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Introduction

The behaviour of a ferrofluid droplet in a rotating field is quite intricate
including even transition to chaotic dynamics. If at present the behaviour of droplet in
static field is quite well understood both theoretically and experimentally then in
rotating field or even more in the field of more complicate character there are great
variety of rather complex phenomena for which at present moment adequate
theoretical understanding does not still exists. Existing theoretical approaches are
based on simple assumptions of ellipsoidal shapes of droplets as in 3D and 2D. More

complex shapes is possible to study enough thoroughly only by numerical means.

The goal of the present thesis work was to perform analytical and numerical
studies of a 2D ferrofluid droplet in a rotating magnetic field including elaboration of
the corresponding numerical tools. For that small perturbation theory is used in the
case of simple geometry to find the growth rate of perturbations and boundary element
method is used to solve the moving free boundary problem of droplet behaviour. In
the last case the satellite problem of the creeping flow and the magnetic field have to

be solved in the every time step.

In the first chapter the short overview about most important properties of
magnetic fluids and especially about the concentrated phase of a magnetic fluid is
given. The concentrated phase due to its abnormally high magnetic susceptibility and
low surface tension on the interface between two phases. leading to high values of a
magnetic Bond number, enables to observe many intrinsic phenomena, which are not
to observe in experiments with conventional ferrofluids. In the rest of this chapter the
low Reynolds number flow (called creeping flow) problem and the satellite problem
of a magnetic field solution are defined for a 2D droplet using boundary integral

equation formulation.

The second chapter contains approximation of boundary integral equations,
given in the first chapter. The boundary element method (BEM) accuracy is tested

using exact analytical solutions. The results of test display that BEM accuracy allows



Introduction

to use it to simulate numerically unsteady motion of a 2D droplet in an external
magnetic field. On the basis of given discrete algorithms the various computer codes
are elaborated to perform BEM simulation in the case of the magnetic field problem at
given geometry (chapter 3) and in the cases of coupled magnetic field and creeping

flow problems (chapters 4 and 5).

In the case of a high-frequency rotating magnetic field time averaging of surface
forces could be used if the rotation period is much smaller than characteristic
relaxation time for a droplet. In the third chapter the equilibrium figures of a 2D
droplet are studied from minimal energy viewpoint in high-frequency field. The
favourite shape with a minimal energy is found from an a priori given set of shapes at
a given magnetic field strength amplitude, using time-averaging for a magnetic
energy. Such an approach allows to detect the magnetic field threshold at which the
perturbation from the circular shape of a droplet appears, if a magnetic field strength
is increased from the zero value. The decrease of a magnetic field strength displays
the hysteresis effect, if magnetic permeability of the ferrofluid is high enough. The
magnetic field is calculated by BEM, families of shapes are generated by the special

technique described in this chapter.

The constraints of the droplet shape in the third chapter interfere in the obtaining
transitions between shapes with different numbers of spikes. In the fourth chapter the
solution of the whole free moving boundary problem of a 2D ferrofluid droplet by
BEM in the case of time-averaged surface forces provides information about the
evolution of shapes. It has been illustrated by direct numerical simulation that starting
from random initial state transitions to configurations with two and three spikes are

observed. The four spike shape appears to be unstable in 2D.

The fifth chapter contains results of a 2D droplet simulation in a low-frequency
rotating magnetic field. It has been shown that two different scenarios for a behaviour
of a droplet exist in dependence on the value of the magnetic Bond number. In the
case of large magnetic Bond number values there is the critical frequency for a
magnetic field rotation up to which droplet is able to follow the field rotation. Beyond
this critical frequency droplet is no more phase locked to the magnetic field and

exhibits rather intrinsic behaviour, peculiarities of which is analysed in more detail in

10
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the case of the more general elliptic field polarisation in the next, namely sixth
chapter. In the fifth chapter under the assumption of an elliptic shape of a droplet two
sets of the equations of motion are derived and used to obtain the characteristics of a
droplet behaviour in the fifth chapter. The comparison with the BEM shows fairly
well agreement. The BEM simulations display that the role of the bending instability
of a droplet increases, if the viscosity of a droplet is increased with respect to the one

of a surrounding fluid.

The last, namely sixth chapter is devoted the behaviour of a droplet in an
elliptical polarised rotating magnetic field. Elliptical polarisation of a field is the
source of the second modulation frequency, interaction of which with the frequency of
the droplet’s rotation causes such effects as the mode-locking represented by the
devil’s staircase, overlapping of mode-locking intervals, period doubling and the

transition to a chaos.

Throughout the present work the c¢gs system, and particularly the
electromagnetic cgs system of units, centred on gauss unit for a magnetic field is

used.

11



Chapter 1

Physical properties and models of

magnetic liquids

1.1. Magnetic fluids and their properties

1.1.1. General properties

The studies of magnetic fluids started in the early 1960s. Most of applications of
colloidal magnetic fluids (ferrofluids) were recognised slightly latter, when real
ferrofluids become available, because they are pure artificial product: they are not
found in nature. The name “ferrofluids” was proposed by R.E.Rosensweig [77], the
name magnetic fluids was used in [99] by M..Shliomis. Perhaps the name
“ferrohydrodynamics” (FHD) matches the topic of hydrodynamics of magnetic fluids
at best, since the name “magnetohydrodynamics” (MHD) is mostly used for
phenomena where the interaction between magnetic fields and electric currents in
fluids takes place. Nevertheless, it should be noted that the term MHD is still used as
more general, covering both topics, “classical” MHD and ferrohydrodynamics.
Exhausting overviews about magnetic fluids and their most important physical and

chemical properties are given in [22,25,91].

Ferrohydrodynamics studies the flow of magnetic fluid under the action of
strong forces of magnetic polarisation. The main difference between MHD and FHD
is that in MHD the body force acting on the fluid is the Lorentz force that arise when
electric current flows at an angle to the direction of a magnetic field. In FHD usually

there is no electric current flowing in the fluid. The body force in FHD is due to

13
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polarisation force, which in turn requires material magnetisation in the presence of

magnetic field gradients or discontinuities.

The uniqueness of ferrofluids is in giant magnetic response to magnetic field. As
a result many surprising phenomena are exhibited by the magnetic fluids in response

to magnetic fields:
e normal field instability (formation of a pattern of spikes on the fluid surface);
e the labyrinthine pattefn formation in thin layers;

e the generation of body couple in rotary fields, which 1s manifested as

antisymmetric stress;
o self levitation of an immersed magnet;

e enhanced convective cooling in ferrofluids having a temperature-dependent

magnetic moment;
e and many others.

During the last thirty years since ferrofluids become available, great variety of
applications of them in different branches are found. Actual commercial usage

presently includes [25,87,91]:

e novel zero leakage rotary shaft seals, used in computer disk drives [15];
e vacuum feedthroughs for semiconductor manufacturing [76];

e pressure seals for compressors and blowers [90];

e liquid-cooled loudspeakers that employ a ferrofluid to conduct heat away from the

speakers coils [23,56];

e piloting the path of a drop of ferrofluid in the body, to bring drugs to a target site
[751;

e non-invasive circulatory measurements of the blood flow [78,84];

o artificial high specific gravity effect applied to separate mixtures of industrial scrap

metals such as titanium, aluminium, and zinc [47,98];

e high-speed, inexpensive, silent printers. using magnetic fluid ink [72];

14
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Here just more known applications are mentioned, in fact this list is still under

growing.

Exist several types of magnetic fluids, but the principal type of them is
“colloidal ferrofluid”. A colloid is a suspension of finely divided particles in a
continuous medium, including suspensions that settle out slowly. However, a true
ferrofluid have not to settle out, even long exposure of a force field causes a slight
concentration gradient. A good ferrofluid [95] have to be a concentrated, stable
suspension of very small magnetic particles in a liquid. A surfactant normally
provides the colloid stability. Therefore the traditional ferrofluids are composed of
small (3-15 nm), solid, single-domain magnetic particles coated with a molecular
layer of a dispersant and suspended in a liquid carrier. The difference of the ionic-
ferrofluids [73] from the surfactant-stabilised ones is that they are stabilised due to the
strongly screened electrostatic repulsion of ionic particles. Brownian motion keeps
particles suspended, and the coatings prevent the particles from sticking to each other.
Van der Waals attraction is one of the main problems to obtain colloidal particles that
are stable with respect to mutual agglomeration. To prevent particles from
approaching so close to one another that van der Waals attraction prevail, the steric
repulsion mechanism is used. For that particle surface is coated by long chain
molecules in such a way that the polar “heads” of chains are adsorbed by the particle
but the “tail” creates “‘elastic bumper” layer. According to the simplest model of a
stable magnetic fluid [22], a particle inside it is characterised by three dimensions,
namely, magnetic core diameter d, solid diameter d,, and coating diameter d,.
Quantities d, and d,, are not the same because due to chemical interactions between
stabiliser and the particles, the surface layer of the particles may lose magnetic

properties.

A low evaporation rate, a low viscosity and chemical inertness are desirable
properties fore the base liquid. A ferrofluid remains flowable in the presence of
magnetic field even when magnetised to saturation. Nonetheless, the reology is

affected by the presence of a field [25,100].

The stability of the magnetic liquid 1s ensured by the balance between the

various interparticle interactions:

15
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e magnetic dipole-dipole interaction,
e van der Waals interaction,

¢ dipole-magnetic field interaction,
e and

¢ cither steric repulsion via the solvent particles coated with a surfactant in the
case of surfactant-stabilised ferrofluids when particles are coated with surfactant

chains,

¢ or strongly screened electrostatic repulsion for ionic particles in the case of ionic
colloids when magnetic particles are made also macro-ions in order to create

electrostatic repulsion.

Stability in a magnetic field gradient is the stability against settling of particles
in a field gradient due to an external magnetic source. Thermal motion of particles
should prevent the attraction of them to the higher intensity regions of a magnetic
source. Stability against segregation 1s favoured by a high ratio of the thermal energy
to the magnetic energy: k,7/MHV 21, here kg: Boltzmann constant, T: temperature,
M: magnetisation, H: magnetic field strength, V: volume of the particle. This relation
forms an upper limit for particle size. The related topic is the stability against
magnetic agglomeration. Due to collisions between particles, they could agglomerate
rapidly if particles adhere together. Here again the thermal energy is responsible to
separate the particles, i.e. to overcome dipole-dipole interaction, characterised by ratio
of thermal and dipole-dipole contact energy. The requirement for stability in a

gravitational field is usually lower than the requirements for stability in magnetic

field.

There are two magnetic relaxation mechanisms in ferrofluids: relaxation by
rotation if particle in the liquid and the relaxation due to rotation of the magnetic
vector within the particle. Solidified ferrofluid has only the second mechanism. The
particle rotation mechanism is characterised by a Brownian rotation diffusion time tg
having hydrodynamical origin [25,50,91] and given by t, =3Vn,/kT where V is the
particle volume and m the viscosity of the carrier liquid. The second relaxation has

so-called Néel relaxation time [25,50,91]

16
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r = 1 ex (KM)_
P kT

B fo
where KV is the height of energy barrier which separates the two possible

magnetisation orientations inside the particle in absence of field for single-domain

uniaxial ferromagnetic particle.

The two main magnetic fluid preparation kinds are sketched below.

Preparation by size reduction.

Size reduction by grinding can succeed in reducing bulk (micron-size) material
to the order of |O0A in size. The method discovered by S.Papell [81], further
developed by many researchers (see [91D. Preparation of ferrofluid consists from

following steps 91:

* urn size magnetic powder is mixed with solvent and surfactant dispersing agent;
 size reduction in ball grind,;

» centrifugation to separate oversize solids;

e correction of particle concentration.

Typical preparation time is about 1000h.

Preparation offerrofluids by chemical precipitation

There are many chemical methods to prepare ferrofluids. Here just three more

representative of them are mentioned according to [91]:
* magnetite precipitation with steric stabilisation;

» cobalt particles in an organic carrier;

» charge-stabilised magnetite.

The chemical methods are fast typical preparation time are few hours, they can
be cheap, but they are restricted to a few particular compounds. Special fluids are
produced mainly by size reduction. Additional stabilisation effect is achieved by steric
repulsion mechanism due to the presence of long chain molecules absorbed onto the

particle surface.

17



Chapter |

1.1.2. Concentrated phase

In the general purpose of technical applications require industrial products stable
in time, proof against temperature variations and magnetic field action. Nevertheless
in some particular cases it is possible to take advantage of the phase separation in
magnetic liquids. The concentrated phase could be obtained due to failure of stability
leading to a phase separation in two liquids of different particle concentrations:
droplets of concentrated phase grow among the more dilute phase [31]. A phase
separation could be induced by many factors, for example; temperature lowering, for
sterically stabilised particles, some variations of free surfactant concentration; for

electrostatically stabilised particles, an increase of ionic strength.

The concentrated phase causes interest due to its outstanding physical
properties: it was found in [11] that susceptibility yg=un-1~40 (magnetic permeability
1~40) and surface tension 6~5107 I-m?=5.10" erg-cm'2 for an ionic ferrofluid and in
[86] for a surfactant stabilised ferrofluid y=u-1~80 (L~80) and 6~3-107 J-m?=3-10"

4 -2
erg-cm .

These susceptibilities are about an order of magnitude higher than for usual
magnetic fluids, what allows to observe some phenomena which appears only in the
case of high susceptibility. Such extraordinary values of susceptibility are possible
due to a high packing of particles in a concentrated phase, additional effect caused by
a packing is large values of viscosity. In contrary, surface tension at the boundary of

the two phases is very low. Magnetisation curve for concentrated phase exhibits [31]:

e a linear regime with very high initial susceptibility in low field, what means that

the particles keep their rotational degrees of freedom,

e a very large saturation value (~ 90 kA/m=1130 Oe), what means a volume fraction
of magnetic particles close to the maximum reasonable value (~24%) for a

ferrosuspension retaining its fluidity [94].

Hence in order to obtain concentrated phase, repulsive interaction should be
decreased. For ionic ferrofluids it is much simpler to realise since they are directly
synthesised as micro-ions [73], but for by surfactant stabilised magnetic liquids it is

very complicate to decrease repulsion.
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In the concentrated phase, distance between particles are determined only by the
solvate shells. The concentration of the concentrated phase is always the same and
about equal to 25 % in volume. Every particle is surrounded by a shell of structural
water of thickness 1 or 2 nm, so all the water shells mix into a single one in the whole
phase. A liquid-gas like phase separation always causes that a concentrated phase

appears as droplets inside a more diluted phase.
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1.2. Ferrohydrodynamical surface instabilities

1.2.1. Free ferrofluid droplet in a static field

A deformation of a ferrofluid droplet in a static field is studied experimentally in
[2,46] and theoretically under assumption of an ellipsoidal shape of a droplet [24,32]
in zero gravity. Very interesting results are obtained in experiments with a
concentrated phase |1 1,12,14]. In [11,14] under assumption of the prolate ellipsoidal
shape of the ferrofluid droplet the equilibrium shapes are described from the balance
between magnetic energy and interfacial tension energy. For magnetic permeability of
the droplet p=40 it is found that the droplet becomes unstable for a certain magnetic
field threshold: it jumps from a slightly elongated shape to a much more elongated
one. The ratio of semi-axes of the ellipsoidal shape changes from a/6~2 to a/b~13. At
decrease of the field the droplet from the elongated shape a/b~7 reduces to a less
elongated one a/b~1.5 at a smaller magnetic field threshold value. Such a transition
takes place only if magnetic permeability is high enough, namely if p>20.8 [89]. In
[25,32] it is shown that the virial method and the energy approach gives equivalent
results. The advantage of the virial method is that it could be used to study
perturbations from the ellipsoidal shape. The virial method is already successfully
used to calculate equilibrium shapes for selfgravitating rotating mass [42,41] and for
rotating charged drops [40.88,89]. The similar results concerning the hysteresis
phenomenon for the elongation of a droplet could be obtained both from virial and
energy approach methods in 2D case. The critical value of a magnetic permeability for
the hysteresis of the 2D droplet deformation in a static magnetic field is p,=27. In
some theoretical studies [68,97] it is reported about a conical tip formation for a
ferrofluid droplet and the eventual breakup of it, if a magnetic permeability exceeds
critical value pu=17.59 [68]. Nevertheless, such phenomena was never observed

experimentally for a ferrofluid droplet even for the concentrated phase with u=40

[11,12,14].
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1.2.2. Sessile ferrofluid droplet in a static field

Equilibrium axisymmetric shapes of sessile drops of ferrofluid are studied in
[19] experimentally. In [21] on the basis of the energy balance the elongation of the
droplet is calculated as function of a magnetic Bond number under an assumption that
the shape of a sessile droplet could be described as a half of an axisymmetric
ellipsoid. In [96] the equilibrium state of partially and totally free ferrofluid droplet is

studied by energy minimisation accounting for the gravity. It is found that the

hysteresis phenomena take place if gravitational Bond number Bg = pg(V)z/3 o is

larger than critical value Bgcg=~8.5, p being the density, g : gravity acceleration, V:
volume of a drop, o : surface tension. It means that for larger gravitational Bond
number values there is some threshold value of magnetic Bond number Bm, beyond
which drop elongates with jump. Decreasing a magnetic field, the jump back to the
less elongated state takes place at smaller value of Bm. The influence of nonlinear
magnetisation of the sessile drop is studied in [17,27,29]. The comparison with the
linear magnetisation shows [27,29] that at low field values both results are very close,
but increasing field above 140 gauss the difference increases and in particular case in
[27] even at a magnetic field 160 gauss the difference in the drop height is about 1.6
times. It should be mentioned that agreement with experimental observations is within
2%, thus it is proved that the nonlinear behaviour of ferrofluids can significantly

affect a drop shape at field strength as low as 140 gauss.

1.2.3. Free ferrofluid surface instability in vertical field

The ferrofluid surface instability in vertical field is one of the most studied
problems of FHD. The first observation and predictions in the frame of the linear
perturbation theory are given in [27]. By theoretical studies many phenomena were
found out: subcritical character of hexagonal pattern structure [51,52,62], transition
from hexagonal pattern to square one [52,62]. Most of predictions are proved
experimentally [13,28]. In [13] the large hysteresis effect due to the high magnetic
permeability p~40 was observed. Interpretation of the hysteresis on the basis of a
simple model is in reasonably good agreement with experimental data. Periodic

pattern formation in normal field is observed in [19] for thin ferrofluid film. In [83]
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for hexagonal ferrofluid bubble lattice at some field value abrupt increase of the
magnetic field leads to the following: large initial ferrofluid bubbles droplets shrink

and smaller bubbles appear, together forming inhomogeneous patterns.

1.2.4. Instabilities of ferrofiuid in a narrow gap between two parallel

plates

The thin gap between two parallel plates forms the quasi-two-dimensional
domain. The fluid flow between plates could be described by Darcy equation.
Presence of two fluid phases in the gap one of which is ferrofluid makes a system
where many rather complicate phenomena are observed. In many cases instabilities
lead to non-axisymmetric shapes. Presence of different instabilities in orthogonal with

respect to a layer magnetic field:

e clliptic deformation instability for ferrofluid drops and bubbles in ferrofluid

[36,38];
e bending instability [36,38];
e comblike instability in a vertical gap [37];

leads to the labyrinthine instability [38,92]. Instability of the vertex splitting has been
numerically studied in [34]. The character of these instabilities depends on the
magnetic field magnitude and on the conditions, how a field is applied. Dependence of
the wave number of growing perturbations on ramp rate has been considered in [58].
Here also equivalence of approaches based on fictitious magnetic charges and current

loops around magnetised body has been shown.

Instabilities of the flat layer are quite well studied by numerical simulation. The
magnetic field problem is mostly treated accounting for demagnetising field in the
first nonvanishing approximation (constant magnetisation approximation approach).
Along the same lines the behaviour of the droplet in the field along the boundaries of
the layer has been considered in [20,49]. Fluid flow is approximated by a Hele-Shaw
flow and treated by the boundary integral technique for a flow potential [39]. In [67]
the surface evolution is traced by the dissipative motion of closed 2D curves,
conserving area. The formalism is derived from a general energy functional. The

conformal mapping method for the simulation of the labyrinthine instabilities of
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magnetic fluids has been considered in [58]. Computational limitations in most of

cases restrict the studies to the simple patterns of labyrinth structure.

1.2.5. Instabilities of ferrofluid droplet in rotating field

For the first time the response of magnetic fluid microdrops to time dependent
magnetic fields is tested in [10,4]. The concentrated phase of ferrofluid with relatively
high magnetic permeability fl~25 is used. The first stage of shape deformation is an
oblate ellipsoid, the plane of symmetry is one of field rotation. Increasing a magnetic
field, oblate ellipsoid becomes unstable, leading to rather complicate shapes. In a high
frequency rotating field a "starfish shape™ for a droplets is observed. The droplet
slowly rotates in the direction of a field, number of arms is proportional to the square
of applied field strength. For lower field frequencies shapes could be more irregular,
including loop-like and worm-like ones. Generally droplet tries to follow a field
rotation, but additional bending effects take place due to friction forces acting from an
external fluid. The ratio of the droplet viscosity versus the external fluid viscosity is

about 100.

Similar  results are observed In crossed  field:  H, = Hoi J2,
Hy, = H, sin rot(static field crossed with linearly oscillating one) [10]. As in the case
of a rotating field, the ultimate shape is a disk crowned with peaks. Difference is that
there is no co-rotation of a "cog-wheel”. Number of lateral peaks is still proportional

to the square of the field.

By virial method [10,4,35] the symmetry destroying perturbation analysis is
performed for oblate ellipsoid. The number of lateral peaks is explained by the most
unstable perturbation mode, that is found by dispersion equation for surface waves of

flat magnetic fluid surface and by lateral instability of a infinite ferrofluid cylinder.

Still unexplained is the behaviour of the microdroplet at finite surface perturbations,
including slowly rotating distorted worms and reptating snakes, which behaviour

strongly depends on frequency of the magnetic field.
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1.3. Choice of the characteristical units

In order to obtain non-dimensional form for all equations, used to perform
numerical calculations, some set of characteristical units should be chosen. As
characteristic values are chosen: external field strength Hy, surface tension &, external
fluid viscosity 1., and unperturbed droplet (i.e. circle) radius R. Thus all the processes
are ruled by some non-dimensional numbers, characterising the balance between these
forces. The acting forces in the present work are magnetic forces, surface tension and
viscous stresses. Since surface tension is always present, it is chosen as reference
force. The magnetic forces are characterised by the ratio between the magnetic forces
and surface tension ones, called the magnetic Bond number is defined as
Bm =HR/c. It is sometimes convenient to incorporate in Bm some multiplier,
containing magnetic permeability g mostly because it better corresponds to the nature
of magnetic forces. Here, in the present work it is avoided because usually it helps not
completely to eliminate u from all equations, governing the certain phenomenon. The
other goal is that the same definition is kept for all the processes described in the

present work.

In time dependent processes, the characteristic decay time for free surface
perturbations 1=m,,R/G is introduced, in fact, this dimensional value characterises the
ratio of viscous forces and surface tension ones. The viscosity of the surrounding fluid
1s chosen as the reference one, because the friction forces acting to the rotating droplet
are governed mostly by it. The ratio of viscosities A=n;,/1, is used to characterise the

system droplet-surrounding media.

These definitions lead to the following definitions of non-dimensional

magnitudes:

¢ non-dimensional coordinates x=xX4/R, Y=Y 4im/R,
» anon-dimensional velocity v=vg,-T/R,

¢ anon-dimensional magnetic field H=Hg;,/H,,

e anon-dimensional time t=tg;,/T,

e anon-dimensional angular frequency Q=Q -1,

¢ anon-dimensional surface force density fo=fs sn-R/G.
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1.4.Boundary integral equations

1.4.1. Stokes flow

In general case incompressible fluid motion is described by the momentum

conservation law

3 ..
oDy P g =12, (1.1)

and by the continuity equation

divv=0. (1.2)
Here p denotes the density of the fluid, F; are the components of the volume forces,
acting in the fluid, and d/dt refers to the complete derivative, which is defined as

0/0t +v -V . The viscous stress tensor o;; has property of symmetry

c,=0,, 1=1,23. (1.3)

The law for material properties of a media in the present case is Stokes law
[54,55,66], which for a viscous fluid establishes a connection between stress tensor on

the one hand and the pressure p and the rate-of-deformation tensor

1 aV’- an
g, =—| —+
boo20ox. ox

J !

on the other. Stokes law 1s of the form

ov, 0V, .
G,j:—p60+n{gj’+5;} , 1,]=1,23, (1.4)
n being the coefficient of dynamic viscosity, connected with the coefficient of
kinematic viscosity v by relation n=pv. The substitution of (1.4) into the momentum
conservation law (1.1) accounting for the continuity equation (1.2) gives the Navier-

Stokes equation

ov
p(—67+(v-V)v):—Vp+nAv+pF (1.5)
Dealing with slow viscous flows (so-called creeping flow [55], Reynolds
number Re=vLp/nm<<1, L: the characteristic dimension of a flow, v: the

characteristic velocity) Navier-Stokes equation could be linearized, that is, non-linear
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term could be neglected since it is small compared with remaining terms. Other

important simplification could be applied to Navier-Stokes equation when dealing
. . : .. ov
with motions of a droplet of small size. In such a case inertial term p— could

although be neglected. What results is the Stokes equations for creeping flow,

describing the slow steady flow of a viscous fluid:

-Vp+nAv+pF =0,
divv =0.
What have to be understood by the term "steady flow" in the dynamics of

(1.6)

creeping flow for moving boundaries? Small shift of boundary causes velocity field in
all the domain, but in the same instant this flow is slowed down due to the relatively
large viscosity as a shift velocity is small. If volume forces are present, they are
compensated by pressure and viscous stresses, influence of inertial terms is negligible
as viscosity stresses dominate over inertia effects. The action of potential volume
forces appears as additional pressure on surface. Every instant viscous flow stresses
are compensated only by a pressure and volume forces. The known velocities of the
fluid at boundaries of domains completely determine the flow inside the domains at
given volume forces. Thus inside one fixed domain the problem of time dependent
creeping flow at fixed time instant is equivalent to the steady flow inside the domain

with given volume forces and given velocities at the boundary of this domain.

Since all the flow is driven by surface forces, the boundary integral equation
technique turns out to be very powerful tool to solve the creeping flow problems with

free moving boundaries.

1.4.2. Boundary conditions for a velocity field

The boundary conditions usually are split in kinematic ones and dynamic ones.
The kinematic boundary conditions describes the velocity behaviour at the boundary,

usually it is the continuity of a velocity field [66]:

(1.7)

.
In particular cases velocity could have prescribed values at the boundary.

r
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The dynamic boundary condition expresses the influence of surface forces Af

to the motion of the fluid [66]:

= A, (1.8)

zex ~in
G,.jnj‘l_ O',J.njr

~

Here stress tensor G,

:—Sy.pmd +o, consists from the pressure term and from
viscous stresses. In general the discontinuity in the surface force Af is dependent upon
physical properties of fluids as well as upon the structure and thermodynamic
properties of the interface. These thermodynamic properties could involve a number
of physical constants [54,85], including the densities of the fluids, surface tension,
surface elasticity, surface viscosity etc. An interface is called active one if Af #0. In
the present work the flow of fluids is caused by the surface tension and the magnetic
forces acting to the interface between magnetic liquid droplet and the surrounding

non-magnetic fluid. Thus the boundary condition (1.8) in absence of tangential surface

forces could be written separately for tangent component of viscous stresses:

n
n

ex

(&)

_—on =0, (1.9)

and for normal ones:

—p" +o" = —p” +0% +2n(Mn)’ — /R, . (1.10)
Here R stays for local curvature radius, which in 2D could be expressed in terms of a

normal vector in the following way: o/ R. = o divn [48].

1.4.3. Boundary integral formulation for a creeping flow

Stokes flow, governed by equations (1.6) has the following properties:

1. The reversibility of Stokes flow: reversing signs for velocity v and pressure p,
reversed flow is mathematically acceptable and physically viable solution [55, 85].
[t should be noted that the direction of the force and torque acting on any surface

are also reversed.
2. Uniqueness of solution.

3. Stokes flow accumulates no kinetic energy since the fluid possesses no momentum

and hence, no inertial mass.
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4. Rate of viscous dissipation in Stokes flow is lower than that is in any other

incompressible flow that has same boundary values of the velocity [55]

Beside that the “Stokes paradox” [55] should be avoided for 2D external flows. The
essence of the Stokes paradox [64] is that a velocity solution of the homogeneous
system (1.6) which is equal to 0 on boundary S and to given v~ at infinity generally
does not exist. Thus, for 2D streaming motion perpendicular to the axis of a circular
cylinder there exist no solution of the creeping motion equations vanishing on the

cylinder that tends to infinity.

In order to write the boundary integral equations for some vector field, the
corresponding fundamental solutions should be found at first. The fundamental
solutions of a creeping flow were introduced in fact independently by Odqvist [79]
and Lichtenstein [69]. They have constructed the corresponding hydrodynamical
potentials and investigated their properties, and used them to solve the problems of a

creeping flow. The general overviews of the fundamental solution of a creeping flow

could be found in [64,85].

In the present work the boundary integral equations are used to describe the
motion of the 2D magnetic fluid droplet under the action of the external magnetic
field. The boundary integral equation formulation of a Stokes flow is based on 2D free
space Green’s functions. In 2D the free space Green’s functions of the Stokes flow

represents solutions of continuity equation Vv =0 and the singularity forced equation

of Stokes flow [64.85]

~Vp+nViv+gd(r-r,)=0 (1.11)
where g is an arbitrary constant vector, ry is an arbitrary point, and 8 is the 2D delta-

function, V* is 2D Laplacian operator. Introducing the free space Green’s function G

we wrote the solution for the velocity in the form

1 .
v,(r)zﬁGU(r,ro)gj. (1.12)
Physically, formula (1.8) expresses the 2D flow due to a 2D point force g6(r —ro).

Let us introduce the fundamental solutions for the vorticity, pressure, and stress fields:
_ Q 1.13
mi(")’ﬁ /)8, (1.13)
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1
p(r)=EPj(r,r0)gj, (1.14)

1
G,-k(r)=ET,-,-k(r,ro)g,- (1.15)
Stress tensor T is defined by Stokes law [54,66]

oG, (r,r,) , %6, (r,r,)
ax, ox,

i

Ty (r’ r0)= -8, p; (r’ r0)+

Pressure vector P and stress tensor T associated with a free space Green’s

(1.16)

function for infinite unbounded or bounded flow, constitute two fundamental

solutions of Stokes flow.

The free-space Green’s function for velocity or 2D Stokeslet [54,85] is

A A

x,-xj
Gij =—5,-jlnr+r—2, r =

A

X

, X=r-r,. (1.17)
The associated vorticity, pressure and stress fields are given by (1.13), (1.14), and

(1.15) with

Qijzzgijkr—lz(’ (1.18)
p=2%, (1.19)
r
fiﬂjfk
P (1.20)

For convenience potential volume forces could be incorporated into a modified
: 1 : .
pressure. For example, the magnetic volume force EV(MH), incorporated in a

modified pressure under assumption of a constant magnetic permeability gives

-1
Pt =p-t V(" . (1.21)
8n

mod

Thus the body-force-free Stokes equation written in terms of p is to be considered:

—Vp™ £ nViv =0.
The use of (1.21) changes the boundary condition (1.10) to the following form [25]:

_pmod.in + 0.:::’ — _pmod.&x + 0% + 2‘[‘C(Ml])2 + (MH)/2 -odivn. ( 1.22 )

hn

Further in the text the superscript “mod” for a pressure is dropped, additional

pressure due to a magnetic field appears in boundary conditions.
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To describe such a motion, singularities (singular forces) of Green’s functions
should be placed on boundaries. So the motion inside the droplet at the point r, is
described by the boundary integral equation, which accounts for forces £ acting to

the droplet from the interface of it:

V)= A0, G E) - v O En ). (1.23)

4nnin
Here v,.(r) stays for the i-th velocity component on the boundary, ni": the viscosity of

the droplet. Due to the continuity of velocities on the boundary this value is the same
from inside and outside of the droplet. It is convenient to derive another boundary

integral equation from the Lorentz reciprocal identity [55,70], what arrives [85] at

Cj‘f,-ex (r)G, (r,1 )l (r)-n*” zj.v,.(r)Tu.k (o Y (r)al ()= 0. (1.24)
L L
Here A=n"/m"", n®*: the viscosity of a fluid outside the droplet, f* are the forces acting

to the fluid outside the droplet from the interface of it. Now by combining (1.23) and

(1.24) the boundary integral equation in terms of the surface force Af=f" —f"

could be written:

1

vy (r)="- 4" CjAf,(r)Gv (r, r Jdl(r)+
o Y O )

According to the (1.8) and (1.22) the surface force discontinuity for a linearly

(1.25)

magnetizable ferrofluid droplet is

Af:odivn—ug—;l[(p—l)(Hn)2+H2. (1.26)
In order to obtain the boundary integral equation for velocity on the boundary,
the principal value (PV) of the second right hand side integral in (1.25) is derived as
follows: if L is a Lyapunov line, i.e. it has a continuously varying normal vector, and

the velocity v varies over L in a continuous manner,

PV

lim  v,@)7, @n ) @)dE) =

=L

(1.27)

PV
Fon vj(r)+ c_[ v,.(r)T,.jk (r,r,l)zk (r)dl(r)
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where minus sign applies when the point r, approaches L from the internal side, and
the plus sign otherwise. The normal vector is pointed outside from the droplet (see
Fig.1.1). The point r; lays on the boundary contour L and corresponds to the limit
position of the point ry when it tends to L. The superscript PV for a boundary integral
here and further indicates the principal value of the double-layer potential, defined as
the value of the improper double-layer integral corresponding to the case where the
point ry is located on L. Clearly, the double-layer potential undergoes a discontinuity

4mv across L.

Thus use of (1.27) in (1.25) gives the necessary boundary integral equation to

calculate the velocity v(r) on the boundary:

]
v,(r,)= Tamea ) LIAfi ()G, (r,x, )l (r)+
Py (1.28)

s 4 O

L

In (1.28) the only unknown is velocity values along the boundary (surface of a 2D
droplet). It will be noted that when the viscosities of the two fluids are equal, i.e. A=1,
the coefficients of the double-layer integral on the right-hand side of (1.28) vanish,
and the flow is expressed merely in terms of a single-layer potential with known
density Af. Two other particular cases, namely A=0 and A=o0, requires special
treatment, called the regularization of the double-layer potential. This treatment is

discussed in details in [64,85], in the present work these cases are not to meet.
The analogue of the equation (1.25) for the velocities outside the droplet is

1

vy (l‘o ) == 4 Cj.Af,- (r)G!./. (r, r, )dl(r)+
% Cj‘vf ()T (oo, ()l (r)

L
The limit ry—L arrives at the same equation (1.28).

(1.29)

So the equation (1.28) i1s used to obtain the velocity distribution along the
droplet’s boundary, once it is calculated, (1.25) and (1.29) could be used to obtain the

velocity distribution in every point of internal and external domains.
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1.4.4. Partial differential equations for a magnetic field

The equations for a magnetic field follow from the Maxwell’s equations. A
magnetic field satisfies the magnetic flux continuity equation

divB =0 (1.30)
and the second equation in the case when electric and displacement currents are absent
1s

rotH = 0 (1.31)
Total magnetic field H is formed by given external magnetic field H, which causes

secondary field H,, due to magnetisation of magnetic fluid domain: H=H,+H,,.

Throughout the present work a linear magnetisation of magnetic fluid is

assumed:

M = yH (1.32)
where magnetic susceptibility y and therefore magnetic permeability p =4ny +1 are
constant. Thus from relation B = pH it follows that in domains of a continuously
constant magnetic permeability p magnetic field intensity H satisfies equation

divH =0, (1.33)
what leads to Laplace equation for magnetostatic potential:

AY =0 (1.34)
Thus magnetic field intensity has both solenoidal (1.33) and potential (1.31)
character because it is created "from outside" by an external field, magnetisation of
local ferrofluid domains is taken into account by appropriate boundary conditions. It
is convenient according to Fig.1.1 denote a magnetostatic potential inside the droplet
by w,, but a potential outside the droplet denoted by ', is split in a potential Hyr of

an external field and a potential y, due to a magnetisation of the droplet:

yy=Hyr+y, (1.35)



Chapter 1

1.4.5. Boundary conditions for a magnetic field

The boundary between a magnetic fluid (subscript “1”) and a surrounding non-
magnetic media (subscript “2”) has not special magnetic surface properties, hence the

boundary conditions are conventional, straight-forward following from (1.30), (1.31):

B,=B,, or uH,, =H,, (1.36a)
H,=H,. (1.36b)
Boundary conditions for potentials on droplet surface are

v =Hyr+y,, (1.36¢)

oy, 0O
/= _—_(H,r+ . 1.36d
P'an an( ol Wz) ( )

1.4.6. Derivation of boundary integral equations

Direct formulation of boundary integral equations

Since surface force formula for a viscous flow (1.22) requires to know tangential
and normal components of a magnetic field, it is convenient to write boundary
integral equations for H,, H, on the surface inside the ferrofluid droplet. The full

derivation of equations is given in [33].

hird Green’s identity in 2D [61]

PV A
ofr, )=~ Cj’ R(rlL,r) a(grg )—(p(r)éin[ln R(rl, ,r)]}dl

I

(1.37)
Ap(r)ln——
[0
R(rL, r)z ‘rL - r\
is a base on which expressions for the potentials v, \,, Hyr are obtained, taking into

account direction of a normal and identity (1.34):

PV
Wl(rL)—_g R(rt,r)a\gn(r) 1()6’1[ R(rl,l,r)]:\dl, (1.38)
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v,(r,) -——nf [ R(ri’r)awa;(r)—wz(r)a%[ln R(rt’r)]]dl, (1.39)

(H,r, )= {JV{ R(rlL - a(gjr) _ (HOrL)a_an [m - (rlL,r)ﬂdl : (1.40)

L

[

Subscript “;” is used to denote “observation point” on boundary contour L, for which
equations are written, r without any subscript usually denotes integration coordinate.
An application of the boundary conditions for magnetostatic potentials (1.36¢),

(1.36d) to the following combination of equations (1.38), (1.40):

HWl(rL)+ Wz(rL)_ (H r,)z

b, I(r) G, 7(rL) o(H,r,)
_4 In R(rL,r)|: " W@n on }dl_

% 4 v, @)~ w. ()~ (HOrL)]'a%{ln R(rlur)] “

allows to obtain after simplifications the boundary integral equation in terms of only

one potential y:

Wl(r/)_ (u)‘}wlq‘ I() [ R(rlL,r)]dl- (1.41)

Derivative along the boundary contour /0!, gives a boundary integral equation

for tangential field component H:

PV 5 |
H(rL)— (H t)+ np.+l(j. H,(r)an,‘ {m R(r“r)]dz. (1.42)

Here identity

: Lan[ R(rlL,r)ﬂzglaiL []n R(rlur)ﬂ

and integration by parts are used. /;, denotes the observation point r; coordinates, / :

integration point r, t is a tangent unit vector.

The boundary integral equation for normal component [33]

PV P 1
e e A e (0.e3)

is derived in analogous way.
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Indirect formulation of boundary integral equations

There are two indirect boundary integral equation formulations which use two
different physical analogies: surface charge distribution and equivalent surface

currents.

Surface charges

In this case imaginary magnetic surface charges are distributed by density K(r|)
over boundary in such a way that the external field together with the field of charges
satisfies the boundary conditions (1.36). Contour element di(r) in 2D plane point ro

creates the field

dH(ry) = K(r)dl(r) | r%) :

Hence total field for all points ro which belong no to the boundary contour L is

P

H(ro) = U, + jf ©- 1, K(r)d(r). (1.44)
¢ lIro- 1l

Applying boundary conditions in the cases when ro tends from inside and

outside to the boundary point rL the following boundary integral equation for surface

charge density K(rp) is obtained:

V
7t +1K(r)= (HOn(r )+ 1 K(r) neLXet = 1) d. (1.45)
n-1 L - rl

Corresponding equations for magnetic field normal and tangent components are

HII(r|_):/~I_I1<(rJ, (1.46)

Ht\(() :HotrLO +~le xtQt(fUI“L 20 . (1.47)

) r.-rl

The equation (I1.45) turns out to be equivalent to (1.43), so H, could be

calculated from known values of H,

35



Chapter 1

Equivalent currents

According to Biot and Savart’s law in 2D [65], magnetic induction, created in

point r, by surface currents with density j(r) is

B(r0)=B0+%cj.Wdl(r) (1

Since j(r) has only z-component, it could be substituted by a modified scalar density

v(r) in such a way that j(r):%v(r)el. The corresponding boundary integral

equation, which includes boundary conditions (1.36), is

Equations for magnetic field are

H,,(rL):i[(Hon(rL))— ] V(l‘)t(rLXrL ; r)dl} (1.

I

H@r)=— {(H t(rL))+<j v(r) "(}rLXrL‘ )dl—rcv(rL)}. (1

Application of (1.49) to eliminate integral term in (1.51) gives

H( )__21rv(rL) | (1

One can see, that (1 .49) and (1.52) together gives (1.42).

36
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+22V24Hor

Figure 1.1. The sketch of the magnetic fluid droplet
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Conclusions

The boundary integral equation technique allows to formulate the free moving
boundary problem for a ferrofluid droplet in an external magnetic field in terms of
surface values for both velocity and magnetic field. To solve obtained boundary
integral equations, some approximation technique should be used, as well as the
boundary contour itself should be described in a some approximation. The
approximation technique and approximation errors are the subject of the next Chapter

of the present work.

The essence of the direct magnetic field problem formulation, presented here, is
to obtain both magnetic field components on the interface of a droplet by solving two
corresponding boundary integral equations. Two kinds of the indirect formulation are
derived here using either magnetic charges or equivalent currents on surface of the
droplet. These two indirect formulations are mathematically completely equivalent to
the direct formulation, but the numerical approximation of them, discussed in the next
chapter, could give different levels of approximation errors. It is found that the normal
field component is proportional up to constant factor to a surface charge density but

the tangent component to a surface current density.

The principal difference of the indirect magnetic field problem formulation from
the direct one is that the indirect formulation allows to obtain by a simple integration

the one of two field components when another one is already found.
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Approximation of boundary integral

equations

2.1. Interpolation of a planar boundary

The two-dimensional boundary may be represented by a planar line. To set up a
boundary element representation, the planar line are traced by a set of marker points
r;, i=1,...,.N, numbered in the counter-clock wise direction according to Fig.2.1. In the
numerical algorithm, a contour consists of its marker points and the interpolation
functions between nodes. Cubic-spline interpolation is chosen to provide a smooth
boundary with continuous first- and second-order derivatives [44]. At every time

instant spline approximation is calculated in two steps [45]:

1. Calculation of boundary curve representation by two parametric cubic-spline
functions: x=f(p), y=f,(p). Initially the “perimeter” length p; for N-sided polygon
with marker points as vertexes are taken as the values of the parameter p at marker
points, starting with vertex 1=1 (p,=0). Then cubic spline coefficients are calculated
for a closed contour, accounting for the periodicity constrain. According to [71], a
cubic-spline interpolation provides the unique curve, the shape of which is

independent from the choice of p;.
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2. Calculation of natural curve parameter: the arc length for a curve is calculated
14
using the integral s(p)= _[ x'*(t)+ y'*(1)dt . Since the cubic-spline interpolation

is unique, the natural parameter values s;=s(p;) at corresponding i-th marker points
are unique, too. After the integration the new cubic-spline functions x=f,(s), y=f,(s)

in dependence on the natural parameter s are recalculated.
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2.2. General remarks about discretization of
boundary integral equations

Once the contour of integration is traced by marker points and cubic-spline
interpolation, the approximation of the unknown boundary velocities and magnetic
field components on the boundary inside the droplet could be performed. In the every
element of the contour the local basis functions for unknowns is introduced and
globally unknown values are described by global basis functions which are built from
the local basis functions multiplied by coefficients and added together. The next step
is the approximation of boundary integral equations for given set of boundary
elements. The realisation of this step in so called Boundary Element Method, widely
known as BEM. The accuracy and the numerical stability of obtained numerical
scheme depends on the choice of the approximation technique. Two governing
approximation techniques applied to compute the coefficients of the local expansions
are either the collocation method, or the method of weighted residuals [30,93.85].
The last of two methods are more general and in fact includes the first one as
particular case. The main idea of the collocation method is the requirement to satisfy
the boundary integral equation in N selected points, leading to the set of N linear
algebraic equations. In the method of weighted residuals the integral equation is
multiplied sequentially by every of N weighting functions in order to obtain the set of
N linear algebraic equations after an integration along the boundary contour. For the
method of weighted residuals different choices of the weighting functions lead to
different schemes with varying degrees of complexity. Identifying the weighting
functions with the global basis functions we obtain Galerkin’s method. while
identification of the weighting functions with delta functions having poles at selected
points over the boundary contour gives the collocation method. In [85] the Galerkin’s
method is recommended only for problems with notable geometrical simplicity due to
“increased computational requirements”. In fact, obtained set of algebraic equations is
harder to derive but once it is derived, calculations by computer can have the same
level of complexity. In engineering boundary element methods almost all the codes
are based on collocation methods. It 1s known that the right choice of the collocation

points is significant for the stability and convergence of the approximation [30].
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Preparing computer code for magnetic field calculations it was found that the
collocation method gives the less accuracy than the Galerkin’s method at the same
CPU time consummation. Hence in the present work the Galerkin’s method is used to
derive sets of linear algebraic equations for the both magnetic field and creeping flow

equations, using pyramidal functions (see Fig.2.2) [33] defined as

s<s,

O -1
G=s )=y s <s<s,
(pi(S) (si+1 - S)/(Si+1 - Si)’ 5, <s§< Sivts
0 §;,, <S.

(2.1)

where s is the natural boundary contour parameter and s; are its values at marker
points on the contour. For convenience substitutions of indexes like sy.;=s;, j=0, 1,

+2 ... are used in general formulae.
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2.3. Equations for a magnetic field

The derivation of the set of linear algebraic equations for the integral equation

for the tangential magnetic field component (see the equation 1.42 in Chapter 1)

Vv
H (S): 2 (H t)""’ 111 H (S,)YS(X - X:)'_ X,._(X_ = ﬁ_ ds' (22)
C T o altHl e (XY YY)

consists from the following steps [33]:

1) unknown function HI (S) is expressed in terms of pyramidal basis functions <P(S)

using values Ht,i of the magnetic field tangent component at marker points as

expansion coefficients:

HI (S) = i H,,; <pieS) (2.3)

=1

2) the values of the ratio

Re s) = WX:-X) x(Y-y) (2.4)
, (x-X")+(Y- YY)}, + y,

at marker points are taken as

Vs - x@) - x 6ok _-yi)
[0 -y +00 - Y0¥ b= (0 +Y; ) (25)
15 (0x, () = e (. )

(alir v

3) the integral equation (2.2) is multiplied by a basis function <IP(S) and integrated

ik

along the boundary contour:

N D)
1<PK(S)IH,; <p;(s)ds = H'}fpk(SXHOX xs + HOY y,)ds-

A fIe sk s

L =1

(2.6)

Here and further it is taken into account that JX, + y~ == 1 for the natural parameter S,

The integration of the left-hand side of the equation (2.6) gives
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(Lj‘(pk(S),-Zi H,, (Pi(s)ds = g H,, le(pk(s)pi(s)ds =

(2.7)
N
Z H!,i (Asi—l 6i,k+l + Asi 6i,k—1 + 2(Asi—l + Asi)si,k )/6
i=]
Here
As; =8, — ;.
Use of the approximation inside the interval [s;,s;;,]
~ M ' (2.8)

As
for an integration of the first term in the right-hand side of the equation (2.6) results in

i

x'+ — X y+ _y—
4(Pk(SXHOX ¥, + Hoy y.\')ds = Hyy %4' Hyy % (2.9)
L

PV N

To evaluate the second term CJ.(pk(s{ _[Z H,,¢,(s")R(s,s')ds" |ds in the right-hand

[ i=l
side of the equation (2.6) the integral in square brackets is evaluated by trapezoidal

rule:

C}-(p,(s)R(ss)a’s ~R(ss)AS"+AS (2.10)
and the outer integral also evaluated by trapezoidal rule gives:

PV N

As, , +As, As, |+ As,
csl.(pk(s{J.ZH,,(p(s)R(ss)ds ds ~R,, "‘7 ’ "“2 k. (2.11)

L=l -~

Thus the discrete analogue of the equation (2.2) is

iAkiHu (YI\ a7 X I)H0X+(1yk+l yk—l)HOY k=1,...N, (2.12)
i=l ’ 1+
where

A;:lu—le' As,, +As, As, | + As
Tp+1 2 2

L+, (2.13)

Lo = (850 8,0 + 85,8, +2(Bs,, + 45,8, )f6. (2.14)
In similar way the discrete equation for the normal component of a magnetic field

(1.43) is derived arriving at

A (ceer = % ) Hoy = (e — v )H
AH = k+1 k-1 0y k+1 S k-1 00X —
; ki® 2 ni “+1 k 1

u N, (2.15)
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The definition of 4, is already given in (2.13).

Separation of the external field components

Due to the linearity of the field equations, the solution of them could be split in two

parts: two fields created separately by Hyy and Hyy, which are described by variables

Uy, ays er By:

H, =a,, Hyy+o,, Hy, (2.

H:,i = BX,i Hox'*‘Bm Hoy' (2 .
The corresponding equations are easy to obtain from (2.12),(2.15):

N —_—

ZA/(_ia‘.ri =—M> k=15"',N9 (2

i=l ’ p+1

N —_

ZA_,-OLV,-:M’ k=1,...N, (2

i=l . p+1

N —

D AP =TI k=1N, (2.

i=1 p+1

N —

Soap,, =L o N, (2.

i=l p+l

This approach is used to obtain the time-averaged field term H’+uH? in the

effective surface force in Chapters 3 and 4, where a 2D ferrofluid droplet in a high-

frequency field is considered.

The shape periodicity of the droplet

In the case of the periodical shape with K periods, the angle occupied by the complete
period is y,=2n/K. If the number of marker points per period is N, then between the
marker point i and the corresponding marker point i+jN, are j full periods. To derive
transformation formulae, which bound together these two points, the magnetic field
components Hyy- and Hyy- in coordinates X, Y rotated by the angle y;=jy, with respect

to X,Y coordinates, are introduced (see Fig.2.3):

16)
17)

.18)

.19)

20)

21)

Hoy = Hgx cosy, +Hyy siny (2.22)

Hoy = Hgycosy, —Hpgysiny ;. (2.23)

Due to the periodicity

H, iy, =0y, Hox+ oy, Hyyo (2.24)
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Collecting together (2.22)-(2.24) and accounting for (2.16) gives

Q oy i, H0X+a‘Y,i+ij Hyy, =

: : (2.25)
Oy, (Hox cosy; +Hgyy smyj)+ Oy, (Hoycosyj —~Hoysiny
The separation of field components yields
X yivjn, =y, C'()S’Yj_a)’,i siny , (2.26)
Oyjy, =0y, SINY; +0ty, COSY ;.
In a similar way
BX,i+ij =By, COSYJ_BY,i Sian; (2.27)
BY,i+jNP =By, Sian +By, cosy ;. )

Thus the account for the periodicity of the shape gives two sets of linear algebraic
equations with matrices 2N, x2N, implemented in Chapter 3. The values of unknowns
s Oy, By, By depend only on the geometry of the problem and from p. Thus these
values are a useful tool to perform calculations for an arbitrary external field. Once
calculated, they allow easy to obtain magnetic field on the boundary according to

(2.16),(2.17).

The accuracy of the magnetic field calculations

The accuracy of the magnetic field calculation here is tested by few examples for the
elliptic shape of the droplet. The exact field solution inside the ellipse is well known
[65]:

a+b a+b

v Hyy /.
a+ub b+ ua
Here the major semi-axis a is orientated in X-axis direction, b stays for minor semi-

H=H,, (2.28)
axis of the ellipse. To check the accuracy, both analytical and numerical values for the
non-dimensional geometry-dependent magnetic field characteristics a, a,, By, By (see
formulae (2.16), (2.17)) are plotted versus the contour arc length s in Fig.2.4 and
Fig.2.5, number of marker points N=200, magnetic permeability u=15, a ratio of
semi-axes a/b=16. The difference between Fig.2.4a and Fig.2.4b is that in Fig.2.4a the
marker point distribution on the contour with equal arc lengths between them is used,

but in Fig.2.4b the distribution is dependent on the local curvature: in the places with

46



Chapter 2

large curvature the density of marker points is larger in such a way that the distances
between marker points are proportional to the curvature radius. To prevent too high
accumulation of marker points in some places causing absence of them in other
locations the upper and lower limits of distances between marker points are
introduced. Such a curvature-dependent distributions allows essentially improve the
field calculation accuracy in the regions of a contour with large curvature (for
example, the tips of a 2D droplet). The variable o, and hence the normal magnetic
field component on tips exhibit an impulse-like increase, which is a source for the
saw-tooth type oscillations (see Fig.2.4). In Fig.2.4b the implementation of a
curvature-dependent marker point distribution suppresses these oscillations, for f,
they are insignificant, but for o, there is still presence of them in very tip of an ellipse.
In fact, the saw-tooth type oscillations about the exact solution are eventual origins for
breakup of the numerical algorithm: an artificially elevated field value causes the
elevation of a surface force leading to the formation of a sharper tip and thus
increasing again the elevation of calculated field. In Fig.2.5 the plot of variables a,, B,
versus the contour arc length displays, that the field component which is perpendicular
to the direction of a droplet elongation, plays less role for surface force. Other point is
that the accuracy for these variables are higher but the comparison with equidistant
distribution (not shown here) shows that there is no real improvement in the present

case for a,, B,.
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2.4. Equations for the motion of a free boundary

To make discretization of the boundary integral equation for velocities on the

boundary (see the equation (1.28))

v (ro) B #37») P’T:'/i (X)Tijk (r, L) )"k (r)di(r)=

1L (2.29)
_ m JAf,- (r)G,.j (r, l‘o)dl(r)

the collocation technique [30,9330] is applied, nevertheless this approach is similar to
that of a magnetic field discussed above. The difference from magnetic field

equations appears in treatment of singularities: both the logarithmic singularity of
G, (r, ro) and the singularity of T}, (r, ro) require special treatment at the singularity
point r=ry. The equation (2.29), in fact, represents two coupled equations, because
both components of the velocity vector, v, and v, are implemented in the right hand
side of it. The discretization of this equation by N boundary elements (marker points)
leads to the set of linear algebraic equations of order 2Nx2N.

For the regular boundary element the conventional trapezoidal rule is used. To

evaluate the term v,(r)T;, (r,r, Jr, (r) at singularity r=r,, the relations

x(5) —x(s,) = x,(s, )(s - so)+ x_“(so)(s - 50)2 /2 + O((s - 50)3 y
1) = 2,05 = 1, (5) + ¥l = 5+ O(s = )

2
ny(5) = =x,(5) = =, (5) = X, (50)(5 = )+ Of(s = 50)
are used in infinitesimal neighbourhood of s;, arriving at
XXX,

V@) (o, ()ds = =4 ——— v, (0 ) (r)dis =

%

—dx, v, +y v, )z’s x, dsx
2 - 2
|V(y_\, + y_\__‘_dsXxxds +x, ds’/ 221 4(x_\_ + xs_\,dsXysds +y, ds’/ 2)-|dS )
s

—zxs,j (x.\' v.t + y.s' v)‘ Xx.sy_\'s - y.\'x.v.\' )ds-
Therefore the approximation of the integral in the left-hand side of the equation (2.30)

(2.30)

gives
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Prval.

J‘v,. O (e, (P) (O)dl()~ - D} v, =

_2%M(Ar(m’ p)v(m))(Ar(m,p)n(m)XAsm_l + AS,,,)— ( 2.31 )
m=lp ‘Ar( m, p)‘

i

%, (PYEPIV(D)(E, 5 = 3,5, NS, 1 +As, )

Ar(m,p)zx(m)—x(p), ij(map)zxj(m)_xj(p)'
Here r, in (2.29) corresponds to the p-th marker point. For singular boundary element

approximation both the result of the exact integral

I(a+bx)lnxdx:ac(lnc—1)+bc{ln7c—%j (2.32)
0

and the property that surface forces have only normal component are used. It leads to

the following approximation formula:

[ (r)[—s,,. Inr+ xifjjdl(r)z Fl =
I i 14

m=1
m=p

] 2 2
LM (p)[Asp njar(p+1, p) + As,, Injar(p, p - DI =3(as,, +As, )}

Aﬁ( (m) Axk(m’ p):| % (Asm—l + Asm +

Af,(m)n|Ar(m, p)| - Ax (m, p) 2

(2.33)

As As,
Z‘ Afk(p—l)—TAfk(pH)

Here

Ar(m, p) = x(m) - x(p), Ax;(m, p)=x,;(m)=x(p).
Inserting (2.31), (2.33) in (2.29) we arrive at the set of linear algebraic equations

D,V,=F, i=12,..2N, (2.34)
vV, =v,(j), j=12...,N,
V_/—.V :Vy(j)a _/':1,2,...,N’

_ 1_}\. *
ooom@4+a) "
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S
2, (1+ 1)
After solution of the set (2.34) the shift of the i-th marker point during the time step

At in normal to the contour direction is obtained by
ar(i)= (n, () V(i) +n, () V(i+ N) ]t n(i) (2.35)
The accuracy of the boundary velocity calculations

The accuracy of the obtained boundary velocities was tested by the dynamical
simulation of the droplet with small elliptical perturbation from circular shape: the test
of droplet contraction due to surface tension. The decrement of the perturbation

measured by non-dimensional major semi-axis of the ellipse is obtained in [33] from

a -1 a;-1 [ t \J
= exp| ——— 2.36
P 1+A ( )

a a,

and is equal to 1/(1+X). In Fig.2.6 the results of this test are shown for five different
values of A=0; 0.5; 1; 2; 5. The equidistant marker point distribution was used,
number of marker points N=100, time step At=0.01. Solid lines represent results from
the formula (2.36), by dotted lines results from numerical simulation are shown. Small
shift between solid and dotted lines is caused mainly by initial values of perturbation,
which is too large to obtain an almost identical fit by (2.36). Nevertheless the fit is
rather good, and for t>2 solid and dotted lines have nearly the same inclination with
respect to the time axis, thus showing excellent agreement for perturbation decrement
between the analytical solution by small perturbation theory and the numerical

simulation started from the initial state with slightly elliptic shape.

The conservation of fluid volume is implemented in boundary integral equations by
use of appropriate Green’s functions. The accuracy of the approximation of them is
directly connected with volume conservation during the numerical simulations. Two
simulation tests were carried out to check the numerical accuracy of volume

conservation:

1. Static field test: static magnetic field, characterised by Bm=15, n=15, number
of marker points N=200 with curvature dependent distribution of them, default

time step At=0.01. Transition motion of a droplet was simulated starting from
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a circular shape. The volume conservation error was 0.25% during 990 time

steps, time interval t,-t,=9.9.

2. Rotating field test: rotating magnetic field, characterised by Bm=105, u=5,
Qu=0.8, number of marker points N=200 with curvature dependent
distribution of them, default time step At=0.01. Transition motion of a droplet
was simulated starting from a steady state shape. The volume conservation

erTors were:

2.1.  3.4% after 500 steps, time interval t;-ty=1.14;
2.2.  7.2% after 1000 steps, time interval t,-t,=2.34;
2.3.  20% after 2710 steps, time interval t;-15=6.29.

These two tests shows that volume conservation was almost good. the overall
performance is close to that of [97], where a ferrofluid droplet was considered in the
static field, the errors were less than 0.1% over several hundred time steps. In the
cases of rapid motion conservation was poor, with errors as 1% over 10 time steps
[97], and the drop dimensions were rescaled in order to correct the volume.
Throughout the present work forced volume conservation was used via rescaling of
droplet dimensions after every time step, because the change of droplet dimensions
leads to different effective time scaling unit and to different magnetic Bond number.
thus changing the conditions of droplet behaviour. To improve the accuracy of
numerical simulations, the time step was adjusted in every time iteration in such a
way that for every marker point displacement during current time step was limited by

20% of distance to the nearest neighbour point.

The accuracy of the surface force approximation was tested by checking magnetic
field threshold in high-frequency rotating magnetic field (see Chapters 3 and 4). To
obtain it the inverse value of a decrement for elliptic shape perturbation is plotted
versus magnetic Bond number Bm. The straight line plotted through the obtained
points should intersect the zero-line at the threshold value of Bm. Results are shown
in Fig.2.7a (u=10) and Fig.2.7b (u=25). The error is smaller than 0.5% in both cases.
The equidistant marker point distribution was used. number of marker points N=200.

time step At=0.01.



Chapter 2

1
' 1lut-
.d .~
" J.1llin-~ o N
’ 0 0
Figure 2.1. Approximation Figure 2.2. The defmition of
of a 2D droplet boundary the pyramidal function

by marker points

Figure 2.3. Periodic symmetry of a 2D droplet
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(a) Equidistant marker point distribution

p=15, a/b=16, N=200

0.5 -
[ ———
P ¢ T T T
0 4 8 12 16

Contour arc length

b
() Curvature-dependent marker point distribution

1 L | " | | 1 | L | ) 1

0.5+

0.0 1

pu=15, a/b=16, N=200

Contour arc length

Figure 2.4. The magnetic field characteristics o, B, versus
the contour arc length;
(a): the equidistant marker point distribution,

(b): the curvature dependent marker point distribution.
Definitions of ., B,: H=oHyt+oH,y  H=BHyu+B,Hy
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Curvature-dependent marker point distribution

0.10

Num. Anal.
[ID[I ~ - -
0.05

0000<> Ul -
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-0.05 ~=15, alb=16, N=200

-0.10

0 4 2 16
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Figure 2.5. The magnetic field characteristics u, -, versus
the contour arc length, the curvature dependent marker point

distribution. Definitions of uy, ~y: H=uxHox +u~0Y, Ht=~xHox +~yHoY

Accuracy test

0
.............. =l
N=I00
t1t=0.0I
A = TIinTlex
Small pert.
theory
............. Num. simul.
-3
0 1 2 3 4

Time t

Figure 2.6. The small perturbation decrement test:
the contraction of the droplet.
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(@) Field threshold (J.I=10)

20 25 30 35

Magnetic Bond number H'RJa

(b) Field threshold (J.1=25)

4

N=200
~t=0.0I

16 18 20 22 24

Magnetic Bond number H’RJa

Figure 2.7. The magnetic Bond number threshold value test
in high-frequency magnetic field.(a) J.1=10, (b) ).1=25.
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High-frequency rotating magnetic

field: the energy approach.

3.1. Shape generation for energy calculations

The behaviour of a magnetic fluid droplet under the action of the high-frequency
rotating magnetic field is considered under the assumption that the characteristic time
of the droplet shape relaxation is much larger than the period of the rotating field and
thus the time averaging with respect to the rotating field period is possible. The
subject of studies is the calculation of the equilibrium shapes, characterised by an
absence of flow if the eventual internal rotation of ferroparticles of a magnetic fluid is
neglected. Under such assumptions the equilibrium shape corresponds to the
minimum of the total energy of the droplet, formed by the sum of a magnetic energy
and a surface energy. Further in this Chapter by magnetic field strength is understood

the amplitude of a rotating field.

Thus the equilibrium shape at given magnetic field value, characterised by
magnetic Bond number Bm=H2R/c, could be found from some initial shape, for
example, by the variational technique, varying the shape of the droplet. In fact, such a
minimisation of the total energy of the droplet changing its shape could be rather
computer time consuming, since in every iteration the magnetic field have to be
calculated for the new shape of a droplet. The variational technique is used, for
example, in [27],[29] to calculate the equilibrium state of sessile ferrofluid drops in
the case of non-linear magnetisation of a ferrofluid, applying the finite element

method to calculate a magnetic field.
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Concerning the time dependent magnetic field amplitude, the energy approach
to shape calculation could be used only to calculate equilibrium shape at every time
instant, if the inertia of the system plays no role in the current process. One of the
processes without account for inertia is the creeping flow, considered here. The time
history of the transition motion in the case of the time-dependent magnetic Bond
number thus is substituted by “stroboscopic” shape series. Here it is proposed to
detect these series of droplet’s shapes in the external homogeneous magnetic field
from the set of families of symmetric shapes, generated a priori for different numbers
of spikes. The main point is how to generate the families of shapes. In the paper [7*]
(included in the present Chapter) these families are obtained from the conformal map

of the circle in the w plane with radius r > :

w~(n—l)
Z=WwW+

n-1"’ (3-1)
transformed in order to obtain more elongated spikes and widen in such a way the
families of shapes. The number of spikes is given by n. Two control parameters, 6 and
€ (see [7*] for more details), allow to control the curvature radius at the tip of every
spike and the length of the spikes. The expression (3.1) gives the contour in z-plane

described by the following parametric equations after the substitution

w = (1+3)exp(ip), i denotes the imaginary unit:

B cos(n—1)o
x—(l+5{coscp +—(n—1)(1+6)"l

sin(n —1)o

_— 3.2
G- 1X125) (3-2)

y=(01+8 {sin(p -

o €l02n]
In order to widen the families of shapes, the curves are at first transformed to the

polar coordinates (p=p(d,0),a0 =a(d,9)) and then the shape is transformed again

according to the following power:

p®Qi

min

W@)=pm(

Here p, . 1s the minimal distance of the contour to the origin of the coordinates and

(3.3)

£>0 is a control parameter by change of which arbitrary spike length could be

obtained. After application of the rule (3.3) the droplet is rescaled back to the
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“volume” of the circular droplet, characterised by the magnitude of the non-

dimensional are S.=n enclosed by the boundary contour of the droplet.

At given magnetic Bond number control parameters are varied and the local
minima are found. Thus, tracing the energy minima for some magnetic Bond number
interval, the behaviour of the droplet in time-dependent magnetic field is detected
without real account on transition phenomena. The shapes of droplet are found as the
equilibrium shapes and so they correspond to the stationary state that establishes when
transitions decay down at the constant magnetic field. In general this approach could
be extended to the time-dependent magnetic Bond number, if the rate of the Bond

number changes is small enough for the transition decay.

Some shapes, generated by transformation of (3.1) are juxtaposed in Fig.3.1 and
Fig.3.2 with shapes from dynamical simulation from Chapter 4, regarded as almost
“exact” ones, since there are no constraints made concerning the shape of a droplet.
Fig.3.1 displays that the analytically generated shapes can not describe very well both
the curvature radius at the tip and the shape of the “body” of the droplet where the
“star-arms” come together. Thus the analytically generated droplet in comparison with
the one from dynamical simulation has either too sharp tips or the “necking” in the
places where arms join together. In fact, for Fig.3.1(b) this “necking” effect for shapes
generated by formula (3.1) and the consequential shape transformation, may cause
magnetic field defects leading to the essential change of the magnetic energy. Fig.3.2
displays that even small spikes could not be described very exact by the present shape
generation technique. Nevertheless the present shape generation is still the best found
one and allows to obtain important results, as it follows in [7*]. Improvement of the
shape generation technique should lead to the more accurate results but not to some

qualitatively new effect.
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Dynamic simulation: Bm=200, JI=25, N=350
(a)

.-Simulation
———— = .-E:1.58, 8:0.04
T it "“E-0.18, 0-0.02
8 0 8
(b)
E=3.64,0=0.021
Tt
Simulation
6 0 6

Figure.3.I: Analytically generated shapes juxtaposed
with a dynamically simulated one: (a) 2-spike shapes,
(b) 3-spike shapes.
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Dynamic simulation: Bm=45, u=15, N=450

o= \8=3.56, 5=0.162
A £=2.68, 6=0.128
e=1.36, 5=0.06

Simulation

Figure.3.2: Analytically generated shapes juxtaposed
with a dynamically simulated one.
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Shapes of 2D Magnetic Fluid Droplets in a Rotating
Magnetic Field

J.C.Bacri (*), A.Cebers (**), S.Lacis(**),R.Perzynski(*)

(*) Université P.M.Curie, 4 place Jussieu, 75252 Paris, Cedex 05, France
(**) Latvian Academy of Sciences, Institute of Physics, Salaspils-1, LV-2169, Latvia

Abstract

The families of equilibrium figures of 2D magnetic fluid droplets in
high-frequency rotating magnetic field are found numerically. The
magnetic field energy is calculated by a boundary integral equation
technique for nonlinear transformed and smoothed hypocycloidal curves.
Comparison between families with different number of spikes shows that
the lowest energy corresponds to the "two-spikes” shape. A minimum
energy calculation shows that for a fixed number of spikes, these spikes
arise at a given threshold in magnetic Bond number. Increasing magnetic
Bond number, the spikes sharpens. Finally some conclusions concerning

the discrepancy with the experimental results are pointed out.

1.Introduction

Droplets of magnetic fluid (MF) under the action of an external magnetic field show
rather intricate behaviours [1-3]. Phenomena of particular interest are arising with MF
droplets under the action of a rotating magnetic field [4]. Several different shape
transformations are observed experimentally and explained theoretically by a linear stability
analysis [4,5]. Among them, the sequence of shape transformations "oblate-prolate-oblate” is
followed by the arising of the "star-fish" configurations. In [4,5] an analysis of the fastest

growing mode of a 2D magnetizable liquid cylinder under the action of a transversal rotating
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magnetic field is considered. A good agreement with the dependence of the number of the
"star-fish" arms as function of the magnetic field strength is obtained. Nevertheless from a
theoretical point of view the transitions between "star-fish" configurations with different
number of arms, observed in the experiment [4], are remaining unexplained. In the frame of
the 2D model mentioned above, we study the transitions between configurations with
different numbers of arms through an analysis of the MF droplet energy in high-frequency
rotating fields. We also look for the transitions between different possible configurations
from an energetical point of view. An analysis, based on the choice of particular families of
shapes reflecting the formation of sharp tips at the development of the MF instabilities [6,7],
is undertaken in this paper. From the calculation of energy minima of shape families with
different number of tips, we conclude that deepest minimum corresponds to the two-spikes
shape of 2D MF droplet. It is in good accordance with the results of numerical simulations of
the hydrodynamics of a 2D MF droplet [8] but not with the experimental observations of an
increasing number of arms of the MF "star-fishes" with the field strength [4]. Thus the results
of the present work show that, for the full understanding of the observed transitions between
different "star-fish" configurations, the theoretical model must evidently account for 3D
effects and possibly internal rotations and shear flows.

The numerical method of the present work is based on the boundary integral equation
technique which has been used previously for the calculation of the elongation of the MF
droplet in constant field [9] and the study of 2D droplet behaviour under the action of the

magnetic field and shear flow [10].

2. Numerical algorithm

The approximate shape of a 2D droplet can be found from an energy minimum analysis,
taking into account both magnetic and surface energies. In this case transient fluid motion and
internal rotation effects are neglected. The method described below allows, to find the shape
corresponding to a minimum of the total energy of droplet from a given family of shapes and

at a given magnetic field strength:
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E =E +E, =oL- [ i, as. (1)
S

Here tilde denotes dimensional form of energy, ¢ is for surface tension, L is the perimeter of
the droplet, M is the magnetization of MF inside the droplet, and , is the external magnetic
field. The family of shapes is given a priori and the figures of equilibrium are obtained within
some approximation, its accuracy depends on a successful choice of the family of shapes.

All along the paper, reduced quantities without dimension are used: non-dimensional
energies are obtained with respect to the surface energy of a circular droplet E,, =2noR,
magnetic field with respect to external field A, and non-dimensional values of droplet size

with respect to the radius R of an unperturbated droplet. As a result, the figures of equilibrium
2

are constructed as a function of the magnetic Bond number Bm =

o
Thus the non-dimensional surface energy is:
L
E =—-. 2
=5 (2)

The non-dimensional magnetic energy for the linear part of the MF magnetization curve

(magnetic permeability p = const) in a homogeneous external field is:

-1 .
E, =2 Bm| Af,ds.
16n p
Last relation accounting for divH = 0, can be rewritten as
—1 _
E, =~ Bmd(H,7 ), dl. (3)
16m .

The boundary integral equation technique [10] is used to calculate the normal component of
the magnetic field strength A, on the droplet surface (the normal points outside of the

droplet):
dl’

Jx +y,? (4

2H 2H,, ¢ -
”’ - ox a_x+ or _y+l(.u 1)61_[’
" (p+Dhon (p+l)on m (p+1);

X, (y-»)-y,(x'-x)
Y=y +(x=x)

(| K1)

K(,I")=

As it follows from relation (3), for energy calculations, the equation for the normal field

component must only be solved.
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For that, at first, the boundary contour is approximated by a finite number of marker
points connected together by interpolating cubic spline functions. The arc length between
marker points depends on the local curvature of the contour and the periodicity of the contour
is taken into account. The boundary integral equation (4) is solved by an expansion of the

normal component in pyramidal functions and using Galerkin's method. The pyramidal

functions are defined as

-1,
—= L <I<;
li—li—l
li+1—l
Q= o I <I<l,,; (S5)
i+l
0, <l vI>1,,.

An approximation technique is described in [10] for the case of equal arcs lengths. In the
present work this approximation technique is used for a non-uniform distribution of the

marker points as described above. It leads to the following set of linear algebraic equations:

Hoy (e =%, )= Hoyy (s = 31
gﬂAikzgﬂ[Rfk_lik]z oy(x T X 1) ov(y =Y 1) (6)

w+1 ’
1,57 = 1O=2 1o,

-1
L i=k+1
6
[i+l—li s
I = —l 61’ z—k—l’
i+l—i—l’ i=k
3
0, izk-lnizhkniztk+]

. (l'l _1)(lk+1 1 le -1,
Rie= R 4r (p +1) ’
3, x () - x(k)) - x, (D) - y(k)) i
R, = G O-x®) + G-y @) .
2 Dx D) -x, Dy, ()
2(x2()+ i)

Derivatives along the boundary contour are calculated by differentiating the interpolating

i=k

cubic spline functions. Since the shapes observed in experiments [4] have an azimuthal

periodicity, the numerical code can be made more efficient, accounting for that. In the case of
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K periods and N,, markers per period, their coordinates for each period can be calculated
according to:

X, = X, COSY ; — y, Siny ,
Y; = Y, COSY ; + x; siny , (7)
i=k+jN,, k=12,..,N,

YJ' :jT7 j:()’l:--'aK‘_ L)

2
where 7" = —1% is the period of the pattern.

Equation (6) taking into account the periodicity can be rewritten as follows. Let us

introduce the new field variables o, a:
ﬁ:a;Hox“Lay’Hoy' (8)
It is possible to obtain the variation of the variables o', o', along the period of the contour

from the conditions of periodicity and uniqueness of the solution. Solution f, for marker
pointi=k+jN, :

k+ jN

k+jN
— r
fk+ij =a, Hyy Ta,

v

FHOY
in the system of coordinates (x',y') rotated by the angle v, with respect to the system (x,y),
can be rewritten as:

fk+jN,, :f/\»’:O‘:Ho,\"J“a_fHor' (9)
Expressing the field components in the system (x',y") by the relations:

H, . = Hyycosy  + Hy, siny |

and
Hyy. =~H,ysiny ; + H;, cosy |

from (9) due to the independence of H,,, H,, we obtain:

k+ jN
X

k k 2
f=a,cosy,—o, sy ; ,

ke jN, kK k :
a, =0, cosy +a, siny; . (10)

Inserting relations (8-10) into the equation (6) we have a new set of equations which can be

separated in two sets of size N;, because of the independence of H,, , H,,. As a result we

have:
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Z}S(a cosy , ~asiny , W, = y—;l—lyl—‘ i=12,.,N, (11)
n= J—
Z:(a siny ; +a cosyj)él,,,ﬂ,v x”u:_); , i=12,..,N, . (12)
n= J=

To solve the set of 2N, equations (11,12) for 2Ny unknowns o, o a Gaussian elimination

method is used (it is checked that iterative methods give worse accuracy). Found values of

H n

a;, o, allow to calculate magnetic energy (3). For that the integral in expression (3) is

approximated by the trapezium approximation formula:

E, =- 2 —21 Bm x
16m
ZS[HM x , COSY , — y, siny ; )+Hoy(y” Cosy , +x, siny ; )]
n=t j=0 (13)
x[HOX(oa;' cosy ; —o., siny | )+ Hoy(a}'f cosy ; +a siny | )]x
L, =1

n+l n~1
PEHOESHO

In the case of a high-frequency rotating field (H,, =coswt, H,, =sinwf), shape

changes during a time period are negligible if ® >>1/t for both characteristic times t of

shape changes due to - surface tension t = nk and - magnetic forces T = lz, N is the MF

c 0

viscosity. Then time averaging can be done. As a result for magnetic energy we have:
- 1 [ )

il Fpel

X,0 +y0t - — (14)
n=l xl_(l)+yl (i)

Eﬂl =

3. Families of the figures of equilibrium

The family of shapes, taken for the energy minimization problem, are build up looking

for the conformal map of the circle in the w plane with radius r > :

w—(n—l)
Z=w+ . (15)
n—1
It gives the contour in z plane described by the following parametric equations:
[ cos(n—Do J
X=rcosQ +—————
(n-Dr" (16
’[_ sin(n—l)(p]' )
=rsinQ ——————
Y T

69



Chapter 3. included paper

For r = the relations (16) gives hypocycloidal curves which have » singular points at
cosnp = (n=3 deltoid or Steiner curve, n=4 astroid) [13].

The choice of the value r=1+93 in (16) allows to smooth out the singular points and for the
curvature of the curve at tips (cosng = ) we now have a finite value which, at 6 << 1, can be

taken as
1

nd "

K, =

The family of shapes corresponding to the n-spike "star-fish" configurations is constructed as
follows. For the radius of the curvature at the tip #, =nd’ the value &°/n (8 =& /n) is
chosen. For definite values of £ =nd = JnTc , curves corresponding to the parametric
representation (16) are constructed. For each value of £, the curves with the equation in polar

coordinates p = p{a) are transformed according to the following power:

)E
p'(ct)= pmm[pp(“”]- (17)

min

Here p,, is the minimal distance of the contour to the origin of the coordinates and £ a
parameter which varies from 0 to some limiting value determined by the accuracy of
calculations (elongated "star-fish" arms with sharp tips require too many marker points for a
reasonable accuracy). After all these transformations the area enclosed by the contour is set

back to TR’ by a linear scaling. At first the area of transformed contour is calculated as
P
S.= gg(x,ym — XY

and thus the scaling factor is obtained as
The family of shapes constructed for n=3 and 6 at { =0.1 and & =0.4are shown in Fig.l.
One can see that tips at £ = 0.1 are much sharper.

The numerical calculations of energy minimization, according to the relations (11,12,14)
for the more realistic "star-fish" configurations (17), are carried out for 4 fixed values of {

(0.1;0.2;0.4;0.8). The values of the parameter €, corresponding to the minima of the droplet

energy (1,2,14), are thus found for different numbers of spikes. In Fig.2,4a,5,6,7 an energy
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normalization is carried out to have a better representation: the total energy of circular droplet
E_, being subtracted from the energy of the droplet.

In Fig.2 the calculated energy minimum is presented as a function of the magnetic Bond
number for £ =02. Each curve in Fig.2 corresponds to a given number of spikes on the
droplet surface. Small overshots above the energetical level of circular droplet are connected
with hysteresis phenomena and are discussed in details below. From this picture several
important conclusions can be drawn. As it can be seen from Fig.2 energy curves for different
numbers of spikes do not cross each other. That means that it is difficult to expect from the
energetical point of view in the framework of 2D model transitions between "star-fish"
configurations with different number of spikes. One can mention that it is not the case, for
example, for 2D polarized droplets in amphiphile monolayers [14], where an intersection
between energetical curves corresponding to the configurations with different number of
lobes, has been found, if the shape is given in polar coordinates as

p(a)= p,(E X+E cos(na)) p,(E)=R/1+E7/2, (18)
where n denotes the number of lobes, and & is the relative amplitude of the undulation. This
shape, for the present problem, gives worse results (larger energy) than smoothed
hypocycloidal curves and therefore is not discussed.

Besides that, as one can see from Fig.2, the elliptic configuration has always a smaller
energy than any configurations considered even including a "star-fish" configuration with two
spikes £ >0.2 (it is not exactly true in the case of £ =01, see Fig.5).

It should be also pointed out that this conclusion is in agreement with the results of the
direct numerical simulation [8] of the dynamics of the 2D magnetic fluid droplet in a rotating
field. It shows that, starting from a randomly perturbated state and going through intermediate
stages with a definite number of the spikes, the system ends up with the 2 spikes
configuration. That means that the physical explanation of the observation in experiment [4]
of transitions between configurations with different number of "star-fish" spikes, must be yet
found. Another issue which should be mentioned concerning Fig.2, concerns the first order of

the transition to "star-fish" configurations characterised by same hysteresis phenomena. These
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a plateau and the droplet shape slides down along the energy curve to the state of smaller
energy which corresponds to an elongated shape.

Decreasing the magnetic Bond number, the droplet conserves its elongated shape at
subcritical conditions till the second critical value of Bm corresponding to the turning point
in Fig.3. The energy minimum of an elongated shape disappears (Fig.4b) and the droplet
restores its circular shape with a jump-like decrease of its energy (Fig.4a).

The influence of the spike shape on the energy minimization calculations is illustrated for
a two-spikes "star-fish" in Fig.5; for a comparison, the energy of the elliptical droplet is also
shown. The first kind transitions to "star-fish" configurations are shown by vertical lines. The
threshold value is a function of the parameter £ which controls the sharpness of the spike. It
can be concluded that for aimost all the magnetic Bond numbers the elliptical shape has the
smallest energy in comparison with different two-spike configurations.

As one can see from Fig.6, the same conclusion can be drawn also with respect to the 4-
spike "star-fish" configurations. It is interesting to note that the values of the magnetic Bond
number, for the first-kind transition threshold to the "star-fish" configuration, decrease as the
parameter ( increases. Transitions between curves corresponding to the different values of
the parameter  are also possible. So according to Fig.6, "star-fish" configuration arises at
the threshold with rather rounded small tips which are growing sharper and sharper as the
magnetic field strength increases.

The behaviour of the MF droplet described above for different numbers of spikes
(n=2,4,6) is summarized in Fig.7 for £ =01,02,04,0.8. For each number of spikes, the curve
corresponds to the minimal energy from the set { =0.1,0.2,04,0.8 at each Bm. For n=4 this
choice of the curve of minimal energy is illustrated by the path A-B-C-D-E-F-G in Fig.6 and
Fig.7. Discontinuities for a given "star-fish" configuration correspond to a transition to a state
of smaller energy, that is here to a lower value of the sharpness parameter C . In reality the
curve obviously must be smooth due to the continuous variations of the parameter . Fig.7
shows that despite of the free variations of the parameter C, it is only the two-spike

configuration, or even the elliptic one, which have the smallest energy. That means that for a
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pure 2D MF droplet, in the rotating magnetic field, a transition to a two-spike structure must
take place. Numerical simulation results of the hydrodynamics of the MF droplet which will
be published elsewhere [8] are in fair agreement with that conclusion. That means that
physical mechanisms leading experimentally to the increase of the number of spikes with the
increase of rotating field strength, includes 3D effects or viscous flow around the droplet: tip

effects are more important at 3D than at 2D.

4.Conclusions

1. A 2D numerical analysis of MF droplets of different numbers of spikes shows that the
equilibrium shape with two-spikes corresponds to the lowest energy.

2. Along the branch of equilibrium figures with a given number of spikes, a calculation of
energy minimum shows that the spikes are sharpening as magnetic Bond number increases
beyond a definite threshold.

3. The present calculation shows that 2D figures of equilibrium with a "star-fish"
configuration can exist evidently only as transient states. A further confirmation of this point
by a direct numerical simulation of the magnetic fluid droplet hydrodynamics is highly
desirable.

4. Discrepancies between the present results and experimental observations are presumably
connected with the fact that a 2D model is rather incomplete for the understanding the MF

droplet behaviour in high-frequency rotating magnetic fields.
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FIGURE CAPTIONS
FIGURE 1

Contours constructed for different values of spike number and parameters € and C.

FIGURE 2
The total energy of the 2D droplet £, — E,, versus the magnetic Bond number for £=0.2

(number of spikes n=2,...,6) and for ellipse, u=25.

FIGURE 3

The large semi-axis a = a,, / R of the ellipse in the rotating magnetic field as a function of

the magnetic Bond number.

FIGURE 4a

The total energy of the ellipse £ - E_, in the rotating magnetic field as a function of the

magnetic Bond number, u=25.

FIGURE 4b
The total energy E, curves of the ellipse in the rotating magnetic field versus its large semi-

axis value a =ay_ /R, n=25. Bm=23.97 corresponds to the threshold and Bm=20.7 to the

turning point.

FIGURE 5

The total energy E_— E_, as a function of the magnetic Bond number, for a 2-spike

configuration: various curves correspond to the ellipse and to shapes with £=0.1, 0.2, 0.4,

0.8.
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FIGURE 6

The total energy E.—FE, as a function of magnetic Bond number, for a 4-spike

configuration: various curves correspond to the ellipse and to shapes with =0.1, 0.2, 0.4,

0.8.

FIGURE 7

The total energy F_— E,_, as a function of magnetic Bond number. The curves are the paths of

minimal energy for ellipse and for the 2,4,6-spike "star-fish” configurations. Minimization is

done for £=0.1, 0.2, 0.4, 0.8. Arrows show the direction of hysteresis curves.
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Fig. 1
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2-spike instability
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Fig.7

83



Chapter 3

Conclusions

1. The results obtained from the energetical approach confirms existence of the magnetic
field threshold in respect to any perturbation from circular shape in 2D in the high-
frequency rotating magnetic field. Along the branch of the equilibrium figures with a
given number of spikes, a calculation of energy minimum shows thatrthe spikes are
sharpening as magnetic Bond number increases beyond a definite threshold thus
causing the concentration of the magnetic field in these spikes, specially if a magnetic

permeability has as high value as u~25 considering the concentrated phase.

2. A 2D numerical analysis of MF droplets with different numbers of spikes shows that
the equilibrium shape with two-spikes corresponds to the lowest energy and thus the
transition from 2-spike shape to the shape with larger amount of spikes does not take

place.

3. The present calculation shows that 2D figures of equilibrium with a "star-fish"
configuration can exist evidently only as transient states. A further confirmation of this
point for number of spikes n>3 is given in Chapter 4 by a direct numerical simulation

of the magnetic fluid droplet hydrodynamics.

4. Discrepancies between the present results and the experimental observations are
presumably connected with the fact that a 2D model is rather incomplete for the
understanding the MF droplet behaviour in high-frequency rotating magnetic fields.
That means that physical mechanisms leading experimentally to the increase of the
number of spikes with the increase of rotating field strength, includes 3D effects or

even the viscous flow around the droplet.
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High-frequency rotating magnetic

field: dynamic simulation.

In the previous chapter the equilibrium shapes were analysed from pure
energetical approach. In such a way it is possible for the given magnetic Bond number
to detect which shape from some a priori given set has the energy minimum. The
advantage of this method is that for linear magnetisation it is necessary only once to
calculate geometry and magnetic permeability dependent field variables a,, a, (see
formulae (11),(12) in [7*]), and afterwards only simple calculations (see the formula
(14) in [7*]) are needed to get the magnetic energy of a droplet. Thus by limited
calculations the great variety of shapes could be analysed for the energy minimum for
arbitrary values of Bond number. The drawback of the energy approach is that the
shapes should be given a priory, thus limiting the possible shapes by that ones,
generated in some fashion. Thus it is very hard to study the transitions, where non-
symmetric shapes appear, because these non-symmetric shapes are almost impossible

to predict a priori.

A direct dynamical simulation of the surface forced driven motion of the droplet
in high-frequency rotating magnetic field is presented in this chapter. The dynamical
simulation is in some aspect more computer time consuming method, but the power of
it is stated by the absence of constraints on the shape of the droplet. The essence of the
droplet behaviour is already described in the previous chapter, here the behaviour of
the 2D droplet in the high-frequency rotating magnetic field is studied in more details

using the dynamic simulation as an observation instrument, and, in particular, most of
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attention is devoted to the transitional motion of a droplet. Transitions of a 2D droplet

in the high-frequency rotating magnetic field could be classified as:
e transitions just beyond the magnetic Bond number threshold;
e transitions from the perturbed shape back to the circular one;

e transitions between shapes with different numbers of spikes.

4.1. Theoretical predictions

Transitions which appear at the magnetic Bond number threshold, where the
shape of a 2D droplet is near to the circular one, could be studied using the small
perturbation theory. The simplest case, the linear small perturbation theory, gives
predictions about the critical magnetic Bond number and about the rate of the growth

of perturbations.

In [35] the infinite cylindrical volume of magnetic fluid (2D droplet) is considered
under the action of the rotating in a plane normal to its axis magnetic field. It is
assumed the characteristical time of the droplet shape relaxation is much larger than
the period of the rotating field and time averaging with respect to rotating field is
possible. Under these assumptions the stability of the droplet’s shape is considered

with respect to n-lobe perturbation given in polar coordinates (r,$) by

r($) = R+a, cos(nd), (4.1)
where R is the radius of unperturbed 2D droplet. The differential equation for

perturbation a,, development is obtained on the basis of the Cauchy-Lagrange integral
[35,25], taking into account kinematic condition and the time averaged magnetic field

strength, which is calculated in linear approximation of small perturbation theory:

d’a, n(n—l{(n+1)—B—m(“ 1)] = 0. (4.2)

dt n( +1)

The solution (4.2) defines an exponential dependence on time for perturbation

a=ajsexp(ot), thus providing the dimensional growth increment of the surface

perturbation o:

(—{Bm(“ 1y (n+l)] (4.3)

pR3 27 ( + 1)
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From this expression the threshold value of magnetic Bond number with respect to n-

lobe perturbation is found:

3
Bm® — 2n(ue ) B (4.4)
(h-1)

This value in the case of n=2 is in very good agreement with numerical simulation

(see Chapter 2). According to (4), the perturbation with » lobes may appear only if

magnetic Bond number exceeds the corresponding threshold value Bm"’. According
to Fig.4.1(a), the dependence of the threshold value on the magnetic permeability is
not particularly pronounced for u>20. Quite different is the situation in the case of
small values of a magnetic permeability (1u<10), decrease of the magnetic
permeability, what physically can be caused by the dilution of the ferrofluid, leads to
the drastic increase of the critical value of the magnetic Bond number (Fig.4.1(b)).
More information about perturbation evolution could be obtained analysing the
expression (4.3) with respect to “the most unstable mode”, which has the greatest

growth rate at given magnetic Bond number Bm. This “most unstable mode” is given

2

=0:

by solution of the equation
n

@n—-1)Bm’ - (32’ -1)=0, (4.5)

. _Bm (u—1) _ H,R (u—l)3
2n (“+1)3 2N (“ +1)3 ’
adding the condition that ®”>0 for the found value of n at given Bm. The largest root

Bm

(4.6)

of the equation (4.5)

n‘:Bm +x/Bm3—3Bm +g’ (4.7)

satisfies that condition for all n.>1. The fairly good approximation of is given by

2Bm’ 1
= —-=, 4.8
3 2 ( )

according to Fig.4.2, the absolute difference even at n.=2 is only 0.06 (3%).

n.

According to (4.3) if Bm’ value is beyond the magnetic field threshold for mode n=2
(Bm* >3), then the set of competing modes from n=2 to n=Bm -1 co-exists, but the

highest grows rate has mode #.. It is illustrated in Fig.4.3 where a square of a
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modified perturbation decrement o’pR’/o is plotted versus n at fixed value of
modified Bond number Bm'=16. Unstable modes are for 2<n<14, but the highest

grows rate has mode n=10 (from formula (4.8) n.=10.17).

4.2. n-lobe perturbation decrements in the case
of creeping flow

In order to derive perturbation decrement in the case of a viscous 2D ferrofluid
droplet placed in a surrounding non-magnetic viscous fluid in a presence of high-

frequency rotating magnetic field, the problem of the creeping flow is solved at given
perturbation rate &, = L cos(n¢) on the surface of the circular boundary at the

restriction that n>2. The value n=1 corresponds to the pure translation motion
v,=const (check (4.14)-(4.17)), there is no change of nether magnetic nor surface

energies, the rate of energy dissipation is zero. Solution of biharmonic equation

A(AD)=0, (4.9)
where A is Laplace operator and @ is a stream function, is used to calculate velocity

components in polar coordinates (r,$):
_lew o0

v, = s Vy= .
r 00 or
The unknown coefficients for the general solution of (4.9) are found from the

(4.10)

following three constraints.

1. Continuity of velocity vector at boundary:

VO e =V e (4.11)

2. Equality of tangent stresses on boundary:
nl’,=R_ L (4.12)

3. The constraint of the perturbation shape:
v,| . =¢|  =Lcos(np . (4.13)

Since in the present case a velocity field is caused only by perturbation %, the

azimuthal component of perturbation £, , could be found from velocity field:

90



Chapter 4

The general solution of (4.9) is found by substitution of @ in (4.9) by the

trigonometric series with respect to the azimuthal coordinate ¢:

O=> [fn (r)cos(nd)+ g, (r)sin(nd) .
Application of constraints (4.11)-(4.13) gives the velocity field v"” inside the droplet

and the velocity field v** outside the droplet:

n_ cos(nd){(n + 1{ RJ s (n- 1{%} " } , (4.14)
vy = s sm(nd{ (n+ 1{%} B 1)(” b 2)(%) "H] (4.15)
v = _é.cos(nd){(n - 1{?} " - (n + l{gj ”_i , (4.16)
Ve = —gsin(nq){(n —1{9'”1 ("HX" 2)( rj" i (4.17)

The effective pressure p¥ = p—ug—_le is found from the Stokes equation
T

Vp=nV’v:
. Ln=1{r\"
p’_’l’Y = pO.in —znin S (_j COS(ﬂd)), (4 * 1 8)
R R
L -1 RY"
= +2n,, — (——) cos(n). 4.19
Pex pO,ex Mex R n ¥ ( ¢)) ( )

Thus the pressure difference on the surface of the circular droplet =R is

Ap=p? - p¥ =

Lra-1(RY
ApO +2(nex + T’]m) n (

2 7] cos(nd), (4.20)

where Apy = Do e = Pon -

. ov
The normal components of viscous stresses o,, = 21 p ~ on the surface =R
4

are zero according to the expressions

G" = 5% n - l)cos(nd){[%jn_z —(%j} (4.21)
oo = n* - l)cos(ntb{[ jm - [?j 'l. (4.22)
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The dynamic boundary condition on the free boundary I" is expressed in terms of

normal forces:

, -1
(e _pfff] =(o-:f,—c:;+2n(Mn)2+“—H2—csdivn . (4.23)
r &n -
Without perturbations the boundary condition yields
H= 1 2 2 o
8py = ((n ~1XHR)" + H? ). (4.24)
Magnetic field solution for circular shape of a 2D droplet in polar coordinates 1s [35]:
2H, _
H= +1(cos(QHt—d))er—t—sm(QHt—q))% : (4.25)
u

Here e, e are unit vectors in radial, resp., azimuthal directions. Time averaging gives

(1) = 4H02’ (4.26)
(u+1)
2\ 2Hg
Hn)')=-—""—, 4.27
(1)) = 505 (4.27)

Inserting (4.26) and (4.27) in (4.25) gives pressure difference on the boundary of
circular 2D droplet in high-frequency rotating field:
_k-lH; o

- p+ldn R
In linear approximation small perturbation theory applied to (4.20) gives in

(4.28)

Dy

addition to (4.28) the first-order terms containing L and L, thus enabling to obtain a
non-dimensional perturbation decrement, denoted here by D
L=d/t,L, L exp((f)t/r0 , To=MexR/C : time scaling unit. To obtain additional
terms of (4.23) in comparison with (4.24), (4.28), the perturbation of a magnetic field
and a boundary contour curvature should be found. It is convenient to use Lagrange
variation A, (variation due to Lagrange displacement) technique [25,32,42,88] to
derive the first variation of boundary conditions on shifted boundary, expressed by
physical variables at unperturbed boundary placement r=R. Variation of an effective

pressure and viscous stresses are already given by (4.20)-(4.22), since there is no flow

in equilibrium state:
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~ 11 en elf ) {.rex in)~

L L\pex - Pin nn- Onn =
(efiqy _ _elfd)  _(rexqy _ iny'll =
\?ex Pm rR .o IMer A'Ir:R (429)

2(llex+ T1;n§--”-2 -1(R) cos(n~)

n r

The magnetic field variation is found in [35], solving Laplace equation inside
and outside the circular 2D droplet and applying first variations of boundary

conditions for magneto static potential:

\(\flsll)_\flg») : (1-1f . 33£9r~~)~r) | (4.30)
r:-R
8\fli~~) 8\f1::») = [-I(~(8\f1i~0) )J
(i 8r 8r R 8~ 8~ . (4.31)
~R ~R

Magnetostatic ~ potential \iLo) of unperturbed droplet according to (4.25) is [35]:

2
\fiLo) = i_l o rcos(nHt - ~). (4.32)
Inm+1

First variation of magneto static potential inside the droplet \ni-~) is found in [35] by

technique described above, arriving at

. 1 (l-
\fli;,1) = 2 LH0 fl- ( ) cos(QHt - ~+n~). (4.33)
(fl+h) ‘R

Magnetic ~ field intensity = components could be found from magneto static

potential by the following derivatives:

H=af v —lan (4.34)
r 8r' ~-I’8~

The Lagrange variation of magnetic field term in (4.23) due to Lagrange displacement

IS

- L[CI-IXHN)2 +H21 =
- )2(HO)N(O) XH(O)(~ Ln)+ nlO)(~ LH)+ 2(HO)(~ LH))I = (4.35)

~ -1)2Hr(H(O)(~  Ln)+ erH(I»)+ 2(H(O)H(I))1'
A Lagrange variation of normal vector iiand a variation of divii in Cartesian

coordinates are found according to formulae from [42] :
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o, o
Am,:[njnkg:]n,—nkaxif, (4.36)
oa, 0 Oa; 0

Al —L == (A —=k 4.37

[ax] o L) (4.37)

In polar coordinates expressions (4.36) and (4.37) result in
&, _ U - 1)sm(n¢)

An =0, An, = [ [§¢ o R (4.38)

o555 Ao Zﬁ:)}

{tp] e

accounting for E"°‘r=R = Lsin(n¢)/n .

(4.39)

Now expression (4.35) could be rewritten explicitly, inserting result of (4.38),

what leads to
A J(u-1XHnY +H2]r -

2H,

2(;1—1)H+1

cos(QHt—d){ L? (:L )2 (n- I)COS(QHI‘ ¢+n¢)+
(4.40)
2H ]

+(i cos(QHt— \L(n —1)sm(n¢))

nRk

2H02LHO p—1
5 X
u+l R (p,+1)’

(cos(@, — 0 Joos(Qut — 6+ 16 )-sin(Q,t — ¢ Jsin(Ct ~ 6+ nd)))l

Time averaging of (4.40) arrives at

< G- 1)y + H2]> 41‘}?8‘1 1;(n—l)cos(nd). (4.41)

The time-averaged boundary conditions (4.23), accounting for (4.31), (4.39) and

(4.41) results in equation

2(n,. + n,»")% " cos(nb) =

5 3 2 (4.42)
LI G sty Lo )
2R (w+1) R?

Thus the non-dimensional perturbation decrement @ is
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rz(Bm'—(n+1))
20+ ) n+1) ’
where A=m; /M. 1S a ration of viscosities but Bm* is already defined in (4.06).

»=

(4.43)

Magnetic field threshold with respect to n-lobe perturbation (4.13) is given by the

same value of critical magnetic Bond number

. 1y
Bmy" =(n+1) = }3m§:’=2n(n+1)(th )3. (4.44)
(k1)
as in (4.4) for potential flow. Comparison of (4.43) with (4.3) displays the basic

difference between these two models. The expression (4.3) corresponds to ideal flow,
the system with inertia but without a friction, therefore there are only two choices with
respect to n-lobe perturbation: either the exponential growth of perturbation (co2>0,
a,ocexp(ot)) or the oscillations about the equilibrium state (m2<0, aecexp(iot)). The
expression (4.43), in contrary to (4.3), represents the highly damped system without
inertia and oscillatory motion is damped in time interval that is much smaller than
period of oscillations, thus only the perturbation due to the action of some force on the
boundary could take place. Nevertheless, due to the same treatment of magnetic field
and surface tension, in both cases magnetic field threshold has the same value. In the
case of ideal fluid pure mathematically the lower limit of the perturbation growth
spectrum is n=1 due to multiplier n-1 in (4.3) (see Fig.4.3) but in the case of creeping
flow the lower limit for n always should be 2 due to the physical properties of the
perturbation (4.13). The positive values of @ in the formula (4.43) at n=1 if Bm* is
large enough is the artefact since equation (4.42) at n=1 is always satisfied and thus

have no roots. Beside that, as it is already mentioned above, “number of lobes” n=1

have no real physical sense.

The threshold value with respect to 2-lobe perturbation is the absolute threshold

for any perturbations from circular equilibrium state, and thus determines the upper

limit of the perturbation growth spectrum. The most unstable mode n’, in the case of

-~

i Cy . : 0w A
viscous fluid is found considering equation a—:(], where © 1is taken from
N

expression (4.43):
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3
n =vBm —1= B—m(“_1)3—1. (4.45)
2n (n+1)

In Fig.4.4 the most unstable mode lobe numbers are plotted versus magnetic Bond

number Bm for three values of magnetic permeability u=>5;15;25. These three curves
display strong dependence of droplet behaviour on its magnetic properties, so the ratio
of magnetic field strengths, needed to have the same most unstable mode two cases:
u=>5 and u=25, have the magnitude 1.63. The same ratio 1.63 stays for corresponding
threshold values of p=5 and p=25. The increase of magnetic permeability causes
increase of the number of lobes for the most unstable mode at the same magnetic
Bond number, the limiting curve at p=co is plotted in Fig.4.4 by the dashed curve. To

illustrate the dependence of instability on magnetic permeability, in Fig.4.5 the

characteristic multiplier \/ (p. - 1)3 / (p + 1)3 is plotted versus magnetic permeability

L.

Including characteristic multiplier \/(p—l)3 / (1 +1) in the modified Bond

number as it is defined by (4.6) allows to obtain general properties of the most
unstable mode for an arbitrary value of p. In Fig.4.6 the spectra of unstable modes are
plotted in the case of the creeping flow according to the relation (4.43). In comparison
with the potential flow (see Fig.4.3), the most unstable modes are shifted to the
smaller values, for Bm*>10 even few different modes have about the same
perturbation decrement, thus the initial state plays an important role to the formation

of the dominant number of lobes.

The limiting curves plotted in Fig.4.7 represent the threshold of magnetic Bond
number and n=2. The crossing of n=2 with the threshold curve at Bm*=3 gives the
first limit: if Bm*<3, droplet stays circular; the crossing of n=2 with most unstable
mode certifies that eventual transition to larger number of spikes than 2 can appear

only if Bm*>9.
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4.3. Dynamical simulation of the 2D droplet in
the high-frequency rotating magnetic field

The dynamic simulation for 2D droplet is carried out for the time averaged
surface forces. The averaging is done with respect to external field rotation, thus the
droplet motion is still time-dependent as well as the amplitude of a magnetic field,
expressed in terms of the magnetic Bond number Bm. The field threshold test with
respect to the droplet perturbation from the circular shape is already shown in Fig.2.7.
Here the test of the small perturbation growth according to the expression (4.43) is
presented in Fig.4.8. All calculations were carried out for periodic perturbations with
an amplitude a,=0.01 (see expression (4.1)). Time step was taken Ar=0.01, number of
marker points N=300, magnetic Bond number Bm=100 (Bm*=12.52) at magnetic
permeability n=25, the ratio of viscosities A=1. The perturbation increment was
calculated for the corresponding amplitude of the n—th harmonic in the Fourier
spectrum for a radial perturbation of the shape. The calculated points, shown by
circles in Fig.4.8, are in very good agreement with the theoretical curve, shown by the
solid line. The small discrepancies are easy to explain by the competition of the most

unstable modes with other ones.

In Fig.4.9 the perturbation growth and the corresponding Fourier spectra of
perturbations are shown for three cases. Initial states were generated by random
perturbation, realised in the following way: the circle in 60 equidistant points was
shifted in the radial direction. The values of shift were taken as random number from
0.0 to 0.03-R, R being circle radius. The magnetic Bond number Bm=100 together
with n=25 corresponds to the limit of maximal allowed mode number n=12 (see
Fig.4.8). Thus the n-lobe perturbations are allowed only for n=2..12. According to
Fig.4.8, most unstable mode is n=3. Shape growth in Fig.4.9 displays, that modes
n=2;3;4 already dominate. Since spikes are not situated symmetric and have the
triangular shape, than in Fourier spectra appear higher harmonics and their growth

rate 1s approximately the same as for most unstable mode.

The hysteresis phenomenon for 2D droplet in the rotating field is displayed in

Fig.4.10. The solid curve represents the elongation of the elliptic droplet in time-
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averaged rotating field (see [7*]), The pointed curve shows the behaviour of the 2D
droplet obtained in the dynamical simulation without any shape constraint. This result
is obtained by the piece-wise linearly time dependant magnetic Bond number. The
value of it is at first kept constant (Bm=25, segment t=0..50), then Bm is linearly
increased from Bm=25 to Bm=27 in next 20 time units (segment t=50..70).
Discrepancies could be caused by the shape difference. Decrease of Bm to the value
Bm=20 in segment t=70..120 causes a contraction of a droplet. The tendency to
extend for a droplet at just after t=70, when the value of Bm already decreases,
displays that the transient motion was not finished and at =70 droplet was still not
close enough to equilibrium state. Obviously the rate of Bm decrease was all along the
curve too large, thus causing very different slope of the dotted curve in comparison to
solid one. Without the constraint of the elliptic shape the behaviour of the droplet
could be different from the one of elliptic droplet, but it seems that Bm=20 is already
below the turning point (for ellipse it is about 20.7), since further decrease of the field
causes smooth transition back to circular shape. The more exact “fit” to the transition
curve of the elliptic droplet could be obtained by decreasing the rate of the change of
Bm in sequential time intervals, but is should cause significant computer time

Increase.

The transient stages of the 2D magnetic fluid droplet are already described in
[8*] (this paper is included in the present Chapter). In the addition to the paper, here
in Fig.4.11 the energies E_, E,, E, and the length r of the major spike are plotted in
dependence on time . The thick solid line represents the total energy E=E_+E,, the
dotted line: the magnetic energy E_, the dashed line: the surface energy E,, the thin
solid line: the length r of the major spike, measured from the mass centre of a droplet.
These results correspond to the evolution of a droplet’s shape in Fig.la of [8*]. The
curve of the length r of the major spike has an approximately constant inclination
during the time interval 0<t<0.6. The shapes of the droplet display that it is an initial
time during which the droplet “finds the favourite growth direction”. It means that
strong competition between the spikes takes place, those ones who are larger and
sharper can concentrate more magnetic field thus stimulating a further growth of

themselves and suppressing the evolution of smaller spikes. Thus at ¢ about 0.3 the
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“weakest” spikes start to contract and non-reversible transitions to smaller number of
spikes take place, since decreased value of the magnetic surface forces cannot balance
the surface tension established by the curvature of a spike. Thus due to the lower local
value of a magnetic Bond number the smallest spikes contract, causing further
decrease of a magnetic field until these spikes are completely disappeared. So during
the time interval 0.6<t<2.5 the decrease of the smaller spikes and the accompanying
concentration of a magnetic field in the larger spikes causes increase of the growth’s
rate of last ones. At t=5 the droplet has established elongated shape with a very small
“side-spike”, which start to disappear (see Fig.la of [8*]). At this time moment the
growth of the droplet elongation slows down, surface energy E, has already reached
the plateau, all changes of the total energy E, are due to a change of the magnetic
energy E_ .. In the present graph E_, has noisy character, because the number of marker
points N=350 is still not sufficient to have good accuracy for a magnetic field
calculation at extremely sharp spikes. Nevertheless this approximation error could be
regarded as some perturbation of the droplet shape which cause oscillations about the
stable state, but do not produce the deviation of the mean value of the magnetic
energy. Thus, in Fig.1b of [8*], the three-spike shape appears to be stable with respect

to such a perturbation.

In [8*] the existence of the metastable three-spike shape at Bm=45, p=15 is
proved as well as the transition to the two-spike shape. This transition appears at the
decrease of the magnetic Bond number Bm down to the value Bm=36 thus
eliminating the energy barrier which have suppressed the 3-spike shape from
transition to the 2-spike one at higher value of Bm. The corresponding energy curves
are plotted 1n Fig.4.12 and Fig.4.13. The analysis of Fig.4.12 displays that the 3-spike
metastable state is stable with respect to symmetric perturbation, the decay of this
perturbation, given by initially over-elongated spikes, have exponential character. The
juxtaposition of the horizontal guidelines with the corresponding energy curves in
Fig.4.12 shows that final stage of the transition after t=20 has very small changes of
energies in comparison with the initial stage at t<20. The decrease of the magnetic

Bond number Bm below the magnetic field threshold with respect to 3-spike

perturbation ( Bm{ =37.5) causes the transition to 2-spike shape, illustrated in
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Fig.4.13. The epergy curves show that after initial decay of the transition to the
smaller length of spikes (0<t<25) the transition to 2-spike shape occurs during the
rather long time scale 25<t<90, because it is caused by very fine interplay of magnetic
and surface energies. Then, after t=90, during the short time, about 5 time units, the

rest of the smallest spike is taken in by the droplet.

In Fig.4.14 the results of the numerical simulation of a droplet with the 4-spike
initial shape are presented. Evidently the number of spikes, larger than 3 is critical
with respect to the neckjng effect which takes place between two groups of spikes,
since the number of spikes 4 is the smallest one for a formation of two groups of
spikes, every of which have at least two spikes. The magnetic Bond number Bm=60 in

Fig.4.14 is above the threshold value (4.4) with respect to a small 4-lobe perturbation:

Bm¥ =469 at u=15. The scenario is similar to the one of Fig.4.13. At the beginning
the spikes elongate close to the equilibrium state for the symmetric 4-spike shape,
afterwards the small perturbations, which are always present due to numerical
truncation errors, causes the development of an asymmetric shape with a neck
between two pairs of spikes (time interval from t=8.74 to t=41.40). After that this
neck starts to elongate, simultaneously two opposite spikes decrease, other two

increase (see a sketch inside the shape at t=53.19).
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Figure 4.1. Dependence of magnetic Bond number on the value
of magnetic permeability n. (a): selected modes n=2,3,4,6,8,10
at 1<u<50, (b): the behaviour of the critical Bond number at

low values of .
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Approximation of most unstable mode
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Figure 4.2. Approximation of the most unstable mode
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Spectrum of unstable modes
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Figure 4.3. The spectrum of competing modes at Bm*=16
for a potential flow
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Figure 4.4. The most unstable n-lobe mode versus magnetic
Bond number in the case of creeping flow
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Magnetic permeability p

Figure 4.5. The influence of the magnetic permeability
to the n-lobe mode formation: the multiplier (((u-1)/(u+1)))"
versus the magnetic permeability L.
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Definitions:
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Figure 4.6. The spectrum of competing modes at Bm*=6; 11; 16
for a creeping flow
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Perturbation decrement ®

108

20—+
—~._  Bm=100, p=25
Bm*=12.52 :
A=1 f

T

154
1.0

0.5 1

0.0

-0.5 |

10—

Number of lobes n

Figure 4.8. The spectrum of competing modes at Bm=100,
A=1, solid lide: the creeping flow theory, circles: BEM
simulation



Chapter 4

(a)

Shape evolution

Amplitude

0.0

(b)

Shape evolution

T T T T T

0 5 10 15 20
Mode number n

0'7 L 1 1 1 L
o t=0.0 e t=1.5
0.6 3 o t=05 -w-t=2.0
’ A t=10 -wt=25
-~ =3.0
() 05 3
3
£ 04
o - -
02 3 S S
vI’ h—lﬂ/ \..“_.-.“.."‘*..
0.1 4 A /"‘-». ".,o——‘—.‘,_v st ——
-~ ..., 3
00 freafiessgannaanninns
0 5 [0 15 20
(C) Mode number n
06 - 1 1 1 1 i -
Shape evolution o =00 e =15
o t=05 -«-t=2.0
0.5 s =10 - =25

0.4 1

Amplitude

—=— t=3.0

0.2 4
| Y L e *

014 4, a¥"

R B N N N N N Y W
00 hpopgODpgpopOpo@Gooooooan
g°°oo°o°oo°oo°o°o°°oo

00 ] T T T T
0 5 10 15 20

Figure 4.9(a)-(c). The amplitudes of modes versus a mode

Mode number n

number n: the mode competition for a droplet with an initially
perturbed surface. Bm=100, u=25, At=0.01, N=200. The
initial perturbation given by radial displacements from a

circular shape in 60 equidistant points, generated randomly

with the maximal value 0.03.
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Figure 4.9(d)-(f). The amplitudes of modes versus a mode
number n: the mode competition for a droplet with an initially
perturbed surface. Bm=100, u=25, At=0.01, N=200. The
initial perturbation given by radial displacements from a

circular shape in 60 equidistant points, generated randomly
with the maximal value 0.03.
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Figure 4.11. Surface, magnetic and total energies, and the length r
of the major spike versus time t. The solid line: the total energy
E=E_+E, the dotted line: the magnetic energy E_, the dashed line:
the surface energy E, the thin solid line: the length » of the major
spike, measured from the mass center of a droplet
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The metastable three-spike shape
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Figure 4.12. Surface, magnetic and total energies, and the length r
of the major spike versus time 1. The solid line: the total energy
Et=Ey +Es, the dotted line: the magnetic energy Em, the dashed line:
the surface energy E, the thin solid line: the length r of the major
spike, measured from the mass center of a droplet
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‘Transition frorn a three-spike
shape to a two-spike one
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Figure 4.13. Surface, magnetic and total energies, and the length r
of the major spike versus time 1. The solid line: the total energy
Et=Ey +Es, the dotted line: the magnetic energy Em' the dashed line:
the surface energy E, the thin solid line: the length r of the major
spike, measured from the mass center of a droplet
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Figure 4.14. Transition from the four-spike shape to the two-spike one
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Numerical simulation of the transient stages of 2D
magnetic fluid droplet in high-frequency rotating
magnetic fields

J.C.Bacri (*), A.Cebers (**), S.Lacis(**),R.Perzynski(*)

(*) Université P.M.Curie, 4 place Jussieu, 75252 Paris, Cedex 05, France
(**) Latvian Academy of Sciences, Institute of Physics, Salaspils-1, LV-2169, Latvia &
Latvia University, Fac. Phys. Math., Raina boul. 19, Riga, LV-1586, Latvia

Abstract: It is found by numerical simulation that 2D magnetic fluid droplets in
high-frequency rotating form shapes with 2 or 3 spikes. Number of spikes depends
on both an initial shape of the droplet and a magnetic field strength. It is found
that 3-spike shape of the droplet exists as metastable state and an energy barrier
suppresses the transition to 2-spike shape which corresponds to the energy
minimum. Results obtained dynamical simulation are in good agreement with the
energy minimum calculations carried out previously. In the case of the initial
shape with some perturbations, development of spikes and transition to smaller
amount of them are observed. At increase of magnetic Bond number the spikes
sharpens. Finally some conclusions concerning the comparison of the results of
numerical simulation with the experimental observations are pointed out.

An experimental study of a magnetic fluid (MF) microdrop in a rotating magnetic field
shows a wide variety of complex phenomena [1]. The complete theoretical description of all
features of corresponding phenomena is yet absent. A linear small perturbation analysis gives
us magnetic field threshold values with respect to n-lobe perturbations [1,2]. It is important to
know if n-lobe shapes exist as stable or metastable configurations. In order to investigate that,
we simulate numerically the behaviour of a MF droplet in 2D. Neglecting inertia terms in the
Navier-Stokes equation one can use boundary integral equations [3] to describe creeping flow
with a free boundary. A high frequency range of rotating magnetic field is considered,
allowing to make time-averaging of forces. Thus here a small oscillatory motion of a surface
of a droplet caused by field rotation is neglected.

Governing equations for fluid flow both inside and outside the droplet are

~Vp+nViv+(MV)H =0, (1)

divv =0. (2)
Here p is pressure, n : viscosity, v : fluid velocity, H : intensity of magnetic field, M :
magnetisation of magnetic fluid. Outside the droplet fluid is non-magnetic, hence

magnetisation M=0 and third term in left side of (1) is absent. Corresponding boundary
conditions are

in ex in ex
v'=v", ol =c

o wm?

_pin +Gm :_pex +0_ex

nn un

+27I(MI’1)2—G/RC. (3)
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Here o stays for surface tension but R represents local curvature of the boundary contour of
2D droplet, n : external normal, subscript 'in' denotes region occupied by MF droplet and 'ex'’
surrounding fluid.

Further in a paper a non-dimensional form for physical parameters and geometric
dimensions of droplet is used. As characteristic values are chosen: external field strength H,

surface tension o, external fluid viscosity 1, and unperturbed droplet (i.e. circle) radius R.
2
Physical processes are characterised by magnetic Bond number Bm = Hy R , characteristic

o
decay time for free surface perturbations t = N 1d ratio of viscosities & = 22 . So we
c Mex
. . . ~ ~ . ) W o~V
have non-dimensional coordinates X =x/R, y = y/R, a non-dimensional velocity V = V’
T

a non-dimensional magnetic field H= H/H, and a non-dimensional time f =¢/t. For

simplicity further tildes are omitted.

Motion of MF droplet under the action of magnetic field is driven by effective surface
forces assuming that magnetic volume force (MV)H is potential. Action of the gravity forces
is neglected. Hence the effective time-averaged surface forces have only the normal
component [3,4] which can be written in non-dimensional form as follows:

| -1

f =7€:—%;Bm(p<Hf>+<H,2> . (4)
Here p is magnetic permeability of MF. One can see that magnetic field strength values on
the boundary are needed to calculate surface forces. Both normal and tangential magnetic
field strength components H,, H, on the boundary are found as solutions of the corresponding
boundary integral equations [4,5]:
= (2H°X o, 2Hy 1 D {u, 1,k F,F’)izdl —,  (5)

u+l)on (n+l)on m(u+l)/ /xl +y,’

C2Hy 3 2Hy, dy (=D dl
b= @ e a (e S OKER) . (6)

2 2
L Xty

H

K(’—;,’-;r): xl(y’ - yz)_yl(x, _f) .
' =y +E'=-x)
Here [/ is a natural parameter: contour arc length.
Approximation technique, applied to the equations (5),(6), is described in details in
[3,4,5,6]. Magnetic field strength is calculated at discrete marker points r,. To carry out time
averaging, H, H, are expressed by Hyy, Hyy in every k-th marker point:

Hn(rk)= (a),'mHo,\' +a'y'kH0y.)/Vx,2(k)+y,2(k),
H:(rk): (O‘I,W(HOX +a'rkHoy)/\/x/2(k)+Y/z(k)-

nt

Expanding the unknowns o'y, by the series of pyramidal functions similarly to [5], obtained
equations are
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H

The contour is approximated by interpolating with cubic spline functions coordinates of
the finite number of marker points. First and second derivatives along the boundary contour
(x;, Xy, ¥y, ¥i) are calculated by differentiating the interpolating cubic spline functions for both
coordinates. For better accuracy of the numerical treatment of the tips of the droplet, which
have large curvature, special non-equidistant distribution of the marker points is used: the arc

lengths between them depend on the local curvature of the contour.
For rotating field we have H,, =costQ, H,, =sin#) what lead to

( 1 H( % Oy )*@Xk +o‘yk
u

2 x;(k)+ v (k)

Surface motion is calculated using the potential theory of viscous (creeping) flow, described

in [6,7]. The corresponding boundary integral equation for 2D is
X 1 14 - = ,
V,‘(x) = —mcj-njfs Gij(xax )d[ +
47‘(1 ; x)(jr S T (5, %)l

where

_F+ (xi =x,)(x; —x,)
- __‘2
@)= _4x—xXx x, Joxi ,k).

73

G,,(x X )

li 1

Boundary integral equation (10) approximation is similar to [3]:
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Z m(J)[S' Py Qs m=xy i=12..N, (11)
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As one can see, for A=1 (n;;=n,,) term P in (11) disappears and we have explicit
expression for velocity v:

v,()=0,,; m=x,y; i=12,.,N (12)

It rA=1 (n i *MNex » then the set of linear algebraic equations (11) must be solved, what
increases computational time considerably.

Two numerical simulations, shown in Fig.1a,b, represent dynamical developments of the
droplet shape from two different arbitrary initial shapes. These shapes are generated
artificially, by randomly distributed perturbations in selected points joined by lines. As one
can see, random initial perturbations can lead to very different states. Final shapes show that
both 2-spike and 3-spike configurations can exist in time intervals, which are longer than the
characteristic transition time. In both cases N=350 marker points for boundary discretisation
are taken, =25 and magnetic Bond number Bm=200. These simulations are extremely CPU-
time expensive since require sufficient refinement of a discrete representation of the
boundary. Numerical simulations clearly show that in 2D after maybe quite long evolution to
final state the 2-spike configuration is realised in high-frequency rotating field. This
conclusion from the results of a numerical simulation is in correspondence with the
conclusions drawn in [4] on a basis of purely energetical grounds: whatever is the magnetic
Bond number 2-spike configuration always corresponds to the lowest energy. From our
simulation results it follows that 3-spike configurations can be observed as quite long-living
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transient states (see Fig.lb). In that connection the question arises are 3 and more spike
configurations existing as possible 2D equilibrium figures in high-frequency rotating fields.
To check it numerically we have done numerical simulations from symmetric initial states. In
that case we can hope to obtain the metastables states with higher number of spikes than 2.
The results of numerical simulations shown on Fig.2 indeed confirm the existence of
metastable three spike-configuration. On Fig.2a starting from symmetric 3-spike shape at
Bm=45>Bm.” [2,4] the establishment of the figure of equilibriums with 3-spikes is
observed. The decrease of Bm below Bm.=37.5 causes slow evolution to 2-spike shape
(Fig. 2b). Thus as it has been already concluded from the energetical calculations the
numerical simulation of the dynamics of the droplet in high-frequency field show that the
ground state corresponds to 2-spike configuration. Configurations with higher number of
spikes can be obtained from very symmetric initial conditions. We must recognise that this
behaviour is quite distinct from 3D droplets [1], where observed number of spikes grows
proportionally to the square of the magnetic field strength. A 2D model can not describe the
behaviour of the droplet as observed in experiment and at present moment we believe that it
is caused by pure 2D properties of it. Main conclusion is that 3-spike shape of 2D droplet is
stable in high frequency magnetic field, because transition to 2-spike shape is suppressed by
the presence of an energy barrier. These results are in good agreement with the energy
minimum calculations, carried out in [4].

Concerning the behaviour of 2D droplets it seems quite interesting to study the
transitions with different number of spikes at decrease of the frequency of rotating field. In
the case arising oscillations can be large enough to cause the transition over energy barrier
from, for example, 3-spike configuration to 2-spike configuration. We presume to study this
interesting problem in future.

This work was supported by "Le Réseau Formation Recherche n°®90R0933 du Ministére
de 'Enseignement Superieur et de la Recherche" of France. Two of us (A.Cébers, S.Lacis) are
thankful to International Science Foundation for financial support of the research in terms of
long-time grants LBG000 and LJQ100.

References

[1] Bacri J.C., Cebers A.Q., Perzynski R. Behaviour of a magnetic fluid microdrop in a
rotating magnetic field // Phys.Rev.Lett. - 1994. - Vol.72, N17 - PP.2705-2708

[2] Cebers A.O., Lacis S. Magnetic fluid free surface instabilities in high frequency rotating
magnetic fields // Brazilian Journal of Physics - 1995. - Vol.25, N2 - PP.101-111

[3] Cebers A. // Magnitnaya Gidrodinamika (in Russ), 1986, N4, pp.3-10

[4] Bacri J.C., Cébers A., Lacis S., Perzynski R. Shapes of 2D magnetic fluid droplets in a
rotating magnetic field // Magnitnaya Gidrodinamika (to appear)

[5] Bacri J.C., Cébers A., Lacis S., Perzynski R. Dynamics of the magnetic fluid droplet in
rotating field / J. Magn. Magn. Mater. (to appear)

[6] Pozrikidis C. Boundary Integrals and Singularity Methods for Linearized Viscous Flow -
Cembridge University Press - 1992. - P.260

[7] Ladyzhenskaya O.A. The Mathematical Theory of Viscous Incompressible Flow - Gordon
& Breach - 1969.

Captions

122



Chapter 4: included paper

Fig.1. Numerical simulation started from perturbed state, leading to 2-spike and 3-spike
shapes.

Fig.2. Numerical simulation started from symmetric 3-spike shape.
a) stable 3-spike state (Bm>Bmc(3)),

b) transition of 3-spike shape to 2-spike shape (Bm<Bmc(3)),.
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Conclusions

1. The small perturbation linear analysis gives the number of lobes of the most unstable
mode in dependence on magnetic field strength. In the case of the potential flow in 2D
the number of lobes is proportional to the square of the magnetic field strength, in the
case of pure creeping flow it is directly proportional to the magnetic field. The last

relation is proved by the resuits of a numeric simulation.

2. The threshold value in respect to 2-lobe perturbation (4.4) for the magnetic Bond
number Bm turns out to be the absolute threshold in respect to any perturbation, what
is proved by BEM simulation (see Fig.2.7). If Bm is smaller than this absolute

threshold value, a droplet holds circular shape.

3. It is found that in 2D there are only two stable shapes: 2-spike shape and 3-spike one.
The 3-spike shape exists like metastable state, since 2-spike shape has less energy. The
decrease of a magnetic field below the turning point or, by a sufficiently high
perturbation the transition to 2-spike shape takes place. Evidently there exists no in 2D
metastable shapes with more than three spikes in a high-frequency rotating magnetic

field under assumptions used in the present work.

4. There 1s no the stable 4-spike shape found by numerical simulations. Evidently a shape
with four and more spikes is unstable in respect to splitting of the “body”, where

spikes comes together.
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Magnetic fluid droplet in low-

frequency rotating magnetic fields

The behaviour of a ferrofluid droplet in low frequency magnetic field [5%,63%]
have a similar character to one of the motion of bounded spheres in [9,57,101,102].
The essential difference obviously is that in the case of a droplet there is a fluid flow
inside the droplet and the surface tension effects are quite different from the bound
which exist between pair of magnetic holes (microspheres in ferrofluid) in

[57,101,102] or between pair of magnetic particles in [9].

In the low-frequency range the rotating field is given as

{HOX = H, coswt, (5.1)

H,y = H,sinor,
and the magnetic term in the surface forces formula (1.26) becomes essentially time-

dependent.

Thus the BEM method is used in such a way that at first the marker points,
which describe the boundary, are redistributed according to the actual local curvature
of the boundary contour. To prevent the too dense accumulation of marker points in
some local places and rarefaction of them in others, the limits of lover and higher
allowable curvatures for marker point distribution are given as input data for a
computer code. To solve time dependent free moving boundary problem, in every
discrete time instant the magnetic field is calculated according to (2.12) and (2.15) by
the Gaussian elimination method. Obtained magnetic field components are
implemented in (1.26) to calculate a surface force, needed by (2.33) and (2.34). Once

the velocity field at the boundary is calculated, the position of the interface is
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advanced by Euler scheme. There are two mechanisms to control time step, initial
value of which is given by default. The first mechanism controls the shift of every
marker point so that it does not exceed the a priori given limit, and time step is
adjusted to satisfy this requirement. The second mechanism controls the time step in
such a way that the shift of every marker point exceeds no 20% of distance to the
nearest neighbour. The calculations performed at A#1 have shown that present
method, described in Chapter 2, works up to A=10, but this limiting value already is
critical to perturbation of the droplet shape at tips for a rotational motion. what

obviously is a numerical artefact.

The numerical simulation via BEM indicate two scenarios [5*] of the droplet’s
behaviour in dependence on a value of the magnetic Bond number Bm=(HO)2R/c.
These scenarios are based on the fact that the magnetic torque, acting to the droplet in
a magnetic field has some maximal value, which for fixed shape is frequency
independent. The friction torque, which is present due to the viscous stresses in
creeping flow around the droplet are proportional, in contrary, to the angular velocity
of the droplet’s rotation. In high-frequency rotating field, droplet could stay elongated
only if the magnetic Bond number has high enough value. Therefor there are two

scenarios [5%,63*]:
1. “Low-field” behaviour:

If the magnetic Bond number is less than the critical value Bm,, the droplet
can not stay elongated in the high-frequency rotating magnetic field; the
extension of a droplet in stationary configurations is diminishing with the
increase of the rotating field frequency, and the maximal phase lag value n/4 is
reached at infinite frequency. The rotation of the droplet’s shape in this case is
not identical to the quasi-solid rotation of the droplet. This shape movement is
caused by rather intrinsic flow inside the droplet, which is more like the

travelling wave propagation on the surface of fluid.

2. “High-field” behaviour:

For the magnetic Bond numbers larger than the critical one the maximal phase

lag (=m/4) is reached already at a finite critical frequency Qcg. If the field
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frequency Qy exceeds Qcg, the phase lag between the field and the droplet
increases more and more, exceeds the value /2, and the droplet moves toward
the field. Thus beyond the critical frequency the motion of the droplet starts to

be "jerky": the rotations alternates with stops and backward motions [5*].

The BEM simulation have proved that the shape of a droplet in the case of
steady motion is near to the elliptic one if the ratio of viscosities A=1,,/N=1. The two
different sets of equations of motion are derived in [5*,63*] and the sufficient
agreement with BEM simulation is found (see Fig.2 in [5*] and Fig.2 in [63*]). On
the basis of these equations the stability of the steady motion of a ferrofluid droplet in

subcritical frequency range is explained in [5*]. To illustrate the “high-field”

behaviour, in Fig.5.1 the time-averaged frequency Q of the droplet rotation is plotted
versus magnetic field frequency Q. The first part of the figure (Qu<Qcg) shows the
steady motion, when the droplet follows the rotation of a magnetic field. The shapes
of a droplet and the orientation of the magnetic field vector indicate how the phase lag
between the droplet orientation and the magnetic field direction increases and the
elongation of a droplet decreases as Qy approaches the critical frequency Qcg.
Beyond the critical frequency (Quy>Qcr) the motion of a droplet becomes “jerky”,
what is illustrated by the trajectories of the droplet’s tip. Increasing a field frequency
Qy, the oscillations of a droplet tip becomes more often but the oscillation amplitude

decreases.

What is the difference between the two sets of equations of motion [5*,63%]?
The first what should be mentioned is that the equations of motion in [5*] are
obtained in more approximate way than ones in [63*]. Nevertheless even such a

phenomenological approach have yielded rather good agreement.

The configuration of the elliptic droplet is described by its large semi-axis a and
the phase lag 3 of the large semi-axis with respect to the field direction (see Fig.1a in
[5*]). The First set is obtained by separation of the motion of the elliptical 2D droplet

in two processes [5*], as it is described below:

a’ | (p-1

- h? ~ h? (D(a)}
¢ 7‘:(}\.+P) 16 Bma[(a2+p)2 (a2p+1)zJ a* =1/ (5.2)
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o el )
¢=h.h, 87 (a2+p a2u+1Xa4+1)’

Here h, =cos$3, h, =sin 3, 3 being the phase lag between the instantaneous

(5.3)

direction of a field and the orientation of the major semi-axis of an elliptical shape of
a droplet. The definition of term ®(a) is given in [5*,63*] (both papers are included in

the present chapter).

The first process.is an extension-contraction motion caused by the surface
tension and the action of a magnetic field. The change rate of the total energy in this
process is balanced by an energy dissipation in the viscous flow inside and outside the
droplet. The energy dissipation inside the droplet is approximated by the
homogeneous extension-contraction motion, the energy dissipation outside is assumed
to be proportional to the one inside the droplet up to phenomenological parameter p
divided by the ratio of viscosities A. Thus from the energy balance [5*] the equation
(5.2) is obtained. To describe the second process, namely the droplet rotation, the
balance of the viscous and magnetic torques is considered. The friction torque of
viscous forces is determinated by a creeping flow around rotating rigid elliptic

cylinder [5*, 59], and it has to be balanced by a magnetic torque [5*] arriving at (5.3).

To derive the Second set

a= 24" X
n(a’ +1+2ka2)
(n—1) hZ h? ®(a) (5-4)
Bma 2 - 4 ,
16 (a2 + u)z (azpu—l)z a* _J
a* +1
- Bm  (u-1)d’ 2a2a4_1+Xa4—1) s.5)

VP 8n (@ +p)a’n+l)  2a+r(@t+1)
the virial moment technique [25,42,41] is used to satisfy the dynamic boundary
conditions integrally [63*]. Fluid flow outside the droplet is treated exactly, applying
the 2D analogue of the Jeffrey solution [59], but inside is described in approximation
of constant velocity gradients. The main approximation is made integrally satisfying
the dynamic boundary conditions by virial moment technique. What is the difference

between the boundary conditions, which are satisfied integrally and exactly? The
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exactly satisfied boundary conditions should introduce some perturbation from an
elliptic shape of the droplet obtained by integrally satisfied boundary conditions. Thus
the other essential assumption about an elliptic shape of a droplet is related to the
approximation of the dynamic boundary conditions, which is used for both sets of
equations. Numerical simulation of droplet motion is carried out applying Runge-

Kutta 4th order algorithm for both First and Second sets.

The comparison of both sets displays that the equation (5.3) in the First set is to
obtain from (5.5) tending A to infinity. It is quite natural result since the equation (5.3)
is obtained from rigid ellipse rotation. Substitution of the phenomenological

parameter p in (5.2) with the following expression

a*+1 a’ (1]2
— =— 4+0|| = 5.6
P=5a ™5 [a ( )

arrives at equation (5.5). The conclusion could be drawn that the First set of equations

is some simplification of the Second set in the case of very viscous droplet.

The answer to the question, how good is the approximation of the shape of a droplet
by an ellipse, could be obtained by a BEM simulation. In the case of A=1, the
juxtaposition of a BEM simulation with results of the First and the Second sets of
equations of motion are given in Fig.5.2. The comparison of all three series of shapes

shows that:

1. The agreement between the “Second set” and BEM simulation is very good up to
t=6.07, when the perturbations from an elliptic shape develops for a droplet, as it is

displayed by a BEM simulation.

2. The shape of a droplet obtained by the “First set” is not sufficiently good at t=6.07,
the difference is already present at t=4.41, because it is not possible to account for a

shear flow inside a droplet by the equations of the First set.

3. After t=8.39 the shape of a free droplet is different in comparison with an elliptic
one and hence both sets of equations of motion are inadequate to describe such a

motion.

Thus, it is proved that equations of motion could be used with good accuracy

only if the shape of the droplet is close to an elliptic one. Other detail to discuss is the
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range of A, the ratio of viscosities, for which requirement about near elliptic shape is
fulfilled. Even in Fig.5.2 at t=4.41 the free droplet (BEM simulation) exhibits the
tendency to bending. A more explicit phenomenon is shown in Fig.5.3 where the
shapes of the droplet in the case of a periodic rotation at the ratio of viscosities A=5
are presented. Here magnetic field characteristics Bm=105, u=5 are chosen to have a
moderate elongation of a droplet. The field rotation frequency 2,=0.8 is slightly
larger than critical frequency, thus the time interval during which the droplet
unsuccessfully tries to foilow the field as well as the backward motion is longer than

for higher frequencies. The time-averaged frequency of a droplet’s rotation is

Q=028. It means that the droplet is exposed a time long enough to the
perpendicular magnetic field. The behaviour of the droplet during time intervals
t=13..15 and t=19.5..22 displays bending instability in the magnetic field which is
orientated approximately perpendicular to its major dimension. How bending
instability appears here? At time moment t~12, for example, magnetic field is near to
perpendicular direction and by the shear stresses both tips of the droplet is already
slightly “twisted”. Obviously droplet is unstable with respect to the bending instability
in the perpendicular field and if some initial perturbation is present, the time interval
At=3 is sufficient to cause such a large effect as it appears from t=11.78 to t=15.00.
The next question is what is the role of the A value in this instability? In Fig.5.4 the
similar results for A=1 are shown, leaving others parameters unchanged. The
comparison with Fig.5.3 proves that at the smaller viscosity of the droplet, the shear
flow inside it plays more important role. Thus, rather intrinsic transitions at t=9 and
t~16 take place. The nature of these transitions is not yet well studied and it could be
the subject of further research but nevertheless, it is obvious that the more viscous
droplet of Fig.5.3 exhibits tendency to bend instead of changing shape by the way of a
shear flow, because the bending flow requires less energy dissipation inside the
viscous droplet. Another phenomena in Fig.5.4 which causes interest is the transition
to steady motion with constant phase lag and constant elongation (5/a=3.88) at the end
of simulation (t=30..42). This last difference in the behaviour of a droplet at A=1 and
A=5 is evidently the same what is mentioned in [5*]: moderate values of A causes
stabilisation of droplet configurations if the phase lag 3 is slightly greater than the

critical value 7/4, but an increase of A causes the loss of stability. In present case it
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means that for A=5 droplet can not follow a field rotation. At A=1 the transition of a
droplet finishes with the steady motion of it. The droplet follows the field rotation

with a constant phase lag (see Fig.5.4).
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Figure 5.1. Droplet rotation: the time-averaged
frequency of a droplet’s rotation versus
the frequency of a magnetic field
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Figure 5.4. Transition to steady state
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Abstract

The response of a magnetic fluid microdrop to a rotating magnetic field is studied numerically in 2D by the boundary
element method (BEM), On increasing field frequency, the motion of the droplet goes through a transition from a state
where the droplet follows the magnetic field with a constant phase lag to a state where the phase lag increases in a series of
kinks when the field frequency passes the critical one. The equations of the droplet motion are derived analytically and good

agreement with the BEM is obtained.

I'is well known that for a rigid magnetic dipole there is
a critical angular velocity of the rotating field below which
the rotation of particle and field are synchronized [1).
Similar phenomena are observed for a bound pair of soft
magnetic particles [2,3]. The interplay between magnetic
and viscous forces leads to various modes of motion,
which in Refs. [2,3] are classified as (1) steady-state
rotations; (2) ‘jerky' (rotations with stops and backward
motions); and (3) localized oscillations.  Transitions  be-
tween these modes are well described by a single non-lin-
ear equation and depend on the frequency and amplitude
of the rotating field, the fluid viscosity and the magnetic
susceptibility, [t is found both experimentally and numeri-
cally [3] that for a pair of free spheres phase locking takes
place in an elliptical polarized field 72/le = [/2, 1/4,
etc, where [ is tbe average angular frequency of the
pair-rotation and fl, is the angular frequency of the
magnetic field rotation. The magnetic fluid (MF) micro-
droplet in the rotating magnetic field includes a wide
variety of very complex phenomena in the high-frequency
range [4]. In the [ow-frequency range, an elongated droplet
rotates with magnetic field frequency, with the surface
tension playing an equivalent role to that of the soft
binding in a pair of magnetic spheres.

The scope of the present paper is the behaviour of the
MF droplet in the intermediate frequency range of a
rotating magnetic field, studied by a numerical simulation.
In the two-dimensional (2D) case, we apply the boundary
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integral equation technique (BEM: the boundary element
method) considered previously in Refs. [5,6]. We assume
that the magnetic permeability is constant (JL = canst), and
that gravity and inertia forces are negligible due to the
very small size of the droplet. Hence the effective surface
forces have only the following normal component:

Here a is the surface tension, R is the local curvature
radius. and 1J. is the magnetic permeability of the MF.
Both the normal and tangential components H, H, of the
magnetic  field strength on the boundary are found as
solutions of the corresponding boundary integral equations

[5I:

Zn., i 211y, ily 1 QL)
Hnl,,= ---- +———= ———
(JL+ 1) iln (JL+ 1) o mo (L + 1)
dr
XCHn(l) LK. 1) = 2
L VX, +v;
9y ’ ’éH_OX___af,_ _2 n., ly___I_EJ.L - )
' @L+ 1) il @+ Dt o @ 1)
dr
XEH,MOF K, ) ©)
i [X; +yi
cX(YY)AYL(EX)
K(r,n)=

(v -Yr+(x' xIr-

Calculated field components are used for effective surface
forces (I). The surface motion is calculated using the
potential theorv of viscous flow, described in Refs. [7,8].
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The corresponding boundary integral equation for the ve-
locity v of the fluid on the boundary of the droplet in 20
is

an(Tlex  + 1)n)

where

X=x" -X.

T) stands for viscosity, the subscripts’ in' denotes the MF
droplet and' ex' the surrounding fluid. In the present paper
only the results obtained by BEM for the case of equal
viscosities (77in = 7/e,) are presented. In this case Eq. (4)
simplifies to

The boundary contour is approximated by a finite
number of marker points connected together by interpolat-
ing cubic spline functions. As in Ref. [61, the distance of
marker points separation is proportional to the local radius

of curvature within limits which prevent the absence of
points at places on the contour with small curvature. This
non-equidistant  distribution of marker points gives a better
accuracy at droplet tips where the contour curvature is
larger.

The approximation technique for Egs. (2), (3). (5).
described in detail in Refs. [5,9J, is based on linear interpo-
lation of the corresponding unknowns (FIn' HI' r) be-
tween marker points along the droplet contour and applica-
tion of the Galerkin method. The singularities are sub-
tracted and integrated analytically. The first and second
derivatives along the boundary contour (x t X1r )1 .1'1)
are calculated by differentiating the corresponding cubic
spline functions. For a rotating field we have Hgyx =
Hg cos fl, 1, Hol' =Hg sin fl, 1. The sets of linear alge-
braic equations, obtained for Egs. (2), (3) are solved using
Gaussian eliminalion The approximation of (5) leads to a
sum. In each time step, magnetic field components are
calculated and applied for the surface movement velocity
calculation. Once the velocity has been calculated. the
position of the interface is advanced using an explicit
Euler method. After each time step the droplet dimensions
are rescaled to improve the volume conservation.

Further in this paper, a dimensionless form for physical
parameters and geometric dimensions of droplet is used.
The external field strength Hp, the surface tension a, the
external fluid viscosity 1)ex and the unperturbed droplet
(i.e. circle) radius R are chosen as characteristic values.
Physical processes are characterized by the magnetic Bond
number B, =H(-R/ a, the surface energy of a circular 20
droplet per unit length of a cylinder E; =21RcC. the
characteristic  time interval for droplet motion T = 7 R/ «

y
{IrOnt !
. o g
/1.7 \
- .
*tn ‘
~ n NAW
(@) (b)
Fig. 1. (@ The orientation of a droplet with respect to the magnetic field and laboratorv coordinates. (h) The wave-like perturbation

propagation.
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and the ratio of viscosities A= 1,,/7,,. So we have
dimensionless coordinates ¥ =x/R, ¥=y/R, a dimen-
sionless velocity & = ¢7/R, a dimensionless magnetic field
H=H/H,, a dimensionless frequency of field rotation
0 = 0+ and a dimensionless time 7 = /7. All the further
formulae are written in a dimensionless form dropping the
tilde; in special cases the dimensional form is denoted by a
circumflex (7).

The behaviour of the MF droplet in a rotating magnetic
field can be understood on the basis of a simple model,
derived under the assumption of an elliptical shape of the
2D droplet. The configuration of the elliptical droplet is
described by its large semi-axis @ = d /R and the phase lag
U of the large semi-axis with respect to the field direction
(see Fig. 1(a)). Let us separate the motion of the elliptical
2D droplet into two processes. The first is an extension—
contraction motion caused by the surface tension and the
magnetic field. acting on the droplet in a direction determi-
nated by the phase lag 9. The total energy (magnetic plus
surface contributions) of the elliptic 2D droplet [9] is, with
respect to the field direction (in a dimensionless form),

£ 2aE(e)

w—1 a’+1 a’+ 1 ,
B | — cos? 9+ ——sin? 9,

16 a + u au+ 1
(6)

where
E(e)=f2ﬂ\,r’1 = (e sin x)2 dx
n

is the complete elliptic integral of the first kind. e? =1 —
b*/a’.

In this process. the total energy changes are balanced
by an energy dissipation in the viscous flow inside and
outside the droplet:

... dE  dE,
E=EptEo= ==

(N

The energy dissipation inside the droplet is approximated
as an homogeneous extension—contraction motion (¢, =
x'a/a, v.= —y'a/a, see Fig. 1(a) for +', v'). It gives

E,=—2Ma/a). (8)

For the energy dissipation outside the droplet the following
approximation is used:

E.= —2p(d/a)’, 9)

where p is some phenomenological parameter of the model.
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Collecting Eqs. (6)—(9) together, we obtain the droplet
motion equation for large semi-axis a:

o a’ (n—1) cos” 9
Trarp | @y
B sin- @ |- (fj(a) ‘ (10)
(pa®+1)° a —1
®(a) = ((a’ + 1)E(e) ~ 2K(e)),

where

K(e) =f02ﬂl/\/] — (e sin x): dx

is the complete elliptic integral of the second kind.

The second process is the droplet rotation, character-
ized by the balance of the viscous and magnetic torques
(N, + N, =0). The viscous forces are determinated by a
creeping flow around the rotating elliptic cylinder, which
could be derived using the method described for a general
ellipsoid in Ref. [10], modifying this method for the case
of 2D. The obtained viscous torque (the dimensional z-
component, per unit length of a cylinder) is

Ny = =2, 2(4& +b%). (11)

It has to be balanced by a magnetic torque
sin mai)(”_ 1)’(a* - b%)
8 (a+ub)(an+b)y
(12)

The angular frequency of an ellipse rotation in laboratory
coordinates is (see Fig. 1(a) for the definitions of ¢,. ¢;,)

N, = [ 81 8% H = i3
)

O=¢,=¢,y—0=1,-9. (13)

Collecting together Egs. (11)-(13) we obtain the dimen-
sionless droplet motion equation for the phase lag 9:

d=14, -0, sin29. (14)
where

B, w—1Ya(a*-1)
0 - ( (

Toem (at+p)(apn+1)(at+ 1)

At low magnetic field rotation frequencies (2,,. the MF
droplet rotates uniformly with a frequency equal to that of
the field. Steady-state rotations are studied using both the
BEM and the simple model. and the results for A= 1 are
shown in Fig. 2 in coordinates (x’, y') which rotate to-
gether with the magnetic field so that the y'-axis is pointed
in the field direction (see Fig. 1(a)). A typical number of
marker points for BEM calculations is ¥ = 200. For the
simple model simulations, the value p=1 is used. The
solid curve in Fig. 2 represents the positions of the elliptic
droplet tips for a continuously varying frequency (2. The
end of the large semi-axis with coordinates x/, = a sin ¥,
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Fig. 2. (a),(b) Steady-state configurations of a MF droplet in a rotating field. (c) Paths leading to the steady state. Results for different field
rotation frequencies. Thick solid lines and triangles: simple motion model: dotted lines and crosses: BEM: dashed line in (a). (h): unstable
simple model configurations. In (c) thin solid lines are simple model paths to steady state. initial state is given by solid circles: dashed lines
are paths calculated by BEM.

y~=a cos {J is taken as the tip. In Fig. 2(a),(b) the solid droplet is taken as the tip of the droplet, and the phase lag
curve is continued by a dashed one. which corresponds to is calculated for this point. The comparison between the
the unstable simple model configurations. Triangles show BEM calculations and the simple motion equations calcu-
the stable configurations at definite frequencies J2j{' The lation shows a fairly good agreement. Discrepancies could
steady-state  configurations obtained by the BEM at defi- be explained by two causes. The first is that the shape of a
nite frequencies {H are shown by crosses, the pointed droplet in BEM calculations (see also Fig. 3) has more
curve represents the interpolation of these results for a rounded tips, and hence the droplet has a smaller exten-
continuously ~ varying frequency [lI' In the case of the sion. The second is that the simple model does not account
BEM the most extended point from the centre of the for the wave-like perturbation propagation on the free

- = f  Be~cv

0.0 ul 441 6.07 8.39 10.90 12,93 14.07 1621

I I
| a

C~ O O_~~ T

Fig. 3. Series of droplet shapes at fixed time moments for transient motion in laboratory coordinates. The upper series is for the BEM. the
lower for the simple model simulation. Dashed arrows represent the field direction: the length of arrow is 3R.
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surface, caused by asymmetric stresses (see Fig. 1(b)). At
fow values of the elliptic extension (a < 2) these stresses
cause a motion of the droplet surface which dominates
over the pure rotational motion. Thus the simple model
simulation shows the lack of stable configurations (Fig.
2(a)) for large field rotation frequencies when a is small.

Two different types of steady-state behaviour are ob-
served (see Fig. 2(a),(b)) depending on the magnetic field
strength. These two types are separated by the critical
value of the magnetic Bond number, which turns out to be
the threshold value of the instability of a 2D droplet in a
high-frequency rotating field with respect to the elliptical
deformations [9]: B_ =6mw(pu+1)2/(pn— 1 If the
magnetic Bond number is less than the critical one (an =
28.14, u = 15), the extension of the droplet in stationary
configurations is diminishing with increase of the rotating
field frequency. and the maximal phase lag value /4 is
reached at infinite frequency as it is shown in Fig. 2(a).
For the magnetic Bond numbers larger than the critical one
the maximal phase lag (= /4) is reached already at a
finite critical frequency (2., (Fig. 2(b)). Phase portraits of
the system are presented in Fig. 2(c). they are in accor-
dance with the BEM simulation. As one can see, the
dynamics of the droplet in the subcritical range of angular
frequencies ({2, < (2_) is characterized by the existence
of a stable focus, whatever are the initial conditions. In the
case of anticlockwise field rotation, the tip of the droplet
near the focus rotates clockwise in coordinates (x'. y').
The imaginary part of the perturbation decrement when
£, is approached is increasing in comparison with the
real part. thus causing the rise of the droplet tip rotation
around the focus.

In Fig. 3 a transient droplet rotation is shown by a
series of droplet shapes and corresponding field orienta-
tions. One can see that there is a fair agreement between
the simple model and the BEM for large droplet extensions
and some discrepancies for small ones. If B, > B, then
for large field rotation frequencies ({£2,, > {2_) the motion
of the droplet turns out to be jerky and just similarly to the
case of the two bound spheres [2,3] it can be characterized
as rotation with stops and backward motions. The jerky
rotation of the droplet could be described by average
angular frequency £2. Fixing the value of a (A> 1, or
2, > (1), the integration of the droplet motion equa-
tions gives [3]

N=0,-\N2-02. 15
H™ Vi°H c

The value of a could be obtained from the non-linear
equation (10) by a=10. The results of simple model
simulation are shown in Fig. 4 for two different magnetic
Bond number values { B, = 30. B, = 50). As one can see.
the critical frequency increases with the increase of B,
Another important conclusion could be drawn about the
dependence of the critical frequency on A: finite values of
A cause stabilization of droplet configurations if the phase
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Fig. 4. Plot of the average angular frequency of the droplet
rotation versus the field rotation frequency. A =< corresponds to
the analytical solution for fixed a.

lag 9 is slightly greater than the critical value /4.
Increasing A (the viscosity of the droplet), the critical
frequency decreases and tends to its analvtical value (2
(14). This effect could be explained by the small perturba-
tions from the steady-state configuration a,, &,. Denoting
the right part functions in Eqgs. (10). (14) by g(a, 9).
respectively. /ii(a. 9), the perturbation amplitude depends
on time as exp((g, + h1y)1/2), where g, =dg/da, hy=
dh/ad at a,. 9, Beyond w/4, Iy > 0. thus the stability
criterion is g, < —h,. From Eq. (10) it follows that
g, a 1 /(A + p), hence obviously an increase of A causes
the loss of stability.

Test simulations show that in the case of an elliptic
polarized rotating magnetic field, phase locking is found
like in Ref. [3].
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The equations of motion of the 2D elliptic magnetic fluid
droplet in rotating field
S.Lacis
Latvia University, Fac. Phys. Math., Raina boul. 19, Riga, LV-1586, Latvia;
Latvian Academy of Sciences, Institute of Physics, Salaspils-1, LV-2169, Latvia

Abstract: Equations of motion for 2D magnetic fluid droplet in low-
frequency rotating field are derived under the assumption of its elliptic
shape. Fluid flow outside the droplet is treated exactly, but inside is
described in approximation of constant velocity gradients. Dynamic
boundary conditions are satisfied integrally by virial moment
technique. Numerical simulation of droplet motion is carried out
applying Runge-Kutta 4th order algorithm. Juxtaposing with the
numerical simulation results of the droplet motion in low-frequency
rotating field by boundary integral equation technique good
accordance is confirmed.

It is well-known that for rigid magnetic dipole there is a critical angular
velocity of the rotating field below which the rotation of particle and field are
synchronized [1]. Similar phenomena are observed for a bound pair of soft magnetic
particles [2,3]. The behavior of the magnetic fluid (MF) microdroplet in the rotating
magnetic field includes a wide variety of very complex phenomena in the high-
frequency range [4].

The scope of the present paper is to derive simple equations of motion for 2D
MF droplet under assumption of its elliptic shape. Simple equations describing the
behavior of 2D elliptic droplet in rotating field are considered previously in [7] and by
comparison with the numerical simulation data it has been found that near the critical
frequency of the locking of the field and droplet rotation quite large discrepancies
exist. Here a new set of equations is proposed taking into account shear flow inside
and outside the droplet. For that exact solution of 2D Stokes equations for the velocity
distribution outside the droplet with homogeneous deformation rate is found. As result
much better agreement with the numerical simulation data on basis of boundary
integral equations method (BEM) is found.

A small size of microdroplet and relatively small characteristic velocities of
flow allows to neglect inertia and gravity terms, concentrating on surface tension and
magnetic forces on the surface of the droplet. Hence the dynamics of a free surface of
a droplet can be described in the framework of the creeping flow. Elliptic
incompressible MF droplet is completely determined by the length of its large
semiaxis a and the angle o of its orientation with respect to X;,,-axis of the laboratory
frame (see Fig.1). Arbitrary viscosities of fluids inside and outside the droplet are
considered.

Governing equations for a fluid flow inside the droplet under the assumptions,
mentioned above, are;

o ( w Pl zj 8o,
— n __—H + ik :O, 1
Ox; P 8n ox, ()
divv =0, (2)

where pis pressure and o;, is viscous stress tensor:
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«I T 118V +8vh 3)
(0)¢ Ox;
Here v is a velocity of a fluid and 1l its viscosity. Here and further superscript ‘ex'
stays for the domain outside the droplet and 'in' for the domain inside it.
To derive equations of motion, the virial technique [5] is applied. For that
equation (I) is multiplied by xj and integrated over domain sio (see Fig.l). Obtained
virial moments are:

Vi} = -nixj(pill - 211 Hjdl +bijor(ll _ 21 HYAS +
L 81t sin 81t
(4)
:I.nkx jeri~dl - ra~'dS =4
L sin
The boundary conditions on a droplet surface are
vh=v o orfiizan
()

pillealll = pery e 2n(MY2 R c
where subscript 'n' denotes normal component but subscript 1 tangential one, Rg:

local contour curvature radius, a: surface tension. nis an external normal. Accounting
due to the continuity of tangential stresses for

(6)
one can obtain
ni(P™ - pi”+~8n H2) * nk\gikin— cri Y-
ni (mcr.,“ +a.” +21t(Mn)2 caliyn+d- 1H2) + nk forik - O%) = (7)

. 1
0y 20tovn Y - @ div n + =8 T H
Applying boundary conditions to expression (4) the virial moment transforms to

Vy = -~ xjn; p"dl + ljn; (2n(Mn y +=8-1H)dl - o- Xjnj div ndl +
I L 1t L

(8)
thinker:k &Y lijsint p * - TS MGy il

To conserve elliptic shape of the droplet a flow inside the droplet is approximated by
constant gradients Yi of velocity field

Vizy ikxi , (€)]
what leads to constant pressure inside the droplet:
pill = p;" . (10)

A magnetic field inside elliptic cylinder with constant magnetic permeability ).11s
constant:

M= H +H = H (axh):+H (azh): (11)
Q h R g4) o )G+
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Here H,, H, are magnetic field intensity components in instant directions of axes a,b
of the ellipse (see Fig.1).

For the calculation of the virial moment external stresses on the boundary of
droplet are needed. A creeping flow outside the droplet is treated exactly [6], using
harmonic functions Q(x, y), ®(x, y):

® 2 2 0
Q(x, y) = IF'(&{GZZ £ . Jd& +FE) O y)=xy [REXE,

(12)
F'€)=RE) =1/ /@ +e)p" +¢). AQ=0, AD =0
2 2
Here p is a positive root of the equation — + 2y =1. Flow velocity and
a+p b +p

pressure can be described in terms of harmonic functions Q(x, y), ®(x, y) (subscripts
X,y of harmonic functions denote partial derivatives):

v =TO, - SO, + 4,(xQ, - Q)+ 4, (xQ, - Q, )+
Ay yQ, + A4, 1Q

v =TO, + SO, + 4, ,’xQ‘w +A4,XQ, (13)
4,2, -Q F 4,2, -Q,)

P =y + 0 (A Q + (A + 4,)02, + 4,0,

Values of constant coefficients T, S, Aj; are associated with definite flow. The values

of derivatives of harmonic functions on the droplet surface in the elliptic coordinates
x =ccoshacosf

. . (14)

y =csinhasinf

are

2 . ) a
D ,= ——m51nﬁ[2cos B- » +bj

2 ( 5 b ]

O  =————cosP| 2sin" -

+0 (a+b)h§C sP|2sin” P a+b

Asi

Qr0:4COSB’ y0: SlnB, Woz—izSinBCOSB!

” a+b . a+b S hy
QuoziZ( _COSZB)’ QWO:i?( b _Sin2Bj7

T hy\a+b T ok Na+b

Qo="Q, 0= %COSB(—?@Z +cos’ B(3a2 + bz))
Qo = %sin B(—a2 +cos’ B(a2 +3b’ ))

®,,, =-sinpoosp (a’ - cos’ p(5a’ + b7 )+ cos' BRa’ - 26" K,
Popo = —2(a3(2a +b)~cos’ B3a(a + b)(2a2 +ab+b’ )+

cos' B6a*(a + b)2 ~cos*B2(a+b)(a- b))/(hé3 (a+ b)z)
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here
W =a’ —(a2 —bz)cos2 B,
subscript 0 denotes function value on the surface (£=0).

Velocity of external flow, given by (13), on the surface of a droplet is equal to
velocity of a flow inside the droplet
v. =y _acosP+vy, bsin
« =V adcosBry,, . B (15)
v, =7 ,acosB+y bsinp
In order to express values of characteristic coefficients of external flow (13) by
velocity gradients v; inside the droplet both sides of the equation v”" =v* from
boundary conditions (5) are multiplied by 4 and the obtained equation is treated like

Fourier series. This procedure gives the following values:

wa+b), +b)(a® + b
T:a(T )(nyﬂ_w) 5= )(a4 ){”,

B (a+b)2yyy ~ a(byxy +(2a+b)y.m)
——— Aoy =~ 8 , 16)
b((a + 2b)yxy + ay_vx) (a " b)zy )
Ay = - 3 o 8 -

From incompressibility divv=0 it follows that y , =-y . Viscous stresses (3)

outside the droplet are

M (TD, —~SD,, + 4 xQ,,, + AxQ,, + Ay Y2, + A, yQ

xxy

(17)

ex __
v

M (TD,, + SO, + A3, + AxQ, + 4, YQ ., + 4,10,

Evaluation of integrals in (8) gives the following values for three necessary
combinations of virial moments:

— 2 H2 HZ
V -V :_Bm(ll 1) &2[ o 1 o 1 }_

. 16\ H @+p] H @+

. D(4) (&"H ]
a — T —+ A =0
1 ENSYE

o

ex
G o

~4
a p—

4

—12 7t - a ve | T
—Bm(u ) a Ai HO”];IO" + 1T, Y"” LE) (18)
8 (&2+p au+1) H, a:

j— 2 54
V. +V, =Bm (-1) a +1 Hoa];[Oh _
yo 8 (@ -+u)a’u+1) H

a'y, +v,
ﬂ:‘[h a—2+}\,(}’xy+'}’yx) :O

Vx,v - V_vx =

Here
®(a)= (@' +DE(e)-2K(e)) A=m, /.. d=a/R,
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/2

/2
where E(e)= Hl (e smx) dx and K(e)= l/wll—(e sin x) dx are the complete

elliptic integrals of first, resp., second kind, e* =1-a4’/b*, m,,, m,,: viscosities of

fluid inside, resp., outside the droplet, R = Jab : a radius of a circular drop shape. A
time scaling unitis 1, = Rn,, /o ,Bm = H.R/c : magnetic Bond number.

The large semi-axis a of an ellipse and the angle ¢ of its orientation (see Fig.1)
are chosen as system variables to characterize the state of an elliptic droplet. The
relation between rate of change of a,¢ and velocity gradients v; is established by

considering the evolution of an elliptic droplet during the time interval dr . In a
dimensionless form

~4
A ~ . va +a Y vx
A=aY u, Q=—"Fg— . (19)
a -1
Expressing v; from (18) and inserting in (19) one obtains the following motion
equations:

5e 2a* y
n(&4 +1+2m2)
(20)
w-0p JfH, 1 H 1 cD(&)}
16 o( +p) H; (ap.+1)2 a*-1
S H,,H,, Bm (“—1) a’ 2&2 at +7\. é —1) 1)

Hy 8n (@ +p)a’p+1) 24° +Xa +1)

Results of numerical simulation, applying Runge-Kutta 4th order algorithm are
shown on Fig.2. The main difference of results comparing with [7] is the following: if
a magnetic Bond number (Bm=15, Fig.2a) is below the critical value then critical field
frequency is equal to infinity like it is obtained by BEM simulations [7]. It means that
by field frequency tending to infinity droplet still follows the field and the reason of it
is that droplet extension diminishes and a shape of the droplet tends to unpertubed
one. This phenomenon is not observed using equations of motion, described in [7]. If
magnetic Bond number (Bm=30, Fig.2b) is beyond the critical value then critical
frequency exists exceeding which droplet can not follow the field because friction
forces on an extended droplet in a surrounding fluid are too large. Other evidence of
better agreement of the present motion equations with 2D BEM simulation [7] is
smaller difference between stable states calculated by both method (BEM and the
equations of motion derived here). Main improvement is achieved due to better
representation of the extensional motion of a droplet and due to accounting for
rotational motion caused by a shear flow inside the droplet. Results prove that the
present equations of motion could be used to simulate droplet behavior in a magnetic
field with sufficient accuracy. It is interesting to note in Fig.2b that unstable focuses
beyond critical frequency exist.

This work was supported by "Le Réseau Formation Recherche n°90R0933 du
Ministére de I'Enseignement Superieur et de la Recherche” of France and by
International Science Foundation in terms of long-time grant LBGO0O. Author is
grateful to Dr.J.C.Bacri, Dr.A.Cébers and Dr.R.Perzynski for helpful discussions.
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Captions

Figure 1 .

An elliptic 2D droplet in laboratory coordinates. Axis X,Y rotates synchronously with
magnetic field.

Figure 2

Stationary positions of the droplet tip for different field frequencies. Bm=15 :
magnetic field value below critical one, Bm=30 : magnetic field beyond critical value.
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Figure 1
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Conclusions

I. In low-frequency magnetic fields a ferrofluid droplet exhibits two kinds of a behaviour
in dependence on the applied magnetic field strength. The critical Bond number which
separates these two kinds of behaviour turns out to be approximately the same as the

threshold value with respect to 2-lobe perturbation in a high-frequency field.

2. At lower values of the viscosity of the droplet the critical frequency with respect to an
ability to follow a rotation of a magnetic field is slightly higher than for a rigid droplet.
The configurations of a droplet with the phase lag $ larger than n/4 are unstable for
large values of A, but moderate values of A cause the stabilising effect: there exist

steady states with 3 slightly larger than n/4 (Qy slightly smaller than Qcg).

3. The motion of 2D droplet could be described by a simple set of equations of motion,
given in the present chapter under the name “the Second” set. The use of this set is
limited by assumption of an elliptic shape of a droplet, what means that it is adapted
for moderate ratios of viscosities A~1 and the accuracy is better if higher values of the
magnetic Bond number are considered, since at low values the flow can not be
described by constant velocity gradients with a high accuracy. Beyond these limits the
equations could be still used to predict the common properties of the behaviour of a

droplet.

4. A 2D viscous droplet (A>5) exhibits a bending instability in the magnetic field
oriented perpendicular to the major dimension of a droplet. The significant bending
effect is observed in the case when droplet is exposed long enough to such a field, i.e.
if the field frequency slightly exceeds the critical one with respect to the ability to

follow the field. More detailed studies of this effect are highly desirable.

155



Chapter 6

Droplet in low-frequency elliptically
polarised field: mode locking and

Devil’s staircase

As it is shown in Chapter 5, the “jerky” motion of a ferrofluid droplet beyond
the critical frequency in a rotating field exhibits a “smooth” dependence on field
frequency Qy in the case of “high-field” (see Chapter 5) behaviour, if the polarisation

of a rotating field is circular and Q;>Qqg. By the “smooth” dependence on €y it is

understood that time-averaged angular frequency Q of a droplet rotation decreases
strongly as Qy increases (see Fig.5.1). The consequence of that “smoothness” is the

following: in a rotating field with circular polarisation there is no frequency locking
between Qy and Q . This observation is quite natural since there is just one frequency,
namely the frequency of droplet oscillations Qp=Qy-Q, which is present in such

rotation (see the trajectories in Fig.5.1). The frequency Q have mostly mathematical
sense in this case. The field frequency Qy excites rotation of droplet, the oscillations
appears by change of the phase lag 3 which depends not only on Q, but also on the
friction torque. The physical situation changes if the inertia effects are taken into
account: in such a case there is a frequency of a shape oscillations and hence an
eventual frequency locking may take place. In the case of microdroplets inertia plays
no role and all oscillations are damped during a fraction of a self-oscillation period

due to the viscous dissipation of the energy.

The frequency locking is the common phenomenon in systems with two

frequencies. The ferrofluid droplet behaviour could obtain a second frequency by an
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elliptically polarised field: it contains the pure rotational component, which is an
origin of the frequency Qp=Q,-Q, and the pure linearly oscillating component,
which has the frequency Qy [6*]. The characteristic property of the system like a
ferrofluid droplet is that the response to the oscillating field has frequency 2Qy. Thus,
the ferrofluid droplet in the elliptically polarised field possesses the necessary
requirement for a mode locking. The subject of the present chapter is to describe mode
locking for a ferrofluid droplet. Similar phenomena were already observed in
[57,101,102] for a pair of bounded non-magnetic spheres in a magnetic fluid (this
system 1is called “magnetic holes”). There mode locking ranges are found

experimentally and well described by a single nonlinear equation.

In fact, the mode locking is not a rare phenomenon, it appears in many Systems,
where at least two competing frequencies are present [16,80]. The simplest example is
the one observed in the 17th century by Christian Huyghens: two clocks hanging back
to back on the wall tend to synchronise their motion [16]. The two frequencies may
arise dynamically within the system itself or through the coupling of an oscillator to
external periodic force. There is usually some parameter, varying which the system
passes through regimes that are phase locked and regimes that are not. When systems
are phase locked the ratio between their frequencies is a rational number. The width of
the phase-locked intervals depends on the strength of a coupling. A typical example of
mode locking intervals is so called Devil’s staircase [16,80]. The Devil’s staircase
appears not only in dynamical systems, but also in long-range spatially periodic solid

structures.

Here only some examples, where a phase-locking takes place, are mentioned.
Thus key physiological systems, such as the cardiovascular, respiratory,
neuromuscular, and hormonal systems, display intrinsic oscillatory behaviour [53].
These systems interact with another and the outside environment. Moreover, there are
innumerable feedback loops acting to maintain physiological variables within normal
limits. Another example is the driven van der Pole oscillator [82]. It is one of the most
intensively studied systems in nonlinear dynamics. Van der Pole oscillator is
described by an equation, which in the 1920s was introduced as a model for a simple

vacuum tube oscillator circuit [80]. The well-known example is also the Belousov-
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Zabotinsky reaction. It is a complex chemical reaction with oscillatory character
[80,16]. The Rayleigh-Bénard hydrodynamic convection systems exhibit similar
properties [60].

Most of information about main properties could be obtained analysing very simple
dynamical systems, called circle maps [3,80], which are mappings in terms of an

angular variable 6, on the form

0,.=0,+Q-Kg@®,). (6.1)

The circle map is a discrete analogue of a differential equation

0=Q-Kg®, , (6.2)

written in the form

do=(Q-Kg@®,)). (6.4)
Here K and Q are constants and g is a periodic function, 6 and 0, are not the same due

to the different scaling. The winding number is defined as

W=limu, (6.5)

n—rx n

and it is studied in dependence on Q for different values of K. The comparison of

(6.5) with (6.3) shows that W is the ratio between time-averaged angular frequency of
the system (parameter 6) and the driving frequency Q.

If K>0, than mode-locking takes place and results in a diagram W versus €,
which owns the name “the devil’s staircase” due to its fractal properties [80], see
Fig.3 in [6*]. The function W versus Q at K=1 is called a complete devil’s staircase,
because all the range of Q completely covered by mode-locking intervals without any
overlapping. Consequently, at K<1, W versus Q is an incomplete devil’s staircase. In
the present case mode-locking means, that W is equal to a rational number in some
frequency range. In the case of an incomplete devil’s staircase between mode-locking

intervals exist values of €2, at which the W is irrational.

An irrational value of W indicates a quasiperiodic motion, which basically can
be thought of as a mixture of periodic motions of several different incommensurable

fundamental frequencies [80]

159



Chapter 6

The phase-locked oscillations are easy to find by numerical methods, since
mode-locking means that small perturbations, caused by numerical errors, lead to the
same mode and same winding number W. The quasiperiodic oscillation in present
case is not possible to detect by numerical methods, because it will be approximated

by the nearest phase-locked oscillation mode.

An interesting property of the devil’s staircase is that mode-locking intervals
correspond to a structure, called the Farey tree [74] as it is shown in [6*]. The
dependence of mode-locking on the control parameter K usually is illustrated by the
plot of mode-locking domains in phase diagram K versus Q. The mode-locking
domains in such diagram are shown by so-called Arnold’s tongues (see Fig.9 in [6*]).
The structure of the Arnold’s tongue is sketched in Fig.6.1 [26]. The domain of the
definite mode locking consists of the entire region between lines OA;, OAg. Below
the critical line K=1 the W is unique, above the critical line there are three important
lines: first the hyperbole-like curve with tip at D where a period doubling takes place
and the point D correspond to the lowest value of K for that. The period doubling in
this case does not change the value of the winding number, because the orbit changes
from P/Q to 2P/2Q, as it is illustrated by an example from the behaviour of ferrofluid
droplet in Fig.6.2. In this trajectory plot two doublets of period doubling are present. It
is typical, that above that hyperbola-like curve there is a complicate set of period
doublings. Second there are in Fig.6.1 two lines g, and gg, corresponding to the
neighbour tongues. Between these two lines the winding number W is still unique, but
overlapping with the neighbour tongue, for example, between OA; and g;, leads to

the effect that in this region it is possible to find a whole interval of winding numbers.

The period doubling scenarios and transition to a chaos are extremely interesting
phenomena, studies of them could explain the behaviour of a ferrofluid droplet in the
“X-region” in Fig.9 [6*]. Until now mostly the properties of the mode-locking domain
for subcritical values of control parameter is considered and summarised in [6*]. As
last, in Fig.6.3 and Fig.6.4 the one example of a motion, which could be chaotic, is
shown by the states at time moment, which correspond to the magnetic field
orientation along X-axis. Thus, these pictures correspond to the all time moments

t=n-j/Qq. Both figures are obtained performing calculation of time-averaged
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frequency of a droplet rotation. As result for every point in the diagram some value of
W is obtained. All together more than 100 different values are detected, in both
figures only the six mostly met are shown, the initial states of the rest are shown by
dots. Are they all really different? It is not sure, because if there is quasiperiodic
motion, or motion which is near quasiperiodic, even during rather long time intervals,
essentially different average frequencies could be observed. Here 2000 field periods
are taken for averaging of every point. The parameters Bm=50; m=15, 1=5, Q4=0.35,
g=0.3 already correspond to the X-region in [6*]. It is obvious that even in the
zoomed area (see Fig.6.4) there is no some concentration of one mode. Further
research of this phenomenon implementing calculation of Lyapunov exponents [1]
should give sure answer about the character of the behaviour of a ferrofluid droplet in

an elliptic field if parameters match the X-region.
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Figure 6.1. Anatomy of an Arnold tongue as explained in the text
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65 Bm=>50, p=15, A=5, Q,~0.37

1:4 (4:16)
2,=4.0636

a=1.1274

Figure 6.2. The second period doubling:
a doublet of doubled trajectories
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Bm=50, A=5, u=15, Q,=0.35, y=0.3
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Figure 6.3. Map of the modes obtained from different
initial states in the laboratory coordinates
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J.C.Bacri, A.Cébers, S.Lacis, R.Perzynski

Mode locking and devil’s staircase for 2D ferrofluid

droplet in elliptically polarized rotating magnetic

field

Abstract. - Numerical studies reveal that dynamics of the magnetic fluid
droplet under the action of elliptically polarized rotating magnetic field
can be quite complicate including transition to chaotic behavior. On the
basis of the equations of motion derived by virial method devil's
staircase and its Farey tree structure for the time-averaged angular
velocity of the droplet in dependence on the angular velocity of
elliptically polarized field has been found. Considering mode locking
(Amold tongues) in dependence on magnetic Bond number multiple
basins of the attraction in different regions of the parameter space have
been established. By numerical simulations their fractal properties are
illustrated. Existence of the period doublings and transition to chaotic

behavior is also predicted.

A system with non-zero magnetic dipole moment in rotating magnetic field
tends to follow the field rotation, until at some critical frequency friction torque can
no more be balanced by magnetic torque [1]: “break-off” takes place and a rotation of
the droplet becomes "jerky". Similar phenomena are observed for a bound pair of non-
magnetic particles in a magnetic fluid [2,3]. The interplay between magnetic and
viscous forces leads to various modes of motion, classified as 1) steady-state
rotations; 2) rotations with stops and backward motions; and 3) localized oscillations.
Transitions between these modes are well described by a single nonlinear equation
and depend on the frequency and amplitude of the rotating field, the fluid viscosity

and the magnetic susceptibility. It is both experimentally and numerically found out
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[3] that for a pair of free spheres phase locking takes place in the elliptical polarized

field: ﬁ/QH =1/2, 1/4, etc., where Q is the average angular frequency of the pair
rotation, and Q, is the angular frequency of the magnetic field rotation. Recent
studies of a pair of rigid ferrofluid drops in a rotating magnetic field [4] display the
existence of a plateau for the frequency of a pair rotation at high-frequency range. The
chaotic motion of a compass [5] and a permanent magnet rotor [6] is already studied
in oscillating field accounting for inertia of a system since energy dissipation rate is
quite small in these two cases. The behavior of the magnetic fluid (MF) microdroplet
in the rotating magnetic field includes a wide variety of very complex phenomena in
the high-frequency range [7]. In low-frequency range the shape of droplet is close to a
general ellipsoid [7,8], but nevertheless the behavior even at low frequencies could be
rather complex, since a droplet has more degrees of freedom than rigid magnetic
dipole placed in a rotating field. One very important characteristic of such a system is
the extraordinary high rate of the energy dissipation due to the small size of droplets,
hence the inertia play no role.

In [9] we have studied numerically the response of a magnetic fluid microdrop
to a rotating magnetic field in 2D by the boundary element method (BEM). In the
low-frequency range, an elongated droplet rotates with magnetic field frequency.
Increasing field frequency, the motion of the droplet goes through a transition from a
state where the droplet follows the magnetic field with a constant phase lag to a state
where the phase lag increases in a series of kinks when the field frequency passes the
critical one. The equations of the droplet motion were derived analytically and good
agreement with BEM was obtained.

Two different types of steady-state behaviors were observed depending on the
magnetic field strength. These two types are separated by the critical value of the
magnetic Bond number, which turns out to be the threshold value of the instability of
a 2D droplet in a high-frequency rotating field with respect to the elliptical
deformations [10]:

Bm, =6x(u+1) /(u-1). (1)
At p=15 we have Bm=28.14.
1. “Low-field” behavior: If the magnetic Bond number is less than the critical one

(Bm_, =28.14, u=15), the extension of droplet in stationary configurations is
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diminishing with the increase of the rotating field frequency, and the maximal
phase lag value 1/4 is reached at infinite frequency.

2. “High-field” behavior: For the magnetic Bond numbers larger than the critical
one the maximal phase lag (= nt/4) is reached already at a finite critical frequency
Q..

It was shown in [9] by linear small perturbations analysis of differential equations for

a motion near the stable point that finite value of viscosity inside the droplet causes

stabilizing effect to the ability of droplet to follow the magnetic field rotation. It

results in time-averaged frequency jump from field frequency Qy to some smaller
value just after critical frequency Q. in the case of the “high-field” behavior.

Increasing ratio of viscosities A=n"/n* the critical frequency Q,, slightly decreases

and tends to its analytical value Q_ (see relation (14) further in the text).

Test simulations have shown [9] that in the case of elliptic polarized rotating

magnetic field phase locking takes place like in [3]. The phase locking and Devil’s

staircase in the phase plane Q/Q, versus Qy is the subject of our present studies
reported here.

For these studies improved (to compare with [9]) equations of motion, derived
in [11] are used. The new set of equations describes a 2D magnetic fluid droplet in
low-frequency rotating field under the assumption of elliptic shape and accounts for
shear flow inside the droplet. 2D Stokes flow outside the droplet is treated exactly, but
inside is described in approximation of constant velocity gradients. Dynamic
boundary conditions are satisfied integrally by virial moment technique. Arbitrary
viscosities of fluids inside and outside the droplet are considered. A small size of
microdroplet and relatively small characteristic velocities of flow allows to neglect
inertia and gravity terms, concentrating on surface tension and magnetic forces on the
surface of the droplet. Hence the dynamics of a free surface of a droplet can be
described in the framework of the creeping flow.

Elliptic incompressible MF droplet is completely determined by the length of
its large semi-axis a and the angle ¢ of its orientation with respect to X,,,-axis of the
laboratory frame (see Fig.1). To conserve elliptic shape of the droplet a flow inside

the droplet is approximated by constant gradients y, of velocity field

Vi=Yu Xi- (2)
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Thus the equations of motion [11] in non-dimensional form are

= X
@' +1+2'Ad)

(~-1)2Bma(H~; 1l 2 H~ 1 -
[ 16 Ho (@2 +1)  Ho (a2u+1; a-l

)

(4)

Here

cD(a)=~a4 +1)E(e)-2K(e)) A=IlilJllex' a=adim/R,
W2~

y
where E(e) = f~I-(e  sinxyd-r and K(e) = ﬂ/"’l'(e sinxYdx are the complete

0 (]

elliptic integrals of first, resp., second kind, e’ =1- b'/a’ , u: magnetic permeability,

Iin' 11e. - viscosities of fluid inside, resp., outside the droplet.

A radius of a circular drop R = J;;b and a time scaling unit r» = Rlles a are
used to obtain non-dimensional form of equations, the interplay of magnetic forces
and a surface tension is characterized by magnetic Bond number Bm = H~Ria.

Main improvement is achieved due to better representation of the extensional
motion of a droplet and due to accounting for rotational motion caused by a shear flow
inside the droplet. Results prove that the present equations of motion could be used to
simulate droplet behavior in a magnetic field with sufficient accuracy.

In the case of elliptic field polarization, instant external magnetic field
components are given by the following relations:

Hx(t)=Hoxcos(nHt, (5)

Hy () = HOY sin(n Ht).
We introduce parameter y to control magnetic field ellipticity, assuming Hgy ;::HOY:

n., = i+ | (6)

Hoy=Hoh,

_ H~x- H~y

= 2 2 (7)
Hox + Hov
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Advantage of such a definition is that mean square value for external field is fixed by

choice of H, whatever is the value of y, keeping constant effective magnetic Bond

number Bm = H2R/c:

H? = (Hyy cos(Qq1)) +(Hyy sin(Qyr)) = %(ng + Hyy )= H;. (8)
Hence elliptically polarized field is given by its “average” intensity H, and ellipticity
parameter y. For the physical interpretation of elliptical field polarization we can
divide the field in the pure rotational field H,,, the components are

{HXVM, (t)= Hoy/1 =7 cos(Q;1)

Hy o ()= Hy 1=y sin(Q,1) )
and a non-dimensional amplitude is h,,, = ﬂ , and the pure linear-oscillating field
H,,., the components are
{H = HoT7 17 ost2,)
Hy o (t)=0
and the non-dimensional amplitude is h__ = \/m - m . Increasing g from 0 to

1, the rotational field amplitude h,,, tends to 0, but the oscillating field amplitude h,

in contrary, increases from 0 to J2 .
The instant projections of external field intensity to directions of both axes of elliptic
droplet Hy,, Hgy,, implemented in equations (3), (4), are derived as

Hy(t)= H(t)cos@ + H,(1)sin @, (9)

Hy(1)=—H (r)sing + Hy(t)coso.
Here ¢ is the angle between the major semi-axis of a droplet and X-axis of the

laboratory coordinates. Let us introduce non-dimensional field components in

directions of semi-axes of the elliptic droplet 4, = H,,/H, and A, = H,,/ H, . Then
h = [1 +¢0s2¢ , cos2¢ +y(cosZ<pH + cos2(p)+
ﬂ sin 2@, sin 2<p]/2 ’
h = [1 —c052¢, cos2¢ + y(cos 20, ~ cos2¢)—

- , , (11)
NI sm2(pHsm2cp]/2

hh, = [—cos2<pH sin2¢ — v sin2¢@ + 1 -y’ sin2¢,, cos2(py2. (12)

Here ¢, = Q,t. In the case of circular field polarization (y=0) we have

(10)
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h2

o [1 +€0s2Q, cos2¢ +sin 2@, sin 2(p]/2 = cos’ (‘PH _ (p),
h§|y=0 = [1 —c0s2¢, cos 2@ —sin2¢,, sin 2(p]/2 = sinz((pH - (p),

hah,,[Y=O =[-cos2¢,, sin2¢ +sin2¢,, cos2¢ /2 =sin2(p , — 9)/2.
Hence the rigid droplet limit A—o0 in the case of circular field polarization is

analogous to bound pair of soft magnetic particles [2]:

¢ =Q,sin2(9, - 0), (13)
Q,=om (“_1)26_12(04_1) . (14)
“ l16m (az + anzp + IXa4 +1)

Time-averaged frequency Q of a droplet rotation is defined as

~ .17

Q=Tl£)noo%—J(pdt. (15)
An analytical integration for (13) gives the following expression for time-averaged
frequency:

Q=Q, -yQ, -Q . (16)

N.B.: the value of a is fixed, what corresponds either to “rigid droplet” approximation
A>>1 or “high-frequency” approximation 2;;>>€),. Tending Qy/Q,, to infinity we
arrive at approximation for “very high” frequencies:

Q~——, 17
o (17)

In [4] it is reported that after a jerky regime, the frequency of the pair rotation reaches
a plateau independent of Q. Hence in really high frequencies (Q/Q.>>10) present
approximations could be to rough to describe the behavior of the droplet, account for
effects like internal rotation could be necessary.

The elongation of a droplet depends on the intensity of applied magnetic field,

1.e. major semi-axis a could be obtained from equation (4) at constraint ¢ = 0:

R N U & ,
32 Bma[(a2+p)z (a2p+l)2] a' -1’ (18)

Curves of a versus Bm are plotted in Fig.2. Curves for different p values certificate

that influence of magnetic permeability to droplet extension could be very strong. In

dependence on magnetic permeability the instability in respect to elliptic shape
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perturbation beyond the magnetic field threshold has either the first order (1<10.71)
or the second order (1>10.71) transition properties [10].
Let us now discuss rigid droplet limit A—0 in the case of elliptic field polarization.

Equation (4) transforms to

¢ =ch[—COSZ(pHSinz(p—‘ysin2(p+\/1——y2 sin2@,, cos2¢ . (19)
Though multiplier QO is constant in the approximation of rigid droplet, analytical
integration of equation (19) in order to obtain Q is not possible due to strong

nonlinearity. Hence 4th order Runge-Kutta algorithm is applied to solve the system of

equations of motion (3),(4). Time-averaged frequency Q is obtained in the following
way: at first numerical algorithm is run some transition time T, in order to obtain from
1nitial perturbations free state, afterwards this state is taken as initial one for numerical

algorithm. After N field revolutions winding number [12]

T,+2aN/Qy

. Py —0y
w, = —— df = =~ 2 20
NN _[(p 2nN ¢ )

T

is found. Increasing N, averaged frequency Q = w,Q,, could be found with arbitrary
accuracy, of course, truncation errors as well as accuracy of Runge-Kutta algorithm
should be taken into account. In Fig.3a the winding number w, = Q/Q,, is plotted
versus field frequency Qy, Bm=50, n=15, A=5, y=0.15. The solid curve shows the
winding number w obtained increasing field frequency, the dashed one: decreasing it.
There is two new phenomena introduced by elliptic field polarization: mode locking
in certain frequency ranges and overlapping of modes. The first two rather wide mode
self-locking steps w;, and w,,, correspond to the frequency range in which circular
field has stabilization of droplet rotation with field frequency due to finite value of A.
The overlapping of both modes results in mode hysteresis: increasing field frequency
there is jump in phase plane from mode w,,; directly to mode w,,, passing over non-
existent modes with winding numbers between 1 and 0.5. Increasing further field
frequency, sequentially mode-locking w5, w,,, Wy take place. Here and further

ratios like p/q with integer p,q are used to denote frequency ratios
Wi =Q/Q, = p/q. Such a mode locking structure is called Devil’s staircase

[12,13]. Here we have degenerated Devil’s staircase since overlapping take place and

winding numbers between modes /1 and 1/2 are not present. The classical Devil’s
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staircase is fractal structure, where sequentially all ratios from Farey tree [12] are
present. Obviously degeneration could be eliminated, diminishing stabilization of
droplet’s rotation with field frequency, i.e. increasing A.

Another self-locking modes overlapping takes place for the field frequencies in range
about ;;=0.372..0.376 where exist modes w,,, for the increase of a frequency and
sequence of modes without detected mode-locking steps for the decrease of a
frequency. According to Devil’s staircase properties, in this last case mode-locking
intervals for frequency could exist, just the width of them are to small to detect by
frequency step AQ=0.0005.

In Fig.03b the frequency range Qu=[0.372..0.385] is plotted magnified to compare
with the Fig.3a. The left part of the plot is degenerated due to overlapping of modes
already mentioned above. The noisy character of the lower curve corresponding to the
increase of a field at frequencies about 0.374 could be caused either by not a
sufficiently long averaging time or by the presence of competing modes situated close
each another in the phase space. For frequencies larger than QQ;=0.377 the character of
the curve changes to the classical devil staircase [13], the winding numbers for mode-
locking intervals correspond very well to the construction of Farey tree [12,13] as it is
shown in Fig.3b above the plot of the winding number versus field frequency. One
can see quite well the self-similarity of the devil’s staircase in that frequency range.
The equation of motion (3),(4) show that the solution of them depends on five
parameters: Bm, u, A, y, Qy. Here we do not discuss influence of magnetic
permeability p on the solution, but it should be pointed out that p can not be

eliminated from equations of motion by including it in magnetic Bond number since
there are two terms like (a2 +un and (a2p+1 , containing both a and p. In the

present paper we focus on the case p=15 which corresponds to an intermediate value

of p, since special effects, caused by different choice of p are not yet observed.

The influence of Bm

In [9] it 1s already shown that behavior of ferrofluid droplet in circular rotating
magnetic field depends on Bond number Bm in such a way that two different
scenarios exist (already described above):

1. “low-field” behavior,
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2. "high~field" behavior.

Similar properties are inherit in the case of the elliptic field polarization. In FigA
mode-locking domains are plotted in phase plain Bm versus QH' One can clearly see
the field threshold, below which only one mode WI/I (droplet follows the field)
corresponding  to scenario 1. exist. Beyond the field (magnetic Bond number)
threshold mode-locking domains for different modes appear. Width of them do not
change essentially, increasing Bm, slope of boundaries is nearly constant.

We can point out main sequence of mode locking: wi, where q is an integer.
According to Farey tree law between two modes with winding numbers pl/gl and
p2/q2 there is an other mode (PI+P2)/(ql+CU).In present case it works good just for
second sequence, obtained from the main one, for example (1+1)/(2+3) gives 3/5. In
general every next sequence becomes more and more narrow and hence harder to
detect. If the width of the mode-locking plateau becomes smaller than a frequency
step for numerical algorithm, then we "do not see" that mode-locking at all. For the
frequency range from mode WI/3till infinity and Bm larger than 40 the behavior of a
mode-locking seems to be more less regular: mode-locking domain boundaries are
parallel with fixed slope, increasing g, a mode-locking wiq frequency-width
decreases. For lower frequencies rather wide overlapping domain take place for modes
Willand wll2' Between modes w2 and wzis we have observed frequency interval with
oscillations close to quasiperiodic ones (see further in text for definition of
quasiperiodicity), so for these modes overlapping exists no.

More complex behavior is for Bm just after the threshold till values about 34 and for
field frequencies Qpn between 0.32 and 0.36. This part of phase space is plotted in
"zoomed" area. Due to finite numerical methods, mode-locking domains was and waa
perhaps are not well detected. More accurate are plotted domains for locking with
winding numbers Will w12, w2/3and wa/s' Here for the point (QIFO.335, Bm=30.5) of
the phase space an overlapping for four modes take place. It is illustrated by
trajectories of the droplet's tip in the laboratory coordinates in Fig.5. Trajectories
show rather stable motion without any transitions. The "choice" of the mode, in which
a droplet self-locks, depends from initial conditions. To illustrate it in Fig.6 bassins of
attraction [14] are plotted. This map represents laboratory coordinates at initial (t=0)

moment, at which a magnetic field has only positive X-component according to (5).
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There are 4 bassins of attraction (domains of initial conditions) leading to mode w,
separated by the mode ws;5 on the diagram. Domains of initial conditions for mode 1/1
are concentrated near the corresponding Poincare sections at time moments
t,=n*n/C)yy. Interesting is the structure of the spiral tails of those domains, it, as well as
initial points for mode w,; exhibit fractal like properties, proved by the “zoom” of the
present picture, shown in Fig.7. In both diagrams mode w;, is shown by empty
circles, w,: by crosses, wyj;: by filled circles, and mode w5 by small “-” characters.
Main conclusion, which is drawn from both figures, is that the mode could be very
sensitive to the choice of initial conditions, from which it evolves. If the hole map of
initial conditions has fractal structure it should lead to a chaotic motion, since every
small perturbation leads to the transition to a different mode, and thus, to the loss of
the information about initial conditions. In the present case, periodical solutions for
equations of motion show that initial conditions which initiate periodical motion
without any perturbation, are placed in non-fractal regions of map, hence here just the
sensitivity for a transition to some definite mode for the certain ranges of initial
conditions is present.

Another quite important question is how the threshold for magnetic field behaves if
frequency is fixed but the ellipticity parameter y of the field polarization is increased
from zero. Fig.8 shows that increasing vy, the changes of the threshold value are near
negligible. It proves the choice of magnetic Bond number: it characterizes the field
threshold. Two curves in the Fig.8 stays for the increase of Bond number (solid curve)
and decrease of Bond number (dashed curve), shift between them displays the
presence of a hysteresis with a magnitude which corresponds quite well to the
hysteresis magnitude in the case of magnetic permeability like u=15 [10]. If y reaches
some limiting value, a droplet is locked by the oscillating component of the field and
the rotating component is too weak to cause droplet rotation. A tip of a droplet

provides located oscillations without any rotation.

The influence of ¥

In Fig.8 the influence of y is observed by mode-locking to wy,, i.e., the mode of
localized oscillations without rotation of the droplet. The critical value of y is about

¥=0.3..0.4 (Bm=30..140). That corresponds to the amplitude of pure rotating field
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h;,=0.84..0.77 and the amplitude of pure oscillating one h,,=0.30..0.55. So the limit
of y for rotation of a droplet increases rising the value of Bm. It displays that
increasing Bm, the rise of the magnetic torque turn out to be more significant than the
rise of the friction torque and the thus a droplet can perform full revolutions up to
slightly higher limit of y (see Fig.8).

The traditional representation for the mode-locking phenomena in dependence on
nonlinear coupling control parameter is so-called Amold’s tongue diagram [13,15]. In
Fig.9a the mode locking domains are plotted in the phase plane of the field ellipticity
parameter y versus the field frequency Qy for Bm=50, u=15, A=5. Two modes w,;
and wy,, predominates in the frequency range )y, without any overlapping. The space
between them is filled with Arnold’s tongues for other modes at y<0.275, the behavior
of a droplet for y>0.275 is the subject of our studies to be published elsewhere. The
boundaries of the domains w, and wy,, are rather smooth, except the single step with
some slope for the mode wy, at y about 0.275. This value, y=0.275, turns out to be
near the critical y, beyond which motion of a droplet becomes chaotic and Arnold’s
tongues loses their structure. In Fig.9b the region below y=0.3 is plotted in more
details for the same values of passive parameters (Bm=50, p=15, A=5). Here “Region
X” is that one, results about which we shall publish elsewhere, flat top boundaries of
tongues are not very realistic, detailed studies of them are related to the “Region X”
subject. In the Fig.9b one can see quite well the two sequences of mode-locking: the
main sequence as 1/q and the second one as 2/(2q+1), q: integer. Beyond wy, o the

113 (33

structure of tongues becomes too dense to show it, intervals are used to
substitute Wy, and Wyqq+1), @>10. The unique property of the present system is
overlapping for mode w,;,: even at y—>0 complete overlapping takes place for modes
w),; and w,,,. The mode-locking domain w,; at y about 0.27 and Q about 0.35 looks
curious but in fact that strange placement of it obviously should be explained by
common properties of Amold’s tongues in the case of the supercritical regime.
Throughout the work the value y=0.15 is used in the cases, when g is a “passive”

parameter (i.e., it is constant). This value, y=0.15, is regarded as a moderate value for

the field ellipticity control parameter.
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The influence of A

By increase of A the ratio of viscosities are changed. Here we discuss almost the case
A=5, what could be called the case of moderate viscosity of a ferrofluid, if we
compare with [7], where A~100. 2D simulation using the boundary element method
shows [16] that in the case of an arbitrary shape (without the constraint of the elliptic
shape) ferrofluid droplet displays bending instability for A>>1 and even for A=5. The
results of present studies nevertheless could be applied because for A=5 bending just
slightly eliminates effective extension of a droplet and thus causes a minor decrease of
a friction coefficient. General properties for droplet rotation still stay the same.

In the Fig.10 Arnold’s tongues are plotted in the phase plane A (log-scale) versus Qy.
The values of passive parameters are Bm=50, p=15, y=0.15. The overlapping of
modes wy;; and w,, is common phenomena up to A=115, for larger values of A modes
do not overlap. Overlapping for modes w,,, and w,; is present just up to A=1.5. In
general, increase of A makes mode-locking width smaller and thus tends to eliminate
overlapping. Nevertheless at A=100 the width of the mode w;, is still quite
commensurable with distances between this mode and neighbor ones, whether w;; or
w,;3. he second property of A is the shift of mode-locking frequencies into the
direction of a larger frequency, if A increases.

The character of that how the mode-locking width depends on A follows from general
mechanism of mode-locking for ferrofluid droplet in the elliptically polarized
magnetic field. The ellipticity of the field polarization, in fact, is the key-parameter for
mode-locking phenomena in for the present problem. Since inertia plays no any role
for oscillations of the droplet due to the small size of it, there must be two oscillatory
motions to have mode-locking. One oscillation frequency quite naturally is
maintained by rotational component of the magnetic field H,,. Other one is
mtroduced into the motion of the droplet by pure oscillatory field Hy,.. The sketch of
the mechanism of mode locking in present case is as follows. The H,, causes whether
the steady rotation of a droplet or the non-steady but periodic rotation with
oscillations if the field frequency exceeds the critical one [9]. In the last case the
frequency of droplet rotation is less than that of the field. The pure linear oscillations
of a magnetic field causes oscillations of the droplet with frequency 2Qy in X-axis

direction. The amplitudes of both oscillations strongly depend on A: increasing A,
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amplitudes diminishes. In the limit A—co (rigid droplet) the elongation of the droplet
is fixed (constant) and just the phase lag between the magnetic field and the droplet
could oscillate according to (19). For a system without inertia the self-resonance is
absent and two “external” frequencies are needed to realize the mode-locking. Hence
the rigid droplet and the droplet in a magnetic field with the circular polarization
definitely do not have mode-locking. The “soft” droplet in the field following regime,
naturally, has the simplest mode-locking w;,;. After the exceeding of the critical
frequency the break-off for the droplet takes place and it rotates with some lower
frequency than the magnetic field (see approximation (16)). This is “the clock” which

may, or may not, lock to the another “clock” of pure linear oscillations.

Conclusions

The ferrofluid droplet in elliptically polarized field exhibits Devil’s staircase like
mode-locking to the magnetic field rotation frequency. In the limit of the circular field
polarization the mode-locking disappears. In the case of linear field polarization
pulsing oscillations of a droplet takes place. The difference from traditional Devil’s
staircases is overlapping at very small values of control parameter. Thus the
interesting mode-locking system for dissipative system without inertia is found and

described. The transition to the chaos will be described elsewhere.
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FIGURE CAPTIONS

FIG.1 - Sketch of the droplet in laboratory coordinates

FIG.2 - Droplet extension in time-averaged high-frequency rotating magnetic field
FIG.3a - Winding number w versus magnetic field frequency Qy. Bm=50, u=15, A=5.
Field ellipticity parameter y=0.15. The solid line corresponds to increase of a
frequency, dashed one: decrease of it.

FIG.3b - Zoom from the FIG.3a. Winding number w versus magnetic field frequency
Qy. Bm=50, p=15, A=5. Field ellipticity parameter y=0.15. The solid line corresponds
to increase of a frequency, dashed one: decrease of it. Farey tree branches for
construction of observed mode-locking intervals are shown above the plot.

FIG.4 - Mode-locking domains (Armold tongues) in phase plane Bm versus .
v=0.15, p=15, A=5.
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FIG.5 - Four different modes for the point (Qu=0.335, Bm=30.5) of phase plane.
p=15, A=5, y=0.15.

FIG.6 - Map of initial conditions for four different modes of Fig.5.

FIG.7 - Zoomed area from FIG.06.

FIG.8 - Magnetic field threshold versus the ellipticity parameter y of the field
polarization.

FIG.9a - Arnold’s tongues diagram in the phase plane the field ellipticity control
parameter vy versus the field frequency . Mode locking domains for wy,; and w,.
FIG.9b - Amold’s tongues diagram in the phase plane the field ellipticity control
parameter y versus the field frequency Q. Mode locking domains for intermediate y
values.

FIG.10 - The width of mode locking in dependence on droplet viscosity, Arnold’s

tongues in phase plane A versus field frequency Qy.
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Conclusions

Here the behaviour of the 2D ferrofluid droplet in an elliptically polarised
magnetic field is studied by analysis of the equations of motion. These equations are
the set of two first-order nonlinear ordinary differential equations. It is the difference
from traditional approach to mode-locking studies, where mostly “difference”
equations like circle maps are analysed. The ferrofluid droplet in elliptically polarised
field exhibits Devil’s staircase like mode-locking to the magnetic field rotation
frequency. It is proved that the sequences of mode-locking obey the Farey tree law. In
the limit of the circular field polarisation the mode-locking disappears. In the case of
linear field polarisation pulsing oscillations of a droplet takes place. The influence of
parameters, such as a magnetic Bond number, a ratio of viscosities as well as an
ellipticity parameter y for field polarisation, on the character of mode-locking is

studied in great detail.

The difference from traditional Devil’s staircase is overlapping at very small
values of control parameter. The mode-locking disappears only in the limit of the
circular field polarisation. Thus the interesting mode-locking system for dissipative
system without inertia is found and described. The transition to the chaos is the
extremely interesting topic, studies of which should be continued to explain the
behaviour of a droplet at large value of a control parameter. The simulation by model
equations have already displayed the period doubling scenario and the transition to

chaotic dynamics.
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In the present thesis work, the 2D d_roplet behaviour in rotating magnetic fields
is studied, assuming linear magnetisation of a ferrofluid and creeping flow inside the
droplet and outside it. To perform this task, different algorithms and corresponding
computer codes are developed, tested and applied. Particularly, the computer codes
are developed, using the boundary element method (BEM), for the following
purposes:

* to solve the magnetic field problem in the case of time-averaged magnetic energy
at given magnetic Bond number and at given shape of a 2D droplet in a high
frequency rotating field and to find the shape with the minimal total energy from

the given set of shapes;

¢ to solve the unsteady coupled creeping flow and magnetic field problem in the case
of time-averaged magnetic surface forces for a 2D droplet in a high frequency

rotating field;

e to solve the unsteady coupled creeping flow and magnetic field problem
accounting for instantaneous magnetic surface forces for a 2D droplet placed in a

low frequency rotating field.

The BEM is based on the boundary integral equation technique, which is a
powerful tool to solve the free moving boundary problem for a ferrofluid droplet in an
external magnetic field in terms of surface values for both velocity and magnetic field.
In present work the local curvature dependent, non-equidistant marker point
distribution is applied to solve the magnetic field problem which is very sensitive to
boundary contours with sharp tips. In the Chapter 2 a special technique is proposed to
solve the magnetic field problem in new variables. These variables depend only on
shape of a droplet and its magnetic permeability in the case of the linear
magnetisation. It is shown that the magnetic field problem could be reduced either to a

problem of magnetic surface charges or to a problem of equivalent surface currents,
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called indirect magnetic field problem formulations. The direct formulation of the
magnetic field problem in terms of tangential and normal field components, with
respect to the boundary contour, provides solution with less approximation error. The
principal difference of the indirect magnetic field problem formulation from the direct
one is that the indirect formulation allows to obtain by a simple integration the one of

two field components when another one is already found.

Beside that, analytical investigations are carried out to get simplified equations
of motion which match numerical simulation data obtained by BEM and allow more
thoroughly investigati.0n of the droplet behaviour that could include even transition to
chaotic dynamics. On the basis of the equations of motion the set of computer codes is
developed implementing Runge-Kutta fourth order method to simulate the droplet
rotation and to perform time averaging of it. This method is able to describe
phenomena of simple periodic rotations, quasiperiodic rotations, rotation with a mode-
locking, and chaotic motion of a droplet. The special technique is used to study

multiple basins of attraction to different phase locking modes.

In general the motion of a droplet in rotating field could be classified in two
cases with respect to the field frequency: the case of a high-frequency field and the
case of a low-frequency field. In the present work the term high-frequency field is
used with respect to the field frequency at which the characteristical relaxation time of

droplet is much larger than the rotation period of a field.
[t is found by the energy approach that:

1. There exists a magnetic field threshold with respect to any perturbation from
circular shape in 2D in the high-frequency rotating magnetic field. The increase of
a magnetic Bond number beyond the threshold value causes evolution of spikes on

the surface, which become sharper at further growth.

2. A 2D numerical analysis of MF droplets with different numbers of spikes shows
that the equilibrium shape with two-spikes corresponds to the lowest energy and
thus the transition from 2-spike shape to the shape with larger amount of spikes

does not take place if only energetical arguments are involved.
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The small perturbation analysis and the direct BEM simulation of a 2D droplet

in the high-frequency rotating magnetic field prove that:

1. In the high-frequency rotating magnetic field a field threshold exists with respect to
any perturbation from circular shape. If Bm is smaller than this absolute threshold
value, a droplet holds circular shape. .Increasing the magnetic Bond number beyond
the “absolute threshold”, the most unstable mode develops. The small perturbation
linear analysis gives the number of lobes for the most unstable mode in dependence
on magnetic field strength. In the case of pure creeping flow in 2D the number of
lobes is directly proportional to the magnetic field. This relation is proved by BEM

simulation.

2. It is found that in 2D a 3-spike shape is metastable, but a 2-spike shape has the
absolute minimum of energy. The transition to a 2-spike shape from a 3-spike one
takes place either if a magnetic field strength is decreased below the turning point
or by a sufficiently high shape perturbation. Evidently in 2D there exists no
metastable shapes with more than three spikes in a high-frequency rotating
magnetic field under assumptions used in the present work. The simulations of a 4-
spike shape display splitting instability for the “body” of a droplet, where spikes
come together. So it could be concluded that the symmetric shapes with 4 and more
spikes, obtained by the energy approach, correspond to saddle points in a phase

space and thus they are unstable.

It is found by the BEM simulation and the numerical solution of the equations
of motion that in the low-frequency rotating magnetic field the droplet exhibits the

following properties:

1. There are two kinds of a behaviour for a 2D ferrofluid droplet in dependence on the
applied magnetic field strength in low-frequency magnetic fields, called the “high-
field behaviour” and the “low-field behaviour”. The critical Bond number which
separates these two kinds of behaviour turns out to be approximately the same as
the threshold value with respect to 2-lobe perturbation in a high-frequency field. If
the magnetic Bond number is larger than critical one, a droplet even at high

frequencies, where it can not follow the field, stays elongated. If the magnetic

199



General conclusions

Bond number is smaller than critical one, a droplet elongation diminishes to a

circle as the frequency tends to infinity.

2. At lower values of the viscosity of a droplet the critical frequency with respect to
an ability to follow a rotation of a magnetic field is slightly higher than for a

droplet with large viscosity in comparison with the fluid outside the droplet.

3. Analytical model is derived, which allows to describe the motion of a 2D droplet
by a set of non-linear equations of motion, if the droplet shape is near the elliptic

one.

4. A 2D viscous droplet (A>5) exhibits a bending instability if the magnetic field
oriented perpendicular to the major dimension of a droplet. The significant bending
effect is observed if the droplet is exposed a time long enough to such a field, i.e.
if the field frequency slightly exceeds the critical one with respect to the ability to
follow the field.

In the case of an elliptically polarised rotating field, the droplet exhibits rather
complex motion, properties of which strongly depend on the ellipticity of the field. By
equations of motion it is proved that Devil’s staircase like mode-locking to the
magnetic field rotation frequency takes place. In the limit of the circular field
polarisation the mode-locking disappears. The outstanding property of the present
mode-locking is that the remarkable overlapping of mode-locking intervals is present
even at very small values of control parameter. The simulation by model equations

have displayed the period doubling scenario and the transition to chaotic dynamics.

The bending of the viscous droplet in a rotating field and the transition to the
chaos for a droplet rotation in an elliptically polarised rotating magnetic field are put
in evidence for the first time. The further research in these two directions is highly

desirable.

In short, present studies has proved that many phenomena, observed in real 3D
experiments concerning ferrofluid droplet behaviour, could be explained on the basis
of 2D model, accounting only for the linear magnetisation of a ferrofluid and the
constant surface tension on the interface between a droplet and an external fluid. Some

effects are caused by the 2D geometry but, nevertheless, the obtained results could be
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implemented to explain the behaviour of so called “liquid bridges” between two
plates, having approximately the two-dimensional geometry. For a more precise
agreement between experiments and numerical simulation results, the 3D simulation
algorithms, which are more computer-time expensive, are supposed to be elaborated

during the further research.
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