour. The coil was powered with a DC current producing a steady magnetic field. Different

measurements have been done moving the magnetometer probe in axial and radial directions

inside the coil. The reconstruction of the magnetic field allows to clarify its symmetry and

homogeneity.

The measured vertical component is compared with the theoretical value of the magnetic

field. Variations are inside the measurement error bar for the spatial position. In addition, the

radial component of the magnetic field can be neglected because its below 3% of the maxi-

mum value observed. The results of the measurements obtained with the Hall probes and the

magnetometer allow to assume that the magnetic field is homogeneous in the whole volume of

the droplet. As it was expected, the field strength is maximum close to the walls and minimum

just in the center of the coil. The difference between these two positions is close to 7% of the

maximum value of the magnetic field (Figure 4.10).

The description of the active parts of the experimental setup is complete. The magnetic

field is provided by the variable frequency drive circuit and the coil. In addition, the vessel fixes
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Figure 4.10: Contour plot of the experimental vs numerical values of the vertical magnetic

field component measured with the magnetometer.

the geometry of the droplet. The two main control parameters of the experiment, frequency

and intensity of the magnetic, field are easily controlled. The proposed variable frequency drive

allows a highly accurate control of the frequency and intensity of the current. In addition, the

characterization of the magnetic field has been performed.

4.5. Optical system

Once the experimental setup is defined and the experiment is working as it was explained

above, it is necessary to provide an acquisition system in order to record the evolution of the

experimental dynamics. The main objective of this system is to obtain quantitative data to

be processed. This fact that seems an easy task could be an important challenge. This issue

becomes more complex when it concerns the flow visualization. In fluid mechanics it is com-

mon that the studied fluids are transparent media so the whole volume can be accessed using

optical tools, but this is not our case.

Due to the proposed geometry in the experiment, the liquid metal droplet has axial symme-

try and any perturbation that deviates the system from the axisymmetry can produce azimuthal

forces that can destabilize the fluid (the drop begins to beat) . Different flows can be created
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due to the beating of the InGaSn drop. Once the flows are established, it is necessary to observe

and record the dynamics that takes place. The proposed observational method must provide a

certain technique to obtain these dynamics without disturbing the natural flows. There are two

different options, invasive and non-invasive methods. In the proposed experimental setup, the

use of probes implies a key limiting factor when we are working close to the threshold of the

instabilities. It would be necessary to use a set of probes because each one gives information

of a restricted region close to the sensor in the vessel. In addition, the use of probes induces

flow perturbations. So, it is necessary to use non-invasive methods.

There are several non-invasive methods that could be used. For example, the use of Ultra

Sound Doppler Velocimetry (UDV) [107, 108] or X-Rays [109, 110] allow to know what hap-

pens inside the drop of fluid by obtaining the velocity field. UDV procedures are not easily

applied in our experimental setup because of the geometry and the small thickness of the

proposed layer. On the other hand, X-Rays velocimetry is a relatively young discipline and the

accuracy could be compromised. A precise optical method is the solution. Optical systems

have always played an important role in fluid dynamics studies [111]. An optical external setup

allows us to record information about a region of interest in the vessel. Due to the InGaSn

nature it is not possible to define the velocity field, because a transparent media such as water

would be needed. However, it is possible a direct observation of the free surface. By observing

the flow patterns generated we can analyse the whole development of the flow.

4.5.1. Shadowgraphy

The proposed optical system is based on the method developed by Foucault [112]. Consist

on a shadowgraphy [111] over the free surface of the liquid metal droplet, that has a reflecting

surface. In shadowgraphy, a camera allows to record the divergence from the initial parallel

beam depending on the surface curvature. Although in classical shadowgraphy the beam of

light crosses the transparent fluid layer, and the deviations are originated due to refractive

index variations, here the light is deflected by surface modulations and a similar approach can

be obtained. The rays of the beam converge in depressed regions, diverge in growing regions

and are reflected without deviation in plane surfaces like in lens effects (Figure 4.11).

If there are simultaneous deflections on the surface, the illumination of this plane will not

be uniform so we will differentiate areas with different light intensities. With this technique it

is impossible to measure flow velocities, however the optical system is enough to characterize

the surface instabilities of our system.

The proposed optical system is formed by a white LED placed on the focus of a parabolic

mirror that generates a parallel beam that is directed perpendicular to the liquid metal droplet
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Figure 4.11: Shadowgraphy dependence with the surface curvature for a reflecting beam. When

the surface is plane, the light is reflected as in a mirror. Depressions on the surface produces

that the beams of light converge. So, brightness level increases. On the other hand, hills on

the surface produce the divergence of the beams of light. These regions are dark.

free surface. In order to reduce the work space, the beam of light is redirected by using a beam

splitter (Figure 4.12).

The parallel beam of light impacts on the water-InGaSn interface where is reflected. A

camera located at the conjugated focus allows to study the shadowgraphy. One of the main

problems is that the punctual LED beam is located just in the middle of the droplet. So, the

most relevant region is disturbed because multiple reflections can be produced in the beam

splitter. To solve this problem, a slight misalignment between the emitted and the reflected

focus allows to observe the full surface. This configuration provides a top view observation of

the vessel where the light intensity modulations could be recorded. The camera has fixed gain

and the illumination is kept constant in order to compare the different visualizations.

As a result of the chloridric dilution surface, in the top view observation the droplet and

the dilution surface modulation are mixed together. Assuming that the reflection coefficient

of water (2%) is smaller than the InGaSns one (100%), a low light intensity of the LED allows

to avoid dilution reflections. In addition, a transparent cover in contact with the chloridric

dilution makes impossible the appearance of deflections in that position. So, only the droplet

surface light modulations are recovered in the camera.
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Figure 4.12: Whole experimental system sketch (it is not to scale). The experimental cell is

placed just in the center of the coil that is powered by the variable frequency drive (represented

by P. Supply). The optical system is centred over the vessel and the coil. The LED light is

redirected by a beam splitter and the parabolic mirror. A camera is located in the reflected

focus. All the information is recovered in a computer.

A scale between the light intensity values and the surfaces deflection is established. It is

possible to measure modulations of the surface peak-to-peak of 10 µm and the lateral resolution

obtained is around 0.3 mm. Although we cannot obtain the full velocity field from the surface

modulation, the temporal evolution of the surface will present the same temporal dynamics

than the surface, and this last one to the dynamics of the subjacent velocity field. A detailed

analysis of the dynamics of the surface will allow to characterize the evolution governed by

the Navier-Stokes equation. So, the obtained gray scale is very useful in order to clarify the

pattern dynamics as it is shown later.

4.5.2. Patterns formation

Once the experimental cell is placed in the middle of the coil and the external magnetic field

is produced, azimuthal currents emerge in the fluid layer if B is time dependent. Due to the

axisymmetry of the vessel, the system produces radial Lorentz forces. These forces destabilize

the fluid layer equilibrium state. The non-linearities emerge depending on the frequency and

intensity of the magnetic field imposed. So, when the magnetic field is non-zero, the radial
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Lorentz forces expand and contract the drop radius producing waves.

Figure 4.13: Induced current and Lorentz forces scheme for one half of the magnetic field cycle

(blue). During this half period, the magnetic field increases or decreases, but the orientation

does not change. If the ~B increases, the azimuthal currents emerges in the indicated direction

(orange) and the Lorentz forces push the fluid from the center to the edge of the drop (green).

In the second half cycle, the magnetic field variations are oriented in the opposite direction.

Following the analogous reasoning, the Lorentz forces will push in the opposite direction too.

This motion may create flows on the droplet and can induce different surface deflections

that deviate the light in the shadowgraphy. The dynamical behaviour induced by the MHD

effects is defined based on the surface modulations. When the system is at rest and there

are no motions of the fluid, the surface remains flat. By following the principle advanced in

Figure 4.11, the parallel beams of light are reflected as if the surface was a mirror. The droplet

surface is bright and the image looks like“a full moon”(Figure 4.14).

Any surface deviation of the fluid will modify the droplet equilibrium state. When the

magnetic field is non-zero, the induced currents interact with the magnetic field. The radial

Lorentz force produces pulsations of the droplet and different dynamics emerges. There are

three clearly different regions. Where the beam of light impact on convex regions, the surface

wave behaves like a divergent lens. These regions appear in the camera as dark regions. In

areas where the beam of light impacts on concave regions the surface acts as convergent lens.

These zones appear in the camera as bright regions. The flat areas follow the normal behaviour

shown before. The recovered intensities from the different regions allow the recognition of pat-

terns and different kind of snapshots could be observed based on the visible gray scale forced

by this mechanism. At most frequencies of the studied phase space there is a predominant

axisymmetric pattern. In this state, the surface beats as a whole (Bessel functions) due to the

Lorentz forces (Figure 4.15 left).
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Figure 4.14: Droplet reflection with the system at rest. Almost all the surface reflects as a

mirror. It should be noted that, the borders look like quite different due to the curvature of

the drop. The “dark spot” on the left side close to the border correspond to an impurity on

the fluid surface.

The axisymmetric patterns are predominant but they are not the only structures that we

have recovered. We have observed very restricted windows in the studied phase space where

other non-axisymmetric patterns emerge due to surface modulations. The patterns have differ-

ent structures that depend on the amplitude and frequency of the main magnetic field imposed.

We label these patterns as modes by using the azimuthal wave-number observed. We have

studied modes from m = 0 to m = 12 (central panel of the Figure 4.15 is an example of

m = 5). For large volumes of liquid metal and high intensities of the magnetic field, we have

even observed patterns composed of azimuthal and radial wave-numbers (Figure 4.15 bottom

panel). In these images it is possible to appreciate the different light intensities. This can be

better appreciated using 3D patterns (Figure 4.16).

Let me note that the gray scale of the different images that appear in the manuscript has

been modified in order to clarify the pattern visualization in the printed version (the contrast

and brightness have been strongly modified). All the digital treatment has been done with the

original images with a much less pronounced contrast.

4.6. Data processing

Once the surface visualization results in a digital image, the basic challenge of the image

processing methods is to produce a quantitative and qualitative analysis of the studied physics.

The first, but not least important step is to establish the data processing protocols. The top

view observation of the vessel allowed us to record snapshots of the patterns as digital images.

So, the physical effects forced in the droplet are recorded as an image where the gray scale
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Figure 4.15: Some examples of 2D patterns: axisymmetric pattern (top panel), non-

axisymmetric pattern in azimuthal direction (center panel) and non-axisymmetric pattern in

azimuthal and radial direction (bottom panel). These images are frames recovered directly

with the camera at forcing frequencies of 3.7 Hz, 4.2 Hz and 2.2 Hz with intensities of 12 A

in the first two images and 40 A in the last one. The bright spot on the bottom right corners

come from the LED direct reflection.
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Figure 4.16: Some examples of 3D patterns: axisymmetric pattern (top panel), non-

axisymmetric pattern in azimuthal direction (center panel) and non-axisymmetric pattern in

azimuthal and radial direction (bottom panel). The heights are not real, but they help to

better appreciate the different structures.

define the patterns.

Let me assume an image as a function Imgi(x, y) where x and y represents spacial coor-

dinates. So, each snapshot recorded could be defined as a M ×N matrix where M represents

the number of pixels in y direction and N the number of pixels in x direction. The dynamical

behaviour of the surface modulations could be studied if the camera records several successive

images. All the images have information of the droplet beating which will depend on the

the external magnetic field applied. All the Imgi snapshots placed together image per image

add information about the pattern evolution in the temporal dimension combined in a matrix
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(Img(x, y, t)). A Fourier analysis can be implemented in order to define the pattern dynamics

thanks to this new dimension.

The basis of the Fourier analysis is that a complex signal in the temporal domain can be

decomposed as a group of simple sinusoidal signals. These new signals are nothing more than

the harmonic frequencies of the fundamental frequency: ffund = 1/Tacq where Tacq is the

total acquisition time [113]. The maximum amplitude peak indicates which frequency has the

higher influence on the main signal. From a non rigorous point of view, it can be said that

the Fourier analysis allows to quantify the number of repetitions in time of any phenomenon

or periodic success. Let me consider the discrete signal composed by all the images obtained as:

Img(x, y, t) = [Img1(x, y, t0), Img1(x, y, t0 +∆t), ..., Img(x, y, t0 + (Nf − 1)∆t)] (4.1)

where Nf is the number of frames obtained with the camera and ∆t the period between

images. So, the sample frequency is fsam = 1/∆t. With this system, the lower frequency

that it can be recovered comes from the average number of frames as Tacq = (Nf − 1)∆t,

that denoted the fundamental frequency period. Once the sampling frequency is defined, it

could be possible to apply the discrete version of the fast Fourier transform (DFT) in the time

direction by selecting the same pixel of each frame (Figure 4.17).

Although this procedure allows to study the dynamics of the different patterns taking only

one pixel, the final signal would have a lot of noise. In order to decrease the noise level of the

analysis, each image could be studied computing an average DFT over the different pixels in

a region of interest (ROI):

Tf(ω) =
∑

[DFT (Img(xi, yi, t))] (xi, yi)ǫROI (4.2)

where Tf is the Fourier transform of each ROI in the temporal dimension and the ROI

can be defined as a pixel, circle, line, whole image, etc. The selection of the whole image as

ROI allows noise reduction. If we average Ms series, the noise reduction will be 1/
√
Ms. We

define the ROI by selecting from the whole set of frames a single pixel line where x′ contains

x and y (x′ = f(x, y)) as a 2D subset of the original 3D data:

Imgrsh(x
′, t) = [Imgrsh(x

′, t0), ..., Imgrsh(x
′, t0 + (Nf − 1)∆t)] (4.3)
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Figure 4.17: DFT in temporal direction. What we recover with the camera are isolated frames

as it is shown in the top figure: an example of six consecutive frames. In order to apply the

DFT, it is necessary to add a temporal dimension. We defined a matrix placing together all

the frames obtained as it is shown in the bottom figure: if we know the period between images

and the acquisition frequency, we can select one pixel o region of each image in order to study

the DFT in time direction. More frames recovered by the camera imply an increase of the

minimum frequency that could be recovered.

Figure 4.18 shows the space-time diagram for the new matrix Imgrsh(x
′, t). From this

space-time diagram it is possible to define the frequency spectrum looking at the amplitudes

of the active modes. This tool will be really useful because allows us to define the power

spectrum (A2) where it is possible to locate the main harmonics that govern the dynamics

observed (Figure 4.19).

Other ROI definitions could be useful. For example, it is possible to extract the DFT of

concentric rings from the center of the pattern. This mechanism was used to study the pattern

drifts and rotation. Even we could have performed full 3D DFT analysis, but the same result

can be obtained exploring each dimension (x, y, t) separately.

The power spectrum provides useful information of the temporal evolution of the patterns.

Due to the discrete nature of the sampling, there is also another factor to be taken into account
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Figure 4.18: Space-time diagram of the pattern evolution: we can observe gray scales regions

that contains the evolution of the patterns. A fast beating can be identified in the temporal

direction. In this figure, x′ is a section of the rearranged initial image. The space-temporal

matrix is easily processed in Matlab in order to define the power spectrum.

during the data processing. The highest frequency that can be represented by a discrete signal

with this sampling frequency is the Nyquist frequency, which is half the sampling frequency.

If this maximum frequency is exceeded, the higher frequencies appear as lower frequencies, a

phenomenon called aliasing. So, the existence of aliasing allows us to determine on the power

spectrum the amplitude of higher harmonics that will appear refolded on the main one (Figure

4.19).

Aliasing has negative effects in others situations where each mode has a wide peak, so the

information is mixed. In our case, these higher harmonics have very narrow peaks, so there

is no mixing between folded harmonics. We can extend the frequency spectrum as if we were

using a higher sampling frequency. This process will be described in chapter #6.
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Figure 4.19: Power spectrum for a series obtained at 32 A and 3.95 Hz: the blue line is

the obtained power spectrum where we can locate the fundamental frequency fB and the

harmonic 2fB. Over this blue line, there are different orange peaks. All these peaks represent

identified higher harmonics of the fundamental frequency that appear refolded in the main

power spectrum. So, if we can locate the aliased modes, it is possible to know the power

spectrum for the modes nfB > fsam.
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Chapter 5

Ultra sound Doppler velocimetry

(UDV) in liquid metals.

Abstract

As it was noted before, the main problem of the proposed experimental setup (based

on an optical system) is the lack of information related to the velocity field inside the

liquid metal drop. In that sense, the study of alternatives that allow to observe the

dynamical behaviour of the InGaSn proposed experiment, could give an added value.

This goal could be achieved using ultrasound pulses. A three months research stay was

carried out in the T. U. Ilmenau to learn the practical details of this technique.

5.1. Introduction

The UDV system allows the characterization of velocity profiles on opaque fluids. With the

optical techniques used up to now, we can only characterize the dynamical behaviour of the

droplet surface. The UDV system can penetrate the surface layer, so the initial idea was to

adapt our experimental cell as well as possible to the experimental setup located on the host

laboratory in order to perform some UDV measurements in our vessel. With these data we

could better understand the behaviour of our system.

There are four main research centres in Europe with the equipment and experience in the

use of UDV in liquid metals located in Ilmenau, Dresden, Riga and Grenoble. The Technical

University of Ilmenau (T. U. Ilmenau) accredits a very high level in these works as can be

corroborated in the publications of their research group ”Lorentz force Velocimetry and Eddy

current testing”, recognized internationally. Their contribution is evidenced by the presence of

international patents related to the field.

65
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The main objective of this project was to learn how to deal with the UDV system by doing

experiments with the UDV DOP 2000 device in liquid metals. First of all we worked in a

channel (closed duct) where the velocities obtained were around 900 mm/s. In a second stage,

we worked in an open duct setup with a typical velocity over 100 mm/s. In both cases the

speed profiles were measured in turbulent flows. These experiments were done in presence of

solids or magnetic obstacles. Unfortunately, the system could not be used in our experimental

cell.

5.1.1. UDV device

The UDV technique has its origin in the Christian Doppler (1803-1853) hypothesis on the

variation of the relative frequency of a sound wave if the emitter or the receiver are in motion.

The first works done in the field of Doppler method were originally developed for blood velocity

measurements in humans. This technique has been used for more than 50 years [114]. Some

attempts to obtain ultrasonographic cross-sectional imaging was done in 1949 [115]. Finally,

Paul Henry Kalmus (1919-1976) described how the flow velocity in fluids could be determined

by using ultrasonic waves [116]. One of the main approaches developed was based on the use

of ultrasound Doppler pulses. Dean Franklin (1929-2007), Donald W. Baker (1932-) and other

PhD students proposed in 1959 a pulse ultrasonic flowmeter that could be implanted on the

blood vessels [117].

The use of this technique, whose birth is linked to the medicine, has been extended to other

areas of knowledge, as fluid mechanics. One of the first authors who adapted the technique

was Yasushi Takeda, who developed a monitoring system that allowed to recover the velocity

profiles for general fluids [118, 119]. Through the years, the use of UDV systems has become

accepted by the scientific community as a tool to measure velocity flows in research and even

in the industry due to the high adaptability on flows where other techniques are impossible

(i.e. opaque fluids). Our experiment is a clear example of a physical problem where the use

of UDV systems could provide an added value. Our model is based on a InGaSn drop of fluid

and the velocity profile is inaccessible by using optical tools. The use of UDV systems is the

main tool available to measure velocity profiles in liquid metals [107, 120].

From the state of art in this topic we can conclude that there are two different approaches

available for UDV technology: continuous wave or pulsed wave. In our case, the use of

continuous wave is not possible. If we begin with the classical definition of Doppler effect for

continuous ultrasound wave, the fluid velocity is recovered by using the fact that this sound

wave bounces with an object in motion changing its frequency. The difference between the

emitted and received wave is known as the Doppler shift and allows to recover the fluid velocity:
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u =
cfd

2fe + fd
≈ cfd

2fe
(5.1)

where u is the fluid velocity, c the sound speed, fd is the Doppler shift and fe the emitted

frequency (usually fe ≪ fd). We can estimate the Doppler shift in our case. Assuming an emit-

ting frequency of 4MHz, the sound velocity at 1000m/s and a fluid velocity around 0.1m/s,

the Doppler shift is fd ≈ 800Hz. The received wave Fourier transform resolution should be of

the order of 800

4·106
≈ 2

1·104
. If the sample frequency in the Fourier space is ∆f ≈ 1

Tadq
we need

wave pulses around 1 · 104 units. If we assume that the emitted wavelength is λ ≈ 0.2 mm,

the wave train should have 2 m in length in order to get enough accuracy. For that reason,

the continuous wave cannot be used in our work.

Although both idea follows the Doppler basis, the use of pulsed waves can be considered as

an extended version but following a different signal processing that in other Doppler systems:

the velocity will be derived on the basis of the phase displacement between two successive

short pulses who solves our problem with the continuous wave. Each pulse is formed by a few

cycles emitted at a desired frequency by the transducer (Pulse Repetition Frequency). Be-

tween pulses, the same transducer receive the echoes but not all are analysed: the reception is

controlled by a specific temporal gate. In our case, the UDV DOOP 2000 allows to adjust the

position and the size of the measuring volume that could be represented as cylindrical disks

perpendicular to the transducer axis (Figure 5.1). The length of the emitted pulse directly

determines the longitudinal dimension of the measuring volume [121].

Figure 5.1: Skecth of the different beam zones. On the one hand, the Fresnel zone (the near

field). On the other hand, the Fraunhofer zone (the far field). Each close line represent the

different wave trains emitted. Adapted from [122].

The velocity obtained in each pulse is:
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u =
cfd

2fecosθ
(5.2)

where u is the velocity, c is the sound velocity on the media, fe is the emitting frequency

and fd is the frequency between pulses and θ is the angle between the transducer signal and the

fluid direction(Figure 5.2). If we pay attention to the velocity equation it is possible to verify

the similarity between this equation and the Doppler effect equation, but the signal processing

used in the different cases are not completely comparable. Further information about the basic

concepts of the theory or functioning of the UDV DOP 2000 system could be obtained in the

manufacturer’s web page [123].

Another important fact of the UDV systems are the near and far fields. These regions

depend on the the ultrasound pulse diameter, that depends on the beam width. The initial

lengths are proportional to the transducer, that is the component (piezpelectric elements) that

produce the ultrasound pulse and receive the returning echoes. In the transducer surface,

the pulse diameter match with the size of the piezoelectric. But this size changes when it

propagates and two regions can be differentiated, the Fresnel and Fraunhofer zones. As it is

shown in the Figure 5.1, the Fresnel zone is the so-called near field. On the other hand, the

Fraunhofer zone is the far field.

In the near field, the ultrasound pulse is quasi constant being determined by the transducer

diameter and proportional to the frequency. The pulsed wave energy is maximum although

the intensity distribution along the beam axis is not constant. There are interferences that

make impossible to measure in this region. On the other hand, the beam diverges in the the

far field. The ultrasound pulse has bigger diameter but less intensity along the central axis.

Hear we can consider that the ultra sound paths can be assimilated to straight lines. Further

information about the near and far fields can be obtained in [121].

Limitations

Although there are several advantages by using pulsed Doppler ultrasound, there are some

drawbacks too. Due to the Nyquist theorem, a maximum velocity could be recovered for each

pulse repetition frequency. So, there is a velocity limitation. In addition, there is a depth

limitation too. The pulse repetition frequency gives the maximum time allowed to the signal

to reach the particle and return to the transducer. Both limitations are related. Increasing the

time between pulses we are increasing the maximum depth but limiting the maximum velocity

which can be measured. We can follow the analogous process reducing the time between

pulses. Finally, the ultrasound scattering is another important fact that must be considered

[121].
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Figure 5.2: Skecth of the UDV DOP 2000 transducer. The probe measures the velocity field

by comparing the obtained data of two pulses reflected by a particle in two different positions

A and B (orange). Extracted from [123].

5.1.2. Control software

The measuring device is complemented by a software developed by the manufacturer that

allows to perform the acquisition of the observed signals during the experiments (Figure 5.3).

The raw signals will be saved (without applying any type of filter or tool) in order to allow a

post processing of the data with scripts developed in Matlab.

In our case, the control software is used for the acquisition of two signals. The first one is

the velocity. It is possible to develop a setup of three probes to obtain the 2D velocity field or a

setup of 4 probes to obtain the 3D velocity field. In our case, with a single probe, we measure

the longitudinal component of the velocity in the different experimental setup configurations.

On the other hand, we save also the echo signal produced by the probe. This signal has high

importance. This signal allows to observe the position of the walls in the different sections of

the experimental setup. This data will allow to chop the velocity field signal and isolate the

portion of the velocity profile of the fluid.

5.2. UDV measurements in a closed duct

The experimental setup (Figure 5.4) can be divided into three parts, channel, electromag-

netic pump and DOP2000 UDV system. The channel is a horizontal closed duct made of

plexiglass with a rectangular section of 80 mm high by 10 mm wide. Through the duct flows

an eutectic InGaSn (MCP11) alloy liquid at room temperature. The filling and emptying of the

duct is controlled by gravity thanks (two test tubes located in each corner of the duct). There
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Figure 5.3: UDV DOP 2000 software window. Although there are other options, we always

compute two signals: velocity (left graph) and echo (right graph). With this information, we

can select the region of interest (orange dashed line) in the velocity profile.

are no external currents applied in the liquid metal. The flow in the channel occurs due to the

action of an electromagnetic pump, that consists on two wheels that contain magnets oriented

in the same direction (Figure 5.4). A constant flux cross the duct. When the two wheels turn

driven by the engine, the magnetic flux changes and induced currents appear. These currents

interact again with the magnetic field and Lorentz forces emerge that push the fluid. The

last part of the setup is the UDV device. The UDV is coupled to the channel through a hole

located behind one of the corners. This system has the advantage that the reproducibility of

the experiment is very high, because the probe is always placed at the same position. However

we can only measure the velocity in the central section of the duct and there are some leakages.

5.2.1. Data acquisition, analysis and further works

The control parameter in this experiment is the induced velocity in the liquid metal through

the electromagnetic pump. The profile shown in Figure 5.5 give us an idea of how the fluid

velocity evolves when the electromagnetic pump velocity increases. It is possible to measure
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Figure 5.4: Closed duct experimental setup sketch: (a) top view of the whole experiment.

A power supply control the electromagnetic pump, two test tubes that allows to control the

duct volume by gravity and the UDV probe, connected in a computer. (b) lateral view of the

electromagnetic pump. (c) lateral view of the UDV probe. A plexiglass adapter whit a hole

allows to fix the probe. The magnetic obstacle is placed close to the probe.

the velocity in the channel at different depths, where the maximum height is limited by the

maximum depth allowed by the UDV system probe (during the close and open duct description

and analysis, the word depth is used in order to define the distance between the bottom surface

of the duct and the probe).

In order to better visualize the obtained data, it is possible to normalize the velocity profiles

through a characteristic velocity of the fluid. For each value of the velocity pump studied, we

define a characteristic velocity u0 as the average velocity between two depths (40 mm and 45

mm) (Figure 5.6).

Once u0 is defined, it is possible to normalize the whole data by dividing each pump velocity

sample of data with the characteristic velocity (Figure 5.7). We can note in this graph that

almost all the velocity profiles are close to the mean value. However, in the right side of the

graph there are some velocity profiles that separate from the mean value.

We can rearrange similar velocities of the pump obtaining the average value at different

depths (Figure 5.8). This graph reveals that the velocity profiles that separate from the mean

value match with the lowest velocities of the electromagnetic pump.
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Figure 5.5: Velocity profiles obtained with the UDV DOP 2000 system: this contour shows the

velocity evolution (in depth and with the velocity of the electromagnetic pump) on the central

section of the duct without any type of magnetic obstacle.

Figure 5.6: Fluid velocity recovered at each depth: the blue lines represent the different

velocities observed at different depths evolving as a function of the E.M. pump velocity. The

orange line represents a characteristic velocity obtained as the average velocity between 40

mm and 45 mm depth.
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Figure 5.7: Average velocity evolution in depth: the blue lines represent the normalized fluid

velocity evolution for each pump velocity.

Figure 5.8: Average velocities evolution in depth for different samples of electromagnetic

pump velocities: the black line is the average between 1% an 4% of the electromagnetic pump

velocities (r1). The cyan line between 4% and 5.7% (r2). The orange line between 5.8% and

7.9% (r3). The blue line between 8% and 10% (r4) and the green line between 10.1% and

15% (r5).
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If we define the Reynolds number Re for the rectangular duct studied using as characteristic

length the width of the duct, at low velocities of the pump where the fluid velocity is arround

100 mm/s, Re ≈ 2941. So, the turbulent flow is not fully developed. For that reason, we

can find different layers where the velocity profile is quite different. When the electromagnetic

pump velocity increase and the fluid reach velocities close to 150 mm/s (even at low velocities

of the electromagnetic pump but in the bottom of the duct), Re > 4000 and the flow is tur-

bulent. For that reason, when the electromagnetic pump velocity increases the velocity profile

becomes flat and close to the mean value. So, the fluid velocity depends on the Reynolds

number and the depth.

The flow velocity can be divided into two parts. On the one hand, an spacial mean ve-

locity that depends on the Reynolds number. On the other hand, an spacial modulation that

depends on the height of the ducts u = û(Re) + û(z). This last term is important during

the initial range of electromagnetic pump velocities. When we approach to the maximum

electromagnetic pump velocity studied, this height dependence is damped. So, we should be

able to recover the typical turbulent velocity profile for a rectangular duct. This profile consist

on a central hill with a maximum velocity in the center and lower velocities close to the walls.

Note that this behaviour is not totally recovered in these graphs because we have not valid

data from the last 15 mm of the duct (the upper surface) due to probe wettability problems

and the Fresnel zone of the probe.

In addition, there is an interesting region around 5% of the electromagnetic pump velocity

where we observed that the velocity field decreases (is observed for all distances from the

probe). This region is not dependent on the depth or the presence of magnetic obstacles.

This behaviour is similar to the typical one that we usually find in the transition stage to a

turbulent regime, but the estimated velocity that produce the turbulent flow is larger than

150 mm/s. So, this behaviour happens in a fully developed turbulent flow. It is also possible

that this region is the consequence of measuring the negative component of any vortex formed

after the corner of the duct, but there are no evidences to support this idea. In order to study

this parameter region, other methods should be applied. For example, it would be possible

to measure the velocity in the duct by changing the flow direction. In this configuration the

flow would be established before arriving at the probe after passing through the corner. Also

it would be interesting to use other approaches as performing measurements through the walls

of the duct.

Following analogous processes, we studied the effects of different magnetic obstacles. These

magnets produce a constant magnetic field that push up or down the fluid (this fact depends

on the magnetic field and fluid direction). So, the fluid velocity evolution presents slight dif-

ferences although the general behaviour follows the same process explained before. In our

case, the fluid is pushed down. Even at a fully turbulent flow, in the bottom surface of the
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duct the velocity is higher than in the upper surface (Figure 5.9). The last region of this panel

could be consequence of the far field ultrasound dispersion or other facts that we did not study.

Figure 5.9: Average velocities evolution in depth for different samples of electromagnetic pump

velocities when a big magnetic obstacle is placed at 6 cm of the probe: the black line is the

average between 1% an 4% percent of the electromagnetic pump velocities (r1). The cyan

line between 4% and 5.7% (r2). The orange line between 5.8% and 7.9% (r3). The blue line

between 8% and 10% (r4) and the green line between 10.1% and 15% (r5).

5.3. UDV measurements in an open duct

The experimental setup (Figure 5.10) is similar to the closed duct shown in the previous

section. It can also be split into three parts, channel, electromagnetic pump and DOP2000

UDV system. The channel is an open duct made of plexiglass with square section of 50 mm

high by 50 mm wide. Through the duct flows an eutectic InGaSn (MCP11) alloy liquid at

room temperature. The measuring section in this case is longer than in the previous case.

This approach allows to place a honeycomb at the beginning of the duct in order to stabilize

the flow. As in the previous setup, there are no external currents applied in the liquid metal.

The flow in the duct appears due to the drag induced by the electromagnetic pump. The last

part is the ultrasound Doppler velocimetry system. As the top working section of the open duct

is a free surface, it is easier to access the liquid metal using the UDV device. This probe can

be easily displaced in order to explore different regions. The probe is coupled to the channel

through an independent holding structure system.
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Figure 5.10: Open duct experimental setup sketch: (a) top view of the whole experimental

approach. A power supply controls the electromagnetic pump and the UDV probe is connected

to a computer. (b) lateral view of the electromagnetic pump. (c) lateral view of the first

auxiliary system that hold the UDV probe in the upper surface of the working section. (d)

honeycomb section. (e) second auxiliary system, where the velocity field measurements are

recovered through the walls.
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5.3.1. Data acquisition, analysis and further works

Different velocity profiles have been recovered by using different auxiliary probe holders for

the UDV DOP2000. As in the closed duct, the main control parameter is the induced velocity

in the liquid metal through the electromagnetic pump. Thanks to the flexibility of the applied

method it is possible to measure the velocity at different depths in the centre of the duct. In

addition, moving the probe it is possible to measure the velocity profile of the whole section

of the duct.

Following an analogous process to the one done in the closed duct, we can estimate the

Re using the duct width as the characteristic length. At low velocities of the pump where

the minimum fluid velocity is around 10 mm/s, the Reynolds number is Re ≈ 1470. When

the electromagnetic pump velocity increases and the fluid reach velocities close to 28 mm/s ,

Re > 4000 and the flow is turbulent. So, for almost all the studied velocities we should recover

the typical turbulent fluid contour with higher velocities in a central box that decrease close

to the walls.

Auxiliary system 1

The first probe auxiliary system (see Figure 5.10) is based on the combined displacement

of rotation and translation of the probe through an external structure. This configuration

allows us to access the duct through the free surface giving us 6 degrees of freedom. The

main drawback of this auxiliary system is that the reproducibility of the spatial position and

orientation of the probe is very small. In addition, the probe should be submerged in the liquid

metal, so we are losing information and we can alter the fluid flow. For this reason this probe

holder has been only used to obtain the velocity profile in the centre of the channel. As in

the closed duct (analogous problem) the analysed results show that the flow increases when

the electromagnetic pump velocity grows as it was expected . Looking at the velocity in the

central position it is possible to appreciate that the velocity evolution is bigger in the centre

than on the walls. Although this trend is observed, it is not possible to define the whole profile

due to the wettability and the near field problems as in the close duct (Figure 5.11). We did

not present in detail the results contours obtained from this auxiliar system because the setups

was improved as it is described in the next section.

Auxiliary system 2

To reduce the uncertainty of the obtained results with the original experimental setup pro-

posed, we have developed a new experimental approach based on a moving x-y system that

reduces the movement freedom degrees from 6 to 2. Furthermore the new setup allows us to
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Figure 5.11: In the top panel, the fluid velocity recovered at each depth: blue lines represent

the different velocities observed at different depths evolving as a function of the E.M. pump

velocity. The orange line represents a characteristic velocity obtained as the average velocity

between 20 mm and 25 mm depth. In the bottom panel, average velocity evolution in depth:

the blue lines represent the normalized fluid velocity evolution for each pump velocity.
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eliminate the rotations of the probe. This change allows us to move the probe in the cross

section (necessary to obtain the full profile of the section of duct) and in height.

Despite the good reproducibility of the measurements, the main disadvantage of this ar-

rangement is that the measurements are done through the free surface as in the previous setup.

Due to this limitation we must insert the probe in the liquid metal loosing information of this

area. Another problem is that there are oxide particles in the liquid metal (higher percentage

in free surface and background). Although these particles take part in the process (the system

needs solid particles in suspension), the oxide particles can complicate the reception of the

sound because these particles can be deposited on the sensor. In addition, we need a good

contact between the liquid metal and the probe. So, we must place the probe into the liquid

metal but then, we are losing a significant percentage of the velocity profile (data are obtained

for approximately one half of the profile) (Figure 5.12).

From these data we can observe the asymmetry of the velocity field across the duct. As

this is a fully developed turbulent flow, we expected a symmetrical velocity profile with the

typical trapezoidal shape profile.

Auxiliary system 3

The two main error sources induced by the auxiliary setups listed above are the poor repro-

ducibility of the experiments and a significant loss of information as a result of the position

of the probe inside the liquid metal layer. The last proposed auxiliary setup allows us to

perform the measurement of the velocity profile through the duct wall. A piece of the same

material of the duct (plexiglass) allows to match the acoustic impedance with the walls when

it is placed in contact with one of the duct faces. In the plexiglass piece some holes of the

size of the probe were made in the locations in which we wanted to measure the profile. This

auxiliary system allows to prevent the two errors present in the previous proposals (Figure 5.10).

This new approach has some advantages. On the one hand, it will be possible to perform

measurements of the velocity profile across the whole duct section (without taking into ac-

count the boundary layer because the UDV device does not have enough resolution for these

measurements). On the other hand, it will be possible to increase the reproducibility giving

extra value to the results.

The main drawback of this method is that we lose signal strength in each interface between

materials due to the different impedances. It is necessary to reach a perfect transmissivity

between both pieces (different angles of attack for the probe and different types of gel and

petroleum jelly have been studied). We should have a higher accuracy in the definitive piece
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Figure 5.12: Obtained velocity profiles: the contour plots show the velocity evolution (in the

duct section) due to the electromagnetic pump velocity without any type of magnetic or real

obstacle. Note that the whole section is not available due to probe limitations. Each panel

correspond to different pump velocities [5− 55] rpm.

(any imperfection in the final surface, such as the burr of the drilling generates a loss of trans-

missivity). The probe must be powerful enough to measure the entire profile. Otherwise, it

will not be possible to obtain a valid signal that will allow us to study the complete profile.
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The final piece done in the workshop for the proposed probe holder is far from uniformity

(it is necessary to use a special tool that workers of Helmholtz Zentrum of Dresden showed to

us). The imperfection in the final surface and the low power of the available probe only allows

us to study the flow in half section of the duct. Despite this, thanks to this method we have

been considerably reduced the initial sources of error and mark the line of work to obtain a

nice velocity profile of the duct.

5.4. Research stay summary

The UDV DOP2000 measurement system has been studied in depth, from the physical

basis to its operation, possibilities and limitations. Although it has been impossible to adapt

the vessel and the coil to the power supplies available in the host laboratory the expertise level

required to work with the system autonomously was reached, a priority objective of the research

stay. Many of the lessons learned from that stay would allow to reproduce the technique in our

laboratory at University of Navarra and the UDV system could allow us to acquire information

directly on our experimental cell.

The learning process has been complemented with a visit to the Helmholtz Zentrum of

Dresden-Rossendorf where experts in Ultrasound Doppler Velocimetry showed other non-

invasive techniques measuring the velocity profiles through the walls as for example by using a

plexiglass adapter. In addition, they helped us to better understand the physics and limitations

of the system that will allow to adapt the technique to specific experimental conditions (i.e. I

worked with another researcher of the RTG group in a simplified laboratory model of a mixing

thank. They wanted to perform some measurements in the laboratory in order to use the UDV

technique in the real case).

Another important achievement in terms of the data obtained with the device DOP2000,

are the scripts that we have been developed. These scripts allows to work by using Matlab

with the acquired signals. Thanks to be home-made scripts, it is possible to adapt them to

each experimental setup. Although the fundamental objective of the stay was to learn how to

use the UDV DOP2000 system, the work in different experimental setups has represented an

added value to the stay.
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Chapter 6

Analysis and results

Abstract

Once the experimental setup and the data processing have been described, it is time

to present the obtained data and their analysis to extract useful information from the

experiment. We have studied the different solutions in the phase-space. From these data

we visualize the presence of instabilities for really low interaction parameter values. The

instabilities have been observed in the N range estimated for the semicircular ducts. In

addition, the different mechanisms that force the instabilities have been identified. The

odd and even modes of the excitation frequency present different instability threshold

values. Finally, some dynamical processes have been described: cycles between modes

and drifts in the cycles are defined for fixed parameters.

6.1. Initial considerations

Before analysing the obtained data, it is necessary to discuss some important assumptions of

our system. We already saw that some MHD approximations are essential to better understand

the non-linear effects that govern the studied phenomena. Now, in a more detailed way and

with our experimental model in mind, we verify these approaches.

6.1.1. Skin effect

First of all, it is necessary to define the forces that are present in our system. The study of

the instabilities proposed mechanisms depends on the coupling between the external magnetic

field and the velocity fields created. In addition, the main interest is the characterization of

these instabilities for tiny values of N . In our case, the minimum frequencies forced are really

small compared to other works. We should expect that the magnetic field fully penetrates

the droplet producing bulk forces. The skin effect is an important consideration that affects

the forced dynamics. The magnetic permeability gives an idea of resistance of the material

83
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to the penetration of the magnetic field. The diffusive process needs time (Tη = µ0σL
2) to

fully penetrate into the droplet in each magnetic field cycle (T = 2πω−1). Let me assume the

existence of a time dependent magnetic field B that is outside a fluid droplet at rest (u = 0).

If we take the induction equation, this will be reduced to the diffusive term:

∂t ~B =
✘
✘
✘
✘

✘
✘✘✿

0
∇× (~v × ~B) + η∇2 ~B (6.1)

Let my assume that B0 is the typical magnetic field scale. The dimensional analysis shows

that:

[
B0

T
] =

1

µ0σ
[
B0

L2
] =⇒ Lp ≈

√

1

µ0σω
(6.2)

where Lp is the penetration length. A full deduction of Equation 6.2 will lead to a correc-

tion factor
√
2. As the electrical conductivity of the InGaSn alloy has an order of magnitude

around σ ≈ 3.5 · 106 S/m and the vacuum magnetic permeability has an order of magnitude

around µ0 ≈ 4π · 10−6 N/A2, the penetration length is reduced to:

Lp ≈
√

1

10ω
(6.3)

It means that the maximum frequency provided by the variable frequency drive (10 Hz

→ 62.83 rad/s) has a penetration estimated length of Lp ≈ 0.04 m. Because of the maximum

height of the studied drop of fluid, the proposed frequency range is small enough to ensure

that the magnetic field fully penetrates into the droplet avoiding the skin effect. All the forces

that destabilize the fluid are not concentrated on the surface.

6.1.2. Interaction parameter values

The interaction parameter value is very important to compare results in both situations.

This value will be our link between the inner ear model and MHD physics experiment. If we

obtain instabilities in the interaction parameter values estimated for the semicircular ducts, it

would be possible to compare the obtained results from the liquid metal experiment and the

inner ear case.

As it was shown before, the interaction parameter follows the expression N = B2
oLσ/ρu

where Bo is the magnetic field, σ the electrical conductivity, ρ the fluid density, L a typical
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length scale and u the fluid velocity. The interaction parameter value gives an idea of the

influence of the electromagnetic forces compared to the inertial forces. Following the previous

ideas, large N values means that the electromagnetic forces highly affect the flow field (usu-

ally N > 1). On the other hand, when it is small the magnetic field barely affects the flow field.

The first difficulty that arises in our approaches is the fluid velocity definition. The fluid

velocity within the InGaSn liquid metal layer is not known because of the optical system pro-

posed. However, an estimation could be done. Assuming that the vessel is axisymmetric and

from the beating of the droplet, we can define the velocity as a radial modulation of the fluid

surface. This velocity used to be defined as u = fL where f is the imposed frequency on the

system and L is the typical length scale [97, 101]. In the second experiment the main problem

is that the fluid velocity within the semicircular ducts is not known because of the lack of

results in this field, as it is not possible to measure velocities due to the difficult access to the

bone cavity. We follow the same estimation described above.

The interaction parameter in both experiments are defined as:

N =
B2

0σ

ρfB
(6.4)

that does not depend on the system size. The interaction parameter definition is reduced

to the fluid nature properties (ρ, σ) and the external imposed magnetic field (fB, B0).

Estimated interaction parameter values in the liquid metal experiment

Following this procedure, it is possible to define the interaction parameter values for the

whole range of control parameters in our experiment. In our case, the InGaSn alloy has a large

electrical conductivity (σ = 3.5 · 106 S/m) and the liquid metal density is 6360 kg/m3 [102].

As we have two experimental parameters, we can represent the interaction parameter evolution

as a surface or isocontours. It is possible to define constant interaction parameter values lines

that depend on the control parameters, as there is a direct relation between the magnetic

field imposed and the dominant frequency where N is defined as N = 5.35 · 102B2
0/f . Figure

6.1 shows the interaction parameter evolution associated with the proposed liquid metal model.

Estimated interaction parameter values in the semicircular ducts

In the semicircular duct cavities flow two different electrolytes, endolymph and perilymph.

Although both of them can be altered due to the external magnetic field imposed, let me center
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Figure 6.1: Interaction parameter values in the phase space: each line represents the evolution

of constant interaction parameter values for experimental control parameter pairs f and B.

the attention in the endolymph, who is the fluid that fill the ampulla. Endolymph flows inside

the membranous cavities and is responsible of the hair cells stimulation. The composition of

the endolymph is basically potassium chloride (K+ = 157 mM and Cl− = 132 mM). It is

possible to extract the electrical conductivity in mS/cm for the indicated concentration in mass

percent [124, 125], in our case 15, 7 mS/cm. The fluid density is approximately water density

(1000 kg/m3). Finally, the maximum magnetic field strength in our setup is 3 T. The expected

interaction parameter values in our experiment will be of the order of N ≈ 0.01413/fB. The

frequency range is [4− 20] Hz. That means that the estimated semicircular duct N values in

our study are between Nducts = [7 − 35] · 10−4. It would also be note that the mechanical

properties of the semicircular ducts are unknown, for example, the elasticity of the membrane.

This affects to the boundary condition.

From Figure 6.1 and comparing this constant interaction parameter lines with the inter-

action parameter values estimated for the inner ear semicircular ducts, it is clear that we are

interested in a really low interaction parameter values region. The potential limit of the ducts

are confined between the last two lines in the bottom part of the graphs (orange and green

lines). That means that we should find instabilities for really small parameter N or even with-

out threshold.
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6.1.3. Magnetic Reynolds number

The magnetic Reynolds number is another important parameter in our experiments. The

dynamical behaviour of both system will depend on the external magnetic field evolution, that

will induce some forces in the involved fluids through the Navier-Stokes equation. So, it is

important to define the behaviour of the magnetic field. In that sense, Rm will give us an idea

of the ratio between the characteristic time for diffusive and advective effects.

When Rm < 1, the advection term (~u × ~B) of the Induction equation is small compared

with the diffusion term (η∇2 ~B). In other words, the velocity field has weak influence on the

magnetic field [14]. So, the Rm definition gives an idea of the magnetic field evolution in our

system and the dependence of the velocity field. In the laboratory frame of reference, this term

tends to be lower than the unity.

As it was shown before, the magnetic Reynolds number follows the expression Rm = uLµ0σ

where u is the fluid velocity, L a typical length scale, µ0 the vacuum permeability and σ the

electrical conductivity. As in the N definition, we define the velocity as u = fL. In that case,

the magnetic Reynolds number can be defined similarly in both experiments (InGaSn and inner

ear), Equation 6.5. Rm will depend on the magnetic field imposed frequency fB.–

Rm = fL2µ0σ (6.5)

Estimated magnetic Reynolds number in the liquid metal experiment

In the liquid metal experiment, the characteristic length scale is determined by the drop

length, that in the maximum volume used is 80 mm. The vacuum permeability is a physical

constant (µ0 = 4π · 10−6 N/A−2). The last term involved, is the electrical conductivity, that

was defined before. So, the Rm in the liquid metal experiments will depend on the whole range

of frequencies following the expression: Rm = 0.0274fB. The wide range of frequencies in

the experiment is [0.5 − 10] Hz. That means that the estimated magnetic Reynolds number

values in our experiment are between Rm = [0.137− 2.74] · 10−1.

Estimated magnetic Reynolds number in the inner ear model

Following the analogous procedure, it is possible to define the magnetic Reynolds number

for the whole range of frequencies in our inner ear model. The main problem, one more time

in the inner ear, is the definition of the physiological properties. In that case, it is necessary to

define the characteristic length scale, that is the diameter of the inner ear semicircular ducts

values. This characteristic values is estimated as L ≈ 10 mm [126]. The vacuum permeability

and the endolymph electrical conductivity have been presented before. So, the Rm in the inner
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ear experiment will depend on the whole range of frequencies as: Rm = 1.97 · 10−10f . That

means that the estimated magnetic Reynolds number values in the experiment that we have

done are between Rm = [9.85− 197] · 10−11.

6.2. Axisymmetric and non-Axisymmetric patterns

The proposed experimental setup allows to force instabilities through MHD forces in a thin

InGaSn circularly shaped fluid layer. The interaction of the magnetic field with the induced

current produces Lorentz forces. Those forces are composed of two components, a mean and

an oscillating part. Due to the proposed experimental setup, the mean value is negligible com-

pared with the oscillatory one. The surface deformations and the observed patterns are a con-

sequence of the oscillatory component of the Lorentz force. As it was shown by Fautrelle et al.

[98], the vertical motion is directly driven by the alternating part of the Lorentz forces through

the Navier-Stokes equation with a frequency twice the excitation frequency fL = 2fB = ωB/π.

Once the variable frequency drive is producing the external magnetic field, different pat-

terns emerge in the fluid composed by radial and azimuthal waves (Figures 6.2 and 6.3).

The usual frame reference to describe these systems is to use a cylindrical coordinate system:

f(x, y, t) −→ f(r, θ, t). The patterns have an axisymmetric part Ptaxi(r, t) = f(r, 0, t) in all

the phase-space. However, a non-axisymmetric part Ptnonaxi(r, θ, t) = f(r, θ, t) is visible only

for some combinations of the main control parameters, frequency and intensity. The first step

done was to clarify the presence of the patterns in the phase space.

Below the instability threshold the growth rates of the new patterns are negative. From

specific ranges of frequency, the rates become positive and the pattern grows. Therefore, it

exists a frequency range where the pattern grows and emerge in the fluid free surface (Figure

6.4) that depends on a main frequency fB. These critical frequencies of each system depends

mainly on the geometry proposed. If we extend this to a frequency range instead of an iso-

lated frequency, different instabilities regions could be observed on the phase-space (Figure

6.4, right).

From the previous idea, we can extract that it could be possible to observe restricted fre-

quency regions in the phase-space where non-axisymmetric patterns are consistent. These

windows are centred over resonant frequencies within the resonant region imposed by the ge-

ometry. So, the first step was to perform an study of the magnetic field frequency evolution

(fB).

Apart from the InGaSn volume and the bottom vessel surface, there are two more control

parameters, the frequency (fB) and amplitude (B0) of the magnetic field. The experimental
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Figure 6.2: Different set of patterns observed: left panels, patterns recovered in 28 ml InGaSn

volume (m=0, 3, 5 and 8). Right panels, patterns recovered in 35 ml InGaSn volume (m=2,

4, 6 and 10). These are raw patterns recovered with the camera.
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Figure 6.3: Different set of patterns observed: left panels, patterns recovered in 28 ml InGaSn

volume (m=0, 3, 5 and 8). Right panels, patterns recovered in 35 ml InGaSn volume (m=2,

4, 6, and 10). These are 3D reconstructions of the patterns using Matlab.
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Figure 6.4: Instabilities growth rate expected (left panel) and instabilities region in a phase-

space (right panel).

protocol used is as follows:

A value of B0 is defined. Once the magnetic field is fixed, we recover pictures samples

by fixing different frequencies. First, the system recover images during [50− 60] seconds

(995 or 1200 frames). Due to the inertia of our system, before acquiring data with the

next frequency, we wait during 30 seconds with the system at rest.

Different frequency spectra for each sample were obtained by using the data processing

protocol defined in the previous chapter. All the frequency spectra could be plotted in

the same graph as it is shown in the Figure 6.5.

It is easy to detect in the plot the evolution of the main harmonics 2fB, 4fB, 6fB, etc.

Following the evolution while the external magnetic field frequencies increase, there are re-

gions where the peaks of the DFT are maximum. Taking into account that the Lorenz forces

mechanism governs the dynamics, when fL = 2fB is close to a resonant frequency of the

system, the recovered frequency is equal to the oscillation frequency of the electromagnetic

forces and the amplitudes in the power spectrum are maximized. Following these behaviour

in the graph, it would be possible to locate regions where the amplitudes increase (we are

exciting close to a resonant frequency) or regions where the amplitudes decrease (we are far

from a resonant frequency). If this process is repeated at different magnetic field values, it

is possible to define restricted windows of the phase space where non-axisymmetric patterns

emerge and give an approximation of the resonant frequencies of our system. Single azimuthal

wave numbers patterns are easily seen in the camera images. Even more complex dynamics

between two different azimuthal modes are recognizable. There are other complex dynamics
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Figure 6.5: Example of the evolution of the power spectra for the 35 ml InGaSn volume when

the forcing frequency is increased: we can locate in the lower frequency (bottom part of the

graph) the fundamental frequency and the main harmonics. If we follow the evolution of these

harmonics seeing higher frequencies (orange lines), we can locate maximum peaks that reveal

resonant frequencies of our system. The different plots are vertically shifted for clarify (0.8 Hz

at the bottom, 6 Hz on the top, in steps of 0.2 Hz).

that are not always recognizable and require a more complex study.

In a second step, once the resonant frequencies are detected, regions of interest for fre-

quency ranges can be delimited in order to identify the different patterns observed. At this

point, the process is reversed:

Now, the study is focused in the effects on the patterns of constant frequencies growing

up the magnetic field. As in the previous step, each pair of control parameters imply a

sample of images whereof a power spectrum is plotted.

The overlap of all of them is plotted in the same graph as it is shown in the Figure 6.6.

The presented approach complements the frequency evolution study. Both of them allow
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us to test the existence of hysteresis. In both approaches (modifying ~B with constant fB,

and modifying fB with the same ~B) we have obtained data in both directions, increasing or

decreasing the variable parameter. No hysteresis was detected.

Figure 6.6: Magnetic field evolution power spectra for a 35 ml InGaSn drop volume: we plot

together the plot of the different power spectra (with a spatial shift) obtained for a fixed

forcing frequency of 3.95 Hz by changing the magnetic field intensity (proportional to the

current amplitude of our experimental setup) from 4 A to 44 A.

From Figure 6.6 it is possible to locate the main harmonics of the Lorentz forces parametric

forcing. In addition, as it was explained in Chapter #4, it is possible to locate the aliasing

of the frequencies that correspond to higher harmonics that appear retracted on the main

power spectrum. There are two main facts that should be taken into account. On the one

hand, as the peaks are very narrow, we can extend the maximum frequency studied around

ten times. On the other hand, it is interesting to check the aliasing by acquiring data with

different sampling frequencies (In our case, 20 Hz, 19.9 Hz and 20.1 Hz). The aliases move

from the original position. In our case, the main harmonics and the valid identified aliases

allows to improve the expansion of the frequency spectrum (Figure 6.7), so we can work with

a larger and synthetic data acquisition rate.

What we observed is that if we study the extended DFT at a fixed forcing frequency, dif-

ferent lobes appear on the graph. We can observe clear frontiers between the lobes that allow
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Figure 6.7: Magnetic field evolution power spectra with aliases for a 35 ml InGaSn drop of

fluid at 3.95 Hz. In the top panel, we can locate the aliases peaks (orange), that allow to

unfold the power spectra. In the bottom panel, an example of an unfolded power spectrum at

4 A where the green dashed line represent the maximum value of the original frequency axis

(fsam/2).
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us to isolate them. Once they are isolated as frequency groups, it is possible the study of the

growth rates and amplitudes of these families. The amplitude of these modes changes with B

for a given frequency fB, and different amplitudes that tend to saturate can be determined for

different lobes. We can deduce that each lobe represents different families of harmonics that

growth together, so there is a marker frequency and other are slaved (Figure 6.8).

From the observation of the amplitudes, we notice an interesting fact. The instabilities

behaviour should be governed by the Lorentz forces frequency fL that correspond to even

modes of the excitation frequency of the system fB. In that sense, under the previous study,

we expected that the growth rates amplitudes of the odd fB modes should be zero. But is not

the case, these families present a different behaviour with non zero amplitudes. This suggests

the presence of two different mechanisms of pattern formation as it was already noted in the

previous works of Fautrelle, Galpin, Sneyd, etc [98, 101, 127]. The different mechanisms are

detailed below in a different section.

The exposed protocol allows to differentiate different patterns inside each frequency family.

In our case, once all the snapshots are organized and the time-space diagram is defined, it is

possible to filter the different families observed in the lobes (Equation 6.6):

Imgfilt = H ⊗ Imgreshape(x
′, t) (6.6)

- where H is the filter function that is defined for all the frequencies (band pass filter). The

resulting images isolate the modes associated to each frequency. Although this tool did not

allow us to define the patterns in some of the complex dynamics observed, we were able to

define a more accurate phase space (Figure 6.9).

The evolution of the resonant frequencies with the intensity reveals that the patterns that

appear are not pure modes. Although the axisymmetric pattern is present in all the phase-space

range and isolated modes have been defined for some frequencies, we observed very restricted

windows in which more than one azimuthal wave-number appear simultaneously for the same

values of the experimental parameters. If we further increase the magnetic field intensity, we

observe cycles between different patterns. In some cases, the cycle between two patterns with

different modes is easily visible. But in some cases, a more complex dynamics between more

azimuthal wave-number patterns can be observed but it is impossible to differentiate all the

involved modes. This complex dynamics is the consequence of the presence of other mecha-

nisms that act together and produce different surface waves simultaneously.

The patterns have been recovered for two different volumes, 28 ml and 35 ml. Up to now

we have presented the data of the large volume. For the small volume, we have simple patterns,

with only azimuthal wave numbers (and no radial component). For this reason, we preformed
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Figure 6.8: Different lobes that appear when the power spectra is extended for a 35 ml

InGaSn drop of fluid at 3.95 Hz. There are different families of amplitudes for harmonics and

subharmonics of fB. In that case, the lobes represent the evolution of the parametric forcing

(2fB, 4fB and so on). Each lobe in the top graph correspond to a grow rate family in the

bottom part of the image.
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Figure 6.9: Phase-space example for a 38 ml drop of fluid. The symbols +, × and ∗ represent

the studied points where + and ∗ are long series where we can perform the DFT analysis

and x represent shorts series that only allows visualize patterns. The constant N values for

the control parameters pairs are plotted as solid lines (green lines represent the inner ear N

values). The three windows delimited by solid lines with bottom vertex close to 1.45 Hz, 2.9 Hz

and 3.95 Hz, are defined based on patterns visualizations. These windows represent different

modes that have been observed in these parameter ranges.

a more detailed study of the 28 ml volume. Using two different acquisition frequency, 20 and

19.9 Hz we have obtained a detailed characterization of the dynamics that we will present in

the next section.

6.3. Instability region threshold

If we pay attention to the frequency range [0.1− 10] Hz and the magnetic field intensities

[4 − 70] mT used in our experiment, the experimental definition of the stability boundaries

is difficult. Attending to previous experimental research done for low frequency ranges by

Fautrelle, Sneyd, Karcher, et al. their experimental stabilities boundaries were far from the

expected theoretical thresholds [95, 97, 100]. In those works, the critical magnetic field nec-

essary to excite the instabilities was large, although the prediction in [101, 128], was that the

instabilities should appear even without threshold. These authors proposed that the theoretical

value of the threshold was smaller than the observed one because of the viscous damping that

they neglected during the process, and also that the difference could be due to the assumptions

done to solve the mathematical model. But another possibility was that their experimental
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setup did not allow them the observation of small amplitudes.

As we saw in the previous section of this chapter, we have observed instabilities for very

small N values in our experiment. In our experimental design it is possible to observe these

small threshold values because our optical system allows to observe really weak patterns. In

the limit of the low frequencies regime the oscillating part of the Lorentz forces is dominant

and it is responsible of the surface waves motions observed. We can differentiate three states:

axisymmetric waves, azimuthal waves and complex dynamics.

In order to define the threshold of the instabilities, a study of the cumulative energy of

the corresponding modes was carried out. We can analyse the evolution of each mode, in-

cluding its own harmonics. Let me assume for a given 28 ml InGaSn volume a control matrix

A = A(f, n,B) where f and B are experimental setup control parameters, the frequency and

intensity of the magnetic field and n represent harmonic families (n = fB, 2fB, 3fB, etc. or

nodd = 2n + 1 = fB, 3fB, 5fB, etc or neven = 2n = 2fB, 4fB, 6fB, etc). The cumulative

energy of the system could be defined as:

EN = Eodd + Eeven =
n
∑

i=1

|A2
i | (6.7)

EN show the thresholds where the instabilities emerge in the system. From these data we

can clearly extract the different behaviour of the system for harmonics and sub-harmonics of

the frequency forced by the magnetic field fB (Figure 6.10).

The axisymmetric waves have their origin in the parametric forcing but various complex

phenomena occur in the system. There are two mechanisms involved that will be discussed

in detail in the next section. As it is shown in [98], for this frequency range, standing Fara-

day waves emerge in the free surface leaded by odd harmonics of the forcing frequency fB.

In addition, a Lorentz force mechanism that produces azimuthal waves superimposed on the

axisymmetric waves with have a frequency twice the forcing frequency fL = 2fB. Both insta-

bilities only appear when the control parameter exceeds a critical threshold. In order to better

understand the pattern dynamics and determine the threshold, we separated the basic forced

axisymmetric state PtAxi from the non-axisymmetric state Ptnonaxi.

Pt(r, θ, t) = Ptaxi(r, t) + Ptnonaxi(r, θ, t) (6.8)

The splitting protocol is as follows: first, we determine the distance matrix of each pixel to

the pattern center normalizing to the nearest neighbour. We average the value of the associ-
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Figure 6.10: Cumulative energy for the 28 ml drop of fluid: the top figure shows the cumulative

energy for the whole series of modes. We can identify the non-axisymmetric instability region.

The four contours of the bottom part show the cumulative energy for the forcing frequency

and the first harmonics. We can observe that the plots reveal a different behaviour between

the even and odd modes of the forcing mechanism in the system.
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ated amplitude for each distance. By using this procedure we defined Ptaxi. Ptnonaxi is the

difference between the initial image and Ptaxi. It is possible to easily observe the effects of

this tool in an example (Figure 6.11).

Figure 6.11: Splitted pattern into axisymmetric and non-axisymmetric parts. From the com-

plete pattern Pt we separate the axisymmetric part (m = 0) and the non-axisymmetric part

(m = 4).

The DFT in the time direction of the non-axisymmetric part allows to observe the frequency

and intensity evolutions as it was explained in the previous section. If we isolate the saturation

values of different harmonics (the idea is to note if the amplitude match with a power-law of

the control parameter), we observe a clear tendency that can be normalized in amplitude and

intensity as Figure 6.12 shows (one for each studied forcing frequency). Figure 6.12 reveals the

minimum intensities where the patterns appear. So, this tool gives us an idea of the minimal

control parameters where the instabilities emerge.

Before to talk about the threshold, let me note that the evolution of A2 will depend on the

observed instability. For a simple supercritical bifurcation (second order) without hysteresis the

most simple description will lead to A ≈ ε
1

2 where ε is the reduced parameter. If we consider

that ε ∼ N ∼ B2, then we should obtain a power law: A2 ∼ I2, so log(A2) ∼ 2 log(I).

Here we observe a power law with an exponent between 2 and 4 (Figure 6.12). The origin of

this difference can be a more complex transition or the amplitude depends on v2. So A2 ∼ B4.

The threshold value is defined as the relationship between the weight of the non-axisymmetric

pattern and the maximum weight of the system as Wth = Wnonaxi/Wmax (where Wth is com-

parable to the noise level of the system). As it was explained before, the weight of the

non-axisymmetric state is based on the cumulative amplitude of the mode. If we perform a

Fourier expansion of the temporal evolution of each non-axisymmetric pattern:
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Figure 6.12: Once the pattern is split, we can study the amplitudes for the non-axisymmetric

part. The top plot presents the normalized 2fB amplitude evolution with respecto to the

intensity. This protocol allows to determine the minimum intensities where the patterns appear,

shown in the central panel (red dashed line is a estimation based on the data recovered). The

bottom plot shows the slope of the power law region in the first panel implemented with

differente methods.



102 Analysis and results

Ptnonaxi(r, θ, t) =
∞
∑

n=0

An(r, θ)e
inωBt (6.9)

we can define the weight of the non-axisymmetric mode as:

Wnonaxi =
∞
∑

i=1

∫

S
|A2

i |dS (6.10)

where S is the ROI. For a 28 ml InGaSn drop of fluid in the proposed control parameters

range, we defined that Wth ≈ 0.06 for even modes and Wth ≈ 0.02 for odd modes. A non-

axisymmetric pattern is triggered when their relative weight is higher than 0.06 in odd modes

and 0.02 in even modes. By using this procedure, a better definition of the threshold could be

presented as it is shown in Figure 6.13.

Figure 6.13: Phase space with the threshold value and the observed patterns: the orange region

corresponds to an axisymmetric behaviour. The white region reveals different dynamics, from

simple patterns to dynamical cycles. Each symbol represents an observed pattern: m = 2 is

represented by a diamond, m = 3 is represented by a triangle, m = 4 is represented by a

square and so on. Circles represent other non axisymmetric patterns whose wave-number is

undetermined. When a mixed state is observed, the observed patterns appear separated by a

slash. Void symbols mean stable pattern, full symbols state for dynamical cases.

The proposed method allows to differentiate between axisymmetric and non-axisymmetric

regions. These regions are separated by a boundary. This threshold boundary for the whole

set of control parameters shows local minima in fB = 1.8, 2.9, 4.1 and 5.4 Hz (Figure 6.14).
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Figure 6.14: Phase space with the threshold (green line) and the interaction parameters (blue

dashed line) estimated to each par (f , B) of values. We can locate the existence of local

minima where the instabilities appears without threshold with respect to out minimum current

intensity value.

All the orange regions represent zones where the axisymmetric state is dominant. The

white region represent zone where some non-axisymmetric instability has been triggered. The

different symbols represent identified status, although for some regions we have determined

non-axisymmetric patterns but not the azimuthal wave-number. The isolated modes are rep-

resented with polygons that match with their azimuthal wave number (triangle for m = 3,

square for m = 4 and so on). Note that these modes could appear isolated or establishing

cycles between some of them. We have also complex dynamics where the patterns involved

could not be clearly defined (dark circles).

6.4. Instabilities mechanisms

Once the threshold acquisition protocol is defined, it is possible to study the two different

observed behaviours. There are two clearly differentiated pattern formation mechanisms that

control the triggering of the harmonics and sub-harmonics of fL. As it was explained before,

the parametric forcing firstly generates forced standing axysimetric free-surface waves. After

some critical values, the oscillations become unstable and non-symmetric waves appear on the

system. Such instabilities emerge due to the parametric resonance effects governed by the

Lorentz force. In order to differentiate both mechanisms, we divide the study in two parts: in

terms of the forcing frequency, odd and even multiples of the external magnetic field fB that

correspond to sub-harmonics and harmonics of the forcing mechanism fL respectively.
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All these observed patterns correspond to surface waves. These waves obey the dispersion

relation:

ω2
n =

[

ρM − ρD
ρM + ρD

gk +
γ

ρM − ρD
k3

]

tanh (kh) (6.11)

where g, γ, ρM and ρD correspond to gravity, surface tension (see [96]) and densities of the

InGaSn alloy and the HCl water dilution. There are some references where the MHD effects

are considered, including corrections to the linear and cubic terms [129–131]. In our case, the

magnetic damping time τ = ρ/σB2
0 ∼ 1000 s [131] is so large that these modifications of the

dispersion relation are negligible.

Harmonic response

Figure 6.15 shows the recovered threshold for the instabilities based on the weight of the

even modes of the excitation frequency fB. The instability appears without threshold (or

Nthresh < 0.0005) for some specific frequencies. The behaviour of the even modes corre-

sponds to the breaking of the axisymmetry as a consequence of the beating of the drop. As a

consequence of these motions, surface waves are excited with the same frequency of the forcing

mechanism. Here, instead of a vertical (or lateral) shaking of the fluid layer, the destabilizing

force is the radial pulsation of the droplet induced by the Lenz’s currents. The observed fre-

quencies correspond to multiples of the forcing frequency ωeven
n = nωL = 2nωB.

Following Equation 6.11, it is possible to study the dispersion relation for the even modes

non-axisymmetric patterns. We present the wave-number λm = 2πR/m of the observed pat-

terns for the even frequencies, associated to the first m = 2, 3, 4 and 5 azimuthal modes.

A good agreement with Equation 6.11 is observed (solid line) in Figure 6.16. As the cap-

illary length is very small lc = 4mm and for the wave-numbers considered here, ωn ∼
k
√

gH(ρM − ρD)/(ρM + ρD).

Sub-harmonic response

Let me consider now the same approach but isolating the sub-harmonics of the forcing

mechanism frequency. The threshold for the instabilities based on the weight of the odd

modes of the excitation frequencies is shown in Figure 6.17, that correspond to sub-harmonics

of the Lorentz force frequency fL. We can observe a very different behaviour between the even

and odd modes with different thresholds.
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Figure 6.15: Threshold for the even modes of fB. Orange regions reveal zones where the

even modes have an amplitude below the noise level. The white region reveals other different

dynamics. The frequencies where the minimum threshold is obtained are fBmin = 1.8, 2.9 and

4.1 Hz.

Figure 6.16: Dispersion relation of the surface waves and observed wave-numbers and frequen-

cies. The solid line represents the analytical solution (Equation 6.11). The symbols are the

experimental data for for the excited waves at the minima observed at the threshold boundary

(∗ represents the even modes and ⋄, the odd modes).

The oscillations observed for odd modes correspond to the behaviour predicted by Y.

Fautrelle et al. [101]. Previously, this behaviour was observed by J.M. Galpin et al. in
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Figure 6.17: Threshold for the odd modes of fB. Orange region reveals axisymmetric be-

haviour. The white region reveals other different dynamics. The frequencies where the mini-

mum threshold is obtained are fBmin = 3.4, 4.5 and 5.8 Hz for the odd modes.

[97]. Nevertheless, they observed this behaviour in a situation far from threshold. Here we are

around two orders of magnitude below their observed transition Nthresh. The corresponding

eigenfunctions excited on the surface can be described as eimθJm(λmnr) where m is the az-

imuthal wave-number and λmn gives the n-th zero of the function Jm(λmnR). The evolution

of these modes can be associated to a first order Mathieu-Hill equation [101]:

än + ω2
n [1 + 2ǫ sin (ωLt)] an = 0 (6.12)

where an represents the amplitude of the different waves with frequencies ωn. The Mathieu-

Hill equation is often used to predict and reproduce the response of many different paramet-

rically forced systems [132] because it can resonate with sub-harmonics of the excitation fre-

quency. In our case, the first odd mode corresponds to ωn = ωL/2 = ωB.

For odd modes, their wave-numbers correspond to the previous Bessel functions. In Figure

6.16 we present the solutions for the first m = 1, 2 and 3 zeroes and the observed frequencies

(open diamonds). In this case we can note that there is a shift between the observed frequen-

cies and the values obtained from the dispersion relation. Actually, the observed oscillation is

smaller than the expected behaviour. So the real oscillation is slower that the expected one.

J. Miles proposed that the presence of a lateral meniscus can reduce the observed frequencies

and affect the dynamical behaviour of surface waves modifying the damping [133]. The solid

diamonds presented in Figure 6.16 correspond to a correction of the observed frequencies as-

suming a 15% reduction induced by the damping.
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We should note that both mechanisms presented coexist for some regions of the phase-

space. The simultaneous existence of both mechanisms for the same parameter values induces

multistability. In these situations the system is close to codimension two points, and the pat-

terns have a very complex dynamics where two or even three alternating patterns are observed.

This is relevant around (regions with solid markers in Figure 6.13) the frequency intervals

[1.5-2.5]; [3-3.5]; 4.5 and [5.5-6.0] Hz. The last three ranges correspond to the regions with

m = 1, 2 and 3 for the odd modes. Nevertheless, there is no odd mode identified on Figure

6.17 for the first island [1.5-2.5] Hz. This region will correspond to the mode m = 0 that

would have an associated frequency of 2.1 Hz according to the presented description, that lies

just in the middle of the observed region. This mode cannot be observed here because, being

axisymmetric, cannot be separated form the basic axisymmetric pulsation. Nevertheless, its

presence can be detected indirectly by the multistability region around f = 2 Hz.

6.5. Patterns dynamics

As we have already discussed, for some parameter values it is possible to observe dynamical

behaviours of some patterns or recognise cycles between them. This behaviour is universal in

the sense that it has been observed in other cases where codimension two points are visited

[134]. In those systems it is possible to define several activation mechanisms as in the classical

thermoconvective problem [135, 136] that produces bifurcations and drifts in the pattern ob-

served. In our experiment, as in these experiments, it is possible to isolate different patterns

with different azimuthal wave-numbers (for the whole set of InGaSn volumes) or radial wave-

numbers (for large InGaSn volumes) and establish some dynamical regimes.

Two different possibilities arise in our experiment: on the one hand, cycles between different

modes that appear sequentially during a Lorentz force period. This behaviour is a consequence

of the forcing mechanism. On the other hand, we noted the presence of drifts in some patterns.

6.5.1. Dynamics between different modes

By using the proposed experimental setup we have observed axisymmetric and non-axisym-

metric patterns that establish dynamics between them. These cycles are connections between

solutions with different symmetries. As it was shown in previous experimental works [137],

this dynamical behaviour could be consequence of two different behaviours: on the one hand

transitions between modes where the transition time Ttrans is smaller than the forcing time

TLorentz. Assuming a single cycle, these transitions are close to fast heteroclinic orbits between

different modes (well studied in a lot of dynamical systems). On the other hand, multistable
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Figure 6.18: Snapshots obtained for a forcing cicle with a 19.9 Hz sampling frequency. When

fsam 6= nfosc, each snapshot correspond to a different phase position of the oscillatory cycle

because of the phase shift induced by the different periods (orange in the first cycle, blue in

the second, green in the third and so on). This procedure can be done if the luminosoity is

high enough to record with very shor acuisition time.

solutions where the transition time is larger than the forcing time (Ttrans > TLorentz).

Before studying the observed dynamics, it is important to note that due to the oscillatory

forcing mechanism there are not standing solutions (i.e. time independent). All the observed

patterns appear on top of the always present axisymmetric wave. Considering a typical case,

the forcing can be applied with a fB = 2 Hz. That means that the Lorentz term will have a fre-

quency fL = 4 Hz and the harmonics would be 4, 12, 16 Hz and so on. Any complex behaviour

in an oscillating cycle will be masked by the small sampling frequency (typically 19.9 Hz). If we

have a standing wave, (i.e. a situation where there is no drift or rotation), this sampling rate

can be synthetically extended in some situations. Let me assume that the illumination is high

enough to allows a very short exposure time for each snapshot (i.e. texp < 1/100 seconds).

In order to fix ideas, we will consider an oscillation with fosc = 1 Hz (Figure 6.18). The key

point of this approach is to use a sampling frequency incommensurable with fL (fsam 6= nfosc).

Doing in this way, for each cycle of the fluid oscillation the snapshot would be recorded in a

different phase each time the system re-visits the base cycle. In Figure 6.18 each one of these

visits is marked with different color. Once the whole series is acquired, the snapshots can be re-

arranged in order to reconstruct a high definition version of the fundamental cycle (Figure 6.19.
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Figure 6.19: Conections between different modes during a forcing cycle (T = 1/fL).

From this tool we have studied our data. What we observed is that there are patterns that

show coexistence associated to bistable situations involving two successive modes mi −mi±1

or even non-successive modes mi −mi±n (Figure 6.20).

In our case, the magnetic field has zero mean, evolves harmonically and is almost spatially

homogeneous. The recovered transitions are very fast (Tdyn ≪ Tosc) and correspond to tran-

sitions between different states in a single oscillation because of the existence of codimension

two points. The cycles between patterns with different spatial symmetry oscillating observed

can be considered heteroclinic orbits as we expected where different modes interact and there

is a simultaneous instability to more than one solution (Figure 6.19).

Another possibility is to extract the data using the camera as a digital stroboscope. It is

then possible to locate each involved pattern on the cycles and make a follow-up of its evo-
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Figure 6.20: Different modes observed in the same sample with fixed frequency and magnetic

field intensity. In top image, the system transits between m = 4 and a m = 6. In the central

image, the system moves from m = 3 to a m = 4. Finally, in the botom image jumps between

a m = 4 and a m = 5 pattern.
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Figure 6.21: Example of transition between modes observed in previous MHD experiments

done by J. Burguete et al [16]. The external magnetic field applied in those experiments has

mean field.

lution for the forcing cycle. From a ROI of the image (i.e. a simple line) we can reconstruct

an spatio-temporal diagram studying successive temporal data. It should be noted that taking

into account its stroboscopic similarity, the spatio temporal diagrams present oscillations as a

result of the temporal discontinuity of the pattern acquisition. Unfortunately, we did not find

slow transitions between modes as it occurs in other experiments where the forcing mechanism

are convection [137] and MHD [16]. Let me note that the slow dynamics case was recovered

in other MHD experiment where the forcing mechanisms had mean field (Ttrans > TLorentz)

(Figure 6.21).

6.5.2. Pattern drift

For some parameter values of the phase space it is possible to appreciate a drift of the

patterns. There are other experiments as Rayleigh-Bernard convection or hydrothermal waves

in annular geometry where this is also obtained. The origin of this behaviour is a mismatch
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Figure 6.22: Drift observed in a 28 ml drop of InGaSn with I = 40 A and f = 1.8 Hz. The

time direction increases from the top to the bottom of the figure.

between the wavelength triggered by the instabilities and the ones allowed by the geometry,

nλ 6= 2πR. In that case, a drift appears. Let me consider the confined vessel. Under this

limitation factor, it could be possible to define the dynamics in terms of the expected wave

number. In Figure 6.13, we observe a broad zoology of patterns. The symbols in this graph

represent the different observed wave numbers. So, these modes correspond to zero Bessel

functions where mexp = 2πλexp. The system expects azimuthal wave numbers based on the

λexp values. But we are not in a extended system where the available wave-numbers are con-

tinuous. In our system, λb is discrete and depends on the radius of the vessel as λb = 2πRn

where R is the vessel radius, and n the azimuthal wave number. Due to the discrete nature,

when the system is forced at a defined frequency, it could be possible that λb 6= λexp. In these

cases, the instabilities force the pattern to drift.

Although a quantitative study has not been done, the drifts have been described graph-

ically. For a defined control parameter pair (f ,B) it is possible to select a ROI (usually a

circumference that covers the limits of the pattern), and follow its evolution. We obtain a

spatio-temporal diagram where the drift is easily detected (Figure 6.22). With the proposed

procedure we recovered drifts for specific excitation frequencies. Even we observed interesting

behaviours, for example, in the 28 ml drop of InGaSn at 40 A, we observed a range of frequen-

cies between 1.6 and 2 Hz where the drift changes. The system alternates frequencies where

the drift exists (λb 6= λexp) with others where the drift does not exist (λb ≈ λexp).

Although the main objective of our model was to define the threshold values of the instability

region, we have noted the presence of dynamical behaviours in the system that have been

compared with the pattern formation in convective systems [137]. We didn’t deeply study the

phenomena because the priority in our problem was to define the existence of instabilities at
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low interaction parameter values.

6.5.3. Instabilities in a ring

All the results previously presented in this chapter concern the instabilities in a drop of

fluid with different volumes that change the radius and height of the drop. However, there are

other interesting geometries that could be studied in order to complement the analysis of the

instabilities. In addition, our MHD experiment results can be used as a model of the inner ear

semicircular ducts. If we combine these two ideas, it would be very interesting to study the

instabilities in a ring (i.e. a toroidal volume). By using this geometry, we increase the value

of both experiments: on the one hand, the physical problem is studied in a broader range of

geometries. On the other hand, the presence of symmetry breaking patterns in the ring could

verify our hypothesis over the MHD effects in the inner ear. Although we did not study this

geometry in depth because of the lack of time, we did some preliminary experiments in order

to note the presence of patterns.

All the results presented here correspond to a 30 ml InGaSn ring. The physical mechanism

is the same: Lorentz forces produce the beating of the InGaSn ring with a frequency twice the

excitation frequency of the system fB (Figure 6.23).

Figure 6.23: FFt for a 30 ml InGaSn ring forced at 1.1 Hz and 40 A. The ring beating

is governed by a frequency twice the forcing frequency (fring = fL = 2fB). A very slow

modulation (fM ) appears on top of the basic oscillation.

Once the variable frequency drive is producing the external magnetic field, different pat-
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terns emerge in the fluid composed by azimuthal waves that are forced by different instabilities

(Figure 6.24). We could not find any situation where a radial wave-number was triggered.

Figure 6.24: Example of axisymmetric (left figure) and non-axisymmetric patterns (right figure)

observed in a 30 ml InGaSn ring at 1 Hz and 2.7 Hz respectively.

If we take into account the new geometry and the observed behaviour, the best reference

frame to describe the pattern evolution is the cylindrical coordinate system: f(x, y, t) −→
f(r, θ, t). By using the proposed coordinate system, it is possible to select a circular ROI cen-

tred in the axis of the ring. If we plot the successive frames by using this procedure, it is easily

visible that the are symmetry breaking patterns (Figure 6.25). By using this method we verified

that, as in the previous geometry, the axisymmetric patterns Ptaxi(r, t) = f(r, 0, t) are recov-

ered for all the phase-space and the non-axisymmetric patterns Ptnonaxi(r, θ, t) = f(r, θ, t)

are visible for specific frequencies.
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Figure 6.25: Time evolution of a beating ring forced through a time dependent magnetic field

(1.1 Hz and 40 A). The symmetry breaking pattern is easily visible and corresponds in this

case to m = 6.
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Part II conclusions

In the second part of this dissertation, we presented our MHD experiment. When we began

this approach, we were confronting the challenge of studying liquid metal instabilities due to

MHD forces in a region of the phase space that has been slightly studied, near the thresh-

old. In spite of the theoretical evidences, the instability region had not been observed without

threshold or close to threshold in experiments forced with an external zero mean magnetic field.

In order to study this phenomena, we have developed a new experimental setup in which,

an InGaSn drop of fluid is excited by a external magnetic field (no external currents) that

evolves harmonically in time. In addition, the proposed optical system allows to visualize very

weak patterns although we have not velocity profiles.

In order to recover the velocity field of the fluid beating, we did other additional experiments

in T. U. Ilmenau based on the ultrasound Doppler velocimetry. We studied the velocity field

profiles in two different configurations, a close and open ducts. The main idea was to apply the

studied technique in our MHD experiment. Although the UDV technique would have given us

an added value, due to the experimental setup that we have developed, it was not possible to

adapt the UDV probe to measure. So, by using the proposed optical system at the beginning

and the own scripts that we have developed in Matlab, we studied the instabilities in our system.

Once the vessel and the liquid metal properties is defined, there are two main control pa-

rameters in our experiment, frequency and intensity of the magnetic field. Assuming the size

of the vessel and the proposed magnetic field ranges, the skin effect is omitted. There are bulk

forces. In addition, and considering the range of frequencies and intensities of the magnetic

field, N is small, and Rm, too.

With the proposed approach we recovered an axisymmetric pattern that appears in the

whole phase-space. In addition, we observed really restricted areas of the phase-space where

other non-axisymmetric patterns emerges. These non-axisymmetric patters has different az-

imuthal wave numbers (m = 2, 3, 4,etc). We even observed the presence of cycles between

patterns and even complex dynamics where the patterns involved could not be defined. Under

this framework, we defined the instability region threshold. First of all, we split the patterns
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in axisymmetric and non-axisymmetric parts in order to study the non-axisymmetric evolution.

The threshold region is defined based in the average of the weight of the non-axisymmetric

pattern with the maximum weight. This study reveals to us interesting results. On the one

hand, we observed that there are two clearly different behaviours in odd and even modes of

the fB that correspond with harmonics and subharmonics of fL. For the even modes, the

behaviour corresponds to the breaking of the axisymmetry due to the beating of the drop.

There are excited surface waves with the same frequency that the forcing mechanism. For

the even modes we noted the presence of instabilities without threshold. On the other hand,

the oscillations observed for the odd modes obeys the evolution of a first order Mathieu-Hill

equation. In that case, there are defined thresholds.

Other important fact has been observed in our experiment. On the one hand, we noted the

presence of dynamics between different solutions as a consequence of the forcing mechanism.

There are connections between solutions with different symmetries. There are patterns that

show coexistence. It means that there are transitions between different states in a single os-

cillation close to heteroclinic orbits. On the other hand, we noted the presence of some drifts

in the patters for some frequencies.

In addition, it is possible to compare the non-axisymmetric region with the low interaction

parameters values estimated in the inner ear. As we noted in the introduction of this dis-

sertation, we are working in two different experiments, but the obtained results of the MHD

experiments could help to better understand the inner ear experiment. In that sense, we ob-

served instabilities in very low interaction parameter values (in the order of the observed in

the inner ear). So, it can be said that instabilities may appear in the inner ear. Even for the

small forces associated to this values, our liquid metal experiment shows that instabilities could

emerge.



Part III

On the effects of the MRI test in the

inner ear
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Chapter 7

Instabilities in the inner ear

Abstract

In a second stage, once we have verified the emergence of instabilities in a conducting

fluid layer due to the action of a time dependent magnetic field close to the scales of

potential inner ear instabilities, a study has been carried out in a real healthy population

of the effects of MRI in the inner ear. Within the human body there are different flows

or cavities where the minimum conditions for which the effects of the MHD cannot be

neglected. Almost all of the fluids present in the human body contain ions in solution that

convert them in conductors of electricity. These effects should be considered especially

when high magnetic fields are involved like in the MRI. The external forces could change

the flow stability, and this will induce changes in the solution of the problem. For this

reason a large number of physiological processes can be altered by the presence of high

magnetic fields. The proposed experimental setup that we have developed and the

proposed data processing method is explained in this chapter.

7.1. Introduction

A quick review of the MRI history should begin with Isidor I. Rabi (1898-1988) who applied

the electromagnetic knowledge in order to study the effects of the external magnetic fields on

the nucleus of atoms [138]. He was able to define the nuclear spin and associated magnetic

moment of sodium atoms [139, 140]. He defined a resonance method which is the basis for

MRI. Felix Bloch (1905-1983) and Edward Purcell (1912-1997) studied the same properties

but in solids and liquids instead of isolated atoms or molecules. They advanced the nuclear

magnetic resonance phenomenon (NMR) [141]. By using the previous knowledge in the field,

Herman Carr (1924-2008) created a one-dimensional NMR image [142]. His PhD dissertation

was an advance in NMR phenomena: he studied techniques that used gradients in magnetic

fields to codify spatial positions. His work could be considered as the first NMR imaging ex-

ample.
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The potential of the NRM was evident. Several scientists have been working in NMR

imaging: Raymond Vahan Damadian (1936-) invented the first MRI scanning Machine as we

know nowadays [141]. He proposed the NMR as a tool for human scanning. Some years later

Damadian developed a safe method to scan the human body through a MRI device. The

first MRI image was obtained in July of 1977 (Figure 7.1). Under this MRI device idea two

scientists gave a boost to MRI technique. On the one hand, Godfrey Newbold Hounsfield

(1919-2004) developed the first computerized axial tomography model [143]. On the other

hand Peter Mansfield (1933-) combined mathematics with the MRI test. He improved math

tools and developed echo-planar techniques, discoveries that allowed a fast imaging processing

[144]. Paul C. Lauterbur (1929-2007) worked independently and described the use of magnetic

field gradients to localize NMR signals too [141]. During the twentieth century the use of MRI

was increased dramatically. Nowadays is commonly used for neuroimaging, musculoskeleta or

cardiac imaging.

There are several science branches that converge in the MRI technique and there are several

scientists from many different disciplines as medicine, physics, mathematics or engineering that

have collaborated to complement the main device. Many works have been done over the years

to develop the MRI test as we know it today.

Figure 7.1: First ever MRI image of the human body done by Damadian. The image shows a

cross-section of a body where the lungs, heart, vertebra and other body parts can be differen-

tiated. Extracted from [145].
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7.1.1. MRI principle

The MRI as we conceive the device nowadays is a non invasive medical diagnosis technique.

MRI allows to get images of inner parts of the human body. The device, combined with image

processing protocols reproduces thin sections of the human body in interest regions. Unlike

other techniques as X-rays, it is possible to define nice resolution images of internal soft body

tissues by using the principle of nuclear magnetic resonance [146].

The human body is largely composed of water molecules with two hydrogen nuclei. Be-

cause of the spin, there are different possible orientations of the atomic nuclei when they are

subjected to the effects of magnetic fields. Each orientation has its different associated energy.

The energetic states tends to be distributed being the lower energetic state predominant. So,

it can be said that during the MRI test, a state of magnetism within the human body is forced.

This situation takes place when the patients are inside the MRI device under the effects of

the constant magnetic field. Strong magnetic fields split the energy states values for different

spatial orientations. Under this reference state, it is possible to induce transitions between

different energy levels. The induction of these transitions depends on the injection of energy

in the system [5].

In MRI techniques, nuclei are forced with electromagnetic radiation whose frequency cor-

respond to radiofrequencies (rf ) [3] close to the nuclei resonant frequencies. The steady state

orientation of nuclei changes with the rf effects. The emitted photons of this field have just

the right energy to change the energetic state of hydrogen nuclei. This process flips the spin

of the aligned nuclei in the body and aligns them in the opposite direction of the external

magnetic field. This idea allows to talk of net magnetization M . In the equilibrium state,

the net magnetization M0 has the same direction that the external magnetic field. The M

modification under the effects of the rf is the basis of the NMR. Once the rf is not longer

applied, the protons orientations tends to relax to the lower energy state [5].

When the nuclei changes from higher energetic states to lower energy states, a photon

is released that transmits the energy. The MRI machine receives these photons that have

a characteristic frequency and energy associated to the interaction of magnetic dipoles with

the external field B0. The protons relax to the ground state through a spiral motion. This

process is the main basis of the MRI imaging. Depending on the human body parts, nuclei

return to equilibrium states at different rates because the local magnetic field is slightly dif-

ferent. So, an image can be defined from the different energetic values received [147]. In

order to perform a 3D reconstruction, there are additional fields forced by coil gradients. The

obtained information allows to reproduce images that are defined by using Fourier transform

tools [148]. There are many elements that affect the MRI, different tissues energetic states,

spin densities, relaxation times, etc, but are not the object of this thesis and can be found in [5].



124 Instabilities in the inner ear

From an informal point of view, the Niels Bohr MRI definition could help the NMR process

comprehension: ”...what these people do is really very clever. They put little spies into the

molecules and send radio signals to them, and they have to radio back what they are see-

ing...”. Either the basis of MRI quantum physics or those small spies, the real truth is that

the information obtained with the MRI test allows to reconstruct internal human body sections.

7.1.2. MRI effects on the human body

Since its emergence in the twentieth century, MRI has become a vital tool in medicine.

Even nowadays, the use of MRI technology is worldwide increasing because of the high im-

pact and importance in modern medical diagnosis. The number of MRI center significantly

increases [149]. New techniques developed for images acquisition allow a faster acquisition

and a better processing thanks to supercomputers. In addition, the image processing is done

more efficiently. But the high resolution of the new devices is the consequence of an increase

of the magnetic fields used during the test (mainly by the new superconducting MRI magnets

[150]) as it was explained before. The magnetic fields reach 3 T in clinical use and even 11 T

in medical research [3, 12].

Focusing the attention only in the imposed magnetic field, it is necessary to talk about the

effects of these high magnetic fields on the human body. Safety concerns of the MRI test have

been proclaimed since the first steps of this technique. At present, we can say that MRI is a

non invasive method [3]. The use of radio frequency gives an idea of the low energy involved

in the process. No significant long-term risks have been reported with this technique [9]. The

absence of permanent effects in patients does not mean that no potential significant transient

effects exist. So, the main concern about these methods is the effect of the magnetic field

with the human body during the test or immediately after completing the test.

MRI is responsible of some bodily functions perturbations while the patient is lying on the

examination table. One of the most common research lines is the effects of the magnetic field

gradients in nervous impulses transmission. There are perturbations that produce soft tingling

and muscle contraction. In some cases these symptoms produce pain and cease when the

magnetic field decays [151]. These interactions are possible because of the electric charges

distributions or the electric potentials created.

On the other hand, there are some experimental works that noted the existence of some

effects in the conducting fluids present in the human body [8, 13, 15, 152]. The vast majority

of fluids present in humans consist on electrolytes based on ion solutions as it was explained

before. So, they can interact with the high magnetic fields. An obvious consequence is the
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emergence of new flows. These new flows may or may not alter the natural flows established

in the human body. As a consequence of these interactions, competitions between natural and

induced flows could produce the alteration of human physiological functions.

Recent experimental works show that some patients present evidence of nystagmus due to

the interaction between the imposed magnetic field and the semicircular ducts. In this second

part of the thesis, we work under the assumption that the emergence of instabilities in a con-

ducting fluid layer due to the action of a time dependent magnetic field can also be found in

the inner ears. These instabilities emerge for the same interaction parameter values estimated

for semicircular ducts. So, we are close to the scales of potential activation of instabilities.

A study has been carried out in a real population (healthy) to test the effects of MRI on the

inner ear.

7.2. Nystagmus

Before talking about instabilities forced in the inner ear and activation mechanisms, it is

necessary to define the concept of nystagmus. This second part is possible thanks to the direct

relationship between the induced effect in our semicircular ducts and the eye movement. When

the semicircular ducts detect a rotation of the head, they provide a signal for the oculomotor

nuclei of the brainstem. The brainstem activates immediately the muscles of the eye in a

process that is not processed by our brain [42, 153]. The muscles counter-rotate the eyes in

the opposite direction to compensate the forced rotation (Figure 7.2).

When a volunteer is placed inside the MRI applying a magnetic field that evolves in time, it

generates a stimulation of the semicircular ducts through the magnetohydrodynamics forces as

it was discussed before. The stimulation produces an immediate response in our eyes, so they

will be moved in the opposite direction to the forced steering in the stimulus. This natural

response gives a tool in MRI vestibular stimulation studies. The semicircular ducts are really

small and the ”in-vivo”studies are very complicated, not to say impossible. However, if we char-

acterize the movement of the eye, therefore, we can detect the effects in the semicircular ducts.

So, within the MRI machine, we are forcing an ocular movement. This involuntary eye

movement is known as nystagmus. These movements are repetitive and uncontrolled [47].

There are different kind of nystagmus depending on the movement plane. Horizontal nystag-

mus appears when the eye movement occurs from side to side. Vertical nystagmus when the

movement comes up to down. There are other more complex movements that produce circular

patterns. In our experiment we place the volunteer’s head in the optimal position to stimulate

only the horizontal duct. This position maximizes the displacement in the horizontal plane. We

will obtain a left nystagmus or right nystagmus depending on the magnetic field direction or
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Figure 7.2: Vestibulo-ocular mechanism. When the head rotates in one direction, a flow is

created in the ducts in the opposite direction due to inertia. These motions in the ducts

produce the excitation of extraocular muscles in one side of the eye and the inhibition in the

other side. So, both eyes rotates in the opposite direction of the head rotation. Adapted from

[154].

body displacement. As the eyes cannot rotate indefinitely it is possible to define two different

velocities. The nystagmus is characterized by a low eye displacement in one direction (defined

like slow phase velocity) with a quick movement to return to the initial position (Figure 7.3).

7.3. Magnetic vestibular stimulation (MVS)

The vertigoes have been observed in MRI experiments for years [13]. The emergence of

spontaneous nystagmus activity was observed by Vincenzo Marcelli et al. [155]. They were

studying spatio-temporal patterns of vestibular information processing after brief caloric stimu-

lation where they noted the presence of visible alterations in the normal vestibulo-ocular reflex.
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Figure 7.3: Left nystamgus evolution. The eye is placed in a initial position (blue line in the top

figures). When the nystagmus begins, the eye is displaced at low velocity (slow phase) from

the initial position to the left. Time to time, the eye returns suddenly to the initial position

(saccade or quick phase).

They did not find any significant correlation between the applied method and the temporal

evolution of these alteration. The lack of correlation was due to the fact that the observed

eyes movement activation mechanism was the interaction of the magnetic field associated with

the MRI machine and the the inner ear. Their work was not focused in this phenomena. Other

experiments were done focusing the attention in this interaction but in animals. Some years

later D. Roberts et al. studied the effects of the MRI on the rotational sensors of the brain

in the Johns Hopkins University School of Medicine in Baltimore [13, 15]. They noted the

presence of nystagmus in volunteers subjected to a constant magnetic field (Figure 7.4). They

proposed the Lorentz forces as the forcing activation mechanism of these alterations because

of the existence of electrical ionic currents on the inner ear.

The results obtained in Baltimore clearly show the emergence of nystagmus. What is not

so clear is if the physical process that forces the instabilities in the inner ear is unique or is

the contribution of various mechanisms. There are many proposed mechanisms as cause of

these symptoms and really different hypothesis have been proposed. Based on the physical

principles, we can propose different activation mechanism of MVS as susceptibility, magnetic

pressure, electromagnetic induction, net ionic currents and MHD forces. Before analysing the

MRI test process, we should analyse the potential effect of these possible causes [151].
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Figure 7.4: Nystagmus observed by D. Roberts et al. and trend graph [13]. They did not apply

radiofrequencies or magnetic field gradients. They only worked with a constant magnetic field.

The small graph of the right top corner shows the nystagmus as eye displacements in degrees.

The main graph presents the velocity of the nystagmus as degrees per seconds. In the initial

state, the velocity is zero. The first maximum velocity peak occurs when the volunteer is

introduced into the MRI device bore. When the volunteer is placed inside the bore at constant

magnetic field, the nystagmus velocity is decreasing until it reaches an asymptotic value.

When the volunteer is moved out of the bore, other maximum velocity peak occurs, but in the

opposite direction.

Magnetic susceptibility is an intrinsic property of the matter. Assuming that the endolymph

is diamagnetic as all the body living matter, magnetic susceptibility is close to zero. In a sim-

plified “cartoon”, each atom that forms the matter posses electrons in orbitals that looks like

spires. So, each one has an small magnetic dipole moment. With zero magnetic field, the

magnetization is zero. When an external non-zero magnetic field is imposed, each atom redi-

rect the dipole following the Lenz’s law. The net magnetization is opposed to the external

magnetic field so the diamagnetic material is repelled by the external magnetic field. These

effects could produce internal motions in the fluid but these forces are really small although

the minimum perceptible value is estimated as 1.3 ·10−5 Pa [93]). So, this option is neglected.

The second option is the magnetic pressure. Under the same effects that other pressure

mechanisms in nature, is the pressure forced through magnetic fields. The magnetic field effect

could be decomposed into two terms, magnetic pressure gradient and magnetic tension force.

Taking as initial point the magnetic force product j ×B and the Ampere’s law ∇×B = µ0j,

the magnetic force could be written as:



Section 7.3 129

1

µ0

(∇×B)×B = −∇ B2

2µ0

+
B · ∇B

µ0

(7.1)

where the term −∇B22−1µ−1
0 is the magnetic pressure pB. So, the external magnetic field

gives rise to pB effects that modifies the endolymph pressure. The second term of the previous

equation B ·∇Bµ−1
0 could be derived from a magnetic tension force TB = B2µ−1

0 [156]. Note

that pB and TB cancel each other in a dipole magnetic field environment. Let me pay attention

now to the magnetic pressure term pB = −∇B2(2µ0)
−1. When the external magnetic field is

constant, this term cannot produce pressure. However, time dependent magnetic fields should

be taken into account because the semicircular ducts could be considered as a magnetic dipole

(with an induced ~b). This is just what happens when patients are entering or coming out of the

MRI device where ∇b2 cannot be neglected being b the induced magnetic field. In our case,

this state is forced during the MRI test proposed through the time dependent magnetic field

where the operator becomes as ∇(B + b)2. So, the magnetic field pressure could be relevant.

The third cause is electromagnetic induction. An electromotive force or voltage emerges in

a moving conducting material (fluid or solid) under the action of a magnetic field as Faraday’s

law explains. So, this phenomena could be explained on the basis of the well known Maxwell’s

equations. The neurons need electrical stimulus larger than a basic potential threshold of the

membrane to send signals. The potential of a membrane at rest is typically −70 mV and must

be depolarized to a threshold of −55 mV [157]. That is the called ”action potential”. If we

produce this potential we are exciting the neurons and we can induce muscular contractions.

There are experimental works that note the existence of electromagnetic induction in the hu-

man body: Glober et al. estimated that for a 4T magnetic field that interacts with a5 cm

closed loop (they made the computational estimation assuming a semicircular duct as a closed

loop), the current density generated is 100 mA/m2 [93]. Another example is extracted from A.

Kangarlu et al. They estimated that the aorta flow produces 10 mV per applied Tesla [158].

Ionic currents are the fourth proposed cause for MVS. It is well known that inside the inner

ear, as in other body parts, there are currents that are carrying by ions. The net ionic currents

balance the continuous spikes train that occurs in the cupula. Focusing the attention in the

semicircular ducts, as it was explained in the inner ear morphology, the ampullae contains

several hair cells. These hair cells have resting currents of [10− 100] pA/cell and stimulation

currents of 1000 pA/cell [13]. Assuming that endolymph is an electrolyte and these currents

flows through the ducts, it have exists a continuous ionic current. Due to these currents,

Lorentz forces may appear that could modify the normal behaviour of the ducts [13].

Finally the pure MHD origin (no external currents) was explained before. The presence of
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Magnetic

susceptibility

Magnetic

pressure

Electromagnetic

induction

Net ionic

currents

MHD

causes

Table motion

(B = variable)
- + + + +

MRI bore

(B = const)
- - + + -

MRI bore

(B = B0 sin(ωt))
- + + + +

Table 7.1: Different MVS at different magnetic field conditions.

a time dependent magnetic field that evolves in time will generate currents that interact again

with the main magnetic field: the Lorentz forces appear. We could expect the emergence of

resonances in the system like we saw in our liquid metal model.

It is sometimes confusing to differentiate between the MVS causes. In some cases the

activation mechanism are the same although the nature of the phenomena is quite different.

In the ionic currents and MHD causes, the mechanism of activation of instabilities are the

Lorentz forces. The main difference is that in the pure MHD, the currents are induced by the
~B.

Under these reference framework, it is possible to analyse the MVS excitation. Let me

consider two different situations: one of them, the excitation of the semicircular ducts due to

the motion of the treatment table in the introduction and extraction of patients in the MRI

core. The second one, the stimulation of the ducts inside the MRI bore who is divided into

other two possibilities, constant magnetic field (Baltimore experiments) and time dependent

magnetic field (Pamplona experiments). The possible MVS effects depending on their physical

mechanisms nature are shown in the Table 7.1.

Although there are several possible effects, the applied magnetic field range can convert

any of them in dominant causes of MVS. The potential pressure activation threshold of the

head rotation is around 10−5 Pa as we explained when the ampulla was described in chapter

#3. There are experimental works that define the nystagmus activation threshold as 10−4 Pa

[13]. That means that there are several possible interpretations of the studied phenomena that

depends on the approximations and assumptions done.

The main aim of our proposed experimental setup is the study of MVS due to pure MHD

causes. We noted in our InGaSn experiment that even for the small forces produced by the

MRI, we are in the unstable region of the phase space. In other words, the MHD causes cannot

be neglected, as it has been done in previous experimental works [13, 15]. They proposed an
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alternative cause of MVS, the ionic currents, but they cannot explain the observed behaviour

when the volunteers are moved in the constant magnetic field. The most probable situation is

that the MVS is a combination of both, net ionic currents and pure MHD effects.

7.4. Experimental setup

The aim of our experimental setup is focused in the idea that the MHD instabilities ob-

served in our InGaSn experiment could be related to MVS. Once the existence of nystagmus

in constant magnetic field was defined in 3 T and 7 T MRI machines, we focus our work in

the characterization of instabilities in the semicircular ducts due to a time dependent magnetic

field imposed in a 3 T device.

The magnitude that we are going to observe in the experiment is the eye movement forced

by the MVS. As it was explained before, the semicircular ducts stimulation produces an in-

stantaneous response of the eyes. If we can record and characterize the eye movement, it is

possible to characterize the effects induced in the semicircular ducts. This will be the main

idea that define our experimental setup, that consists on three clearly differentiated parts, the

MRI machine, the eye tracking system and the acquisition software.

Magnetic resonance device

The first part of the experimental setup is the external force applied. As in the previous

InGaSn experiment, there are not external currents applied on the system. All the effects ob-

served are consequence of the MRI magnetic field interaction with the conducting fluids on the

vestibular system. The magnetic field is forced by using a 3 T MRI Siemens Magnetom Trio

(Siemens, Erlangen, Germany). The first important point to determine in the MRI scanner

is the dipole orientation that depends on the manufacturer. In our case, the MRI constant

magnetic field comes toes-head direction when the volunteer is placed inside the MRI in the

natural orientation, head first (Figure 7.5). In other cases as Baltimore (MRI Philips Achieva),

the dipole goes in the opposite direction.

This step is really important because there are some MVS causes as net ionic currents

that depend on the polarity. If Lorentz forces emerge due to the interaction of the constant

magnetic field with the net ionic currents, the direction of the currents and orientation of the

constant magnetic field fix the forces orientations.

The habitual reference frame is defined by using the patient orientation assuming the pa-

tient lying on the table in supine position: X is defined as right-left of the patient, Y represents
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Figure 7.5: MRI bore section: the volunteer is moved into the bore head first. The coordinate

system for the different MRI scans was defined by the MRI device. The coordinate system

shows our reference frame with respect to the volunteer position.

face-back of the head and Z represent toes-head direction. But this reference frame is not

unique, it is possible to stablish different criteria. In neurology is habitual to use RAS (right,

anterior and superior) as positive coordinates. In radiology the convention for axes is LAS (left,

anterior and superior). In our case, the X-Y-Z coordinates are LIS (left, posterior and superior).

The MRI machine TRIO has been used for two purposes: the main objective is the MVS.

On the other hand, to check the correct stimulation of the semicircular ducts and the orienta-

tion of the ducts in each volunteer. To achieve this last goal, the first step consists on a MRI

scan using rf and the coil by using two protocols used to be used in MRI scanning, T2 [159]

and CISS3D [160, 161]. T2 gives a weighted image where it is possible to highlight differences

in the studied tissues. A basic image is done where the semicircular ducts are easily detected

(Figure 7.6). Over this image we define a ROI that includes the vestibular system region. The

CISS3D protocol allows to obtain the head section that contains the semicircular ducts (voxels

of 0.59 mm in x and y directions and 0.4 mm in z direction).

The main objective of the MRI was to check the MVS, i.e. to observe the effects of the MRI

magnetic field in the semicircular ducts. First of all, we wanted to reproduce the Baltimore

experiment in order to verify the presence of nystagmus in constant magnetic field. In addition,

we wanted to force MVS with a time dependent magnetic field using the MRI gradients coils.

There are three gradient coils although we only used the longitudinal one. We stimulated the

ducts with a time dependent magnetic field perpendicular to the semicircular horizontal duct.

There are no rf involved in this part neither antennas. We placed the volunteers 50 cm apart

from the center of the MRI. When we modify the magnetic field at different frequencies, we

applied a gradient of amplitude 1 G/cm. So, if the volunteer is placed at 50 cm from the

center, the magnetic field amplitude is around 50 G (0.15%).
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Figure 7.6: T2 MRI image. This is the cumulative image of all the cuts done in one of the

volunteers. In the weighted image, the vestibular system (blue region) and the semicircular

ducts (orange region) are easily detected.

Eye tracking system.

In order to record the evolution of the eyes position it is necessary to provide an acquisition

system. In our case, we did not study directly the flow instabilities. We recover their effects

using the direct relationship between the eye movement and the stimulus forced in the ducts.

During decades, different methods have been proposed in order to better define the eye track-

ing: contact lenses with small coils, mirrors, electrodes in defined facial positions close to the

eyes or optical methods. Our system is based on the last option. The optical setup consist on

a MR-compatible camera. The camera is specifically designed to be used and record videos

inside the MRI bore. It is based on a single infrared (IR) emitting diode that allows to remove
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any ambient light that could perturb the eye-movement. This light source allows to clearly

discriminate between the pupil and iris (Figure 7.7).

Figure 7.7: Eye recorded by using IR camera: it is easy to separate the pupil (blue dashed line)

from the iris (orange dashed line). The control software will detect the pupil borders in order

to follow the eye movement.

The LED and the camera are mounted in a titanium box that must be placed close to the

volunteers eye. The titanium box is placed on a home-made plastic structure adapted to a

sport glasses mount. The glasses are adjusted to the volunteer head before the test is started

(Figure 7.8). Once the system is working, the images are digitized by a frame grabber with a

sampling rate of 60 frames/s. In addition, there is a filter box that includes a low pass filter

that prevents interferences caused by the high frequency signals of the MR scanner. All this

setup is connected to a computer using an USB connector.

The control software that we have used is the ViewPointEyeTracker R© by Arrington Re-

search, Inc. The system allows to track in real time the eye movements, and record different

parameter evolutions, save videos, etc. In our case, we only used the software with two pur-

poses: the Eye tracking calibration and the Eye tracking in the experiments. The obtained

data are processed using Matlab routines as it is explained in the next section.

First of all, we adjust the camera in the head mounted system and them to the volunteer’s

head in order to fix the pupil in the center of the image. Before doing the test, there is an

important step, the eye track calibration. We should differentiate between the real movement

of the eyes and the x-y plane tracking provided by the software. Basically, the volunteer is
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Figure 7.8: Head mounted IR-camera system. The sport glasses are adjusted to the volunteers

head. The plastic adapter (white material) allows to move the camera. The camera must be

positioned in an angle of −45◦ with respect to front view position.

sitting in a chair at a distance L from a PC. The system displays on the PC screen some

known points that volunteers must follow with the sight. The system stablish the calibration

correlating the eye displacements detected by the camera with the stimuli points positions.

Through this data, the software compute an optimal mapping function (Figure 7.9). So, the

information provided by the View Point Eye tracker is the position pointed by the pupil in the

calibration plane. After the calibration, the optical system is ready to track the eye movements,

plot the interest parameters in real time and save these evolutions to be processed in Matlab

(Figure 7.10).

Once the calibration is performed, it is necessary to define a ROI centred on the pupil to

avoid jumps in the pupil detection because of dark regions in boundaries of the images [162].

Once the pupil is detected, the software is able to track its movement and plot in real-time.
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Figure 7.9: Eye tracker calibration:the volunteer is placed at a known distance L of the com-

puter. This distance and the screen resolution are used as inputs in the software that makes

the calibration based on the eye displacements.

7.5. Data acquisition protocol

Once the Ethics Committee of the University of Navarra accepted the proposed experi-

ment with volunteers, the first step was to select the potential candidates. Let me note that,

the volunteers names and any other data that may identify them were removed. In all these

chapters, when we talk about a volunteer, is referred as Sn where n represent the number

linked to each one. A previous interview is performed. The candidates are accepted or de-

clined through a compatibility test. This first step allows us to discriminate in the sample

candidates antecedents of hearing, dizziness or visual problems. Also, any incompatibility with

MRI (metallic implants, claustrophobic, tattoos, etc) was enough“to be withdrawn” from the

group. At the end of the interviews, 23 from 35 volunteers passed this first test as healthy

candidates. The final sample is formed by 10 men and 13 women. The younger volunteer

was 20 years old and the oldest 47. The average age of the men was xm = 27.6 years and

xw = 23, 92 years for women being the average age of the whole sample x = 25.52 years.

Once the volunteers group was defined, volunteers were cited in the MRI machine.

Under the guidelines of the Department of Otolaryngology of the Clinic University of Navarra

(CUN), we defined an inclusion criteria based on the normality tests usually carried out in

patients in the clinical practice. Candidates should present normal Video Head Impulse Test-

ing (vHIT). vHIT provides a quick and objective measure of the VOR in response to head

movements in all the six semicircular ducts. On the other hand, Vestibular Evoked Myogenic

Potential (VEMP) should be normal. There are different VEMP measurements (an small letter
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Figure 7.10: Real eye track software visualization. The screen is divided in three columns. The

first column shows the real time image recovered by the camera, where the ROI and the pupil

detection are marked. The calibration is shown in the bottom part of this column. The second

column contains the different tips that allow to change the control parameters. Finally, the

last column shows in real time the evolution of the desired variables.

is added in order to define what muscle is being monitored of the superior canal dehiscence

(SCD)). In our case, potential candidates should have normal cVEMP (cervical VEMP where

the electrodes are on the sternocleidomastoid muscle of the neck) and oVEMP (ocular VEMP

where the electrodes are beneath the eyes). These data are obtained before any MRI study.

Candidates with full eye movements, no spontaneous nystagmus, no positional nystagmus and

normal Romberg test (that test body’s sense of positioning [163]) were accepted. Finally, 20

volunteers from the 23 that passed the first interview were retained for the study.

The protocol applied in the MRI is as follows:

First of all, by using a coil, we acquired through a normal MRI test (sequence T2 to select

the region, and CISS3D to acquire the data) a slice of 28, 8 mm (72 voxels with 0.4 mm
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height) in the direction head-foot of the volunteers. This ROI includes the vestibular

system. From these data we studied the semicircular ducts morphology.

Second, we extracted the volunteers from the MRI, and we performed a calibration test

out of the magnetic field core effects (Figure 7.9). Once the system was ready, far

from the magnetic field effects we tested the absence of non-induced nystagmus in the

volunteers (only one volunteer had spontaneous nystagmus without MVS).

In a third stage, we removed the coil of the test table. The coil was changed for a

support for the head that allowed us to tilt it when volunteers were lying on the table.

We performed the test with only two possible angles, 0◦ and 30◦. Let my note that

these orientations were based on the head support. So, the angle between the horizontal

semicircular duct and the applied magnetic field was related to the head morphology for

each volunteer. In that sense, we measured the angles between the horizontal plane of the

MRI and the imaginary line tragus-eye of each volunteer to be able to correct the obtained

data. Once all the initial steps were done, volunteers were subjected to sequences of 90

s time slots where the first 60 s were MVS stimulation with time dependent magnetic

field and the last 30 s were MVS with constant magnetic field. The blocks are repeated

for 0, 4, 8, 12, 16 and 20 Hz in each sequence. The process is repeated in both proposed

angles of the head support being the ordering random.

So, with the proposed procedure, we acquired information of 20 volunteers about MVS

and inner ear morphology. From the images obtained with the MRI we wanted to define the

real morphology and variability of the semicircular ducts. On the other hand, the eye tracking

allows to verify the presence of nystagmus under different conditions and study the real MVS

causes.

7.5.1. Nystagmus detection protocol

The initial point in the nystagmus data processing protocol depends on the eye track sys-

tem. The IR camera defines in real time the pupil center. During the proposed MRI test, the

view point eye tracker follows the movements of the volunteers eyes and record the horizontal

and vertical nystagmus as x-y coordinates.

The View Point eye track software is used only for acquisition. We developed a home-made

Matlab script to convert these positions into angles. So, the real work done by the software

is to track the pupil position and convert the real movement into a real x-y plane positions.

With this procedure we obtain the nystagmus evolutions in columns as Nyx and Nyy where

x defines horizontal nystagmus and y defines vertical nystagmus (Figure 7.11). As noted, the

nystagmus is not always clear or evident. In the graph there are very fast shakes. These shakes

are produced at higher velocity than the slow phase of the nystagmus. Two different reasons
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can produce these really vertical lines: erroneous data, produced by the eye blinking (the pupil

center detection changes to a dark region in the reference plane), and the saccade where the

eye comes back to the original position. Therefore, we obtain is data series where we need to

differentiate between blinking, slow and fast phase of nystagmus.

Figure 7.11: Real obtained signal with the Vision Acquisition software and filters. The top

figure is the real signal. It is easy to see some erroneous data as blinks. The center graph is

obtained processing the original signal with the home-made filter. Although the slow phase

detection works, blinks are present and some times, large slow phase nystagmus are divided

into two. The bottom graphs is obtained by applying the hampel filter. The signal noise is

reduced dramatically. The nystagmus detection shows higher accuracy that in previous signals.
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In order to correct this problem, the first step is to filter the signal. To remove undesired

data. Different possibilities arise, from a low pass filter to a home-made filter that detects the

sudden differences on the signal trend. We have focused on two options. The first of them is a

home-made filter. Defines a maximum permissible value of signal jump, a threshold. Using a

neighbours method, a scanning of the signal looks for pairs where the difference between them

is greater than the threshold. When the filter detects this leap, a correction is performed: the

system defined this point as limit between successive nystagmus. Although this filtering works

reasonably well and detects the slow phase, the filter produce a more chopped signals (large

slow phase nystagmus are divided by the eye blinking) making interpretation of the results of

such analysis more difficult. In addition, the blinking is not removed (Figure 7.11). The second

option is the Hampel filter [164]. The first step of this filter is to define a window around the

place where the filter is applied. In this window the histogram is obtained. So, at this point

it is possible to define two control parameters, the median Me and the standard deviation S.

For each of these windows that are considered along the signal, the filter searches for points

xi that verify |xi−Me| > mS where the constant m is arbitrary (in our case, we used a value

of 6). The points in the graph that fulfil this condition are outliers. These points are too

different compared to their neighbours. When the filter detects an outlier, its value is replaced

by Me. This filter works very well because it is a good way to differentiate between different

dynamics. As the window moves, the median is adjusted to the new data. With this step,

almost all signal blinking are hereby deleted. Once the signal has been cleaned of noise, we

can better define the slow phase of the nystagmus (Figure 7.11).

Nystagmus is characterized by a slow phase velocity with a quick movement to the initial

position. The result of this mechanism is a saw-tooth signal. In order to define the nystagmus,

the first point is to locate these signals jumps. The proposed script calculates the numerical-

derivative for each point xi as Di = (xi+2 − xi−2/)4. In addition, a threshold value for the

derivative is defined Dt. When Di > Dt we obtained a point located in the fast phase of the

nystagmus. Done these steps, the nystagmus is defined at the Nyx and Nyy signals between

a falling edge (tNf ) and the next rising edge (tNin) of the Sc signal. With this procedure

the nystagmus along the main signal are clearly defined. Even though with a certain quota of

arbitrariness, it is possible to delete or correct some clearly erroneous nystagmus before any

further calculation.

Once the nystagmus have been isolated and defined, we can work with them to extract the

information that will allow us to compare between series and volunteers. For each nystagmus

Nyi we can define the central point tci = (tNf+tNin)/2. It is also possible to define the value

of nystagmus velocity by using the slope as uNy = (Ny(tNf ) − Ny(tNin))/(tNf − tNin).

The nystagmus duration is defined as tN = tNf − tNin. So, for each series we will be able to

identify n nystagmus and define tc, uNy and tN for each one to compute a statistical analysis.

Finally, the script performs a weighted average based on the nystagmus duration in which larger
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nystagmus have more weight than shorter nystagmus. Nystagmus averages are redefined based

on the total nystagmus time observed in each series as Naveri =
∑

((Nyi ∗ tNi)/
∑

tNi). By

using this procedure it is possible to define nystagmus velocity of all the series obtained and

define the typical error bars and confidence intervals.

7.5.2. Semicircular ducts orientations

As it was explained before, we wanted to isolate the horizontal semicircular ducts in order

to maximize the x-plane nystagmus. There are not written rules that dictate that the orienta-

tions of these channels must match with the imaginary line between tragus and the eye border.

Before to do the MVS, a MRI imaging scan is done to the volunteers to verify that fact. The

acquired set of images of each person is defined as a MxNxT matrix that corresponds with

the x-y-z axes (Figure 7.12). This matrix has information of tissues and parts of the head

section where the semicircular ducts volumes are contained. A protocol to extract the semi-

circular ducts information is necessary. One more time, the data are processed by using Matlab.

The initial point to extract the duct volume is the morphology information contained in the

matrix MRIimg(x, y, z). The head of the volunteers has three degrees of freedom associated

to the three rotational axis of the head when the subject is lying on the table (Figure 7.12).

The common situation is that the volunteer head axes are not perfectly aligned to the reference

system of the MRI. In order to adjust the matrix orientation, an angle correction is needed in

the roll and yaw direction (Figure 7.12).

The image resolution is based on the minimum measured volume (voxel) done by the

CISS3D protocol. There is a mismatch between the three directions. In x and y axis, the

resolution is 0.59 mm. In contrast, the z axis resolution is 0.4 mm. Therefore, the first data

processing consists on a basic interpolation of the image planes in x and y directions. This

procedure allows to homogenize the resolution in the entire image volume to 0.4 mm.

The angular corrections are determined from the semicircular ducts orientations located at

both sides of the head. As they have to be symmetric, any misalignment of the image of

the ducts in the different planes, can be corrected in the roll and yaw direction. However,

this method cannot be applied to the pitch angle because it determines how the volunteer

places the head on the magnetic field. In order to do this correction, some reference points

are necessary.

So, focussing the attention on the two possible corrections, the process is really simple: for

the yaw angle correction, the script shows in screen an upper view image of the section. In

the upper view it is possible to recognize the head contour. In the vestibular system region,
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Figure 7.12: Rotation axes of the head. In navigation stability systems, there are three main

axis for rotations and these axis are defined in the same way in the head.

it is easy to locate the right and left ear semicircular ducts. Marking the center of the bone

cavity, the script defines the angle between the horizontal axis of reference and the imaginary

line between both semicircular ducts (Figure 7.13).

For the roll angle correction, the script follows an analogous process. At the beginning,

the script shows in the screen a back view image of the head where the vestibular system

regions are easily detected. Once the right and left ear semicircular ducts are located, the

procedure is just the same that in the yaw angle correction. Marking the center of the bone

cavity, the script defines the angle between the horizontal axis of reference and the imaginary

line between both semicircular ducts (Figure 7.14). A new matrix MRIimg is defined applying

the rotations to the original matrix. Thanks to this procedure, the head is well positioned for

all the volunteers. So, this protocol allows to compare the ducts orientation of different vol-

unteers. The correction applied is of the order of some degrees in both cases, a small correction.

The information acquired from the semicircular ducts through the MRI has been really

useful. In addition to the volunteers duct orientations comparison, it is possible to compare

the orientations of each pair of ducts for each subject. The orientation protocol to recover
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Figure 7.13: Yaw angle corrections. The figure shows the yaw angle correction in a volunteer.

The blue line represents the ducts orientation line obtained by clicking in both ampullae. It is

easily visible the mismatch with the horizontal reference line (orange). The yaw correction is

based on this angle θyaw.

the orientation of each duct is simple. Using the intersection between the planes defined by

each duct we can determine the vector that define the orientation of this line. It is important

to note that if the three ducts were mutually perpendicular, any of these vectors would be

perpendicular to the third duct. But, in general, the ducts are not perpendicular, so these

vectors are not perpendicular to any channel (Figure 7.15).

If the semicircular ducts are divided into anterior, posterior and horizontal channels, from

each pair we obtain the vectors VAP , VPH and VAH . The cross product between two vectors

corresponding to each pair view, will give us the orientation of one duct. Nevertheless, there

is a lack of information about the semicircular ducts morphology. We observed some bending
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Figure 7.14: Roll angle corrections. The figure shows the roll angle correction in a volunteer.

The blue line represents the ducts orientation line obtained by clicking in both ampullae. It is

easily visible that mismatch with the horizontal reference line (orange). The roll correction is

based on this angle θroll.

Figure 7.15: Sketch to discuss the vector orientations. In this figure, each plane represents the

different inner ear ducts. Each pair of planes intersects in a straight line that defines a vector

(for example, the planes A and P define the vector AP). If the three planes were mutually

perpendicular this vector would be perpendicular to the third plane, H, so VAP and the normal

NH would be parallel. In the general situation, however, they are not parallel. Nevertheless,

NH can be obtained from the cross product between VAH and VPH

in the isosurfaces that could affect the results of the MVS .



Chapter 8

Analysis and results

Abstract

A study of the MRI effects in the semicircular ducts has been carried out on 20

volunteers. First of all, it is important to determine the normal conditions of the

volunteer done with habitual tests performed by ear specialist and ear specialist MD.

Once the data are obtained, we can analyse two different phenomena. On the one hand,

we process the MRI scans by using Matlab. The obtained volumes of the semicircular

ducts allows to compare their geometry between volunteers and allows to study the

relative orientations of the ducts. On the other hand, the eye movement. We have

obtained the nystagmus in constant and time dependent magnetic fields. The obtained

values allows to compare with the Baltimore’s experiment and confirm the trends

that they observed but in opposite orientation because of our inverse dipole orientation.

8.1. Semicircular ducts reconstruction

One important consideration in common to all of the physical mechanisms proposed as

responsible of MVS is the geometry and orientation of the semicircular ducts. The forces that

move the endolymph, induced currents and induced magnetic fields, depend directly on the

ducts position and orientation. An accurate knowledge of the semicircular ducts is necessary

to complement the discussion of the nystagmus results.

The nystagmus effects are strongly dependent on the spatial orientation of the horizontal

ducts, as the effect over the two others are mutually canceled (our balance system gets the

vertical component comparing the anterior and posterior pairs of contra-lateral side ducts)

[165]. In our case, we detected some vertical nystagmus (maybe because of the activation

of several MVS mechanisms at the same time). However, the horizontal duct orientation will

be the most important. When the magnetic field is purely orthogonal to a duct, we obtain

145
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the maximum field flux. So, maximum Lorentz forces pushes the endolymph. Therefore, the

nystagmus effects are bigger than in other angle configurations. We want to maximize the

horizontal nystagmus. So, the first idea is to check the orientation of the horizontal semicir-

cular duct of the volunteers when they are lying face upwards. From the MRI scanner of the

volunteers, we reconstruct the vestibular system that gives us a reference frame from different

head orientations. Figure 8.1 shows some volunteers horizontal ducts reconstructions. It is

important to remember that roll and yaw angles have been corrected. The figure reveals that

exists an important variability of angles and orientations.

We can highlight some important aspects with the 3D reconstruction. It is a common as-

sumption to define the ducts as toroidal cavities, but the real channels are far from pure toroids.

Under this reference framework, there are several volunteers who presented irregularities in the

ducts (Figure 8.2). In the images we can identify two types of irregularities. In the first hand,

there are ducts that are not homogeneous. They are split or have holes and roughness. These

semicircular ducts are the 3D reconstruction based on the presence of hydrogen nuclei and

therefore, these fragmentations may be the result of image processing or they could reflect the

absence of endolymph. We cannot differentiate between these two causes. Another important

aspect is that in some cases the ducts are bended, and so, they cannot be assimilated to flat

toroids.

Another interesting point is that there is a great variability in angles between pair ducts.

When the 3D volumes are rotated, this fact is easily detected. There are two vertical semi-

circular ducts (anterior [A] and posterior[P]) and the horizontal duct ([H]). As reference, the

horizontal duct position is approximately located in the plane that contains the imaginary line

that joins the tragus (small cartilage in the outer ear) with the eye border. These ducts should

be orthogonal to the other two by two. So, the ducts pairs could be considered as orthogonal

functional pairs ([AP,AH,PH]). Our results shown that these ducts are not completely orthog-

onal. These results have been observed in other pappers [165–167].

As they are embedded in the temporal bone, the access to the inner ear is difficult and

the definition of the angles between the different ducts is complex. There are two basic ways

to obtain them: Using the magnetic resonance imaging reconstruction or other scanner and

obtaining the angles in real ducts with destructive process in skulls. The first know work in

human body duct orientations was done by Blanks et al. in 1975 [168]. They dissected ten

humans skulls bony labyrinths. They measured the angles by applying X-ray to the sections.

They determined the AH angle as 111, 89± 7, 6◦ being the others (HP,AP) orthogonal.

In 2005, Shinichiro Hashimoto et al. [167] proposed a 3D reconstruction of the ducts by

using human skulls too. They analised seven skulls and obtained an AH angle of 90.51±2.98◦,

HP angle of 94.52±3.32◦ and AP angle of 91.70±1.85◦. In the same year C. C. Della Santina
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Figure 8.1: Selected volunteers semicircular ducts orientation after the pitch and yaw correc-

tion: the orange lines represent the external horizontal plane of reference. Blue lines match

with the horizontal ducts plane. It is easily visible that there are different orientations for these

subjects.

et al. [166] published a study of the human semicircular duct orientations. They measured

the channels by using a 3D multiplanar computational tomography reconstruction in twenty

two patients. The optimization was performed by the TAC operator“by hand”. They obtained

an AH angle of 90.6 ± 6.2◦, HP angle of 90.4 ± 4.9◦ and AP angle of 94 ± 4◦. Recent pub-

lished works done by D. K. Kim et al. proposed the analysis of the coplanarity of functional

pairs of semicircular ducts by using 3D images reconstructed from temporal bone magnetic

resonance imaging in twenty volunteers [165]. After the vestibular system 3D reconstruction,
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Figure 8.2: Cuts and blends in some volunteers ducts. In the left panels, we can locate some

regions of the duct (inside the blue circle) where there are imperfections. In some cases, the

duct presents roughness, in other cases the duct is even split in one section. In the right panels,

we can observe how the horizontal duct is bended. The blue lines follows the the duct, that is

far from a straight line.

they defined the angles based on the three point method of Aoki et al. [169]. They obtained

an AH angle of 83.7± 14◦, HP angle of 82.5± 8.3◦ and AP angle of 88.4± 8.7◦. There are

significant differences between all these data and shows the high variability in different groups

with significant differences.

With our horizontal ducts angles acquisition method, we tried to minimize errors due to

deviations from ideal toroidal surface in the ducts. The proposed method, like the others, it

is not exempt from certain arbitrariness. One important factor that can be altering the results

is the ducts curvature. This fact makes more difficult the duct plane acquisitions. The angles

obtained have been an AH angle of 97.4 ± 2.4◦, HP angle of 88.8 ± 4.0◦ and AP angle of

91.5 ± 4.6◦ (confidence interval at 95%). In all the results of previous authors the interval

radius is the standard deviation. Figure 8.3 shows that there is an important variability between

studies. Our results have not significant differences with the other results. So, the proposed

method allows the semicircular ducts reconstruction too. Ducts orientations could have effects
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on the nystagmus emergence. Further experimental work remain to be done in that line because

of the potential effects of the ducts orientation: depending on the orientation, nystagmus may

be different. Improvements erode the the acquired ducts to recover the wire-skeleton and

compute the bending and precise orientations without arbitrariness.
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Figure 8.3: Angles values between ducts defined by different authors . Three groups of ducts

represent the different functional pairs measured (in degrees). Different colors represent the

estimated angles by different authors. The graph shows the error bars, except for our case,

where we present a box plot (outliers, percentile (25,50,75)).

Another interesting parameter is the angle between the horizontal semicircular duct and

the horizontal plane. We measured this angles while the volunteers were lying supine on the

test table (in both positions of the head support). The estimated value for this angle in the

literature lying supine is 30 degrees. As in the case of the previous measures, we have found

a certain variability.

8.2. Effects of the magnetic field vestibular stimulation

The second part, once the position of the horizontal ducts for each volunteer has been de-

termined, is the vestibular magnetic stimulation. The morphological study of the ducts shows

certain variability. The horizontal duct is not oriented in the same plane for each volunteer. So,

we can expect slight differences in the nystagmus response. We track the eye movements of

each volunteer in three different conditions B = 0 (outside of the MRI magnetic field effects),

B = const (inside the bore without gradients coils and radiofrequency) and B = A sin(ωt)

(inside the bore and applying the longitudinal gradient coil). In addition, there is a short period
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of time while the test table is inserted or extracted on the MRI bore. In these moments the

vestibular system is excited with a time dependent magnetic field as the volunteer is moving

in a spatially inhomogeneous magnetic field.

The first state allows to verify the absence of a pathological nystagmus in volunteers. Look-

ing at the time evolution of the nystagmus, in all of them we saw the absence of nystagmus

(Figure 8.4) except in a single case. This volunteer was removed from the group. In the

second state, following the work done in Baltimore, we have acquired data in the constant

magnetic field. We can appreciate (Figure 8.4) that as in the previous work, we found a weak

left nystagmus that appears throughout the time. Finally, we acquired data by applying a time

dependent magnetic field. The results are quite different as we expected: The Lorentz forces

should be able to produce pressure gradients inside the ducts. We can see not only an increase

on the slope of the nystagmus, but also how their frequencies increased. The time dependent

magnetic field modifies the appearance of nystagmus (Figure 8.4).

Once the presence of MHD effects is verified, the data series obtained for each valid volun-

teer is studied in depth. The entry and exit of the test table have been neglected. Although

this stage could give interesting behaviours (there are magnetic flux densities variations in the

semicircular ducts), in our case we must omit this data, because the entry and exit test table

times are very short (close to a typical nystagmus time in some cases) and we cannot recover

useful data.

Under the experimental conditions mentioned above, each volunteer data sample has four

parts: two angles, and for each one of them constant magnetic field, and time dependent

magnetic field (five frequencies). So, for each volunteer, the data is divided in twelve graphs,

six for each head orientation. Figure 8.5 shows a volunteer nystagmus evolutions example for

a single head orientation.

Each one of these graphs allow to compute the slow phase nystagmus speeds in degs/second.

Nystagmus are weighted on the basis of their duration. We can represent therefore the aver-

age speeds of the horizontal nystagmus of each volunteer at different head orientations. An

overview of some of these graphs shows a clear individual behaviour with high variability (Fig-

ure 8.6).

8.2.1. Constant magnetic field effects

The Figure 8.6 showed nystagmus velocities in the two mentioned MVS conditions (con-

stant and time dependent magnetic field). The constant magnetic field is represented by the

first two points of each graph (orange and blue). They are located just in the axis. These
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Figure 8.4: Nystagmus evolution in different experimental conditions: The top panel shows an

example of the volunteer #4 eye tracking without magnetic field. No noticeable nystagmus is

observed. The center panel shows an example of the volunteer #4 eye tracking with constant

magnetic field. As in the Baltimore’s experiment, it is easy to note the presence of nystagmus.

Finally, the bottom panel shows an example of the volunteer #4 eye tracking at 8Hz magnetic

field. There are more nystagmus with increased slope.

points show the average speed of nystagmus when the MVS is due to a constant magnetic

field. The balance comes out of equilibrium in the ducts as a result of the constant magnetic

field interaction with the net ionic current flow. In order to analyse these values, we present

this data in a new Figure 8.7. As a result, we have a representation of the nystagmus velocity

dependence with the excitation angle of the horizontal duct of the volunteer.

The regression line shows a decreasing trend with a slope of −0.0188± 0.0355 (confidence

interval of 95% ). Nevertheless, if we consider as outliers the data for volunteers #14 (for
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Figure 8.5: Volunteer #10 head position chopped signal at 30◦. The blue line is the final

signal after applying the Hampel filter. The orange lines mark slow phase velocities. We can

observe that there are differences between the constant magnetic field and the time dependent

magnetic field stimulation. In addition, we can observe that the behaviour with the different

frequency forcing changes as we expect because of the MHD experiment results.
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Figure 8.7: Nystagmus velocity depending on the head position. Although there are only two

points per volunteer we can clearly define the evolution trend (dashed line). Note that the

average tendency verifies the Baltimore experimental works, but there is great variability in the

results.

0◦), #6 and #21 (for 30◦), the confidence interval becomes −0.0279 ± 0.02. Results are

opposite to previous experimental work done by D. Roberts et al. [13]. This fact is the effect

of the constant magnetic field direction. In our work, the main dipole is aligned toes-head

direction (MRI Siemens Trio Tim). In contrast, the Baltimore’s experiment magnetic field was



154 Analysis and results

opposite direction (MRI Philips Achieva), head-toes (the resulting Lorentz force acts in oppo-

site direction). We can therefore say that results shows a similar behaviour respect to Roberts’.

There are small but important differences. Paying attention to velocity scales, we noted

slower nystagmus velocities. The value of the constant magnetic field used is 3 T, less than half

compared to the 7 T used in Baltimore. This behaviour was expected. What is interesting is

the lack of homogeneity in the individual sample response. D. Roberts et al. showed a unique

trend when head changes the orientation from −20◦ to +40◦. All volunteers presented the

same evolution: the nystagmus always grows up in the same direction. Although we can define

a regression line, we noted an inconsistent behaviour in our volunteers when we studied the

evolutions one by one. There are cases in which head orientation from 0◦ to 30◦ does not in-

duce significant velocity variations. In other volunteers, the velocity trends grows or decay. So,

we have a much higher variability in our sample. Figure 8.8 shows an example of this evolutions.
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Figure 8.8: Dependence of the head orientation at constant MVS. The constant magnetic field

is represented by the first points of the graph (red dashed line). We can differentiate between

cases were the velocity is constant, cases were the velocity is higher at 0◦ and cases were the

opposite behaviour occurs.

The difference with Roberts’ work may be due the constant magnetic field intensity. It

is possible that large values of constant magnetic fields suppress or enhance other involved

mechanisms (i.e., the net ionic currents should not be affected by small variations of the

geometry, while MHD effects will be affected).
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8.2.2. Time dependent magnetic field effects

Taking the Roberts’ work as reference point, we can clearly note that there are three dif-

ferent behaviours in the experiment. From the left to the right in Figure 8.9, first of all we see

that out of the bore, the nystagmus velocity is zero. During the entering period (first orange

box), there is an enhancement of the nystagmus velocity. The maximum nystagmus velocities

grow fast as a consequence of different MVS mechanisms working together. At the end of this

movement (first red box), a transition occurs where the effects of the entry mechanism are

damped. There is a relaxation time (because in the duct there is some inertia or the saturation

of the physiological processes) and u is reduced gradually. After some time, nystagmus veloc-

ities tend to an asymptotic value (cyan box). Only the exiting process breaks the equilibrium.

We can note again the enhancement of the nystagmus and the damped inertial effects in the

last two boxes. So the nystagmus velocity increases again due to the other MVS causes, but

in the opposite direction.

Figure 8.9: This graph shows the evolution of the nystagmus velocity in time obtained from

the D. Roberts et al. work [13]. There are three different behaviours. Orange boxes represent

the Nystagmus when volunteers are entering and exiting from the bore. Red boxes shows the

effects of inertia after these process. Finally, the cyan box shows the behaviour when there is

only constant magnetic field.

In their work, Roberts et al. noted and well characterized the emergence of nystagmus at

constant magnetic field (cyan region of the figure). They proposed as activation mechanisms

the ionic currents present in the ducts. The magnetic field is also constant. Therefore, Lorentz

forces emerge and push the endolymph inducing constant nystagmus. The main drawback of

this proposed mechanism is that it cannot explain the behaviour observed in the entering and

exiting process based only in the ionic currents. What happens during these motions? Let me
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assume that the semicircular ducts are closed loops. When the volunteers are moved entering

or exiting from the bore at constant velocity, these loops are moved in an inhomogeneous

magnetic field. So, we produce an effect on these closed loops equivalent to the application of

an slowly varying time dependent magnetic field (Figure 8.10). If we center the attention on

this fact, that means that the enhance of the nystagmus in the entering and exiting process

noted by D. Roberts et al. may be forced by MHD causes.

Figure 8.10: Oscillation forced in the entering or exiting process. Outside the bore, the

magnetic field es zero. As the volunteer goes in the MRI device, the magnetic field change.

When the test table is just in the center of the bore, the magnetic field is maximum.

As it was noted in the MVS introduction, there are some authors that neglected the MHD

causes although there are evidences of these effects as we shown before. There are two basic

non dimensional parameters to be taken into account in this mechanism, Rm and N . In the

estimated conditions of the inner ear ducts, both values are small. Rm = µ0σV L ≈ µ0σfL
2 ≈

10−10f and N was previously estimated as N ≈ 10−2f−1. If we estimate the Reynolds num-

ber order of magnitude as R = ρV Lµ0
−1 ≈ 102f , magnetic Prandtl number has Pm ≈ 10−12

order of magnitude. If we compare the equation 3.37 terms by assuming these Rm, Pm and

N values, Lorentz force term is dominant at the time scale studied.

In addition, our experimental results in InGaSn show the emergence of instabilities even

without threshold with N comparable to the inner ear. In other words, the endolymph motions

in the ducts may appear even for the small Lorentz forces induced in the fluid. In addition,

there is evidence present in the Roberts’ work that indicates that it is not obvious to neglect

the MHD causes. The behaviour in the entry and exit process verifies that the presence of time

dependent magnetic field produce different results that constant magnetic field. The study of

the effects of the interactions of time dependent magnetic fields is justified.
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Following the previous idea and as we expected from our MRI hypothesis, the volunteers

response change significantly when they are under these variable fields. If MHD forces where

not affecting the semicircular ducts, the nystagmus behaviour of each volunteer should be

exactly the same independently of the magnetic field imposed (constant or variable). What

we observe in our results is not a constant response due to the different magnetic field imposed.

In our case, we have not enough resolution of the nystagmus in the entry and exit processes

and we cannot observe their effect. We centered our work in the difference between constant

and time dependent excitation. Figure 8.11 shows an example of these facts. We can note

that the nystagmus shows a great variability. The eye movements registered are different in

constant magnetic field and time dependent magnetic fields. This great variability extends

even to different excitation frequencies.

If we compute the nystagmus mean velocities for each experimental condition, we can

define the velocity evolution for each volunteer. We can observe that there are cases where

an increase of the excitation frequency increases or reduces the velocity. Although volunteers

showed inconsistent behaviours, what it is really clear is that there are not constant velocities

in almost all the cases (Figure 8.12). This fact is an indirect evidence of the presence of MHD

causes.

It could be interesting to correlate the MRI obtained data in the phase-space of the MHD

experiment presented in chapter 6. As we explained in the MHD experiment, there is a phase-

space where the instabilities region is bounded. There are two kind of patterns. On the one

hand, we have axisymmetric patters that emerges in the whole phase space. On the other

hand, when the control parameters that produce the force in the system are close the thresh-

old values, some symmetry breaking patterns emerges. Both of them could be responsible of

the ducts stimulations. As we observed in the semicircular ducts morphology, the ducts are

not completely homogeneous. In addition, the horizontal duct angle respect the horizontal has

high variability too. So, the magnetic field could be non-perpendicular to the whole section

of the duct. That means that the axisymmetric pattern could exerts pressure gradients in the

ampullae and break the pressure equilibrium state. In addition, for control parameters pairs in-

side the instabilities region, some other pressure gradients could be forced on the ampullae due

to the non-axisymmetric patterns. Therefore, what we expected in the real case was that for

certain frequencies, the nystagmus increases significantly their velocities. Seeing the obtained

data, there is not enough information to clearly correlate these effects. It should be noted that

we have a very restricted set of data for the phase-space of the MRI experiment.

Our results show a great variability of the trends. There are three main reasons that

may influence these results. First, magnetic field intensity. As it was noted in Roberts’ work,
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Figure 8.11: Volunteer #21 whole set of signals. The blue line is the final signal after applying

the Hampel filter. The orange lines mark slow phase velocities. We can observe that there

are differences between the constant magnetic field and the time dependent magnetic field

stimulation. The behaviour with the different forcing frequencies changes as we expected

because of the MHD effects. The ducts orientation influence is noted too.

nystgamus effects are lower in 3T field. Second, we showed in this dissertation that semicircular

ducts have high inhomogeneity. This can be the cause of the nystagmus velocities dispersion.

We have seen that a time dependent magnetic field may force MVS through magnetic pressure,

MHD causes, etc. These mechanisms depends on the polarity of the magnetic field and are

connected between them. Geometry plays a main role in this sense. The third factor is the
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Figure 8.12: Horizontal nystagmus velocities evolutions for each volunteer vs. all the forcing

frequencies (0, 4, 8, 12, 16 and 20 Hz) and for the two different head orientations (orange:

30◦, blue: 0◦).
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lack of volunteers samples. The phase-space defined in the liquid metal experiment consists of

large samples changing intensity and frequency of the magnetic field. In the MRI experiment,

each volunteer is subjected to the same intensity field (although different orientations) and

different excitation frequencies. In other words, thinking in the phase-space graph of the MHD

InGaSn experiment, we are forcing five points in a single horizontal line. These points can

be matched with instability tongues or could be out. This fact implies important uncertainty

parameters. Further experimental work should be done to better correlate the obtained data.

What is obvious seeing the obtained results is that MHD forces as MVS stimulation, cannot

be neglected and should be taken into account.



Part III conclusions

In the third part of this dissertation, we present our MRI experiment. This approach was

conceived in order to verify the emergence of instabilities due to MHD forces in a real case,

the inner ear. In the inner ear we can locate the semicircular ducts, that are responsible of

our balance. There are evidences of averse symptoms when patients are subjected to the high

magnetic fields that emerges during the test, and the initial hypothesis is that these adverse

symptoms are the consequence of the interaction of the MRI magnetic fields with the semi-

circular ducts. There are different MVS causes. The previous works done on this topic have

always neglected the MHD forces. They considered as MVS other factors such as the ionic

currents or the electromagnetic induction. However, we estimated the N values for the semi-

circular ducts and we noted that, comparing with our MHD experiment, MHD forces should

be considered. To assess that hypothesis, we have carry out a new experiment in a healthy

volunteers sample. We developed a new experimental setup in which, by using a IR camera, it

is possible to recover the effects of a time dependent magnetic field in the semicircular ducts.

In addition, we can recover the semicircular ducts morphology.

The first interesting point is the semicircular ducts orientations. Semicircular ducts are as-

sumed to be orthogonal taken two by two. With the 3D reconstruction proposed we noted that

there is a high variability in the ducts orientations for different subjects. What we observed is

that, the different pairs of ducts angles have a high variability. In addition, the position of the

horizontal semicircular duct with respect to horizontal plane is slightly variable too. When we

are talking about MVS, this fact could be really relevant. There may be correlations between

the forced nystagmus and the volunteers with different semicircular ducts orientations. We

noted too othe facts. There are cases where the semicircular are bended. On other cases,

there are roughness.

The second interesting point is the MVS. We did the MVS in different experimental con-

ditions. First of all, we recovered the nystagmus in constant magnetic field as in Baltimore

experiments. Our data confirms the Baltimore experiment with some differences. There is a

dependency of the nystagmus velocities with the head orientation. In our case, the tendency

is inverse, but we can easily prove that, this fact is associated to the MVS polarization de-

pendence. Our magnetic dipoles is just inverse to the Baltimore’s one. However, we cannot
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recover a uniqueness trend. In our case, there are high variability and the head dependence

some times implies growing velocities, other times the velocity decay or even cab be quasi

stable. This fact could be consequence of the magnetic field intensity. There are different

MVS causes that could act together. At the proposed magnetic field intensity, some of these

causes could be dominant.

Secondly, we recovered the nystagmus in time dependent magnetic field. We noted that,

as we expected taking into account our MHD model, there are significant difference with the

constant magnetic field MVS. What we observe is that, the nystamus frequencies changes

the slopes of the slow phase velocity. There is not a clear trend as in the constant magnetic

field. The dependence of the head position changes. If we pay attention to the phase-space

defined in the MDH part of this dissertation, non-axisymmetric patterns were recovered in

the instability region for some sets of control parameter ((f,B)). Comparing to the MHD

experiment, we expected for some frequencies, an enhancement of the nystagmus. Although

there are some cases where this behaviour could be considered, results are not conclusive.

There are two main explanations, on the one hand, the magnetic field intensity plays a main

role. At the proposed intensities, some MVS causes will be dominant. On the other hand,

we only studied one magnetic field intensity in five frequencies. If we pay attention to the

observed phase-space, that means that we recover nystgamus in five single points contained in

one horizontal line of the phase-space. So, not always we excited in the instability region. In

addition, in MHD forces as MVS is largely influenced by the semicircular ducts orientations.
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Conclusions

The global hypothesis of this dissertation was to check the effects of time dependent mag-

netic fields in conducting fluids. To analyze this problem, we have presented two different

approaches. The first one is a MHD experiment in a thin conducting fluid layer. The second

experiment is on the effects of the MRI magnetic fields in the conducting fluids of the inner ear.

Concerning the MHD experiment, the initial proposition was to confirm the existence of

instabilities for tiny values of the Lorentz force when a thin conducting fluid layer is under the

presence of time dependent magnetic fields. In the previous experimental setup developed in

the research group, the system was forced with a non-zero mean field. In our case, we have

developed a new experimental setup that allows us to force the system with a zero mean mag-

netic field through the design of a home-made variable frequency drive that allows an accurate

control of two of the main control parameters in the experiment, frequency and intensity of the

magnetic fields. These parameters can be defined at really low ranges (at the proposed scales,

N and Rm are really small and the skin effect is avoided). In addition we have designed the ac-

quisition protocols and we have developed all the Matlab scripts that allows the data processing.

To complement the proposed experimental setup, a three months stay in T. U. Ilmenau was

done in order to study UDV methods that could be applied in our system to obtain the velocity

profiles. The velocity acquisition through UDV methods in different configurations (closed duct

and open duct) has been done. Unfortunately, it was not possible to adapt the UDV probe to

measure in our vessel. Nevertheless, this experience can help in the development of new setups.

Only an optical system has been used to recover the forced dynamics. From the obtained

data we have recovered axisymmetric and non-axisymmetric patterns (with different azimuthal

and even radial wave numbers) that emerge in the whole phase-space. The axisymmetric

patterns have been observed in all the phase-space while the non-axisymmetric patterns have

been observed in restricted regions. These patterns are not pure modes. We have observed

regions of the phase space where different patterns compete or establish cycles between them
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as a consequence of the forcing mechanism. In that sense, we have noted solutions with dif-

ferent symmetries and patterns that show coexistence. Transitions between different states in

a single oscillation close to heteroclinic orbits have been recovered. In addition, some drifts of

the patterns have been studied.

All the observed patterns are surface waves. We have defined an instability region thresh-

old by splitting the patterns into axisymmetric and non-axisymmetric parts. The study of the

instability region was based on the odd and even modes of the forcing frequencies. That pro-

cedure have revealed that, for even modes, instabilities emerges even without threshold (the

breaking of the axisymmetry is due to the beating of the drop). On the other hand, the odd

modes have defined thresholds (the breaking of the axisymmetry obeys the evolution of a first

order Mathieu-Hill equation).

The definition of the threshold values reveals that instabilities could emerge even at really

small interaction parameter values, even without threshold. As we estimated the inner ear N as

really small, the MHD results assess the hypothesis that the MHD forces should be considered

in the MRI-inner ear interactions.

Concerning the MRI experiment, the initial hypothesis was to study the MHD forces effects

on the balance system of humans through the MVS of the semicircular ducts. Although this

cause was neglected by other authors in previous experimental works, the obtained results in

our MHD experiment justified the study of this phenomena. This is the first experiment done

in the group concerning this topic. We have developed the whole experimental setup: we have

designed the acquisition protocols and we have developed all the Matlab scripts that allow the

data processing that we explained in this text.

By using the proposed approach, we have recovered nystagmus at different experimental

conditions (let me remember that the induced effects in the semicircular ducts produce these

eye movements) and the semicircular ducts morphology. Concerning the semicircular ducts

morphology, from these obtained data we have done 3D reconstructions of the ducts. The 3D

model allowed us to define the semicircular ducts orientations. From these data we noted that

there is a high variability in the ducts orientations for different subjects (far from the assumed

orthogonality between ducts). The position of the horizontal semicircular duct with respect

to horizontal plane is slightly variable too. Furthermore, there are other important facts. We

noted that some volunteers presented bended ducts or inhomogeneities that were not described

on the literature.

Finally, we performed a MVS in different experimental conditions: constant magnetic field

and time dependent magnetic field at different frequencies. The constant magnetic field results

reveal that there is a dependency of the nystagmus velocities with the head orientation. The
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regression line of the whole set of data shows a global decreasing velocity trend although if we

study the same parameter individually, the results show high variability. The observed global

tendency is opposite to the observed one in Baltimore, but it is a consequence of the dipole

orientation.

The time dependent magnetic fields reveal that the nystagmus frequencies and the slopes

of the low phase velocity change with respect to the constant magnetic field MVS. This be-

haviour could be due to two different factors. First, the symmetric beating of the endolymph

could produce pressure gradients in the ampullae if the magnetic field is not purely vertical

to the duct plane or the duct is bended. Second, when the external magnetic field forces the

system in the non-axisymmetric instability region, pressure gradients could be exerted too. As

in the previous configuration, there is not a clear trend and the dependence with the head

position changes. Although there are some subjects that present dramatical nystagmus ve-

locity changes for some frequencies (something that we expected following our InGaSn model

phase-space), the results are not conclusive. For the proposed intensities we have only studied

one magnetic field intensity and five frequencies, so probably we have not always excited the

instability region. What it is evident is that the MHD forces altered the nystagmus behaviour.

That means the MHD forces should be considered in MVS.

Outlook

Although this doctoral thesis has contributed to the understanding of the studied topics,

at the same time has opened the door to new experiments in order to complement the unan-

swered questions which have emerged in both setups. The future aims are presented separately.

Concerning the MHD experiments:

Although we have studied the instabilities in other configurations of the experimental cell

(as the ring or cone), almost all the data presented in this text have been obtained on

the vessel with the central depression at different volumes. Taking into account that one

of the main parameters that affects the study of instabilities is the geometry of the cell,

it would be interesting to study in depth other configurations with different volumes.

All the experimental results shown here are based on the optical system acquisition.

As we noted during the test, the velocity field is estimated. The velocity field of the

experiments will allow a better understanding of the physical processes in the pattern

formation and dynamics. In that sense, the proposed technique based on the UDV could

be a nice solution. It would be interesting to develop a new setup in order to adapt an

UDV system to our vessel.
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The forcing system of the experiment is based on a home-made variable frequency drive.

Although the homogeneity of the external magnetic field is high, the Fourier transform of

the obtained signals reveals some noise (harmonics behaviour). In that sense, the research

group acquired recently a new power supply that allows to produce a pure harmonic time

dependent magnetic field. It would be interesting to reproduce the experiment by using

this new power supply in order to compare the results.

There are experts in computational fluid dynamics in the T. U. Ilmenau. We lay the

groundwork to simulate our problem. Although the used time only allow us to fix a

starting point to do the simulation of our MHD problem, it would be interesting to try

these simulations.

Concerning the MRI experiments, there are even more open questions because the MVS

with time dependent magnetic field was not studied previously:

Our study was done by using a 3T MRI machine. The magnetic field intensities is a

relevant parameter in these studies because could enhance or suppress different causes of

MVS. In that sense, it would be interesting to reproduce the experiments by using a 5T

or 7T MRI machine. These data could help us to better understand the high variability

of our results.

During the process, we introduced and extracted the volunteers of the MRI bore really

fast compared with the nystgamus time. So, we did not recover any information of

this periods. It will be interesting to change the protocol in order to be able to recover

nystagmus in that moments.

There is a clear dependence of the dipole orientation as Baltimore experiments shows

(nystagmus velocities changes during the introduction and extraction time). In that

sense, it would be interesting to repeat the series to the different volunteers by changing

the volunteers position in the core. The same series introducing the volunteers head first

and toes first.

If we pay attention to the MHD experiment phase-space, the proposed MRI experiment

is concentrated in one horizontal line of this graph (only one magnetic field amplitude).

So, we are exciting the horizontal duct with isolated frequencies than can match or not

with the instability region. In that sense, it would be really interesting to repeat the

same study with a higher frequency and intensity range. This procedure will allows us

to better understand the MHD effects and compare the obtained results with the MHD

experiment.

An open question is to determine if there is a correlation between the observed nystagmus

and the particular duct geometry in each volunteer.
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As we have recovered the ducts shape and orientation, it would be interesting to perform

some numerical simulations based on the inner ear geometry.

And finally, it would be interesting to test an intermediate and transparent model of the

ducts filled with an electrolyte inside the MRI device, so we could recover the velocity

field.
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[137] I. Cortés-Doḿınguez, J. Burguete and H.L. Mancini,“Experimental dynamics in magnetic

field-driven flows compared to thermoconvective convection”. Philosophical Transactions of

the Royal Society of London A, 373, 2056 (2015).

[138] I.I. Rabi, “Refraction of Beams of Molecules”. Nature, 123, 163-164 (1929).

[139] G. Breit and I.I. Rabi, “On the interpretation of present values of nuclear moments”.

Physical Review, 46, 230-231 (1934).

[140] J.M.B. Kellogg, I.I. Rabi, N.F. Ramsey and J.R. Zacharias, “The Magnetic Moment of

the Proton and the Deuteron. The Radiofrequency Spectrum of 2H in Various Magnetic

Fields”. Physical Review, 56, 728-743 (1939).

[141] J. Mattson and M. Simon The pioneers of NMR and magnetic resonance in medicine :

the story of MRI (Bar-Ilan University Press, 1996).



178 BIBLIOGRAPHY

[142] F.W. Wehrli,“The Origins and Future of Nuclear Magnetic Resonance Imaging”. Physics

Today, 45 34 (1992).

[143] C. Richmond,“Godfrey Hounsfield”. BMJ, 329, 687 (2004).

[144] T. Ai, J.N. Morelli, X. Hu, D. Hao, F.L. Goerner, B. Ager and V.M. Runge, “A His-

torical Overview of Magnetic Resonance Imaging, Focusing on Technological Innovations”.

Investigative Radiology, 47 725-741 (2012).

[145] http : //www.fonar.com/nobel.htm

[146] A.L. Scherzinger and W.R. Hendee,“Basic principles of magnetic resonance imaging, an

update”. Western Journal of Medicine, 143, 782-792 (1985).

[147] “MEDICAL IMAGING MRI’s inside story”. The Economist, 12.4 (2003).

[148] A. Perrin, Electromagnetic Fields, Environment and Health (Springer, 2012).

[149] http : //www.cdc.gov/nchs/hus/contents2011.htm#123

[150] R. Aarnink and J. Overweg,“Magnetic Resonance Imaging, a success story for supercon-

ductivity”. Europhysics News, 43, 26-29 (2012).

[151] P.M. Glover, “Interaction of MRI field gradients with the human body”. Physics in

Medicine and Biology, 54, 99-115 (2009) ,

[152] A. Kangarlu, R.E. Burgess, H. Zhu, T. Nakayama, R.L. Hamlin, A.M. Abduljalil and

P.M.L. Robitaille, “Cognitive, cardiac, and physiological safety studies in ultra high field

magnetic resonance imaging”. Magnetic Resonance Imaging, 17, 1407-1416 (1999).

[153] P.G. Cox and N. Jeffery, “Geometry of the semicircular canals and extraocular muscles

in rodents, lagomorphs, felids and modern humans”. Journal of Anatomy, 213, 583-596

(2008).

[154] http : //www.lookfordiagnosis.com

[155] V. Marcelli, F. Esposito, A. Aragri, T. Furia, P. Riccardi, M. Tosetti, L. Biagi, E. Marciano

and F. Di Salle, “Spatio-temporal pattern of vestibular information processing after brief

caloric stimulation”. European Journal of Radiology, 70, 312-316 (2009).

[156] K.R. Symon, Mechanics (Addison-Wesley, 1971).

[157] P. Wangemann, “Supporting sensory transduction: cochlear fluid homeostasis and the

endocochlear potential”. Journal of Physiology, 576, 11-21 (2006).

[158] A. Kangarlu and P.L. Robitaille,“Biological Effects and Health Implications in Magnetic

Resonance Imaging”. Concepts in Magnetic Resonance, 12, 321-359 (2000).



BIBLIOGRAPHY 179

[159] G.B. Chavhan, P.S. Babyn, B. Thomas, M.M. Shroff and E.M. Haacke, “Principles,

Techniques, and Applications of T2 based MR Imaging and Its Special Applications”. Ra-

diographics, 29, 1433-1449 (2009).

[160] D. Hingwala, S. Chatterjee, C. Kesavadas, B. Thomas and T.R. Kapilamoorthy,“Appli-

cations of 3D CISS sequence for problem solving in neuroimaging”. The Indian Journal of

Radiology and Imaging, 2, 90-97 (2011).

[161] B. Arnold, L. Jager and G. Grevers, “Visualization of the inner ear structures by three-

dimensional high-resolution magnetic resonance imaging”. The American Journal of Otology,

17, 480-485 (1996).

[162] www.arringtonresearch.com/viewpoint.html

[163] A. Khasnis and R.M. Gokula, “Romberg’s test”. Journal of Postgraduate Medicine,

49,169-172 (2003).

[164] http : //es.mathworks.com/help/signal/ref/hampel.html?s tid = gn loc drop

[165] D.K. Kim, D.R. Kim, S.H. Jeong, G.J. Kim, K.H. Chang and B.C. Jun, “Analysis of

the coplanarity of functional pairs of semicircular canals using three-dimensional images

reconstructed from temporal bone magnetic resonance imaging”. The Journal of Laryngology

and Otology, 129, 430-434 (2015).

[166] C. Della-Santina, V. Potyagaylo, A. Migliaccio, LL.B. Minor and J. Carey, “Orientation

of Human Semicircular Canals Measured by Three-Dimensional Multiplanar CT Reconstruc-

tion”. Journal of the Association for Research in Otolaryngology, 6, 191-206 (2005).

[167] S. Hashimoto, H. Naganuma, K. Tokumasu, A. Itoh and M. Okamoto, “Three-

Dimensional Reconstruction of the Human Semicircular Canals and Measurement of Each

Membranous Canal Plane Defined by Reid’s Stereotactic Coordinates”. Annals of Otology,

Rhinology and Laryngology, 114, 934-938 (2005).

[168] R.H. Blanks, I.S. Curthoys and C.H. Markham,“Planar relationships of the semicircular

canals in man”. Acta Otolaryngol, 80, 185-196 (1975).

[169] S. Aoki, Y. Takei, K. Suzuki, A. Masukawa and Y. Arai, “Planer orientation of the

bilateral semicircular canals in dizzy patients”. Auris Nasus Larynx, 39, 451-454 (2012).



180 BIBLIOGRAPHY



Summary

Fluid dynamics has been studied for decades as the central point of many physical processes,

and many different experimental setups have been analysed. The objective of this thesis is the

study and analysis of instabilities in two completely independent systems: on the one hand,

the effects of weak magnetic fields in a liquid metal layer. On the other hand, the effects of

the magnetic resonance imaging (MRI) test in the inner ear. If these are two different prob-

lems (each of them with its scientific value), why study them jointly? Both approaches are

forced by the same mechanism, the MHD forces. The effects of magnetic fields in conducting

fluid layers have been studied for decades, so the physics behind this problem is well defined

and studied. The proposed geometry for this study can be considered as a model as close

as possible to the semicircular ducts of the inner ear. Therefore, the correct magnetic field

and electrical conductivity selection in both setups allows extrapolate the data obtained from

the liquid metal experiment to the MRI experiment. Under this framework, we are adding a

physical basis to the MRI experiment with volunteers.
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Resumen

La dinámica de fluidos ha sido estudiada durante décadas como un mecanismo fundamental

en muchos procesos f́ısicos y son muchos los experimentos que han sido analizados. El objetivo

de esta tesis doctoral es estudiar y analizar inestabilidades en dos sistemas completamente

independientes: por un lado, los efectos de campos magnéticos débiles en capas de metáles

ĺıquidos. Por otro lado, los efectos de la prueba de imagen por resonancia magnética (MRI)

en el óıdo interno. Si estos son dos problemas independientes, (cada uno con su valor cien-

t́ıfico particular), ¿por qué estudiarlos conjuntamente? Ambos montajes experimentales están

forzados por el mismo mecanismo, las fuerzas magnetohidrodinámicas. Los efectos de campos

magnéticos que evolucionan en el tiempo sobre capas de fluidos conductores han sido estudia-

dos durante décadas. Por lo tanto, los procesos f́ısicos que dominan estos problemas han sido

bien definidos y estudiados. La geometŕıa propuesta para este estudio puede ser considerada

un modelo lo más ajustado posible a los conductos semicirculares del óıdo interno. Además,

una correcta elección del campo magnético y de la conductividad eléctrica en ambos experi-

mentos nos permite extrapolar los resultados obtenidos en el experimento de metal ĺıquido al

experimento con la resonancia magnética. Bajo esta idea, por tanto, estamos añadiendo una

base f́ısica sólida al experimento con voluntarios de los efectos de la resonancia magnética en

los voluntarios al estudio.
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