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Streszczenie

Czastki opadajace w ptynie oddziatujg miedzy sobg hydrodynamicznie, co prowadzi
do ztozonych i nieliniowych efektow nawet przy znacznie mniejszej od jednosci liczbie
Reynoldsa, gdy réwnania ruchu ptynu sa liniowe. W przypadku opadajacej kropli
zawiesiny czastki cyrkuluja po orbitach kwaziperiodycznych, a grupa pozostaje stabilna

przez dlugi czas, zanim ulegnie deformacji i rozpadowi.

Przedmiotem tej rozprawy jest pogtebiona analiza ruchéw periodycznych regu-
larnych uktadow czastek, opadajacych grawitacyjnie w lepkim ptynie, ktore przejaw-
iaja pewne wlasciwosci ruchow kwaziperiodycznych wystepujacych w opadajacej kro-
pli zawiesiny. Dla ukladéw chaotycznych sktadajacych sie z mniejszej liczby czastek
zostalo udowodnione, ze dtugotrwale interakcje pomiedzy czastkami sa zwigzane z ist-
nieniem stabilnych lub niestabilnych rozwigzan periodycznych. To, czy podobnie jest
w przypadku opadajacej kropli zawiesiny (uklad chaotyczny) jest obecnie przedmiotem
dyskusji. Istotnym wkladem do tej dyskusji jest identyfikacja i analiza rozwigzan pe-
riodycznych dla duzych grup czastek, ktorej podjeto sie w tej rozprawie.Wazna przy-
czyna zainteresowania tym aspektem dynamiki réwniez jest fakt, ze rozwiazania okre-
sowe stanowia uktady modelowe, pozwalajac na skuteczna analize teoretyczng zjawisk

zachodzacych w rzeczywistych, bardziej ztozonych uktadach.

W rozprawie przedstawiono dwa uktady wykonujace ruchy periodyczne: uktad
dwoch pierscieni czastek i uktad czterech pierécieni. Pierscienie umieszczone sie w
plaszczyznach poziomych, a ich §rodki znajduja sie¢ nad soba. Uktady okreslone sa
przez liczbe czastek oraz odpowiednio 1 i 3 zmienne opisujace konfiguracje poczatkowa.
Glowna czes¢ wynikow dotyczy bardziej ztozonego, 4-pierscieniowego uktadu. Zostaty
dla niego znalezione 3 gtowne typy ruchow periodycznych, z czego dwa typy nie maja
odpowiednika w znanych wczesniej rozwigzaniach periodycznych w uktadzie dwoch
pierscieni. Cecha szczegolna uktadu czterech pierécieni jest bogata dynamika kwaziperidy-
czna, z szerokim spektrum parametrow, dla ktorych grupa czastek pozostaje razem

przez dlugi czas. Jest to element wspolny z dynamika opadajacej kropli zawiesiny. W



niniejszej rozprawie pokazano, ze uktad jest bardzo wrazliwy na warunki poczatkowe,
zarowno pod wzgledem czasu rozpadu grupy czastek, jak i typu tego rozpadu - mamy
do czynienia ze zjawiskiem chaotycznego rozpraszania. Badanie czasu rozpadu grupy
wymagato wprowadzenia nowego kryterium rozpadu, ktore wydaje sie byé¢ bardziej
adekwatne niz czesto stosowane w literaturze kryterium oparte na odlegtosci. Nowe
kryterium moze byé¢ stosowane w réznych typach uktadéw, w ktorych obserwujemy
wzgledne oscylacje czastek. Uktady dwoch oraz czterech pierscieni zostaty komplek-
sowo przebadane dla réznych liczb czastek oraz geometrii uktadu (stopnia ,splaszcezenia®),
co pozwolito stwierdzi¢ ogélnosé otrzymanych wynikoéw, a takze okreslié zaleznosé
otrzymanych wynikow od warunkéw poczatkowych. Rozwiazania periodyczne zostaty
znalezione dla szerokiego zakresu warunkoéw poczatkowych. Dla uktadéw zbyt ptaskich,
zbyt rozciagnietych w pionie lub ze zbyt mata liczba czastek ruchy periodyczne nie sa
obserwowane. Efekt ten idzie w parze ze zmniejszajacym sie zakresem parametrow,

dla ktorych obserwowane sa ruchy kwaziperiodyczne.

Oprocz zbadania dynamiki czastek w ptynie Stokesa, rozprawa zawiera réwniez
analize ruchow periodycznych w osrodku przepuszezalnym (ptyn z wtraceniami statymi).
Dynamika ptynu w takim o$rodku opisywana jest za pomoca réwnan Brinkmana-
Debye-Biiche. W pracy pokazano, ze przy duzym wspolczynniku przepuszczalnosci ist-
nieja ruchy periodyczne, zas mata warto$é wspotczynnika przepuszczalnosci jakosciowo
zmienia dynamike uktadu - grupa czastek moze opadac¢ wolniej niz pojedyncza czastka.
Mata warto$é¢ wspotezynnika przepuszezalnosci prowadzi do braku rozwigzan periody-
cznych zaréwno w uktadzie czterech, jak i dwoch pierécieni. W przypadku uktadu
czterech pierécieni wraz ze zmniejszaniem sie wspotczynnika przepuszczalnosei diu-
gotrwale ruchy kwaziperiodyczne sa obecne dla zawezajacego sie zakresu parametrow

poczatkowych.

Wymniki rozszerzono o analize ruchu pltynu wokoét czastek wykonujacych ruchy pe-
riodyczne, zaréwno w plynie Stokesa, jak i w osrodku przepuszczalnym. Okreslono
przy jakich warunkach plyn cyrkuluje wewnatrz opadajacej grupy czastek, a w ja-
kich przeptywa przez jej srodek. Wykazano, ze uktad czterech pierscieni lepiej oddaje

dynamike opadajacej kropli zawiesiny niz uktad dwoch pierscieni.



Abstract

Particles settling in the fluid interact hydrodynamically what leads to complex,
non-linear effects, even at Reynolds number much smaller than unity, when equa-
tions of fluid motion are linear. In case of settling suspension drop, particles circulate
quasi-periodically and the group stays together for a long time before it deforms and

destabilises.

The aim of this dissertation is an in-depth analysis of periodic motions in regu-
lar systems of particles, falling under gravity in a viscous fluid, which exhibit some
properties analogous to quasipriodic motions in suspension drop. In chaotic systems
consisting of a few particles, it is known that long-lasting interactions between particles
are associated with existence of stable or unstable periodic solutions. The question if
this association is valid also for drop of suspension (chaotic system) is currently dis-
cussed. A significant contribution to this discussion is identification and analysis of
periodic motions of larger numbers of particles, what is the subject of this disserta-
tion. An important reason for focusing on this aspect of dynamics is also the fact that
periodic solutions are used as model systems, allowing for effective theoretical analysis

of behaviour of more complex systems.

In this dissertation two configurations preforming periodic motions are introduced:
system of two rings of particles and system of four rings, with 2 and 4 parameters,
respectively. The rings are oriented horizontally and their centres are placed one above
the other. The main part of results concerns more complex, 4-rings system. In this
work three main types of periodic solutions were found, and two of them do not have an
analogue in already known solution in the system of two rings. Specific feature of 4-rings
system is rich quasiperiodic dynamics with broad spectrum of parameters for which
particles stay together for a long time. Similar behaviour is observed for a settling drop
of suspension. In this dissertation it is shown that the dynamics of presented system is
very sensitive to initial configuration, both in terms of time and type of decay: chaotic

scattering is observed. Investigation of time of decay required developing new criterion



of decay which seems to be more adequate than often used distance-based criterion.
New criterion can be used in various types of systems where relative oscillations of
particles take place. Systems of 2 and 4 rings had been comprehensively studied for
different number of particles and different geometry of the configuration what allowed
to confirm generality of obtained results and to specify their dependence on initial
conditions. For wide range of initial conditions periodic motions were discovered. In
too flat systems, or those too wide, periodic motions are not observed. This effect is
accompanied by shrinking range of initial parameters for which quasiperiodic motions

are observed.

Apart from analysis of dynamics in Stokes fluid, the dissertation includes also study
of dynamics in permeable medium, where the fluid motion is described by Brinkman-
Debye-Biiche (BDB) equations. In the dissertation is shown that at high permeability
periodic motions exist, while at low permeability coefficient there is a qualitative change
of dynamics: group of particles can settle slower than a single one. Small value of
permeability coefficient leads to lack of periodic solutions, both in systems of 2 and 4
rings. In case of 4-rings system, long-lasting quasiperiodic motions can be observed in

shrinking range of initial parameters when the permeability coefficient is reduced.

Results described above were supplemented with analysis of fluid dynamics around
the particles performing periodic motions, both in Stokes fluid and in permeable
medium. It was determined under what conditions fluid circulates inside a group
of particles and when does it stream through the middle of the group. It was shown
that system of 4 rings better reflects dynamics of suspension drop than does the system

of 2 rings.
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Chapter 1

Introduction

1.1 Background and motivation

Dynamics of fluid is described with nonlinear Navier-Stokes equations [1]. When
the value of Reynolds number is very low (Re << 1) and the fluid is incompressible,
equations simplify to linear Stokes equations. Their features are: instantaneous re-
laxation of fluid velocity and time-reversibility of the flow [1-3|. Very small Reynolds
number means that characteristic time scale of particle velocity relaxation is much
smaller than the characteristic advective time scale (given by the ratio of particle ve-
locity to its size). Additionally, particles considered in this dissertation do not perform
Brownian motions [1] what means that the Péclet number is much greater than unity
(Pe >> 1, Péclet number is given by the ratio of time scale related to Brownian mo-
tions and the advective time scale). Assumptions described above apply to the whole

thesis.

In Stokes fluid, when a particle exerts force on the fluid, it effects in influence on
velocities of other particles (present in the fluid). This mechanism is called hydrody-
namic interactions. Hydrodynamic interactions are nonlinear and long-rage: in bulk
they decay with distance r between particles positions as 1/r. In general hydrody-
namic interactions do not follow superposition principle. In case of point model of
particles (which accurately describes dynamics of particles of arbitrary shape if they

are separated widely enough) the superposition principle holds.

Since Reynolds number can be small for different size scales, the Stokes equations

describe fluid dynamics in various size scales. In macro-scale they describe fluid in such



4 1.1. BACKGROUND AND MOTIVATION

systems as e. g motion of bubbles in magma [4, 5] and millimetre-size beads in silicon
oil or glycerine[6, 7|; in mezoscale micrometer objects moving in water [8, 9|. They can
be also applied to fluid with Brownian particles, such as dynamics of nanomechanisms
[10] as well as in interactions between proteins [11] and parts of a single protein [12, 13].

In the last three examples Brownian motions contribute significantly to the dynamics.

An important system, where hydrodynamic interactions play a crucial role, is sed-
imentation of groups of particles or suspensions [14-17|. In medicine many-particle
dynamics is present e.g. in the erythrocyte sedimentation rate (ESR) assay [18, 19],
[20], where the settling time of red blood cells is measured. Sedimentation of solid
impurities and ascent of bubbles are common problems in many industrial processes
[21-25|. In nature similar properties are observed e.g. in group of microorganisms [26—

28] and already mentioned bubbles in magma [4, 5|.

An interesting system is sedimentation of a suspension drop. Dynamics of this
system has been studied numerically and experimentally [29-33|. During the settlement
of such drop, particles of suspension circulate along quasiperiodic orbits over a long
time [29, 30]. Trajectories of particles closely resemble streamlines inside settling drop
of a heavier fluid [30]. During the settlement some of the particles detach from the rest
of the group and form characteristic 'tail” above the drop. Over time the drop gradually
deforms from initially spherical shape and it becomes more and more flat. In effect it
forms an expanding torus which subsequently destabilises and decays into two or three
subgroups of particles. Although the process of expansion of settling group of particles
could be caused by non-negligible inertia [34-36] this mechanism was proved to not be
the only factor responsible for observed behaviour, since the expansion of a suspension
drop can be restored in simulations with non-inertial particles at Re = 0. Investigations
of evolution of settling suspension drop have shown, that the process of formation of
torus and subsequent destabilisation of the group is very sensitive to initial conditions,
i. e. random configuration of particles at the beginning of the simulation [33, 37].
Different initial configurations result in decay into 2 or 3 subgroups, while differences
in destabilisation time can by of the orders of magnitude [37]. Some authors [33| claim,
that destabilisation of torus coincides with the moment when fluid starts to flow up
through the middle of the torus. Another explanation of the drop break-up [38] is
related to existence of periodic and quasiperiodic orbits: if the particles are close to
the periodic orbits, they stay together for a longer time and the drop does not break
up. This idea [38] is a starting point of this thesis.

A reference point for many studies on hydrodynamically interacting particles is the

article by Janosi et. al [39], where authors investigated motion of three settling point
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particles located in a vertical plane (y = 0). Despite of conceptually simple system,
this study allowed for deeper understanding of dynamics of hydrodynamically interact-
ing particles, where interesting, complex collective effects are observed [40-46|. In their
study [39], authors analysed dynamics of a system, where initial positions of two par-
ticles are established, while initial position of the third particle is changed. It allowed
to create 2-dimensional maps, where for each initial position of the third particle given
properties of dynamics were indicated. The studied quantities were: interaction time of
the whole group and label of particle which lags behind after decay of the triplet, what
is shown in Figure 1.1 reprinted from [39]. It turned out that regions where dynamics
is similar (similar time of decay in Fig. 1.1B or the same type of decay in Fig. 1.1A)
have fractal form. For some regions behaviour of the system is deterministic - group
of particles decays in a certain way, low sensitivity to change of initial conditions is
observed - but for many parameters particles interact for a long time and exact time
and type of decay is very sensitive to initial conditions: chaotic scattering is observed.
Authors suggest that: ’[irregularity in time and type of decay| is due to an underlying
invariant chaotic saddle which is a globally non-attracting set, and cannot be reached
exactly. Particles, however, can come arbitrarily close to it and exhibit chaotic motion
before escaping’ [39]. Authors explain that observed chaotic saddle contains infinite
number bounded trajectories among which it is generally believed that infinite num-
ber of unstable periodic orbits exist [39, 47|. Analysis performed in the discussed study
shows, that the dynamics of even small group of sedimenting particles leads to complex

chaotic effects.

Periodic solutions are studied in many areas of micro-hydrodynamics (not only
in gravitational field). Classic example are Jefferys’s orbits [48|: periodic solutions for
rigid, axisymmetric ellipsoid in shear flow. Later it was shown, that the solution is valid
for any axisymmetric shape with fore-aft symmetry [49]. Jeffery’s orbits were starting
point for investigation of dynamics in modified systems: slightly broken axisymmetry
[50-52], curvature of the rod [53] or non-negligible inertia leads to quasiperiodic mo-
tions, related to Jeffery’s orbits. Another important application of Jeffery’s orbits is
dynamics of an elastic fibre in flow [54-59] which has great application potential due
to rapid development and promising perspectives for microfluidic devices [60, 61]. Due
to their importance in understanding of the dynamics, periodic and close to periodic
motions are commonly studied in various system, such as interactions between parti-
cles in micro-channel [62], pair of micro-rotors [63] or particles in a rotating drum [64].
The phenomena of periodic motions is often discussed in context of self-assembly of

particles [10, 62, 65] which is an intensively studied issue because of its importance in
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nanotechnology [66] and medicine [67].

Periodic motions in groups of particles settling under gravity were investigated the-
oretically and experimentally. The smallest system which exhibit nontrivial behaviour
is system of three particles. Hocking [68], Caflisch [69] and Jayaweera et al.[34] have
shown, that initially configuration where three particles are placed at vertexes of isosce-
les triangle leads to periodic motions - in special case of equilateral triangle particles
settle down without change of configuration. For system of three particles a conserva-
tion law was recognised [68]: given that gravity acts along z axis, the area of a triangle
obtained by projection of particles positions on zy plane, remains constant. It was
a starting point for theoretical analysis of stability [70] which revealed existence of
infinite number of periodic solutions and stability of periodic orbits, what confirmed

prior numerical [69] and experimental [34, 71] studies.

In systems of 4 particles three types of periodic solutions have been found. In
the first one, particles initially are placed in vertexes of horizontal rhombus [72]. The
second type may be considered as a generalisation of the first one: initial configuration
is a horizontal kite [73]. In case of kite configuration, period of the motion can be very
long because it consists of large number of oscillations (defined as crossing up of i-th
particle through the horizontal plane containing centre of mass of the system). For
rhombus configuration period consists of only one oscillation. Research conducted by
Bargiel et al. [73| have shown that periodic solutions may have long and complex
trajectory. The same conclusion was postulated by Janosi et al. [39] although in the
latter system periodic solutions, if exist, are unstable and thus could not be observed.
In case of 4 particles in kite configurations periodic solutions were captured in numerical
simulations. The third type of periodic motions of 4 particles was described by Hocking

[68]: in the initial configuration particles are placed at vertexes of a vertical rectangle.

The results for periodic or close to periodic motions have been extended to the
system consisting of larger number of particles, analogous to those described above.
To obtain such systems, in place of single particles (in systems of triangle, rhombus
and deltoid) a pair of sticking particles was set. These systems perform quasiperiodic

motions with complex trajectories |74].

As a separate case one can consider a system consisting of particles placed in
vertexes of horizontal polygon. Such systems were experimentally investigated by
Jayaweera et. al [34]. This configuration settles under gravity in the Stokes fluid with-
out change of shape - polygon expansion may occur due to nonzero inertia of particles

in the system [34|. Experimental studies [34] as well as analytical calculations [75]
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Figure 1.1: The system of 3 point-particles settling under gravity; initial positions of
two particles are denoted in the left. Colours represent features of dynamics observed
for different (x,z) initial positions of the third particle. A) Colour indicates which
particle lags behind the other two after the decay: red - first particle, yellow - second
particle and blue - third particle. B) Interaction time, colour scale from red by yellow,
green, blue to violet indicate increasing interaction time, with the maximum reaching

maximal simulation time. Reprinted from [39].

show, that the system is stable for the number of particles not larger than 6. In case of
larger number of particles the system destabilises and breaks up due to non-symmetric

perturbations.

The periodic dynamics of particles initially placed at the vertexes of a cube was
first studied by Durlofsky and Brady [76]. More general case of initial configuration
at vertexes of a prism was investigated by Ekiel-Jezewska [38]. Numerical simulations
and theoretical analysis revealed the existence of unstable periodic solutions and long
phase of quasi-periodic motion after the breakage of symmetric configuration. Similar
periodic dynamics has also been found (both theoretically and experimentally) in the

system of rigid elongated particles, placed initially at the vertical edges of a prism [77].

Although the dynamics of system consisting of a low number of particles under
constant external force has been already analysed theoretically 78], in the case with a
large number of particles many questions appear. Do systems of large number of par-
ticles (of the order of thousands, tens of thousands) in regular configurations perform

periodic motion? What classes of periodic motions can be found for more complex
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initial configurations? How does the presence of additional particles influence the pe-
riodic dynamics and evolution of such system? Do the decay times of regular and
irregular groups depend on the existence or lack of periodic and quasi periodic orbits?
The mechanism of decay and the influence of periodic solution on the decay time still
remain unknown. Also the questions about transition to chaos remain open in the

problem of many-particle, regular systems, as described in previous paragraphs.

The first approach to answer these key questions was the article by Ekiel-Jezewska
[38]. In this paper the dynamics of a system of a small number of particles initially
placed at the vertexes of a prism (the system of 2 'rings’), settling under gravity was
analysed. The results showed that for such cluster there occurs relative periodic motion
of particles, induced by the hydrodynamic interactions between them. The introduced
system of 2 rings is interesting also because of the fact, that exhibits a certain prop-
erties of the settling drop of suspension. In both system we observe circulation of
particles, destabilisation and sensitivity to small change of initial conditions. One may
hypothesise, that in case of suspension drop the particles are left behind and form a
‘tail’, while moving away too much from periodic orbits, e.g. as a result of random
perturbations [38]. In [38] it has been shown, that additional particles above the main
group of particles (analogue of a tail in suspension drop) lead to extension and flat-
tening of the main group of particles (analogue of deformations of spherical suspension
drop). In this thesis the problem of analysis of modified system of 2 rings was raised,
in order to obtain fluid motion around periodic orbits more similar to fluid motion

around sedimenting suspension drop (the system is described in Chapter 2).

Another important issue linked to the dynamics of a settling group of particles
is the motion of the fluid surrounding the particles [32, 33]. We know that in case
of suspension drop relatively large amount of fluid is dragged inside it together with
particles: to what extent does it happen in regular configurations of particles? Do we
observe similar pattern or rather the fluid would stream through the group, without

circulation?

This problem is important due to its significance for exchange between fluid cir-
culating inside group of particles and fluid from outside the group. If fluid circulates
together with particles (closed streamlines in centre of mass reference frame) its ex-
change with fluid outside the drop is reduced. This may lead to long-range transport
of some amount of fluid inside the settling group of particles, without mixing with
external fluid. Potentially this mechanism can provide exchange of small, yet concen-

trated portions of fluid between layers of fluid, e. g. of different composition. Shape
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of streamlines in centre of mass reference frame may be also interesting due to the
fact that according to some authors [33] in suspension drop fluid starts to stream up
through the group of particles when the destabilisation of the group of particles occurs.
The analysis of fluid motion around the settling group of particles will be the other

aspect of this thesis.

Because of increasing interest in dynamics of groups of particles in permeable
medium [79-84], this thesis will also contain analysis of regular groups of sedimenting
particles in permeable medium. A model of such a medium is the fluid dynamics is
described by Brinkman-Debye-Bueche equations (BDB) |76, 85]. In this dissertation an
influence of medium permeability on the existence of periodic motions and shape of pe-
riodic trajectories has been studied, both in the system of 2 rings and its modification.

Additionally, fluid motion around the particles has been investigated.

1.2 Outline of the thesis

This thesis has been divided and reported in 10 chapters and 3 appendices. The

outline of the thesis is as follows:

Chapter 1 presents the background and motivation of this work. The literature
review in topic of sedimentation at low Reynolds number and its applications are
presented. Also the state of art in periodic motions is described. The main open

questions which were the motivation of this thesis are formulated.

Chapter 2 introduces the theoretical background: dynamics of point-particles in
a viscous fluid including numerical method and basic solution of fluid motion for
Hadamard-Rybczyriski drop. We also discuss other models of particle dynamics, and
justify the selected model. Additionally the comparison between regular polygon made

of point-particles and continuous ring is presented.

Chapter 3 presents the symmetrized dynamics of 2-ring system (system of 2 identical
regular polygons placed in two horizontal planes) with detailed introduction of the
system, initial configuration and parameters. Conditions required for periodic motions
are discussed. Dependence of trajectory shape and period time on system parameters

is presented.

In Chapter 4 dynamics of fluid around periodic solutions from Chapter 3 is analysed.
Shape of fluid drop dragged with particles is discussed. Analysis includes evolution of

fluid motion during the period and results for the systems with different parameters.
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Chapter 5 presents dynamics of 2-rings system in permeable medium. Equations
of motion for point-particles in the Brinkmana-Debye—Biiche medium are introduced,
differences with respect to the Stokes fluid are discussed. Analysis of a single ring of
particles is analysed. Influence of permeability of the medium on existence of periodic
motions and trajectory shape is presented. Additionally, fluid motion around particles

is shown.

In Chapter 6 dynamics of 4-rings system is analysed. Using large number of sim-
ulations, maps showing features of system dynamics for different initial configura-
tions are created. Interaction time and type of decay of the group are determined.
Signs of chaotic scattering in 4-rings system dynamics are described. The thickness of
quasiperiodic trajectories is analysed quantitatively and periodic solutions are found.

Dependence of periodic solutions on system parameters is investigated.

Chapter 7 presents dynamics of fluid around periodic solutions in 4-rings system.
Similarly as in Chapter 4, special attention is paid to size and shape of fluid drop

dragged with particles.

In Chapter 8 dynamics of 4-rings system in permeable medium is analysed. FExis-
tence of periodic solutions for different permeability coefficient is investigated. Fluid

motion around the particles is analysed.

Chapter 9 presents comparison between dynamics with- and without reduction of
number of degrees of freedom owing to system symmetries. Destabilisation time in

non-symmetrized dynamics is discussed.

Chapter 10 contains summary of main results presented in the dissertation. Original

elements of the thesis are emphasised and directions of future studies are proposed.

Three appendices contain supplement, in-depth analysis of the following topics:

e Appendix A: Fluid motion around periodic orbits of the particles in the system

of 2 and 4 rings.
e Appendix B: Periodic solutions with complex trajectories.

e Appendix C: Detailed comparison of symmetrized and non-symmetrized dynam-

1CS.



Chapter 2

The system of many particles falling

under gravity in a viscous fluid

2.1 Particles motion

2.1.1 Point-particle dynamics

In this work, the model system is a regular group of particles settling under gravity
in low-Reynolds number regime. The model analysed here was presented in an article
by Gruca et. al [86]. The total external force acting in the system is gravity G. The

system consists of a group of M particles settling under identical gravitational forces

&
M

particle approximation is used. The fluid velocity v and pressure p satisfy the Stokes

in a fluid of viscosity 7. Since the size of particles is assumed to be small, point-

equations,
1
2 _ _ —F
nV<v(r) — Vp(r) i ;:1 Go(r—r;), (2.1)

V.v(r) = 0. (2.2)

where M is the number of particles, 7; denotes the position of the particle with label 7,
and the z-axis is chosen along gravity, with G = —G 2 where G > 0 and 2 is the unit

vector along the z-axis. The equations are written in the laboratory frame of reference.

The fluid velocity v(r) and pressure p(r) are given by

o(r) = % ZT(fr —7) -G, (2.3)

i) = % > Per-7)-G. (2.4)
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with the Green tensors,

1 R®R

T(R) - (1+ ° ) (25)
R

P(R) = FPyEE (2.6)

where R = |R].

The equations of motion of the particles are given by

o —iEM T(7;) -G+ u (2.7)
at~ MLV 0 '
J#i
where 7;; = 7; — 7}, and
uy = G/(6Mnna,) (2.8)

is the Stokes velocity of the isolated particle, with a, equal to the radius of a single
particle. It is convenient to choose the inertial frame of reference moving with the
velocity ug. The benefit is that in this frame the dynamics is independent of the
additional length scale a,. From now on, we use dimensionless variables, based on
an initial size of the group d as the length unit, and G/(87mnd) as the velocity unit.
Therefore, STnd? /G is the time unit. From now on, r; = 7;/d denotes the dimensionless
position of a particle i. Later on all dimensionless quantities we will denote without
tilde.

After normalisation presented above the fluid velocity (2.3) around particles takes

the form:

M

'v('r,t) _ _% Z (T _1rz<t)) <I—|— (’l" - ’ri(t)) ® ('I" B Tz(t))) 3 (29>

P (r —ri(t))?

2.1.2 System and dynamics of many particles

Following Gruca et al. [86] let us consider the systems consisting of two or four
horizontally placed regular polygons, with a particle at each vertex (for the scheme
of the systems see Figs. 3.1 and 6.1). From now on the polygons will be referred as
'rings’ due to their shape. Each of K rings consists of equal number of particles N, so
that the total number of particles in the system M = KN.

Because of the system symmetry, the cylindrical coordinates will be used, as the

most convenient. The position of particle i is denoted as r; = (p;, ¢, 2;)-
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Previous studies have shown [38], that even initially axially-symmetric group of
particles can be quickly destabilised and destroyed by non-symmetric numerical per-
turbations, what provides difficulties in determining the period. To avoid these dif-
ficulties, the symmetrization of the dynamics is introduced. More precisely, in terms
of constraints it implies that the azimuthal components of the particle velocities are
forced to vanish, with ¢;=const(t) for i=1, ..., M.

We use the labelling i = K(n — 1) + k, with n=1,..., N denoting the number of
particle in the ring, and k=1, ..., K denoting number of the ring. Then the azimuthal

coordinate of ¢-th particle is given by:

2m(n —1
DK (n—1)+k = ¥7 (2.10)
and both radial and vertical coordinates of the particles from the same ring k are the
same:
PE(n—1)+k = Pk (2.11)
ZK(n-14k = Zks (2.12)

forn=1,...,N and k=1, ..., K.

Due to symmetrization we reduce the system of 3M equations (2.7) to the system
of 2K equations for p; and z;, with [ = 1,..., K. As in the published study [86] the

system of equations takes the form,

K N _ 2r(n—=1)\
dp 1 (2. — z1) | px cos —N o
LSS e ) e
k=1 n=1 lkn
K N
dz 1 < 1 (2 — 21)2)
At - M L= 0o + : 2.14
dt M ; ;< 1bna) Rign R} (2.14)
2r(n —1
Riln = (Zk - Zl)2 + p12 + ,02 — 2Plﬂk cos <¥) )
(2.15)

In Section 3 and 4 we consider evolution of configuration for K = 2, what means
with two rings. Configuration with K = 4 rings has been investigated in study of
Gruca et al. [86] and in Section 6.

2.1.3 Numerical implementation of the model

Identically as in the work by Gruca et al. [86] the numerical integration of Egs.
(2.13)-(2.15) is based on two methods: the fourth-order adaptive Runge-Kutta for
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non-stiff problems and backward differentiation formula (BDF') for stiff problems. The
system of ordinary differential equations is solved using lsoda from the FORTRAN
library odepack. Initially the calculations start with non-stiff solver. Depending on
number of time steps and accuracy the solver switches between method appropriate for
stiff or non-stiff problem. This procedure is a standard and commonly used method for
solving differential equations. The numerical calculations were performed with double

precision and the error per each time step is not greater than 10712,

Since the main goal of this study is the analysis of relative motion of particles, it
is convenient to trace their positions in the centre-of-mass frame of reference, located
at the symmetry axis, roy = (0,0, zop) with

;M
om =57 Z P2 (2.16)
=1

In this frame, p; and ¢; are the same as in the laboratory frame, and particle vertical

coordinates are Z; = z; — zZowum-

2.2  Fluid motion

2.2.1 Streamlines and fluid velocity field for the Hadamard-
Rybczynski solution

The motion of fluid around sedimenting group of particles has great significance
for transport and fluid mixing: portions of fluid may travel long distances circulating
within the drop, with limited mixing with external fluid. It this subsection we present
brief summary of Hadamard-Rybczynski solution for sedimenting drop of fluid. Later,
it will serve as a reference point in analysis of fluid dynamics around sedimenting
group of particles, performing periodic oscillations (discussed in Sections 3 and 6). The
existing analogy between streamlines and velocity field will be discussed in Sections 4
and 7.

Now, let us follow Kim & Karrila|3] and consider a spherical drop of fluid with
radius a and fluid viscosity p;, which is moving with velocity U in infinite fluid of
VISCOSItY flou. Such a drop moves if pg, # pout, Where p;, is the fluid density inside the
drop, and p,,; fluid density outside the drop. There are no external forces except of
gravity:

4
F = gﬂa?’g(pin — Pout); (2.17)
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where g is the gravitational acceleration. We will denote: F' = |F|. It is assumed that

the Reynolds number satisfies: Re < 1.

For the spherical drop of fluid the Stokes equations for the fluid velocity field w and

pressure 7 take the form:

nVu(r) — Vr(r) = 0, (2.18)
V-ou(r) = 0, (2.19)

with boundary conditions in the spherical system of coordinates (such that —z -7 =
cosf):

ur(r = a) = Ucosf, uy is continuous, u — 0 and m — constant when r — oco. Here
and later on u,., ugp are components of velocity in spherical system of coordinates. Then

the Hadamard - Rybczynski exterior solution for velocity field takes the form [3]:

U, = [Al (%) — 2B, (%)3} U cos b

3 for r>a (2.20)
Ug = — [% (%) 4+ B1(2) ] U sin 6
The interior solution for velocity field has the form:
2
U, = [ﬂ z +b}UCOSQ
f (2) ' for r<a (2.21)

Uy = — [“5—1 (2)2 + bl] Usin0

Where: wu,,uy are components of velocity in spherical system of coordinates. The

coefficients Ay, By, aq, by are expressed by the formulas:

2 + 3 b I 342X

A= 1) DT amtay

where: A = i/ thout-

The velocity of the drop is equal to [3]:

 F 1+
© 2mppa 2 4 3\

(2.23)

The velocity U is related to the force F' by the relation presented above (2.23) and
we denote: U = (0,0,U) and U = |U|.
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Let’s now consider a drop of fluid with viscosity u settling under gravity in a fluid

with the same viscosity u. For A = 1 the coefficients are: A; = %,Bl = %,al =
b1 , and the velocity of the drop is equal to:

U= f A=1 2.24

5mna o ’ (2.24)

Such a spherical drop of fluid with p;, > pout, fin =

[SHIsY

later on we will denote a =
tour = p we will call the ideal drop. It is convenient to analyse the streamlines and
field of fluid velocity value in the frame moving with the velocity of the drop. Thus we

will denote:

w(r) =u(r) - U, (2.25)
and w(r) =
0.54
1.5 , .
iy N'“"“\\\\\\\\ i
) ' .
0.5 0.36
Z
0.0 0.30
o5 0.24
0.18
e ' \ / 0.12
_15 \ \\\\ NItk //

0.06

-15 -1.0 -05 00

X

Figure 2.1: The settling spherical fluid drop with p;, > pout, @ = 1. Fluid streamlines
and the value of velocity, w(r,t)/U, are presented in the frame moving with U. Here

the velocity is normalised by U, the drop settling speed.
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The velocity of fluid inside and around such a drop is shown in Figure 2.1 in the
frame of reference moving with U. The plot is based on the Hadamard-Rybczynski
formula (2.20)-(2.21). The streamlines are closed inside the drop and stationary. The
shape is exactly spherical. One can observe that there are symmetric vortexes (cir-
culations of the fluid) inside the drop. Streamlines outside the fluid drop reflect the
intuition: the further from the centre of the drop, the more vertical the streamlines

are. With » — oo, we obtain w(r) — —U.

2.0
1.5
1.0 w. >0

0.5

-1.0

-1.5

_2'92.0 -1.5-1.0 0.5 00 05 1.0 15 20| |Wz <0

X

Figure 2.2: Regions, where the the fluid moves down faster than the droplet (cyan,
w,(r) < 0) or slower (red, w,(r) > 0). Arrows indicate the streamlines in the reference

frame comoving with U.

Another aspect we should closely look at is value of velocity of the fluid inside and
around the drop (also shown in Fig. 2.1). It is convenient to analyse it in the reference
frame moving with the drop (as it was done with streamlines) and normalised by drop
settling velocity U = |U|. Near the centre of the drop the value of the fluid velocity
w(r)/U is noticeably greater than 0 - here the circulation of the fluid is the fastest. In
the Eq. 2.21 and Fig. 2.1 we can observe that there are 4 points, where w(r) = 0: at
r=a,0 € {0,7} (on the top and at the bottom of the drop), r = a/v/2,0 =€ {3, -3
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(in the centres of vertexes).

In Figure 2.2 there are marked regions where the fluid moves down slower or faster
than the whole drop. The ellipsoidal-shaped region in the middle of the drop cor-
responds to values of settling velocity greater than the settling velocity of the drop,
U.

In Section 4 fluid velocity calculated for the case of ideal drop (presented above)
will be compared with the one observed around sedimenting groups of particles. The

dynamics of the particles will be presented and discussed in Sections 3 and 7.

2.3 Discussion of selected particles models

Solution for the dynamics of spherical particles in viscous fluid subjected to forces
has the form of multipole expansion |3, 87|. For two interacting particles in a fluid it has

" with increasing

the form of an infinite series with subsequent terms of the order r~
n, where r is the distance from centre of the sphere. In general good convergence
can be obtained by taking a few initial terms of multiple expansion [88] together with
lubrication correction in case of very close particles [89, 90]. The solution for many
particles requires the multipole matrix determining and will not be discussed in this
work (described e.g. in [3, 87, 91]). This method was implemented in software packages

as described in [89] and [90].

Since multipole method is computationally expensive, an approximation is often
used with only a few terms of the multipole expansion taken into account [3, 39, 69,
92]. In Rotne-Prager approximation [92| terms containing (%”)3 and (%) are taken
into account, while in point-particle approximation only (“7”) The point model, used
also in this study, has the advantage that the dynamics of particles does not require
specifying particle size (we analyse identical point-particles) - the self-term can be
extracted explicitly. The dynamics of particles is investigated in the reference frame
moving with a settling velocity of a single particle. Results obtained in simulations
may be applied for different values of radii of particles a, after being corrected for a,-
dependent settling speed of isolated particle, the same for all particles. This property

allows for presenting majority of the results without specifying a,.

When particles are widely spaced the higher terms of multiple expansion and lu-

brication do not contribute much to their velocities. In case of close particles there are
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Table 2.1: Settling velocities of three-particles system in different configurations, for

multipole and point model. Reprinted from [93].

Rod F Rod LF  Vertical chain Star F  Star L F  Kissing Ring
oo O O
g X g 88
% 00 KoLk B D 5 HkE oo
Spheres 1.95 1.63 1.63-1.90 1.90 1.74 1.75 1.74-1.79-1
Point-particle 2.00 1.61 1.61-2.04 2.04 1.75 1.81 1.75-1.74-1

approximation

1.7

15

1.3

1.1 | | |
1 2 3 4 5

Figure 2.3: Settling velocity of thrée particles in the 'ring’ configuration (Tab. 2.1)
plotted versus distance between centres of particles, measured in particle diameters.
Results for multipole method are marked with solid line, point-particle method with
dotted line and multipole method without particle rotation with dashed line. Reprinted
from [93].

some qualitative changes: centres of particles can not approach each other closer than
2a, and when particles almost touch each other there is no relative motion of fluid
and particle surface. In point-particle model the particles can rotate as in multipole
method, but their angular velocities are usually not considered. These properties may
lead to a different behaviour, e.g. in system of three particles new periodic solutions
(absent in point-particle approximation) [94] and new equilibrium configurations [95]

were found.

In case when the distances between particles are large, the dynamics is accurately
described with the point model, e.g. in [69] dynamics for spheres is similar to the

point-particles dynamics presented in [68]. Most of results for periodic motions were
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obtained with point-particle model. Quantitative differences between the point model
and accurate multipole model were studied by Ekiel-Jezewska and Wajnryb [93]. They
compared settling velocities of a three particle system in different configurations, cal-
culated with point model and multipole method. The results reprinted from [93] are
recapitulated in Table 2.1. For each configuration the difference between these two
models is of the order of a few percent. In Figure 2.3 reprinted after [93] it is shown,
how settling velocity depends on the distance between particles initially placed in the
vertexes of a horizontal equilateral triangle ('ring’ configuration from Tab.2.1). Dy-
namics of such a single ring but for larger number of particles was discussed in Section
2.4. In the whole presented range the difference between two models (multipole model
- solid line, point model - dotted line) is smaller than 4%. For larger distances be-
tween particles this difference decreases with distance. We can observe that even for
touching particles the difference between results for two alternative models is small
and point-particle approximation can describe with good accuracy the dynamics of

particles settling in the 'ring’ configuration.

The difference in settling velocity in two alternative models are caused mainly by
spinning of the particles surfaces. When rotation of particles in multipole method was
blocked (dashed line in Figure 2.3) the settling velocity is almost identical to point

model (dotted line) even for close distances between particles.

In our study the distances between rings are significantly larger than a,. Distances
between particles from the same ring can be regulated by changing a,. For these
reasons, heaving the trade-off between higher precision and computational speed, the
latter was chosen. It has allowed to analyse behaviour of the system for very wide

spectrum of parameters and initial configurations.

2.4 Dynamics of a single ring: comparison to contin-

uous model

System of particles that will be studied in this work consists of a few horizontal
rings of particles. First, let us discuss the dynamics of a single ring in comparison
to a torus of the same size and mass (it will be discussed in details later). It may
be expected that with growing number of particles in the ring its dynamics should be
more and more similar to the dynamics of the torus, because particles in the ring are

closer and closer to each other resembling continuous ring.
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5.5

5.0f

point particle
approximation

— torus with b=a,

— torus with b=v/2/3a,

4.51

»
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settling velocity
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Figure 2.4: Settling velocity of a ring of M particles (blue line) in comparison to settling

velocities torus with cross-sectional radius b = a, (green line) and b = /2/3a, (red

line). Radius of ring of particles is set to 1/2.

The friction coefficient for torus-shaped particle was first analytically calculated by
Tchen [96]. We are interested in friction coefficient for a tangential motion. Here we
present a formula in convenient form used by Adamczyk [97]. The friction coefficient
of a torus £ is given by: )

4l
In (I/b) 4 0.75

where: 7 is a fluid viscosity, [/27 is a centre-line radius and b is a cross-sectional radius.

£ = (2.26)

In our normalisation the formula takes the form:

B l
$= 2(In (1/b) 4 0.75)

where &, [, b are dimensionless parameters. Velocity of a horizontal torus dragged with

(2.27)

force F' = (F,, F,, F,) in tangential direction is equal to:
2F.(In (I/b) + 0.75)
v, =
: [

In order to compare the continuous model with the system of M touching particles,

. (2.28)

b will be identified with particle radius a,, [ will be put equal to 2mwp;, where p; is
radius of the ring of particles, and F' is the unit force, equal to the total weight of
all particles. Since the particles are touching each other 2a,M = [, and consequently

a, = ﬁ Taking these assumptions into account we obtain:

v, = % (In (2M) 4+ 0.75) (2.29)
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The results presented in Figure 2.4 show that settling velocity of ring consisting of
M touching particles (blue line) is almost identical to the velocity of a corresponding
torus (green line). Good concordance between results for these two models is kept
even for relatively small number of particles, such as M = 8. For greater number
of particles velocities are more and more similar. The red line in Figure 2.4 denotes
settling velocity of a torus with volume identical to the volume of M spherical particles,
what is an alternative method to compare torus with ring of particles, used sometimes
in the literature [97]. In this approach cross-sectional radius of the torus b is given by
b = \/%ap. As shown in Figure 2.4 settling velocity of ring of particles is better

approximated by a torus with b = a,.

In summary it was shown here that settling velocity of ring of particles which touch
each other have almost identical settling velocity as a torus of corresponding size. The
concordance is better for larger number of particles M, although even for relatively
small values of M the difference is less than 1%. When comparing ring of particles to
the torus we should consider a torus with cross-sectional radius equal to the radius of

particles rather than a torus with the same volume as M particles.



Chapter 3

Dynamics of 2 rings of many particles

1In a viscous fluid

In this section we will consider system consisting of M = 2N particles, placed in
two identical, horizontal rings, similarly as in works by Ekiel-Jezewska [38] and Gruca
et al. [86]. The ratio of the vertical distance between the rings to the rings diameter in
this configuration is denoted as C'. It has been shown [38] that periodic motions occur
only when C' is greater than the critical value Cy, which depends exclusively on the
number of particles in the system. When the initial distance between rings is smaller,

C < Cy, both rings infinitely expand, rather than performing periodic motions.

The dependence of the critical value Cy on the number of particles was studied
by Ekiel-Jezewska [38|. In Table 3.1 the predicted values fo Cj for different number
of particles are presented, based on analytical approximation derived in the referred
study [38]. One may notice that the value of Cyy decreases with the increasing number

of particles, reaching very low values for large M.

M |4 16 32 64 128 256 20000 100000
Cp | 0.5 0.0446 | 0.0169 | 0.00683 | 0.00286 | 0.00123 | 0.00000841 | 0.00000144

Table 3.1: The limit value of C' = Cj depending on the number of particles M in the
system of 2 rings. Values calculated with analytic formula for approximated dynamics
[38].

For C > (Y there exist periodic motions and the following two cases may occur: the
first one is when two particles placed one above the other, from different rings, interact

stronger with each other than with neighbouring particles form the same ring. The
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second case is when the interaction between the adjacent particles from the same ring
is dominant. In this work the regime where C' > () will be considered, what means
that the interactions between particles from the same ring dominate (note, that this

notation by no means implies that C' > 1; in fact also values C' < 1 will be studied).

3.1 One-parameter family of initial configurations

In the initial configuration, two rings of particles are placed one above each other.
For convenience, the diameter of each ring d = 1. The initial vertical distance between

the rings is equal to C'. The scheme of the system is shown in Fig.3.1.

1.0 : : — 10 ‘ ‘ —
®9 19
0.5 | o5}
0.0/ 1 o0 c
-0.5/ 1 —0.51

L9565 00 05 1.0 %0 =05 00 05 10

Figure 3.1: Initial configuration of the system of M =256 particles and C'=1.5. The
coordinates are given by Egs.(3.1) - (3.2). Top, side and 3D views presented.

The initial positions r; = (p;, ¢;, z;) of the particles ¢ = 1,..., M are given by,

S (1 2r(n—1) 9), (3.1)

2T N 2
1 2r(n—1) C
n a' ar 0 a > 2
"2 (2 N 2) (32)

withn=1,...., N and N = %
3.2 Numerical analysis of particles motion for differ-

ent initial conditions

The dynamics has been investigated by conducting over 10000 numerical simula-
tions for different number of particles, M = 4,16, 32, 64, 128, 256, 500, 1000, 3000,
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5000, 10000, 20000, 100000, and initial values of C' € [0.05,2.5]. For these values of

the parameters periodic motion of particles is observed, given that C' > (. No signs

of destabilisation are present during the whole simulation time (typically equal to
t = 5000), corresponding to 300-2700 periods. The examples of particle trajectories

for different values of C' are shown in Fig.3.2.

0.8 ‘
C
0.6f — 0.05]
— 0.1
0.4t — 0.25}
— 0.5
02k — 0.8 |
1.0
Zey 0.0) — 15 |
_0.27 i
-0.4}f
_06,
—083 0.4 0.5 0.6 0.7 0.8

Figure 3.2: The trajectories of particles in the centre-of-mass reference frame (M =
100000). The trajectory Zcas(p) of each particle has the same shape. Different shapes

(and colours) correspond to the values of C' indicated in the legend.

Each two particles from different rings, but with equal angular coordinates, move
along the same trajectory in the centre-of-mass reference frame. The shape of this
trajectory is identical for all particles, but depends on the values of C' and M. Later on
in this subsection the results for C' = 1.2 will be presented. Similar periodic trajectories
have been found for different numbers of particles M [38, 86|, and the their shapes are

qualitatively similar.

The dependence of trajectory shape on the number of particles in the system is
shown in Figure 3.3 (C' = 1.2). Larger number of particles leads to thinner and shorter

trajectories.

Together with the horizontal size of trajectory, also the period changes with different
numbers of particles, as summarised in Table 3.2. The period becomes shorter when

the number of particles in the system is larger. This corresponds to shorter trajectories,



3.2. NUMERICAL ANALYSIS OF PARTICLES MOTION FOR DIFFERENT
26 INITIAL CONDITIONS
0.8} N — 16
— 32
0.6 — 64
— 128
0.4r 256
500
0.2 1000
A 5000
A oo —— 10000
— 20000
—0.2r — 100000/ ]
—0.4+
—-0.6[
—08 04 06 08 10 12
J7)

Figure 3.3: The trajectories of particles in the centre-of-mass reference frame for dif-

ferent numbers of particles M and constant C' = 1.2.

M [T R0
4 48.761 | 0.669
16 12.662 | 1.348
32 10.784 | 1.590
64 9.538 1.826
128 8.635 | 2.058
256 7.943 | 2.287
500 7.409 | 2.508
1000 6.954 | 2.734
3000 6.376 | 3.092
5000 6.151 | 3.258
10000 | 5.881 | 3.482
20000 | 5.643 | 3.706
100000 | 5.185 | 4.225

Table 3.2: Period T" and the absolute value of settling velocity |(V.(¢))r| for different

number of particles M in the system of 2 rings. Results for C' = 1.2.

but the differences in times of the periods are larger than the ones in the trajectories

length. Clearly, apart from the effect of trajectory length, different speed of movement

along the trajectory contribute significantly to the period length. Dependence of the
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Figure 3.4: The dependence of the period T" on the number of particles M for C' = 1.2
(log-log scale).

period T on the number of particles is plotted in Figure 3.4.

Another important characteristic of the studied system is settling velocity of the

whole group of particles, defined as the vertical velocity of the centre of mass:

vi(r) = Lo (3.3)

Since the configuration of particles varies periodically, also the settling velocity V()
fluctuates, as shown in Figure 3.5B for the case of M = 32 particles. For wide range
of C, including shown C' = 0.5, the cluster settles with the minimal speed when two

rings are in the same horizontal plane (Figure 3.5A and B).

The cluster velocity averaged over the period will be denoted as (V,(t))r. In
Table 3.1 and Figure 3.6 such an averaged velocity is shown, for different numbers

of particles M. Clusters consisting of larger numbers of particles settle down faster.
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Figure 3.5: A) The trajectories of 4 point-particles in the centre-of-mass reference frame

for C' = 0.5, M = 32, cross-section ¢ = 0 and ¢ = 7. The positions of particles at

different time-points (0,7/20,27/20,37/20,47 /20,57 /20 are denoted, starting from

p = 0.5) are denoted with dots with distinguish colours (starting with red ones for

t =0 at p=—0.5). B) The value of settling velocity |V.(¢)| during one period. With

colour dots different time-points are marked, consistently with colour code in plot (A)
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Figure 3.6: The dependence of the averaged cluster velocity |(V,(¢))r| on the number
of particles M for C' = 1.2.



3.3 Conclusions

In this section was conducted the analysis of relative periodic motions in sediment-
ing cluster consisting of two regular polygons (rings) of particles. Using numerical
simulation it was shown, that periodic motions exist even for very large numbers of
particles (e.g. 20000, 100000), and in this way previous results (]38],[86]) were gen-
eralised. The main features of the periodic dynamics were determined for the wide
range of two parameters that fully characterise the initial configuration of the cluster:
number of particles M and the ratio of initial distance between rings to the rings di-
ameter C'. The dependence of trajectory shape on the value of C' and M was shown
in figures 3.2 and 3.3, respectively. Lower value of C' and greater value of M lead to
wider trajectories. Additionally, the period and average settling velocity were analysed
(Table 3.2, Figs 3.4,3.6). For the increasing number of particles the period decreases,

and the average settling velocity increases.






Chapter 4

Streamlines and fluid velocity field in

the system of 2 rings in Stokes fluid

In the previous section we analysed dynamics of particles which settle down in a
fluid of viscosity p. Here the fluid motion around the clusters of the particles will be
investigated. As before, we will consider system of two rings of particles, presented
in Section 3, with the initial configuration given by the equations (3.1) - (3.2). This
section is intended to answer the following questions: are the streamlines around par-
ticles similar to those for Hadamard-Rybczynski drop (see Figure 2.1)7 What are the
similarities and differences between them? Are the streamlines closed in the frame
of reference moving with particles? How does the velocity field look like outside and
inside the regular cluster of particles? To address these questions systematic analysis

of the fluid velocity has been performed.

The solution for the Hadamard-Rybczynski drop of fluid, reviewed in the subsection
2.2.1, is the natural reference for the fluid velocity field around the particles. To
compare both fields we assume that the total forces exerted on the 'drop’ of particles
G and the ideal fluid drop F' (see Eq. 2.17) are the same: F' = . The settling speed
U of the corresponding ideal drop is chosen as the z - component of the velocity of the

"drop’ of settling particles averaged over the period (see Fig.4.1):
U= (V.(t))r + uo. (4.1)
To effectively compare these two cases it is useful to define the ’effective’ radius of

the 'drop’ of fluid around the sedimenting cluster of particles. The definition of such

'radius’ is not straightforward. We can introduce ’effective radius’ as the radius of the
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Figure 4.1: The scheme of comparison between Hadamard-Rybczynski drop and "drop’

of particles.

ideal drop defined above, i.e. dragged with the same force F' = G and moving with the
same speed as group of particles. Eq. (2.24) for the velocity of the ideal drop, dragged

with force F', in our normalisation has the form:

8
This leads to the equation for the effective radius:

8 1 8 1
a=o- _°
51U 5 [(Va(t))r + o

(4.3)

We will compare the field of fluid velocity in the frame of reference comoving with
U = (V,(t))r + up. In this frame the fluid velocity field for ideal drop is given by Egs.
(2.20), (2.21) and (2.25):

w(r) =u(r) - U, (4.4)

and the analogical one for the fluid velocity of 'drop’ of particles has the form:
W(r,t)=v(r,t) — (V.(t))rZ — uo, (4.5)

where v(r,t) expressed by Eq. (2.9), depends on particle positions #; at time t. We
follow the convention that W (r,t) = |W (r,t)|.

As we can see in Eq. (4.5), the relative velocity of the fluid around the cluster
W (r,t) depends on the chosen radius of the single particle a,, what determines its

self-term ug, given by:
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(4.6)

When the radius is very small, a, — 0, uo goes to infinity and the fluid streams
through the cluster with little interference. The upper estimation of particle size is

given by:

Oy = 0 (1 (1) s (1), (4.7)

what implies that the particles from one ring touch each other, when the ring is

the smallest during the period. Note, that it is enough here to consider the minimum

of pi1 (t) since py (t) = p1 (T +1).

We are interested in this amount of fluid, which is dragged together with the parti-
cles, what may contribute to the long-range fluid transport. This is the volume of fluid
where we observe closed streamlines in the reference frame comoving with the particles:
the larger and more stable this region is (denoted later as ’droplet’), the larger amount
of fluid is dragged with particles. In the case, when the volume is large enough, more
fluid can be lifted with the particles. Otherwise, when the fluid streams up through
the middle of the cluster, the volume of dragged fluid radically decreases. In order to
distinguish between these two cases we will need to examine the fluid velocity along
the system symmetry axis z. Below I will show that the vertical velocity of the fluid
v (7, 1) (in laboratory reference frame) along the symmetry axis of the system, does not
depend on the number of particles and the mass distribution between them. Without
the lost of generality, we can calculate the vertical velocity of the fluid v, at the point
O at ro = (0,0,0) in the cylindrical coordinate system, v,(0,0,0). First let us consider
the v,(0,0,0) in the presence of point mass m at point A, r4 = (pa,04,24) in non-
normalised variables. In this case, with notation [ = \//m and roa = 1o — T4

we can write as following:

mg oA X ToA ) mg 22
v,=— I+ ——|2=—"=(14 =], 4.8
8mnl ( roa’ ) 8mnl ( [? (48)
Next we consider an analogous case, but this time with N point masses my, mso, ..., my

distributed along a circle, parametrized with the angle 6. The circle we will consider
next has the coordinates {(p,0,2) : p = pa;0 < 0 < 2m; 2 = z4} Using the equation
(4.8) we obtain:

N 2 N 2
—gm; A —9 zA —myg A
v Zsmz(+52) sz(Jrl?)Zm 8m<+52) (49)

i=1
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This result is clearly valid for also for the rings studied in this dissertation, consisting
of uniformly spaced % point particles with equal masses. In consequence fluid velocity

along z axis does not depend on number of particles.

In our system, using dimensionless variables, the vertical velocity of the fluid in the

centre of mass of the cluster (0,0, zop) can be calculated with the following formula:

1 1
Ve = 38 (01 +2(z1 — zem)?) + 3 (03 +2(22 = 2em)°) (4.10)
1 2

Although the fluid velocity v. at the particles centre of mass does not depend on the
number of particles, the relative fluid motion around the cluster may be different for
different M due to the changes of (V,(t))r and ug. This dependence, together with the
influence of parameter C', is presented in Figure 4.2, where particles settling velocity
and the fluid velocity in the centre of the cluster are shown. We can observe, that
the fluid streams through the middle of the system. The opposite situation (compact
drop, fluid flow only around the droplet and not through the middle) is found only in
some cases with low number of particles (e.g. M = 8) and with particle radius close
to the maximal (see Appendix section A.1). Analogous analysis will be conducted for

the system with four rings in Section 6.

The streamlines around the system of two rings are shown in Figure 4.3. The
direction of streamlines does not change significantly, because the particles move faster
than the fluid. However substantial changes in the velocity value are visible. The

effective radius of the cluster a, is much smaller than the size of the rings.

For larger numbers of particles (e.g. starting from M = 32) the particles velocity
value is greater than the velocity of the fluid in the middle of the cluster, what implies
that the fluid is not dragged with the particles. This behaviour is different than the

one observed for random drop of particles [33].
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Figure 4.2: Velocity of the fluid (blue line), velocity of the particles without self-term
uo (dashed line) and velocity of the particles for two different radii: a = apq: (grey
line) and a = aya./2 (black solid line); plots for two different values of M and C.
Chosen timepoints are marked with red dots: ¢t = 0, t = 7//20, t = T//10, t = 3T'/20,
t=T/5,t=T/4and t =T. In all cases the fluid flows up through the middle of the

group during whole period. This stream is faster for smaller radii of particles.






Chapter 5

Dynamics of two rings and fluid

motion in permeable medium

The dynamics of fluid in permeable media is described with the Brinkman-Debye—Biiche
(BDB) equations. For the system of M identical point particles, the same as in Section
2.1.1 but this time in permeable medium rather than in a viscous fluid, these equations

are as follows:

M
1
2~ 2~ ~ _ .
n (V2o(r) — K20(r)) — Vi(r) = —M;Gé(r—ri), (5.1)
V-o(r) = 0, (5.2)
where & is the external force exerted on a single particle (G = —G2), v(r) is the

velocity of fluid inside the permeable medium, 1/x? is the permeability coefficient (1/x
is the characteristic screening length), n is the fluid viscosity and #; is the position of

particle i.

The fluid velocity ©(r) and pressure p(r) are given by:

Br) = 2 Y PG, (5.4)
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with the Green tensors:

1 R®R
T = I .
(R) TR <h1(/<;R) + ho(KR) 2 ) , (5.5)
R
where
1 1 1
h = — 1+ — 4+ ——)e "8 5.7
1(kR) (HR)2+( +/<;R+(/£R)2)€ , (5.7)
3 3 3
ho(kR) = 1+ =+ )™ 5.8
o) = o= (1 i ) )
and R = |R].
The equations of motion of the particles are given by
_ M
d'l"i 1 ~
=0 Z T(7;) - G+ ug (5.9)
J#i
where 7;; = 7; — 7}, and
G
u (5.10)

T 6mnay(1 + kay + (kap)?/3)

is the settling velocity of the isolated particle in permeable medium, with a, equal to
the radius of the single particle. As in Section 3.1 we will consider the motion in the
reference frame comoving with velocity wug, so that the results do not depend on the

size of particle.

From now on, we use dimensionless variables, based on an initial size of the group
d as the length unit, and G/(4wnd) as the velocity unit. Therefore, 4mnd®/G is the
time unit. From now on, r; = 7;/d denotes the dimensionless position of a particle 1.

Later on all dimensionless quantities will be denoted without tilde.

After normalisation presented above the fluid velocity (5.3) around the particles

takes the form:

s > m (hn (sl — (D)) I+

(r (1) © (r ~i(0)
FEETOE

(5.11)

klr —ri(t)])2

We will analyse the system of equations for K rings in the reference frame moving with

the velocity ug (Eq. (5.10)). As in Section 3 we solve the symmetrical dynamics and
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reduce the system of 3M equations (5.9) to the system of 2K equations for p, and z,
with [ =1, ..., K. The initial configuration is the same as described in Section 3.1. The

system of equations takes the form,

i _ 1 (=20 [preos (572) —

(1 — 6i0n1)

hg(/{len), (512)

I
]~
WE

dt _M k=1 n=1 R?kn
K N
dz 1 1 2 — 21)2
L LSS - ) <h1(lekn)— ; hz(ankn)%) (5.13)
lkn

1

B
Il

1n

2m(n —1
Riln = (2 — 21)2 + pZQ + ,Oi — 2p1pk COS <7)>

5.1 Dynamics of a single ring

Let us now discuss the contributions to the fluid velocity (Eq. (5.11)) from the
terms containing h; and hy functions in case of 1 ring. We will begin with the term
containing hs. In Figure 5.1 we can see that hyo(kR) is greater than 0 for all values of

xR and monotonically decreases. In the velocity Green tensor (Eq. (5.5)) hy function

ROR
R2

angle between force F' and R. In the special case when F' 1 R the contribution is equal

is multiplied by so the magnitude of contribution from this term depends on
to 0. Since h; function is multiplied by identity matrix I, the contribution from this
term in Green tensor does not depend on the direction of R, what indicates that in

the plane where RLF (and close to this plane) only the term with h; is important.
0.5 K .

—  hy(kp)
—  hy(kp) |

0.4

0.3t

0.2}

0.1t

0.0t

—0.15 5 10 15 20
kp

Figure 5.1: The dependence of h; and hy on kR given by Eq. (5.7) - (5.8).
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Let’s analyse the influence of the term in Green tensor containing hy. Function
hy (Fig. 5.1) has a single root and it returns values smaller than 0 for sufficiently
large argument xkR. The negative value of h; function for a given R indicates that
the direction of fluid velocity in the plane of the ring in this point is opposite to the
direction of the force that generates the flow. In our system of settling particles it
means that in some regions the fluid velocity is pointing upward. As a consequence,
for some configurations of particles the group settles down slower than an isolated
single particle - e. g. a horizontal ring of particles may settle down slower than a single
particle, what depends on number of particles M, permeability coefficient x and the
ring radius p, as it will be discussed in the next section. Another consequence is that
smaller ring may settle down slower than a bigger one. This effect allows for a breakage
of the system of several rings: due to the difference in settling velocities between the
bottom bigger and upper smaller rings,the distance between them will increase. This
type of decay is not possible in the Stokes fluid. The influence of parameters on the

decay will be discussed in Section 5.2.

I will now discuss the case of a single ring of particles. This will be later a useful
reference point for understanding the dynamics of two and more rings, especially their

separation for some parameters.
The settling velocity of a single ring (Eq. (5.13)) is given by the equation:
M
1 hi(kRyp
V,=— Z M (515)

M Rln

n=2

where Ry, = \/Qp\/ 1 —cos (M]\fl)> When only one ring is considered, hy does
not appear in the equation and the only non-zero term includes h;. As it was noticed
in the previous subsection, function h; has a root in the range (0,00), and for the
arguments large enough, the value of h; is smaller than 0. At the same time we have:
lim, ,o hi(z) = 0. Function @ reaches the minimum for a finite value of the

argument, what is not the case for the Stokes fluid, when x = 0.

In our system in the laboratory frame of reference the consequence is that for a given
number of particles M and k there exists a finite value p = py for which the settling
velocity of the ring is the smallest. For p smaller than py the relation from Stokes fluid
is kept: smaller rings settle faster than bigger ones. In the opposite situation, when p
is greater than pg, this relation is reversed: bigger rings settle down faster. In table

5.1 critical values of py are presented, for which the settling velocity is the smallest.
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M=8|M=16 | M =32 | M =64 | M =128 | M =256 | M = 1000
Kkpo | 1.828 | 2.807 5.211 10.576 | 21.390 42.967 168.161

Table 5.1: The value of kp (dimensionless) for which the settling velocity of a single

ring of particles reaches the minimum, for a given number of particles M.

Although the direction of V is opposite to gravity, but in the laboratory frame of
reference (adding ug) the total velocity has the same direction as gravity. I examined
wide range of k € {0.1,...,1000} and M € {4,10000} parameters and the settling
velocity lower or equal to 0 would be possible (if ever) only for non-physically large
radii of particles, bigger than approximately 1.6 (the number depends on parameters)

of maximal radius when the particles touch each other.

5.2 Requirements for periodic motions of two rings.

The dynamics of a single ring described above has significant consequences for
behaviour of our system with two rings. It implies the possibility of a new type of
decay, when the vertical distance between rings grows. Since for some values of M and
k bigger rings settle down faster than smaller ones, it is possible that the smaller ring

will be left behind. This mechanism is important during decay, because at the first

k | M=8|M=32|M=64 | M =256
0.5 | 43.6 28.8 25.2 20.8

1 57.2 34 29.6 24

2 154.4 | 52.8 43.6 34

5 decay | 208.4 123.6 81.2

10 | decay | decay 383.61 184.8

20 | decay | decay decay 454.81
50 | decay | decay decay 2043.64

Table 5.2: The period for clusters with different number of particles M in medium
with permeability coefficient 1/k2. Decay of the cluster takes place for smaller number

of particles and smaller permeability coefficient (greater k), C' = 1.5,

moment of the dynamics the radius of upper ring is decreasing, while of the bottom
one - increasing. The nature of the decay described here is different from the one

mentioned in the Section 3, where the vertical distance between two rings does not
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Figure 5.2: Trajectories of particles in the centre of mass reference frame of two rings
for different values of permeability coefficient 1/k?. For x > 10 the two rings separate

in the vertical direction.

increase. Similarly as in the Stokes fluid, in this work we will discuss only the case

C > Cy.

In Table 5.2 the parameters that lead to periodic or non-periodic solutions are
presented, for a chosen value of C'. The values of s for which we observe decay is
greater for bigger number of particles M. The transition between periodic and non-
periodic dynamics for increasing value of  is shown in Figure 5.2. Bigger values of x

imply faster decay.

5.3 Analysis of periodic motions.

In the presented system, for a range of k, M and C parameters, periodic motions are
observed. In this section I will briefly present how the shape of the trajectory depends
on values of these parameters. In Figure 5.4 the dependence on k is presented. Larger
k results in the trajectories which are more elongated in the horizontal direction. Apart
from that, for larger x the minimal ring radius is also larger a bit. These observations

stay also for values of k outside the range presented in the figure.
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Figure 5.3: The settling velocity |V.(t)| (blue lines) and |V.(t) 4+ wuo| (green lines) of
each ring and the centre-of-mass of two rings, M = 32. Left: C' = 0.8, right: C' = 1.5.
The time-points of 7'/20,27"/20, 37/20,47 /20,57 /20 are marked with red dots.

Another important factor is the number of particles in the system, M. Similarly
as in the Stokes fluid (Section 3.2) trajectories of particles in the system with smaller
M are more elongated (as shown in Fig. 5.5 for chosen M). Consistently with the
elongation of the trajectories for smaller number of particles, the period of the motion

increases, for a given value of x (see Table 5.2).

Also the shape parameter of initial configuration, C, influences the trajectories as
presented in Figure 5.6 for a chosen range. This dependence is very similar to the one
for Stokes fluid. Note, however, that we do not examine here values of C' close to the
critical value of Cy. In Figure 5.3 the settling velocities during the period are shown, for
the centre of mass of the cluster and for each ring separately. These velocities depend

on the radius of particles a, (Eq. 5.10). The results are shown for maximal value of the
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Figure 5.4: Trajectories of particles in the centre of mass reference frame for medium
with different permeability coefficient 1/x% Results for M = 32 particles and C' = 1.5.
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Figure 5.5: Trajectories of particles in the centre of mass reference frame for different

number of particles M. Results for k = 2 and C' = 1.5.

radius (the particles touch each other when the ring radius is the smallest during the
period) and without the contribution of self-term. For larger x the difference between
instantaneous settling velocities of the two rings is smaller. This tendency is kept for
# much larger than presented in the Fig. 5.3, providing that the motion is periodic

(what requires larger number of particles).
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Figure 5.6: Trajectories of particles in the centre of mass reference frame for different

values of C. Number of particles M = 32 and coefficient xk = 2.

5.4 Streamlines and fluid velocity field

The natural question is about the streamlines and fluid velocity value around point-
particles placed in 2 rings in porous medium. The questions are similar to those which
have been asked in Section 2.2.1: are the streamlines closed in the frame of reference
comoving with the particles? How does the velocity field look like outside and inside

the regular cluster of particles in permeable medium?

The expression for self-term of particle velocity wug is presented in Section 5 (Eq.
5.10). Similarly as in the Stokes fluid an important property of the fluid motion is
whether the fluid moves faster than the particles or not. The vertical velocity of the

fluid in the geometrical centre of mass of the particles is given by the equation:

1 — 2hy (Kl 1
v = & (hy(nty) + L2 halel)) L s
I F I (5.16)
(22 — ZCM)2h2(K,l2) '
;3
l2 = p% + (21 — ZCM)2 (517)
15 =ps+ (22 — zom)’ (5.18)

analogous to the Eq. (4.10).

Figure 5.8 is plotted in the reference frame moving with the centre-of-mass of the
particles. It is shown that the fluid streams up through the group of particles. In the

reference frame comoving with the settling centre-of-mass, streamlines of stationary
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fluid would be vertical and pointing up. Streamlines around particles, presented in
Fig. 5.8 show only slight deviation from this state. The alteration of fluid velocity is
even smaller than in the Stokes fluid, where x = 0 (Section 4). The fluid flow through
the middle of the cluster is clearly visible in the figure presenting streamlines (Fig. 5.8)
and also in the plot of vertical velocities of fluid and particles (Fig. 5.7) where the
absolute value of the settling velocity of the fluid (blue line) is much lower than the one
of the particles (black and grey lines). The only exception is the case of M = 16, k = 1
where velocity of fluid is comparable to velocity of particles with maximal possible radii
- this is not observed for the same number of particles but larger x, k = 3. The effect of
slower motion of fluid in comparison to the velocity of particles, is stronger for bigger
values of xk within the examined range , for which the periodic motions are observed.
The direction of changes is consistent with the observed differences between permeable
medium and Stokes fluid, equivalent to the limit k = 0. More straight streamlines for

bigger k and M indicate also that smaller amount of fluid is dragged with particles.
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Figure 5.7: Dependence on time: velocity of the fluid (blue line), velocity of the
particles without self-term ug (dashed line) and velocity of the particles for two different
radii: a, = apmas (grey line) and a, = @, mas/2 (black solid line); plots for two different
values of k and M, C' = 1.5. Chosen timepoints are marked with red dots: t = 0,¢ =T/
20,t=T/10,t=3T7T/20,t=T/5,t=T/4and t =T.
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Figure 5.8: The streamlines (in the frame comoving with (V. )r+ug presented in Fig.5.7
as black dashed line) around M point-forces for different values of x and number of
particles M: A) M =32, k=1,B) M =32, k=3,C) M =16, k =1, D) M = 16,
k = 3. Positions of particles are marked with dots, drawn to scale. Parameter C' = 1.5
and particles size a, is equal to half of the maximal value, when they would touch each
other. The streamlines are almost vertical and are getting even more vertical for larger

r (smaller screening length &).



Chapter 6

Dynamics of 4 rings in a viscous fluid

6.1 Three-parameter family of initial configurations

In Section 3.1 we considered one-parameter family of initial configurations - the
system consisting of 2 rings. In this Section we introduce the system with K = 4
(what refers to the number of rings as discussed in Section 2.1.2). The positions of

particles in each ring are given by Eqs. (2.10) - (2.12).

The symmetrized dynamics of 4 rings is given by Egs. (2.13) - (2.15) with K = 4
and M = N - K. The initial configuration of system with 4 rings can be considered
as a modification of the one investigated in case of 2 rings (Section 3.1). Rings 1 and
3 are analogous to the system presented before: initially they are placed one above
the other, their diameter is equal to 1 and vertical distance between them is denoted
as C. The other two rings, number 2 and 4, are initially placed in the plane z = 0
and their radii are denoted as R, and Ry, respectively. The angular coordinates of
particles from rings 2 and 4 are shifted by 47/M with respect to the particles from
rings 1 and 3. This configuration with symmetrization implies that the particles will
have no azimuthal component of velocity during the motion, what is also imposed by

the model applied in this work.

Initial configuration of the system for a given number of particles is described by

three parameters: C, R, and R4, what can be seen in Figure 6.1. Initial positions
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Figure 6.1: Initial configuration of the system of M =256 particles. The coordinates are
given by Eqs.(6.1) - (6.4). C, Ry and Ry are three parameters of initial configuration

for a given number of particles. Top, side and 3D views are presented. Reprinted from

[36].

r; = (pi, i, z;) of the particles i = 1,..., M are given by [86]:

Tin_s = (% %(ZLV_ D,%), (6.1)
Pan_y = (RQ,W+%,0), (6.2)
Pin1 = G 2”%— 1),—%), (6.3)

S (R4, 2%(7;\[— 1) n %’0) (6.4)

withn=1,...., N and N = %.

6.2 Analysis of decay of the group of particles

6.2.1 General description of dynamics of 4 rings of particles

In Section 3 we discussed the dynamics of 2 rings of particles. Here we will present
the dynamics of system consisting of 4 rings of particles with initial configuration
shown in Section 6.1. The equations of symmetrized dynamics of 4 rings are given
by Egs. (2.13) - (2.15) with K = 4. The main observation is that depending on the

initial parameters the dynamics can be different: the system breaks up immediately,
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Figure 6.2: The trajectories of 4 particles (each from a different ring) in the centre-
of-mass reference frame for different time intervals (from 0 to ¢ as indicated) and
C =15, Ry, =0.186 and R4 = 0.909. The cluster breakage is visible at the last right
plot. Different colours correspond to trajectories of different particles. Dots indicate
particles positions at time t¢.
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Figure 6.3: Trajectories of particles in the system of 4 rings. Trajectory of each ring is
marked with a different colour. Unlike in Figure 6.2, dots represent initial positions of
particles. Simulations were performed for M = 256 particles and C' = 1.5. Four main
scenarios of the dynamics are presented: (a) One of the rings separates from the cluster.
(b) The group breaks up into two pairs of oscillating rings - one of them falls faster
than the other. (c) The cluster breaks up into one pair of oscillating rings and two
single rings. (d) lack of decay, quasiperiodic motion during the whole simulation time.
In all cases the trajectories are plotted for the first 500 time units of the dynamics.
Reprinted from [86]

after some time or stays together till the end of simulation time. The breakage of the

system looks differently depending on initial parameters.

To effectively illustrate the dynamics at selected time intervals we plot the trajec-

tories of particles (4 particles each from a different ring) in the centre-of-mass frame
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increasing the time of observation. The results are shown in Figure 6.2. One can
see that at the beginning all particles move not far away from each other, until time
t = 200 rings stay together (Fig. 6.2C). For ¢ = 500 we observe that two rings of
particles separate from the others: the system breaks up (see Fig. 6.2D).

When considering the symmetrized dynamics during the whole simulation time, a
few scenarios are observed, presented in Figure 6.3. Some rings may separate from the
rest: one ring separates from the other three (Fig. 6.3 a)), two pairs of rings separate
from each other (Fig. 6.3 b)), or two rings independently separate from one oscillating
pair of rings (Fig. 6.3 ¢)) . The next observed scenario of the dynamics is quasiperiodic

(or in limiting case periodic) motion during the whole simulation time (Fig. 6.3 d)) .

Analysing exemplary trajectories presented in Figure 6.3 it becomes clear that the
analysis of decay of the cluster is an essential characteristic of the dynamics. In the
following sections I will discuss what criterion should be use to accurately define this

event.

6.2.2 Discussion of existing criteria for break-up of a group of

particles

An objective criterion of cluster decay is required to accurately characterise the dy-
namics presented in the previous paragraph. Usually in this kind of problems distance-
based criteria are applied. Janosi et al. [39] used a maximal vertical distance between
particles as the condition of decay, for a group consisting of 3 particles. The thresh-
old was set to 100 times the particle radius a,. Although simple and convenient, this
approach was shown not be adequate in relatively innumerous, but important cases
of dynamics where the particles are temporally separated by longer distance but later
come back and form the group again [98|. Ekiel-Jezewska and Wajnryb have proposed
an alternative criterion [98|, which takes into account the relative distances between
particles of the group and uses the knowledge of the typical pattern of the decay: it is a
single particle that is left behind and the remaining pair settles faster. In consequence,
it is not allowed that the cluster break-up into a doublet (pair of particles with the
closest distance) at the top and a singleton at the bottom, because this configuration
can not be kept - pair of particles will always settle faster than a single one. The new
criterion was formulated as following: 1) both particles from the doublet, defined as in
previous sentence, must be below the singleton, 2) the vertical distance between lower

particle from the doublet and the singleton is 3 times longer than distance between
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particles from the doublet. Apart from being adequate in cases were the distance-based
criterion fails, this improved method allowed also to reduce systematic overestimation
of interaction time between particles [98|. Criterion described here, applicable for sys-
tem of 3 particles, cannot be simply generalised the case of many particles. Thus a

new criterion is necessary.

160

140

120

e, L ! L
0 1000 2000 3000 4000 5000

Figure 6.4: The time-dependent maximal vertical distance between the particles (dis-
tance between the top and the bottom rings), for a chosen initial configuration:
C =15, Ry = 0.3, Ry = 0.712. In this type of dynamics distance-based criteria of
the decay are likely to fail, because although the vertical size of the group temporary
reaches high values, hydrodynamic interactions between rings are still non-negligible

and particles may come back again.

For the case of the system of four rings, presented in this dissertation, applicability
of both described methods was analysed. Data presented in Figure 6.4 show that
distance-based criterion would suffer from similar drawbacks as in the case of three
particle system studied by Janosi et al. [39]. For quite a number of initial configurations
the vertical distance between rings can be temporary very large, before decreasing again

to the values typical for quasi-periodic motions.

As mentioned before, a method based on geometry of the cluster and some knowl-
edge about the dynamics might be more successful in indicating the moment of break-
up of the group. However, in the case of complex dynamics of four rings system
formulating such a criterion would be a challenging task. Unlike in the system of three

particles, a single ring that separates from the group can settle either slower or faster
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than the rest of the cluster, depending on its radius. There is no evident relation be-
tween the geometry of the group and its decay. Taking into account these limitation a

new criterion of decay is needed to describe the dynamics.

6.2.3 Formulation of a new criterion for break-up

As described in section 6.2.1 the cluster decay is one of the observed scenarios of the
dynamics in the system consisting of 4 rings (e. g. Fig. 6.5). Therefore the question
appears how to define the event of the cluster decay?” The examples of long-living
clusters show that the particles perform relative oscillations. This observation lead
us to investigation of oscillations within pairs of particles. To determine the cluster
lifetime 7 we introduce a new criterion based on relative distances between oscillating
pairs of rings. The first step is to determine if the rings ¢« and j oscillate within a pair.
To achieve this we investigate the difference in their z coordinates, Az;; = z; — z;. If
this value oscillates around zero and has repeating roots we denote that the rings 7 and
J belong to the same group. We assume that the time interval between consecutive
roots cannot be arbitrary large and a certain threshold is set.If these conditions are

full-filled we define that rings i and j stay together.

Thus we apply this idea of belonging to the same group to construct the definition
and determine the cluster decay. For each pair of rings i, € {1,2,3,4} and i # j we
calculate the difference of their z coordinates Az;; as a function of time. The maximal
allowed time interval between consecutive roots is set to 1000. If this value is exceeded
we denote that specific pair of rings ¢ and j is separated. The time referring to the last
root of Az;; before separation will be denoted as (7, 7). The time of cluster decay is
determined as:

T =minty(i, ), (6.5)

Z7j

what means that the moment of decay is defined as the time when one pair of rings
stops to oscillate. Such an event is always followed by lack of oscillations in some of
other pairs: e.g. when ring number 1 separates from the rest, there are no oscillations

between this ring and any of the others - in result there are no roots in functions Az,

AZlg and A2’14.

To better illustrate our criterion of the cluster decay we applied it to the example
shown in Fig. 6.4. In Figure 6.6 we present Az;; dependence on time for each pair
of rings. It is visible that in four pairs of rings (Fig.6.6 A, B, E, F) the function

Az;; has repeating roots only until specific time during the whole simulation, but in
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Figure 6.5: Trajectories of 4 particles (each from different ring) in the centre-of mass
reference frame, for the same system as in Fig. 6.4 and Fig. 6.6. Decay of the cluster
is clearly visible, with two pairs of rings oscillating together: rings number 1 and 4

(blue and cyan) in one pair and 2 together with 3 (green and red) in the other.

case of Fig. 6.6 C, D till the end of simulation time. The cluster lifetime 7 = 2715,
determined according our criterion, is marked with green line. It accurately indicate
the time up to when all rings form a group !. It works better than distance-based
criteria because it is not mislead by temporary large distance between rings which still
oscillate, so their interactions are relevant for description and cannot be neglected.
Similarly as the method introduced by Ekiel-Jezewska and Wajnryb [98] this criterion
builds on fundamental features of the dynamics, what may result in better capturing
of its important aspects. The criterion presented in this chapter not only allows to
determine the decay of the cluster but also type of decay (as discussed in Section

6.2.1). It will be carefully discussed in the next section.

6.2.4 Criterion of types of decay of a cluster

Classifying type of decay allows to better characterise the dynamics. Different

possible scenarios of decay were presented in Figure 6.3 A, B, C'. The approach based

IThe algorithm presented here is not perfect and there exist some cases which it can be misclassified
as a decay. However, because this criterion is based on fundamental features of dynamics of the system,
it works much better than distance-based criteria and, in contrast to them, is accurate in vast majority

of the cases.
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Figure 6.6:

The subplots are drawn for each pair of the rings. The green vertical line denotes the

Difference of vertical positions between particles Az;; as a function of time.

cluster decay time 7 = 2715.

on relative oscillations between pairs of rings enables us to distinguish between them
in unambiguous way. In the dynamics of presented system oscillations between rings
may be identified with non-negligible hydrodynamic interaction, significant for the
dynamics. Following this observation, if the cluster breaks up into subgroups, rings
belonging to the same subgroup will perform oscillations (what implies that function
Az;; has repeating roots). Different types of decay will result in different number of
oscillating pairs: the decay '3+1’ (one ring separates from the other three, Fig. 6.3
A), corresponds to 3 pairs of oscillating rings. The decay 242’ (decay into two pairs
of oscillating rings, Fig. 6.3 B) corresponds to two oscillating pairs and 2+1+1" type
of decay (decay into one pair of oscillating rings and two single rings, Fig. 6.3 C) to a

single oscillating pair.

The distinction between different types of decay cannot be defined in the exact
moment marked as the decay time, since definition in Eq.(6.5) in general means that
at time 7 only one pair of rings does not oscillate anymore. We have chosen the interval
of 1000 time units [, 7 + 1000] as the interval when the type of decay will be identified.
This interval is shorter if 7 + 1000 exceeds the simulation time. During this interval

we consider a pair of particles ¢ and j as belonging to one group if the number of roots
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is not smaller than 5. If the interval is shorter than the one given above, we demand

the number of roots to be proportionally smaller.

As an example let’s consider the case presented in Fig. 6.6. One can observe
that all pairs of rings except of pairs (1,4) and (2,3) are separated, what manifests
in lack of roots of function Az;; in the last part of simulation time. Our criterion is
insensitive to temporal increase of the distance between rings (what can be missed
using distance-based criterion presented in Section 6.2.2). Applying our criterion we
classify the cluster decay as a 242’ type of decay. Further analysis of type of decay and

cluster lifetime for different initial configurations will be discussed in the next section.

6.3 Dependence of the cluster lifetime and types of

decay on the initial configuration

6.3.1 Maps of type of decay for different initial configuration

After formulation criteria of cluster lifetime and type of decay let us investigate
how these characteristics depend on the initial configuration parameters Ry, and Ry,
with parameters C' and M fixed to C' = 1.5 and M = 256. The parameters R,
and R, are examined within ranges [0.002, 1.2] and [Ry + 0.002, 1.4}, respectively, with
the resolution 0.002. We investigate only the region for which Ry < R, because the
opposite situation would correspond to permutation of indices of the rings 2 and 4. The
scheme of the system is recalled in Fig.6.7 with colours corresponding to the labels of
the rings. The results of cluster lifetime are presented in Figure 6.8. The map is plotted
in logarithmic scale and colours correspond to different values of the cluster lifetime:
the shortest lifetime refers to the darkest blue colour and the longest one (till the end
of simulation time ¢ = 5000) to the dark red colour. On bottom right of the figure the
zoom of a chosen fragment of parameter space is drawn. In Figure 6.9 the maps of
types of decay are shown. Figure 6.9A presents the dependence of the type of decay
(as defined in Section 6.2.4) on the initial conditions. Figures 6.9 B,C and D present
details of the particular types of decay: ’3+1°, "2+1+1", '2+2’ respectively. In Figure
6.9B the colour denotes the label of the ring which separates from the others. In Fig.
6.9C the labels of rings which oscillate within a pair are indicated. In Fig. 6.9D the
labels of oscillating pairs of rings are denoted. The enlarged parts are drawn for the

same parameter range in all subplots.
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Figure 6.7: The scheme of the studied system with labels of ring numeration.
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Figure 6.8: Cluster lifetime 7 for around 240 000 different initial configurations with Ry
and R4 parameters in range [0.002, 1.2] and [Ry + 0.002, 1.4], respectively. Simulations
were performed for C' = 1.5, M = 256 and simulation time ¢ = 5000. The darkest red
colour indicates that the group does not break up during simulation. Resolution of the

map is equal to 0.002 x 0.002. Reprinted from [86].

In Fig.6.8 the regions where cluster breaks up immediately or after a very short

time are located in the left, top-left and bottom parts of the map [86]. The region on
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Figure 6.9: Dependence of patterns of the cluster decay on the initial configuration
parameters Ry and Ry , for C = 1.5 and M = 256. (a) Different types of decay:
3417, 72427, 2++1+17, or "1+1+1+1", as described in Section 6.2.4. (b) '341 type of
decay: the colour indicates the label of the ring that separates from the other three. (c)
'24+1+1" type of decay: the colours indicate the labels of the interacting pair of rings
after decay. (d) '2+2’ type of decay: the colours indicate which rings form interacting
pairs after decay. Reprinted from [86].

the left (small Ry) corresponds mainly to ’3+1" decay where ring number 2 separates
(Fig. 6.9A and B). Small radius of ring 2 results in its high settling velocity and in
consequence separation of this ring below the others. Similar mechanism is responsible
for a quick decay of the cluster for large R,. Large radius of ring 4 causes its weak

interactions with the others and much lower settling velocity. As a result ring number
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4 separates and stays above the group (Fig. 6.9A and B). Situation for the top-left
corner of the map in Fig. 6.8, where '2+1+1" type of decay takes place (see Fig. 6.3C),
corresponds to a mixture of described scenarios: ring number 2 with small radius settles
faster than the rest of the group, while ring number 4 separates due to its lower settling
velocity. For relatively small values Ry and Ry, and R4 only a little larger than Ry,
the decay 242’ is observed (see Fig. 6.3B). In this case rings 2 and 4 are close to
each other and oscillate together. Due to small radii and short distance between each
other, this pair of rings settles down much faster than rings 1 and 3, and the decay
of the group takes place. Apart from compact regions described above for the main
area of the parameter space both lifetime and type of decay are very sensitive to a
small change of the initial parameters. Sensitivity to initial conditions will be further
discussed in Section 6.3.2. Although in the central part of the map, in general colours
change significantly from point to point, there exist also distinct, uniform bands. In
Figure 6.8 they are visible most clearly for values of R, similar to R4. In case of types
of decay the bands are most pronounced in bottom-left and top-right parts of Fig.6.9B
(black ones) and at the bottom edge of Fig.6.9C (yellow colour). The discussion of
regions where the cluster does not break up (white ones) will be presented in the next

section.

To quantitatively describe the possible types of decay one can summarise the total
number of decays of each type. The most common one is '3+1’ type (78.4%), the
second is '24+1+1" (10.8%) and the third one is '2+2’ (7.6%). Configurations that do
not lead to decay during simulation time are relatively infrequent: 3.2%. There are
also a tiny number of decays (< 0.01%) classified as '14+1+41+1’ type of decay, where
none pair of the rings oscillates after decay. In most cases for such trajectories at least

two rings stays closely together, although they do not oscillate.

We investigated whether quasiperiodic trajectories converge to an limiting one,
either contrary: become wider with time. It turned out that quasiperiodic trajectories
do not converge to any specific one. Trajectory width in majority of cases is reached
relatively quick and rings oscillate many times without clear sign of expansion. Before
decay trajectory usually gets thicker and less regular. This findings suggest that there
is no attractor (except for not excluded possibility of strange attractor) nor repeller in

this system.

For chosen parameters for which the group stays together till the end of simulation,
additional much longer simulations were perform, up to ¢ = 100000. This times corre-

spond to more than 5000 quasiperiods. Even for such a long time in majority of cases
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no decay is observed. Parameters (Rs, R4) for which decay time 5000 < 7 < 100000

in map presented in Fig. 6.8 are represented by isolated non-decaying configurations
or lay close to the borders of long-lifetime regions. Parameters corresponding to inte-
rior of these long-lifetime regions lead to quasiperiodic motions which do not decay up
t = 100000.

6.3.2 Sensitivity to the initial conditions

The map of cluster lifetimes can be considered in analogy with the one obtained by
Janosi et al. [39] for the system of three particles. Similarly as in the system presented
in this dissertation, also in work by Janosi et al. there were two variable parameters
of initial configurations, namely vertical and horizontal coordinates of one particles,
with fixed positions of the other two. The pattern observed by the authors was fractal
structure of regions with similar lifetime. Inside fractal bands there exist homogeneous
deterministic regions with almost uniform lifetime. In other places a fine-scale fractal
structure can be find with very high sensitivity on initial configuration. Having in
mind this picture as an analogy, let us discuss results obtained in the system of four

rings.

As illustrated in Figure 6.8 the cluster lifetime changes significantly from point to
point with a slight change of Ry, and Ry, apart from a few deterministic regions dis-
cussed in the previous section. This variability is also visible in Fig.6.9 which presents
different types of decay. To investigate this sensitivity, in this section we will present
a cross-section through the map of cluster lifetime as well as zoom of a chosen region

of the map of cluster lifetime.

In Fig.6.10 lifetimes with the same value of Ry and different R, (and vice versa) are
presented (cross-section through the map of cluster lifetime presented in Fig.6.8). The
high sensitivity to initial conditions is observed for most of the points from parameter
range. The deterministic region of long lifetime 7 = 5000 for R, € [0.71,0.9] is visible
in Fig.6.10a) (compare to the darkest red colour in Fig. 6.8). For large values of R,
the cluster breaks up immediately what corresponds to 7 approximately equal to 0.
In Fig.6.10b) for small values of Ry the lifetime is extremely short. In the other part
of the range of Rs, 7 is highly variable. Significantly longer lifetimes for Ry ~ 0.35
correspond to the area close to the main long-lifetime island. Increasing the resolution
of Ry a self-similar structure is found (highly variable, with both short and long times

of decay), what is shown in the inset of Fig.6.10a). Unlike in the map obtained by
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Janosi et al. [39] , there are no deterministic bands what is a significant difference.
Fractal structure is not visible and high sensitivity to initial configuration is present

for almost entire range of parameters values.

(a) R, =0.35 (b) R, =0.7
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Figure 6.10: Cross-section through the map of the cluster lifetime presented in Fig.
6.8 (resolution: 0.002): a) Ry = 0.35, b) Ry = 0.7. Inset with the higher resolution
10~*. Analogous figure for different values of the parameters R, and R, can be found

in [86].

To further explore sensitivity of the dynamics to initial conditions, additional simu-
lations were conducted for a chosen range of Ry and R,. Values of Ry and R, were sam-
pled with higher resolution than before: for the region Ry € [0.45,0.55], Ry € [0.8,0.9]
the resolution was 0.001 x 0.001 , and 10~% x 10~* for the sub-region Ry € [0.495,0.505],
R, € [0.845,0.855]. The region was chosen next to the borders of long-lifetime island

to have a closer look on the dynamics near irregular borders of the island.

In Figure 6.11 decay times are presented for systems with R, and R4 parameters
from described ranges. The region of long-lifetimes is visible in bottom-left corner of
the Fig.6.11A. Outside from the island area (where 7 > 5000) we can observe that
decay times are highly variable, and it is not unusual that long-living configuration
are neighbours of configurations with very short lifetime, e.g. below 500. However,
apart from this variability one can see that there exist regions, were concentration of
configurations with short- or long decay times is larger: in the bottom-right corner
there are more blue pixels (short-living clusters) whereas along the line approximately
between points (0.48,0.84) and (0.52,0.9) there are more configurations with long
lifetime (red and brown colours), but there is also a smaller number of configurations
with short lifetime. It illustrates, that the variability of decay time in parameters space

is a multiscale phenomena, with both very short (ARy, ARy < 0.001) and moderate
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Figure 6.11: Cluster lifetime 7 for different initial configurations, M = 256, C' = 1.5.
The resolution of initial configuration parameters Ry and Ry is equal to 0.002 x 0.002
for the plot A), 0.001 x 0.001 for the plot B) which is the zoom of A) and 10~* x 1074

for plot C) (the zoom of plot B). Black rectangles indicate enlarged regions.

length scales. The self-similar structure can be found in each length scale.

Features of the dynamics discussed above are also visible in a finer scale, with reso-
lution 1074 x 10~ (Fig.6.11B). As an example, on the line between points (0.498, 0.848)
and (0.501,0.854) we find a band with significantly shorter decay time. Also neigh-

bouring configurations with very short and very long decay time can be observed.
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6.4 Method of quantitative comparison of trajecto-

ries of non-decaying clusters

As it was shown in Section 6.3 there exist a few compact regions, in the parameter
space, where we observe long-living quasi-periodic oscillations. When examined in
the centre of mass reference frame, the trajectories of particles look similar over the
time, but are not exactly repeated. In order to find parameters that lead to periodic
dynamics (or very close to periodic one) we would need to quantify the changes of
trajectory over time, and identify for which Ry and R, they are the smallest (inside
long-lifetime regions discussed in Sec 6.3). This would allow to extract the best values
of parameters from huge number of performed simulations for which the trajectory is
the thinnest. We have approached this task by quantifying similarity of the trajectory
in subsequent quasi-periods, which begins and ends at moments when z coordinate (in

centre of mass reference frame) of the first ring changes the sign to positive.

A method commonly used to achieve this is Dynamic Time Warping (DTW) which
was developed to work with time series data [99]. Depending on the application, dif-
ferent variants of this method are used. In our case we will use One-Way-Distance
(OWD), a method which is simplified version of DTW, and was developed to measure

similarity of trajectories [100].

First T will briefly discuss DTW method, later OWD, and finally I will present
one-way-distance implementation for our specific problem. Dynamic Time Warping
allows to determine the closest distance between two time series, with trajectories as a
special case [99]. Time series are defined as sequences of observations, e. g. sequence
of positions of particles during the motion. Time transformations are allowed for both
time series to fit them to each other in the best way. Let’s consider two time series
we want to compare: X = (21, ...,x,) and Y = (y1, ..., ys). Let us define the distance

function between points x;, y;:
d(i,j) = f(xiy;) >0, (6.6)

e. g d(i,j) = |l — y;l
Let T denote the number of matches between corresponding points in series X and Y.

The main aim is to specify the function ¢(k), k = 1,...,T (warping curve):

O(k) = (02(K), ¢y (F)), (6.7)
o (k) € {1, ..., al, (6.8)
oy (k) € {1,..., B}, (6.9)
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where ¢, ¢, denote corresponding indexes of X and Y. The function ¢ defines matches

between corresponding points from X and Y series.

Usually it is required for the functions ¢, and ¢, to meet the following conditions:

1. monotonicity condition: both functions ¢, and ¢, are non-decreasing,

2. no point from series X and Y is skipped: ¢, ({1,..,7}) ={1,...,a}, ¢, ({1,...T}) =
{1,..., 8},

3. boundary condition: ¢, (1) = ¢,(1) =1,¢,(T) = a, ¢, (T) = B,

4. points in the warping curve are not repeated: ¢(k) # ¢(k + 1).

As one can see these conditions allow for multiple match of a single point and imply
that max(«o, 5) < T < a+ [ — 2.

The next step is the calculation of total distance:
T
ds(X,Y) = d(6u(k), by (F)). (6.10)

k=1

Our aim is to minimise the total distance by choosing optimal function ¢, which meets

criteria listed before. The DTW distance given by the expression:
D(X,Y) = m(;'nd¢(X, Y). (6.11)

In order to minimise the cost of computational complexity different some additional
constrains are commonly imposed. This will be discussed later in our specific imple-

mentation.

One way distance allows to calculate similarity between template trajectory (time
series X) and query trajectory (Y'). This method can be considered as a case of DTW

where:

1. function ¢, is defined as ¢, (k) = k, and
2. some points from the query trajectory Y may be skipped.
Property (1) states that distances from all points in template trajectory are used exactly

once. The second one means that requirements (2) and (3) for DTW are not valid in
OWD calculation.



6.4. METHOD OF QUANTITATIVE COMPARISON OF TRAJECTORIES OF
66 NON-DECAYING CLUSTERS

Let’s define the distance between point x; from template trajectory X and query
trajectory Y:
ngmt(:ci, Y) =min ||mz — y]|| (612)
y;eY

The OWD distance between template trajectory X and query trajectory Y is defined

as:

1 o
Dowd(Xa Y) - a Z Dpoint(mia Y) (613)
i=1

In our problem we will need to measure how similar are trajectories in the centre of
mass reference frame during subsequent quasi periods. The time series X, which is the
sequence of positions of particles during first quasi-periods, is used as the template. Y is
the time series representing query trajectory. Vector @; (or y;) is a vector of positions
of particles in i — th measurement time, defined as ® = (py, 21, p2, 22, P3, 23, P4, 24),
where p; and z; are p and z coordinates of particles from [ — th ring in the centre
of mass reference frame. Trajectory X will be compared, using OWD measure, with
each of the trajectories from subsequent completed quasi-periods. The final score is
the average of OWD over scores obtained in this manner for all quasi-periods. We
will introduce two additional constrains to our algorithm, both commonly used in this
type of problem. First is the monotonicity condition, equivalent to the (1) condition
for DTW: ¢, (k) = n = ¢,(k+ 1) > n. This means that once we match a point from
template trajectory to the closest point in the query, the next point from the template
can be matched or with the same point in query, or with subsequent ones. Matching
with the previous points is forbidden. The second constraint is step size condition: we
look for the closest point not within whole trajectory, but only in some neighbourhood
dyk) =n=n<g¢,k+1) <n+ 5—106 It is imposed to speed up the computation.

With these modifications, the point-to-trajectory distance is calculated as follow:

1=1: ngmt(:ci, Y) = min ||mz — yj” (614)
je{l, 1453
i>1: Dy, Y)=  min ||z, —y,|l; n=¢,(—1). (6.15)

]e{n,,ﬂr‘r%}

Using point-to-trajectory distance as defined above, one way distance between trajec-

tories is calculated with the formula (6.13).

The algorithm described above was applied to the trajectories obtained for a range
of Ry and R, parameters around long-living regions. Cases for which decay was ob-
served were omitted. Simulation time was set to 5000, what corresponds to roughly
500 quasi-periods. Since the trajectory is represented as discreet set of points the

OWD may not be exactly 0 even for strictly periodic motion. However in our case the
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minimal calculated value of OWD is greater than the one expected for periodic orbit.
All maps of OWD are plotted in log scale because the OWD value changes in range
(1071,1073). The colour in each plot corresponds to the value of OWD.
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0.40

Figure 6.12: The map of One-Way-Distance (thickness of trajectories) for the first
region of initial parameters which lead to extremely long lifetimes. The values of D4
are drawn in log scale (the colour corresponds to different values). Three exemplary
trajectories of four particles (each from different ring) in the centre-of-mass frame
are plotted for the following values of the parameters: A) Ry = 0.308, Ry = 0.821
, B) Ry = 0.3, Ry = 0.792, C) Ry = 0.35, Ry = 0.75; Dgy,q was calculated for the
total simulation time 5000, while trajectories are plotted for the first 1000 time units.

Resolution of the map is 0.001.Right part of the plot reprinted from [86].

The first region where cluster lifetime is extremely long (till the end of simulation
time 5000) is located between Ry € (0.25,0.4) and R4 € (0.7,0.9). The OWD measured
for the trajectories from this region (only these which do not break up) is shown in
Figure 6.12. One can see that an ’island’ of long-living clusters forms a compact region
in space of Ry and R4 parameters. The colour corresponds to the value of OWD - the
smaller the value is, the thinner the trajectory is. There are quasi-periodic trajectories
which surround the main island and their OWD value is much greater that these placed
in the centre of the map. An example of such a trajectory from outside the main island
is also shown in Figure 6.12C. Similar values of OWD refer to similar thickness of the

trajectories. One may compare the trajectories A and B to the one presented in C. It is
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visible that the OWD value clearly reflects the thickness of trajectories. In the island
there are relatively thick trajectories for which the red colour dominates (the OWD
value is large). However in the central part of the island there is a small region where
OWD value is much smaller, of the order 10~ (blue colour). This indicates that there
are trajectories which are thinner that the others. We found a minimum of OWD for
this part of the map which is smaller than 4,1 - 10~* The corresponding trajectory is
presented in Figure 6.12A. This is the solution where all particles move along the same
trajectory but in different planes (particles from rings 1 and 3 move in ¢ = 0 plane,

from 2 and 4 ring in plane ¢ = 7/N).

B 169.3- 10 *

A 81.44- 104 .
: : 107
R

C 15.07- 10 0.55

0.50

Figure 6.13: The map of One-Way-Distance (thickness of trajectories) for the second
region of initial parameters which lead to extremely long lifetimes. The values of D4
are drawn in log scale (the colour corresponds to different values). Three exemplary
trajectories of four particles (each from different ring) in the centre-of-mass frame are
plotted for the following values of parameters: A) Ry = 0.22, Ry = 0.54 , B) Ry = 0.224,
R, = 0.56, C) Ry = 0.202, Ry = 0.526; D,,q was calculated for the total simulation
time 5000, while trajectories are plotted for the first 1000 time units. Resolution of
the map is 0.002.The map reprinted from [86].

We analysed also the other region of long lifetime of the cluster which is placed
between Ry € (0.2,0.25) and Ry € (0.5,0.6). The map of OWD for this specified region

(resolution 0.002) is presented in Figure 6.13. This region has more elongated shape
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Figure 6.14: The map of One-Way-Distance (thickness of trajectories) for the third
region of the initial parameters which lead to extremely long lifetimes. The values
of Dyywa are drawn in log scale (the colour corresponds to different values). Three
exemplary trajectories of four particles (each from different ring) in the centre-of-mass
frame are plotted for the following values of the parameters: A) Ry, = 0.69, R, = 1.086
, B) Ry = 0.742, Ry = 1.116, C) Ry = 0.76, Ry = 1.122; D,,,q was calculated for the
total simulation time 5000, while trajectories are plotted for the first 1000 time units.

Resolution of the map is 0.002.The bottom part reprinted from [86].

and does not contain as much trajectories which do no break up as the first region,
discussed in the previous paragraph. One can observe that majority of trajectories
have OWD value in range (1072,107!) which corresponds to the orange and yellow
colour. This indicates that the trajectories are thinner in comparison to most of the
trajectories from island in Figure 6.12. The examples of trajectories for different values
of OWD are shown in Figure 6.13A, B and C. The local minimum of OWD from this
region has been also found and is smaller than 15,07 - 10~*. The trajectory for this
value is presented in Figure 6.13C. This is the second periodic solution: particles from
ring number 2 move in the central part, and the particles from the other three rings

move along the same trajectory but in different planes.

The third region of long-living clusters is between R, € (0.65,0.8) and Ry €
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(1.05,1.15). The shape of this island is more elongated than the other two. There
are some trajectories surrounding this island, which do not break up and have OWD
value of the order 107!, The example of a wider trajectory from the island is pre-
sented in Figure 6.14A. In the central part of the map the OWD values are in a range
of (1072,1073). An example of trajectory from the middle of the island is shown in
Figure 6.14C. One can compare both trajectories and observe that OWD value is suf-
ficiently sensitive to changes of thickness of trajectories. This island of long-living
clusters contains one local minimum of OWD value which is smaller than 3,2 - 1074
and the corresponding trajectory is shown in Figure 6.14B. Here the particles from ring

4 move in the central part and the other three rings move along the same trajectory.

In all three cases discussed above the OWD method was successful to find periodic
solutions. The algorithm presented in this section was precise enough to effectively
analyse huge range of initial conditions in reasonable computational time. The periodic

solutions which have been found will be discussed in Sec. 6.5.

6.5 Families of periodic solutions

In the previous chapter there were presented 3 regions of long-lasting quasiperiodic
dynamics and we have found minima of One-Way-Distance (OWD) between rings tra-
jectories in subsequent quasi-periods. These 3 found minima correspond to periodic
solutions, with the precision of Ry, R, parameters limitted by accuracy of computation
- namely resolution of examined values of Ry, and R,. Trajectories of these periodic

solutions are shown in Figure 6.15 in the centre of mass reference frame.

In the first solution (Fig. 6.15A) trajectories of all rings are identical. The period
is equal to 7" = 11.7 time units. The system repeat initial configuration after every %

with the particles interchange.

In solution number 2 (Fig. 6.15B) the second ring is circulated by the other three.
The period of the motion is equal to 7" = 10.7. During a single period, ring number
2 follows its trajectory three times, while the other three rings perform one run. The
system repeats the initial configuration every % with the particles interchange. For the
second solution period is the shortest among all three, what can be explained in such
a way that radii of rings are the smallest and the hydrodynamic interactions between
the particles are very strong. In consequence motion of the rings is, on average, the

fastest.
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Figure 6.15: Periodic trajectories of four particles (each from a different ring) in the

centre of mass frame for M = 256 and C' = 1.5. Initial positions of particles are marked

with dots. Colours are the same as in Fig. 6.7. Reprinted from [86].

The solution number 3 (Fig. 6.15C) is similar to the second one. The difference
is that this time it is the ring 4 which is circulated by the other ones. The period for
the third solution is the longest, 7' = 15.6, due to the largest radii of the rings. It can
be noticed, that solutions 2 and 3 have a lot in common. Indeed, after closer look we
can classify them to the same family. As it is shown in Figure 6.16, configuration of
particles in solution 3, after time % is analogous to the initial configuration of solution
2, but with different Ry, R4, C' and also size of the system (defined as diameter of
upper and lower ring in initial configuration, d). Also in solution number 3 after %
configuration of particles is analogous to initial configuration of solution 2, but with
different parameters. With this reasoning, our solution 2 (C' = 1.5,d = 1, Ry =
0.202, Ry = 0.526) corresponds also to solution 3 but with parameters: C' = 0.916,d =
1.6012, Ry/d = 0.253, Ry/d = 0.509, and solution 3 (C' = 1.5,d = 1, Ry = 0.746, Ry =
1.116) corresponds to solution 2 with parameters: C' = 3.539,d = 0.5852, Ry/d =
0.727, Ry/d = 1.207.
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Figure 6.16: Periodic solutions 2 and 3 belong to the same family: initial configuration
of solution 2 (A) is analogous to configuration of solution 3 after 7/6 (B); cyan (A)
and green (B) rings are circulated by the other ones. Current positions of rings are
marked with dot, and their travelled trajectories with lines of corresponding colours.
Analogous situation may be observed in (C) and (D): initial configuration of solution

3 (C) corresponds to configuration of particles after 7'/6 for solution 2 (D)

6.6 Periodic solutions for different values of C and M

In Section 6, number of particles M = 256 and C' = 1.5 are the parameters chosen
to study in details many aspects of the dynamics of a 4 - rings system. In this section
I will present the dynamics of 4-rings system with other values of C' and M and show

that the results obtained in Section 6 are generic.

In order to find periodic solutions for other values of C' and M, the corresponding
parameters Ry and R, were searched for in vicinity of the values corresponding to
periodic solutions already known (for C' = 1.5, M = 256). After finding periodic
solutions for new values of C' or M the procedure was repeated iteratively with a new
set of parameters as the new starting point. This method works well and allows, using
small steps, to find solutions for parameters C' and M even much different from the

initial ones.
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The detailed procedure of searching for periodic solutions was as follows. Let us
assume that there is a known periodic solution for C4 with parameters Ry = R5' and
R, = R{. Our aim is to find parameters Ry = RP, R, = R of initial configuration
corresponding to periodic solution of different C', C' = CB. If |OP — C4| is small, we
expect that RP is close to Ry and RP is close to R{. In analysis performed in this
study, |CP — C4| was equal to 0.01. In the first step, 49 (7 x 7 grid) different initial
configurations were examined. One of them, in the centre of the grid, was (RQA, Rf).
Initial configurations tested in the first step can be written as: Ry € {R‘Q4 +idres},
Ry € {Rf +j dres} where 7,7 € {—3,...,3} and d,.s is a certain small number, resolu-
tion of the grid. In this study d,.s was equal to 0.001. For all 49 initial configurations a
short simulation was performed, with total time equal to 1.57), where T4 is the period
for C4. Positions of particles were recorded with very high resolution. Subsequently
among these trajectories the one that is the closest to the periodic is chosen. More
precisely we measure the difference between initial position of particles and the most
similar configuration during the dynamics, excluding from this comparison time just
after beginning, t < %. In this way we find the best pair of (Rf , RB ) parameters out
of 49 examined. Having them identified, new 7 x 7 grid of initial configurations in
built, with the (RQB ,RE CP ) found in previous step in the middle and resolution d,..
equal to half of the value used before. In order to find the periodic solution for C',
5 such iterations are performed with final resolution 6.25-107°. (R, R¥) parameters
found in this way for Cz were used to start the whole procedure (for the next value of

C, close one to CP).

In order to find periodic solutions for C' = 1.5 but different number of particles
the same algorithm was applied (starting from M = 256, M = 4N). For decreasing
number of particles we searched for periodic solutions starting from 63 particles in one
ring (M = 252) down to M = 8. When looking for solutions for larger M, the change
of M in one step was larger than 4 but always equal or smaller than % of the previous
M.

The results show that three presented periodic solutions may be found for a broad
range of parameters C' and M. However, it may be not possible for values that are too

small. First let us discuss the dynamics with different values of parameter C'.

Periodic solutions of type 1 were found for C' € [0.32,2.48]. This range of C' is an
approximate one, since when we are coming closer to its borders, quasi-periodic and
close to periodic trajectories can be found in more and more narrow range of Ry and

R4. Thus, the existence of periodic solutions outside this range is not excluded, but
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their finding becomes very challenging. Examples of trajectories for other values of
C' are presented in Figure 6.17A. Trajectories for smaller C' have more oblate shape,

while their shape for grater C' become more complex, with more sharp bends.

A B
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— (=20, R,=0.304, R, =0.837 || — M=4096, R, =0.33675, R, =0.75275

Figure 6.17: Periodic trajectories of rings in type 1 solution in the centre of mass
reference frame A) for different values of C' and M = 256, B) for different numbers of
particles M and C' = 1.5.
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Figure 6.18: Periodic trajectories of rings in type 2 solution in the centre of mass
reference frame A) for different values of C' and M = 256, B) for different numbers of
particles M and C' = 1.5.

For solutions type 2 and 3 periodic orbits were found in ranges C' € [0.73,1.99] and
C € [0.94,2.7], respectively (higher values of C have not been investigated). In case

of smaller values of C the motion is unstable - quasi-periodic orbits destabilise after
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Figure 6.19: Periodic trajectories of rings in type 3 solution in the centre of mass
reference frame A) for different values of C' and M = 256, B) for different numbers of
particles M and C' = 1.5.

short time or immediately and there exist for very narrow ranges of Ry and R,. The
smaller parameter C' is, the faster the destabilisation. Similar problem is encountered
for C' > 2 for 2nd type of periodic solution. A few examples of 3 periodic solutions are
presented in Figure 6.17A, 6.18A and 6.19A. Orbits for smaller C' are more oblate and
the width of trajectory is smaller. Periodic (or at least very close to periodic) motions
of different type exist also for values outside mentioned ranges, and their trajectories

are more complex and can be seen in Appendix B.

Now let us discuss the dependence of periodic solutions on M. The number of par-
ticles in the system M also influences the shape of trajectories. The upper boundary
up to which periodic solutions were investigated, was M = 14336. For M € [60, 14336]
there exist periodic solutions analogous to those presented in Section 6.5. The bot-
tom border of number of particles, for which exist periodic motions is not lower than
M = 12 for type 1 solution, and M = 60 and M = 40 for solutions type 2 and 3, re-
spectively. Since solutions 2 and 3 belong to the same family (and we can treat them as
the same type of solution, but for different C', see Section 6.5), we can observe that this
critical number of particles is likely to be dependent on the value of C' parameters. The
influence of different number of particles on the shape of trajectory is shown in Figure
6.17B, 6.18B and 6.19B. The main difference are more oblate shape and bigger differ-
ence between R, and Rs for small M. Periodic solutions are not observed for smaller
values of M (value depends on C' parameter and type of periodic solution), however
their existence for larger values of M (larger than 14336) has not been investigated in

this work.
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Figure 6.20: Ry and R, parameters of three periodic solutions (1st solution - blue lines,
2nd solution - green lines, 3rd solution - red lines) for (A) different C, B) different
number of particles M. Periodic solutions for M = 256 and C' = 1.5 are marked with
black dots.

Values of Ry i Ry that correspond to three periodic solutions for different parameters
C and M are presented in Figure 6.20A and B, respectively. We can observe, that the
increase of parameter C' has much smaller effect on Ry and R, than its decrease. For the
solution 1, both changes in C' and M seem to shift its position along similar direction.
In both Fig. 6.20A and B we can observe that R, and R, parameters of periodic

solution can change noticeably.

In Section 6.5 it was argued that periodic solutions number 2 and 3 belong to the
same family: during the period initial configuration of 2nd periodic solution is repeat-
edly transformed to the initial configuration of 3rd one and vice verse. This means that
to a given periodic trajectory from this family two different sets of (C, %, %, d) can be
assigned, where d is the diameter of top and bottom rings, in the initial configuration
by identity equal to 1 (normalisation unit). In Figure 6.21 sets of parameters (C, Ry/
d, R,/d) are shown for all three periodic solutions. Parameters from 2nd (green) and
3rd (red) periodic solutions which correspond to the same trajectory are linked with
arrows. It can be observed that small differences in C' for 2nd solution correspond to
much larger differences in 3rd solution. It is consistent with much broader C' range
of sufficiently stable periodic solutions in case of 3rd solution with respect to the 2nd
one. For all three periodic solutions parameters R, and R, parameters are plotted in
the whole ranges where periodic orbits were found. It is the widest for 3rd solution,
much more narrow for 1st one and the narrowest for the 2nd. Analogous plot of R,

and R, for different number of particles is shown in Figure 6.22.
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Figure 6.21: Ry and R, values for different values of parameter C'. Colours correspond
to different types of periodic solutions: blue: 1st, green: 2nd and red: 3rd. By definition
(Ry < Ry) lower line of the same colour indicates Ry and upper R4. Arrows join

alternative values of (C, Ry, Ry) between solutions type 2 and 3.

Analysis performed in this section has shown that results obtained for M = 256 and
C = 1.5 are not specific for chosen values of parameters. Basing on iterative method
described at the beginning of this section, it was possible to find all three periodic
solutions for different values of C' and M. It turned out that periodic orbits exist for
broad range of these parameters, which depend on type of the solution. Approaching
boarders of the ranges periodic motions become more and more difficult to find: Ry
and R, must be determined very accurately to get a trajectory close enough to the
periodic one. For this reason ranges of C' and M indicated in this work are conservative.
For C' and M values out of these ranges there are observed quasiperiodic motions and

periodic ones, but with more complex trajectories (Appendix B).
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indicates Ry and upper R,. Note logarithmic scale on z axis.



Chapter 7

Fluid motion around the periodic
solutions in the system of 4 rings in a

viscous fluid

In this section we would like to compare the fluid motion in two different systems:
consisting of 2 rings of particles settling under gravity (dynamics of particles discussed
in Section 3) and consisting of 4 rings (dynamics of particles presented in Section
6). There exist some significant differences in the fluid motion in the system of 2-
and 4 rings, which are related to the dynamics of particles. In case of 2 rings every
configuration (except of very ’flat’ system with C' < Cj) leads to periodic motions.
However this is not the case for 4 rings, where only 3 periodic solutions were identified
(see Section 6.5). The rest of initial configurations leads to fast of slow decay of the
group, or quasiperiodic motion. These basic differences are reflected in motion of fluid
around the particles. The fluid motion around initial configurations which lead to

decay will not be discussed here.

The analysis of fluid behaviour around the particles presented in this section will be
conducted for 3 periodic solutions in the system of 4 rings. Long-lasting quasiperiodic
motions have trajectories close to periodic ones what implies that dynamics of fluid
around them is not expected to be significantly different. Fluid dynamics in the system
of 2 rings, presented in Section 4, will serve here as a useful reference, since many
aspects remain similar in both systems. We will compare the systems with 2 and
4 rings for the same value of C' parameter and the same total force G exerted on
M particles. Therefore the total mass remain the same, but particles have different

configurations. In the system of 2 rings it has been observed that for larger number of
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particles (M > 32) the particles move faster than the fluid in the centre of the cluster.

Here we will investigate if the same effect is observed in the system of 4 rings.

As discussed in Section 4 settling velocity of the particles is dependent on their
radii a, and can be split into two terms: the first one g - velocity of an isolated,
settling particle, so called ’self term’, inversely proportional to a,; and the second term
V, - settling velocity related with an influence of hydrodynamic interactions with other
particles (called ’interaction term’), which does not depend on particles radii in case
of point-particle approximation. Maximal radius of particles possible in system of 4

rings, a,ma, can be calculated as follows, in a way analogous to Equation (4.7):

4
Apmaz = Irgin (pi (1)) sin (—ﬂ

i ). (7.1)

where [ = 1,... K is the number of ring (see Section 2.1.2).

A) 2 rings B) 4 rings, sol. 1 C) 4 rings, sol. 2 D) 4 rings, sol. 3
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Figure 7.1: Scheme of the initial configurations in the periodic systems: A) 2 rings, B)

4 rings, solution 1, C) 4 rings, solution 2, D) 4 rings, solution 3; C' = 1.5.
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Figure 7.2: Periodic solutions for the systems with the same number of particles M =
256 and C' = 1.5: A) 2 rings, B) 4 rings, periodic solution 1, C) 4 rings, periodic

solution 2, D) 4 rings, periodic solution 3.

The initial configurations of M = 256 particles which lead to periodic orbits are
recalled in Figure 7.1: the system of 2 rings, and three different initial configurations

of the system of 4 rings. Corresponding trajectories of particles are shown in Figure

7.2.



81

Let us begin with analysis of two quantities which do not depend on particles radius:
period-averaged velocity of the fluid in the centre of the cluster, |(u (r = (0,0, zcar))) 7|,
(Table 7.1) and the average value |(|V, (¢))r| of particles mean velocity (Table 7.2).

Both will be measured in the laboratory reference frame.

) 4 rings, 4 rings, 4 rings,
M | 2 rings
solution 1 | solution 2 | solution 3
32 | 2.010 | 2.063 2.148 1.485
64 | 2.011 | 2.050 2.173 1.518
256 | 2.013 | 2.038 2.185 1.570

Table 7.1: Absolute value of the fluid settling velocity |(u (r = (0,0, zca)))r| in the

centre of the group. Values are given for different numbers of particles and different

periodic solutions. In all cases C' = 1.5.

) 4 rings, 4 rings, 4 rings,
M | 2 rings
solution 1 | solution 2 | solution 3
32 | 1.545 | 1.364 1.627 1.054
64 | 1.748 | 1.503 1.789 1.184
256 | 2.236 | 1.764 2.074 1.570

Table 7.2: Absolute value of particles settling velocity (without self-term) [(V.(t))r|

for three different numbers of particles and different periodic solutions. In all cases

C =1.5.

In section 4 it was proved that vertical velocity of the fluid is independent of the
number of particles in rings but depends only on (p, z) coordinates of each ring and
the total force G (see Eq. (4.9)). As it was discussed this argumentation is valid for
any number of horizontal rings centred around the same axis, what is a consequence
of superposition rule in point-forces model. For different numbers of particles the peri-
odic trajectories are different (see Figs. 6.17B, 6.18B, 6.19B) what effects in different
fluid motion. Therefore the period-averaged fluid velocity in general may depend on
the number of particles in the system, because different M leads to different shapes
of periodic orbits, what in turn cause changes in the fluid motion. Indeed, in Table
7.2 we can observe that fluid velocity varies slightly due to different numbers of par-
ticles M. Apart form solution 1, |(u (r = (0,0, zcar))) 7| is larger for larger M. These
changes however are much smaller than differences observed between different periodic

solutions.
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Interaction term [(V, (¢))7| of particles velocity depends strongly on the number
of particles (Table 7.2). For all considered systems the differences between values
obtained for M = 32 and M = 256 exceed 25%. Correlation of [(V. (t))r| and radii
of rings during the motion is visible (Tab. 7.2): for systems with 4 rings solutions
where particles are closer to the centre (rings are smaller) have higher settling velocity.
This rule does not apply to system of 2 rings, where distances between particles are
smaller than for 4 rings and in consequence hydrodynamic interactions are stronger in

the same ring.

M = 32 M = 64 M = 256
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Figure 7.3: Velocity of the fluid (blue line), velocity of the particles without self-term
uo (dashed line) and velocity of the particles for two different radii: a = apa (grey
line) and a = a4, /2 (black solid line); plots for two different values of M, for three
different periodic solutions. Chosen time-points are marked with red dots: ¢ = 0,
t=T/20,t=T/10, t =3T/20,t = T/5,t =T/dand t = T. C' = 1.5.
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After analysing mean values, let’s check how the velocities V,(¢) change during the
period, what is shown in Figure 7.3. Blue line refers to u (r = (0,0, zcas)), dashed line
refers to |V, (t) | and solid grey and black lines show total particles settling velocity
for maximal possible particles radius, a, maz, and for half of a, .., respectively. For
Ist and 3rd solutions with M = 32 and M = 64 we can observe that for some values
of particle radii, a, < @pmas, fluid in the centre of the cluster moves down faster
than particles during the whole period. In case of 2nd solution the fluid velocity
changes during the period from greater to smaller than particles velocity, for all values
of M. As mentioned at the beginning of this section, fluid moving down in some
regions (in the centre of the cluster) faster than the particles is a prerequisite for
circulation of the fluid within cluster. For system with two rings it does not take
place even for the smallest analysed M, M = 32. The situation is different in the
system of 4 rings, where |(u(r = (0,0, zcm)))r| — [(V. (t))r| is greater for 1st and
2nd periodic solutions in comparison to system of 2 rings (see Tables 7.1 and 7.2).
When including self-term into consideration it is worth to notice that in the system
of 4 rings also apma. is larger (particles are far from each other in comparison to
the system of 2 rings), what contributes to smaller self-term. In consequence value
of [{(u(r=1(0,0,zcm)))r| — (V2 (t))r + uo| is greater for 4-rings system than for the

system of 2 rings.

In order to understand better the differences between behaviour of systems with
2 and 4 rings let us analyse fluid streamlines around initial configuration leading to
periodic orbits in the system of 4 rings. In Figure 7.4 the streamlines are presented
for different numbers of particles (M = 32,64, 256) and 3 different periodic solutions.
The colourful regions show where the fluid moves faster than the particles (light blue)
and slower (light red). The circles (drawn in scale) denote initial particles positions as
follows: blue ones refer to particles placed in plane ¢ = 0, red ones to those in plane
¢ = 4m/M. Having this remark made, let us analyse fluid streamlines for different

types of periodic solutions and different M.

Streamlines of fluid in the centre of mass reference frame around 1st periodic solu-
tions passing the central part of the cluster are closed for all cases shown in Figure 7.4.
From now on a region of closed streamlines in the central part of the cluster will be
called ’drop’ (independently whether it is a sphere-like shape or it has torus-like shape).
In cases of M = 32 and M = 64 the shape of the drop is close to spherical, and its
size is nearly of the size of the cluster. In the system of 256 particles some of the fluid
streams up through the cluster, although this flux is weak, as can be seen in Figures

7.3 and 7.5. The detailed picture of the streamlines can be found in Appendix A.2.
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Figure 7.5: Normalised absolute value of fluid velocity field in the centre of mass
reference frame, W(r,t)/[(V.(t))r + uo|. Results for different values of M for three
different periodic solutions. Velocity value is given in plane y = 0. Positions of particles
in this plane are denoted with blue dots (drawn to scale). In red positions of particles

from plane shifted by %, a4 = Gmaz-

for all presented M (it is not the case for even larger number of particles). The shape
of the drop is close to spherical for M = 32 and M = 64. Size of the drop is decreasing
with growing number of particles in the system. In the centre of drop for M = 256 we
can observe an empty space, what is due to fine-scaled flow structure (see Appendix

A.2). Fluid flow in this region is very weak. As can be seen with background colour in
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Figure 7.4 direction of fluid motion is reversed in this region with respect to the fluid
in surrounding structure. Similarly as in the case of 1st solution, size of the drop in

the 2nd solution is smaller than the cluster size.

Streamlines around 3rd periodic solution are closed for M = 32 and M = 64, so
the drops are observed. For M = 64 shape of the drop is irregular. In the system
with large number of particles, M = 256, there are no closed streamlines in the central
part of the cluster. Streamlines are close to vertical in almost the whole region. The
only closed streamlines can be observed around the particles from rings 1 and 3, which

settle down faster than the centre of mass of the cluster.

Information obtained with analysis of streamlines can be enriched with velocity
values in centre of mass reference frame, W(r,t). Values of W (r,t), normalised by
cluster settling velocity W (r,t)/|(V.(t))r + uo| are presented in Figure 7.5 with a, =
apmaz- Range of x and z axis is larger here in order to capture whole interesting part
and absence of fine-scale details as it was in case of streamlines plots (Fig. 7.4 ). Now
we can compare corresponding regions of streamlines and fluid velocity value. For
M = 32 and M = 64 regions of closed streamlines of various shapes were observed.
Regions with the highest speed of fluid in the central parts of the cluster in Fig. 7.5
correspond to places where fluid moves down faster than the particles. We can observe
that fluid moves much slower in solution 3 in the central part of the cluster. For
M = 256 particles a drop can be found only for 1st and 2nd periodic solution. As
mentioned before, fluid velocity is close to 0 in the centre of drop, what corresponds
to dark blue colour. For other two periodic solution we also observe low fluid velocity
in the centre of cluster, but the movement of fluid is partially (solution 1) or entirely

upward.

M 4 rings, 4 rings, 4 rings,
solution 1 | solution 2 | solution 3

32 | 0.877 0.831 0.746
64 | 0.646 0.627 0.589
256 | 1.224 1.121 0.961

Table 7.3: Effective values of radius a.ss calculated from Eq. (4.3) for three periodic

solutions for different numbers of particles.

In discussion of streamlines pattern, a useful reference is solution for a settling drop
of heavier fluid, introduced in Section 4. Shape of such a droplet is exactly spherical.

Its size can be chosen in a way to get the same drop settling velocity as the velocity
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of the particle cluster for dragging force G' (Eq. (4.3)) and the obtained value is called
‘effective radius’ of the cluster, a.s¢. Effective radii for configurations showed before in
Figure 7.4 are presented in Table 7.3. It can be noticed that for M = 32 and M = 64
values of effective radii are similar to the radii of ’drop’ of the fluid around clusters
(for cases where they occur), but always slightly larger. For M = 256 only in solution

1 and 2 we observe non-spherical drop, in case of 3rd solution there is no drop.

Results for M > 256 are not shown because streamlines are almost vertical and
much more undisturbed than for M = 256 (Fig. 7.4). Fluid streams up through the
middle of rings for all three periodic solutions. For large M particles are close to each
other so their radii are much smaller. One can imagine that for a very thin ring fluid

streams up through it.

The main difference between fluid motion in the systems of 2 and 4 rings is the
possibility of fluid circulation in the latter one (in the centre of mass reference frame),
for some particles radius a, < @pmqez- This was shown for relatively small numbers of
particles (e.g. M = 32 and M = 64) for the 1st solution and M = 32 for the 3rd solu-
tion during whole period, and for chosen time-points it is true also for the 2nd solution.
Fluid circulation may occur only if in some regions fluid moves down faster than the
particles. In Tables 7.1 and 7.2 it was shown, that settling velocity of particles depends
on the number of particles (keeping total mass fixed, larger M implies larger [(V, (¢))7])
while the fluid velocity in the centre of the cluster, |(u (r = (0,0, zcar))) 1|, changes only
slightly with varying M. In consequence |(u (r = (0,0, zcn)))r| — (V2 ()7 + ug| de-
creases with number of particles in the system and for large M it is always smaller
than 0, what means that the fluid cannot circulate in the central part of the cluster. In
the limiting case of M — oo results should converge to dynamics of continuous rings
(see Section 2.4), which may be imagined as very thin fibres. It this approximation

fluid would stream up through the middle of rings, what is actually the case for large
M.

In streamlines analysis performed in this section, the upper limitation of particles
radius, a, = @, mes Was used. Applicability of point-force approximation in this type
of analysis was discussed in Section 2.3, where it was shown that in similar systems
this model accurately describes particles dynamics [94, 97]. In order to extend the
conclusions presented above (circulation of the fluid inside cluster for some a,), more
detailed analysis can be performed with applying methods incorporating higher terms
of multipole expansion and lubrication correction, responsible for very short-range

hydrodynamic interactions. Software packages implementing this approach that can
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be used are HYDROMULTIPOLE [89, 91] and implementations developed by Ladd
[101] or by Durlofsky, Brady and Bossis [102].

In comparison to system of 2 rings the fluid flow observed around 4 rings resembles
much more solution for Hadamard - Rybczynski drop. For some a, fluid circulations
may be observed, what is not the case for 2 rings. Apart from describing drop of
heavier fluid, Hadamard - Rybczynski solution can also serve as an approximation of
fluid motion around spherical swarm of particles (discussed in Section 4), if the number
of particles is large enough and the particles are small. Since larger number of rings
leads to more uniform mass distribution in space, fluid dynamics is more similar to

drop consisting of particles.



Chapter 8

Dynamics of 4 rings and fluid motion

in permeable medium

8.1 Introduction

The dynamics of 2-rings system in permeable medium was discussed in Section 3.
Here we would like to state a question what is the dynamics of 4 rings in this medium.
The case with 4 rings in the Stokes fluid [86] was shown to be more complex than
with 2 ones: periodic solutions were found only for specific initial configurations while
majority of them lead to decay of the cluster. The opposite situation was observed in
case of 2 rings, when for all initial parameters rings performed periodic oscillations.
Dynamics of particles in Stokes fluid studied in previous section can be identified
with dynamics in limiting case of permeable medium where xk = 0. The % is the
permeability coefficient. Therefore it is expected that at least for very small x (very

large permeability), dynamics should be similar. The basic question is how the value

of k influences the existence of periodic solutions?

The dynamics is described by Brinkman-Debye-Bueche equations (5.1 - 5.2), which
have been presented in Section 5. Solutions for velocity field v(r), pressure p(r) and
the form of Green tensors are given by Eqs. (5.3 - 5.8). Normalisation for dynamics
in permeable medium, given in Section 5, is identical as in the Stokes fluid (Section
3) apart from time unit, which here is 2 times shorter and equal to (47nd?)/G and
velocity unit G//(47nd) The value 1/& is normalised by length unit d and dimensionless

& will be denoted as k.

Periodic solutions for different values of x were found using the same iterative
method which was applied for different C' and M for the Stokes fluid (Sec. 6.6). Here,



90 8.2. ANALYSIS OF PERIODIC MOTION IN 4-RINGS SYSTEM

C and M parameters were fixed (C' = 1.5 and M = 256). The value of k in each
step was changed by 0.02. This procedure of search of the initial values of Ry and Ry
giving periodic trajectories was not repeated for other C' and M since prior analysis of
2-rings system in permeable medium, as well as of 4-rings in Stokes fluid have shown
that results obtained for C' = 1.5 and M = 256 are representative for wider ranges of

these parameters.

8.2 Analysis of periodic motion in 4-rings system

In the system of 4 rings in permeable medium there exist analogous periodic solu-
tions to those three types found in the Stokes fluid. The results for selected values of
k, with all other parameters kept constant, are shown in Figs. 8.1. For all three types
of periodic solutions the trajectory width defined as:

i () — J i (¢
epmar o) = min pi()

is consistently smaller for larger values of k. The largest changes in trajectory shape
are observed for 1st periodic solution, where range of  is the widest. With decreasing
permeability of the medium, mild bends of trajectory became sharper. In case of 2nd
type of solution the shape and the width of trajectory does not change significantly
for different values o f k. For 3rd solution the trajectory width decreases with larger
k, while the length of trajectory of ring number 2 (in the middle) increases. The
trajectories presented in Fig. 8.1 are similar to those for the Stokes fluid (Fig. 6.17,
6.18,6.19).

In the system of 2 rings in permeable medium it has been observed that periodic
motion occur for some limited range of x (Fig. 5.2). For larger values of k the system
breaks up. Similar situation is observed in the 4-rings system in permeable medium,
with limiting value of x specific for each type of periodic solution. For this reason

periodic trajectories in Fig. 8.1 are drawn up to different values of .

In Figure 8.2A, parameters Ry and R4 for three periodic solutions for different s
are shown. The range of x for which periodic trajectories were found is the widest in
case of 1st type periodic solution, up to x = 4.18. This value is still significantly lower
than for 2-rings system (k & 8, Section 5). Periodic motions of 2nd type can be found
only for small values of Kk < 0.60. Periodic solution of 3rd type exists for k < 1.98.

Approaching borders of these ranges, quasiperiodic motions exist for more and more
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Figure 8.1: The trajectories of particles in centre of mass reference frame in permeable

medium with different values of parameter k. Three types of periodic solutions are

shown in subplots (A)-(C), analogous to those in the Stokes fluid (Figs.6.17, 6.18,6.19).
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Figure 8.2: R, and R, parameters corresponding to three periodic solutions for different
values of k: (A) shown in Ry x R, parameters space (B) Ry and Ry plotted against k.
Colours correspond to different types of periodic solutions: blue: 1st, green: 2nd and
red: 3rd.

narrow ranges of Ry and R4. Analogous situation has been observed in the Stokes fluid
for varying C' and M. The changes of parameters R, and R, for different s in Fig.
8.2B are reflected in trajectories shown in Fig. 8.1. It is visible that the trajectories

of periodic solutions does not change significantly with changing permeability.

Settling velocity of the cluster in permeable medium is shown in Figure 8.3. Settling
is slower for greater x (compare Fig.8.3A to decreasing permeability in Fig.8.3B,C,D).
For all values of x it can be observed that 2nd periodic solution leads to the fastest
settling, 1st to an intermediate, and 3rd to the smallest. This order is not changed in

media of different permeability. For greater values of £ (Fig. 8.3C,D) not all types of
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Figure 8.3: Settling velocities of clusters for different values of k. Velocity values are
shown both without self-term (dashed lines) and with self-term calculated for a, =
Apmaz (sOlid lines). Colours blue, green and red correspond to 3 different types of
periodic solution for 4-rings system, while black lines denote values for system of two
rings with the same M = 256 and C' = 1.5.

periodic solutions were found. Settling velocity of two rings is comparable to the one

of 2nd solution of 4-rings system.

Results obtained in this section with different permeability and specified number of
particles M = 256 and initial configuration parameter C' = 1.5 are representative for
others values of C' and M. Such results can be obtained in a similar way as the ones
for Stokes fluid (the procedure of generating families of periodic solutions for different
values of C' and M was discussed in Section 6.6). For gradually increasing value of

k from zero all three types of periodic solutions were found. For larger values of s
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periodic motions are harder and harder to find, since even small deviations in Ry or
R4 lead to fast decay of the group. These observations suggest that above these limits
with growing s periodic motions become unstable or do not exist at all. Therefore we
found periodic solutions only for x not exceeding a certain limiting value, specific for
the type of periodic solution. It was the greatest in case of type 1 and the smallest for
type 2. Let us remind here that in case of 2-rings system periodicity was lost for large
k due to qualitatively different behaviour of rings of particles than in the Stokes fluid
(for large x smaller ring moves slower than the larger one, see Section 5.2). Limiting
value of k for periodic solutions in case of 2 rings was significantly larger than the

values found for 4 rings (Sec. 5).

The results presented in this section show that lower permeability of medium leads
to some changes in the dynamics in cases for which periodic orbits were found. The
periodic motions are not observed for small permeability (large value of k). For smaller
values of k trajectories of particles change slightly, only for larger x (K > 2) the
trajectory shape changes significantly. Settling velocity of the cluster is lower in less

permeable medium.

8.3 Streamlines and fluid velocity field in the system

of 4 rings in permeable medium

After analysing dynamics of particles in permeable medium, let us now look closer
at fluid motion around the cluster for x > 0. In case of 2 rings, discussed in Section
5.4, in less permeable medium lower amount of fluid was dragged with particles. In
general, both for k = 0 and x > 0, fluid streamed up (in the centre of mass frame)
through the middle of the group even for very small numbers of particles. The drops
were not observed for any number of particles (Figs. 4.3A, 5.8). In the system of 4
rings in Stokes fluid the situation was different: even for as large as M = 256 in case
of 2nd periodic solution streamlines in the central part of the cluster were closed and
the drop had a spherical shape. The torus-shaped drops were also observed for other
periodic solutions and different numbers of particles (M < 256). For smaller number
of particles the spherical drop is observed for all periodic solutions. The questions we
would like to answer here for 4-rings system is how k coefficient influences existence

and shape of drop and amount of fluid dragged with settling particles?

Figure 8.4 illustrates how period-averaged fluid velocity (given by equation analo-

gously to Eq.(5.16)) and particles settling velocities depend on medium permeability.
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Both of them are smaller for larger values of x, but settling velocity of fluid in centre
of the cluster (dashed lines) decreases faster than the velocity of particles (solid lines).
In less permeable medium (larger ) the difference between velocity of particles and
velocity of fluid is larger. From Fig. 8.5 one can observe that for the same number of
particles not only time-averaged particles velocity but also velocity in arbitrary time
instance is larger than fluid velocity. Consequences of this fact will be clearly visible
in streamlines analysis, what will be discussed later. Described properties apply to all

three periodic solutions.

It is worth to add that lower settling velocity of the cluster of particles for larger s
is mainly caused by weaker hydrodynamic interactions rather than by smaller settling
velocity of a single particle, ug. Indeed, settling velocity of the cluster without wug
term (dotted lines in Fig. 8.4) decreases with x almost as rapidly as the total settling

velocity, with u included (solid lines in Fig. 8.4).
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Figure 8.4: Settling velocities (normalised by velocity unit defined in Sec. 2.1.1) of
particles and fluid, averaged over period, for different values of k. Velocities of particles
are given: without self-term (dotted lines) and with self-term calculated for a, = a, max
(solid lines). Fluid velocity (dashed lines) is calculated in the centre of the cluster.

Colours of the lines correspond to different periodic solutions. C' = 1.5, M = 256.

In the Stokes fluid for the system of 2 and 4 rings we found drops for smaller
numbers of particles (M < 256). Therefore fluid motion will be analysed for M = 256
as well as for smaller number of particles, M = 32 and M = 64 (figures for the last two
numbers of particles can be found in Appendix A.3). Ranges of x for which periodic

solutions exist depend on number of particles and type of solution. When looking on
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particles and fluid velocities during one period (Fig. 8.5 for M = 256) one can observe
that in all plots fluid velocity is in general smaller in relation to particles velocity.
Analogous plots for M = 32 and M = 64 can be found in Appendix A.3. While in
Stokes fluid for 2nd solution and M = 256 fluid in the centre of the cluster settles faster
than particles in some moments (Fig. 7.3) for less permeable media it may happen
only for small values of x: for k = 0.3 this situation can be observed in very short
instances and for k = 0.6 it does not happen at all. The second aspect clearly visible
in the figure is the reduction of settling velocities of particles for growing x, discussed

in previous paragraph.
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Figure 8.5: Velocity of the fluid |u(r = (0,0, zcar))| (blue line), velocity of the particles
|V.(t)| without self-term wq (dashed line) and velocity of the particles |V, (t) + ug| for
two different radii: a = a4, (grey line) and a = ay,4,/2 (black solid line); plots for
different values of k, for three different periodic solutions. Red dots denote time points:
t=0,t=T/20,t=T/10,¢t=3T/20,t =T/5,t = T/4and t = T. C = 1.5, M = 256.

For smaller numbers of particles (M = 32, Appendix A.3) and relatively small
permeability (x < 1.4) drops are visible during whole period. This behaviour (in case

of M = 64, Appendix A.3) is responsible for temporal or permanent lack of spherical
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M = 32 and M = 64 in Appendix A.3. Settling velocity of the cluster is chosen as the

minimal possible value, corresponding to maximal radii of particles, a, = @y maz (@pmax
was defined in Section 7). We can observe that larger values of x lead to smaller size
of region of closed streamlines ('drop’). As mentioned before, for M = 256, particles
move down faster than the fluid in the centre of the cluster for most of the period and
in consequence, the drop is torus-shaped rather than spherical and therefore has much

lower volume: less fluid is dragged with settling particles.

The main observation is that in permeable medium drops are not observed for
larger numbers of particles. The amount of fluid dragged with particles is reduced in
comparison to the Stokes fluid. With increasing x, (decreasing permeability) shape of
the drop is becoming more toroidal rather than spherical. This behaviour is related to
the fact that although larger value of k effects in lower velocities of both particles and

fluid, this decrease is stronger in case of the fluid velocity.
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Chapter 9

Dynamics of system of 2 and 4 rings

without symmetrization in the Stokes
fluid

In section 2.1.2 we presented system consisting of K rings. After symmetrization
we reduced the system of 3M equations to the system of 2K equations, where M
denotes the total number of particles. We argued that the symmetrization is done to
avoid non-symmetric numerical perturbations. In this section we discuss what is the
dynamics of non-symmetrized system: we investigate the same initial conditions and
compare the dynamics imposing symmetrization and without it. The main question is
how does the symmetrization affects the dynamics of the 2- and 4-rings system?

The non-symmetrized dynamics of M particles is given by the Eq.(2.7). Similarly
as before, the dynamics will be studied in reference frame moving with velocity ug, so
that the self-term may be excluded from equations of motion. We solve 3M equations.
In normalised variables (normalisation the same as in section 2.1.1) equations of motion
for i-th particles (r; = (zy;, 2;) with i = 1,2,... M) are as follows:

M

d.Ti 1 (SL’]’ — SL’Z'>(ZJ' — Zi)
- d
dt M 4 RS, ’ (9-1)
Jj=1 4
J#i
M
dy; _ 1 (y; —vi)(z — 2) (9.2)
dt M 4 R3. ’ '
Jj=1 v
J#
dz; 1 <. 1 (2, — z)?
— = —— 1+ L= 9.3
i - () 0
= /
VE)

Ry = \J(— o+ (y — ) + (5 — 22 (9.4)
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Initial positions are given by:

1 1
r;(0) = (5/)2()cos<;5Z ,ipl smqﬁZ \ 2 ) (9.5)

where P@ , gZ) 0 are the initial particle coordinates. Denoting label of the ring with

k and label of partlcle in the ring with n for the system of 2 rings, we have:

(0) _ 1
Pan-1)4k = 5 (9.6)
2m(n —1)
(0) _
2(n—1)+k N (97>
C .
= fk=1
(0) 2, 1
“on—1)+k (9.8)
e S ifk=2.
In the system of 4 rings, p;, ¢;, z; are given by:
5, ifk=1,3
p4(n—1)+k - R27 it k = 27 ( : )
Ry, if k=4,
2rln D) if k=13,
Sk = 2et1-1) (9.10)
=+ L, k=24,
¢ ifk=1,
20 = 0, ifk=24 (9.11)
4(n—1)+k ) 1 — 4 :
- ifk=3

To demonstrate how symmetrization affects the dynamics of particles we compare
numerical solutions of Eqgs.(2.13) - (2.15) with solutions of Eqs.(9.1) - (9.4). We present
their trajectories in reference frame moving down with velocity ug (settling velocity of
an isolated particle, Figures 9.1 and 9.2) and in centre of mass reference frame (Figures
9.3 and 9.4). Initially lack of symmetrization does not affect the dynamics: periodic
motions can be observed. However, after some time, non-symmetric numerical pertur-
bations are growing and lead to destabilisation and decay of the cluster. This process
occurs both in system of 2 rings (Fig. 9.1,9.3) and 4 rings (Fig. 9.2, 9.4). Time of
destabilisation depends on number of particles and is shorter for larger M. It also de-

pends on the numerical accuracy, however not strongly: changing integration accuracy
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from 1071% to 107¢ the number of observed periods does not change significantly (less
than 15%) . For system of 2 rings the dependence on M is illustrated in Fig. 9.1: for 32
particles approximately one and a half of the period are observed, while for M = 256
only around half of the period. The same rule applies to the system of 4 rings (Fig. C
in Appendix for M = 256).

For the systems with the same number of particles, but arranged in configuration
of 2 or 4 rings, 4-rings system in general destabilises after longer time (also in terms
of number of periods). This effect can be observed for 1st and 3rd periodic solution in

4-rings system.

Destabilisation occurs rapidly, what can be clearly seen in plots presenting particle
motion in centre of mass reference frame (Figures 9.3 and 9.4). Periodic trajectories are
marked with black line while trajectories of particles in non-symmetrized system are
drawn with colour lines, with a different colour for each ring. It can be observed that
once the deviation from periodic trajectory becomes large enough to be visible, it grows
rapidly and for all particles form the ring at the same time. This stage corresponds to

sudden lost of symmetry in particles motion, visible also in Figures 9.1 and 9.2.

Results presented in this section show that symmetrization of the dynamics is nec-
essary to be able to effectively search for and analyse periodic motion of particles in
presented system. This approach is especially useful when system consists of larger
number of particles. If the system breaks up at time ¢ ~ 7'/2, is it not possible to
find the unstable periodic orbit precisely. In such cases symmetrization is necessary to
analyse periodic motions. In consequence this approach allows to observe periodic mo-
tions in systems consisting of large number of particles and periodic motions with long
period time and complex trajectories. Symmetrization also speeds up the computation

by reduction of number of equations of motion.

Shorter destabilisation time for systems with larger M is consistent with the ob-
servations made by Ekiel-Jezewska [38] for system with 2 rings. The general tendency
is that the destabilisation time is longer in system of 4 rings (for all three periodic
solutions) than in 2-rings system. These results seem to confirm hypothesis formu-
lated in [38] and studied as a part of this dissertation: 4-rings system resembles better
long-lasing quasiperiodic motions of particles in a random swarm, in comparison to the

system of two rings. The stability of such systems will be the subject of future studies.
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Figure 9.1: Comparison between trajectories in symmetrized (left column) and non-
symmetrized (right) dynamics in the system of two rings. Plot for different numbers of
particles in reference frame moving down with settling velocity of an isolated particle,
ug. Trajectories are shown up to a certain time ¢, different for each M, in order to

show the process of destabilisation. C' = 1.5.
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Figure 9.3: Trajectories of particles in the system of two rings in centre of mass reference
frame. Periodic trajectory is drawn with black line. Colour lines represent destabilising
trajectories of particles; different colours correspond to different rings. Initial positions
of particles are denoted with dots of proper colour. At the beginning trajectories of
particles are superimposed with black line, only after destabilisation they are visible.
System of M = 64 particles, C' = 1.5
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Figure 9.4: Trajectories of particles in the system of four rings in centre of mass ref-
erence frame for three different periodic solutions. Similarly as in Figure 9.3 periodic
trajectories are drawn with black line and colour lines represent trajectories of par-
ticles. Initial positions of particles are denoted with dots of proper colour. Before
destabilisation, trajectories of particles are superimposed by black periodic trajectory.

System of M = 64 particles, C'= 1.5



Chapter 10

Concluding remarks

10.1 Summary

In this thesis has been presented the numerical and theoretical analysis of dynamics
of regular systems of many point particles falling under gravity. The fluid motion was
described by the Stokes equations. The only interactions between non-Brownian and
uncharged particles were hydrodynamic interactions. Summary of the main results and

achievements of the thesis is presented as follows:

e [t was shown that in the system of two rings periodic motions exist even for large
numbers of particles (Chapter 3, [86]). Simulations were performed by taking
into account symmetry of the system and using it to reduce number of equations
of motion: without this modification group destabilises after very short time and
periodic motions cannot be observed (Chapter 9). It was shown that for large

number of particles M, trajectory width is smaller than for a small one.

e In the system of 4 rings three main types of periodic motions were discovered
(Section 6.5, [86]). Solution number 1 is analogous to solution for 2 rings (all rings
follow the same trajectory in the centre of mass reference frame). In solutions
of 2nd and 3rd type one ring has its own, separate trajectory while the other
three rings circulate around the 1st one and follow another trajectory, common
for 3 rings. Solutions 2 and 3 belong to the same family and can be interpreted
as two manifestations of the same type of motion, but for different values of the

parameter C' (defined in Section 6.1).

e Apart from 3 main periodic solutions, in the system of 4 rings, other periodic

solutions with more complex trajectories have been found (Appendix B), where
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10.1. SUMMARY

during one period trajectory of particle multiple times crosses horizontal plane
containing centre of mass of the cluster. These results show very rich dynamics
of the system and suggest potentially huge number of periodic solutions. Exis-
tence of large number of complex trajectories may be significant for stability of

sedimenting groups of particles [39, 70].

Dynamics of 4-rings system for chosen M and C but varying Ry and R, (defined
in Section 6.1) was investigated. The decay and type of decay were determined
(Section 6.3, [86]). In colour maps presenting these results there are large uni-
form areas, where the dynamics is deterministic, compact areas where periodic
motions occur and chaotic regions where dynamics is sensitive to initial condi-
tions. This picture is analogous to results obtained by Janosi et al. [39] for three
sedimenting particles. Unlike in the system of three particles, in system of four
rings, deterministic bands inside chaotic region have not been observed, at least

in the resolution of Ry and R, up to 1074,

It was shown that in non-deterministic regions the system of 4 rings is very
sensitive to initial conditions (Section 6.3.2, [86]). Simulations for a wide range
of initial parameters were performed. Both in coarser scale (R, R4 resolution
0.002) and in fine scale (resolution 107*) we observe huge differences of decay
time for very close initial conditions. Type of decay of the cluster is equally

sensitive to initial configuration.

It was shown that in 4-rings system for initial parameters close to those leading
to periodic motions, long-lasting quasiperiodic motions are observed. Lifetime of
oscillations can easily exceed 10000 quasiperiods times (Section 6.3). Trajectories
do not converge to any particular one. Comparing three periodic solutions we
observe that quasiperiodic motions occur for the widest range of parameters

around the 1st periodic solution.

One-Way-Distance algorithm [100] was used in 4-rings system to measure similar-
ity of parts of trajectory in subsequent quasiperiods. By looking for the thinnest
trajectory (what refers to the minimal value of OWD) this method allows to find
periodic trajectory even from huge set of quasiperiodic ones. It was shown that
in each region of quasiperiodic motions a single OWD minimum exists (Section
6.4, [86]). The applied algorithm is universal and can be used to analyse any

system performing periodic motion.
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e Dynamics of two presented systems (2 and 4 rings) was investigated in permeable
medium by using Brinkman-Debye—Biiche (BDB) equations (Chapters 5 and 8 ).
It was shown that for large permeability periodic motions exist, but have different
shape of trajectory than in the Stokes fluid. For smaller permeability coefficient
periodic motions have not been observed. This behaviour in system of 2 rings is
caused by qualitative change in dynamics: smaller ring of particles settles down
slower than a larger ring, a behaviour opposite to that in the Stokes fluid. In
system of 4 rings periodic motions vanish for smaller x what is accompanied by
shrinkage of parameter range where quasiperiodic motions are observed (Section
8.2).

e [t was shown that in permeable medium in the system of 4 rings quasiperiodic

motions exist for smaller range of parameters than in the Stokes fluid.

e [t was shown that for many parameters and initial conditions in systems of 2
and 4 rings fluid circulates inside settling group of particles and drop of fluid
dragged with particles has spherical shape (Chapters 4 and 7). This effect is
present when number of particles is not extremely large and depends strongly
on particles sizes. Fluid motion inside 4-rings system is more similar to results
for settling drop of suspension than it is in case of 2-rings system. Therefore it
is justifiable to conclude that system of 4 rings better reflects the dynamic of

suspension group than does the system of 2 rings.

e In permeable medium amount of fluid dragged with particles is smaller than in
Stokes fluid. In consequence region of fluid circulation inside the cluster is smaller

and drop of fluid dragged with particles is toroidal.

10.2 Original elements of the thesis

Original elements of this dissertation include:

e Adaptation and implementation of One-Way-Distance (OWD) method in order
to measure similarity of parts of trajectory in the centre-of-mass reference frame
in subsequent quasiperiods [86]. This algorithm allows to identify corresponding
points between parts of trajectory and measure distance between these parts of
trajectory. This method was applied to find periodic motions among trajectories

for different Ry and R4 with given C' and M: three main types of periodic motions
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have been discovered. Application of recent OWD algorithm [100] is a unique
approach to the problem of periodic motions and can be effectively implemented

to any problem which is related to finding periodic orbits.

Introduction of a new criterion of decay of group of particles [86]. The criterion
is based on relative oscillations between pairs of rings. Observations of dynamics
of particles in the centre-of-mass frame showed that the particles which stay
together for a long time perform relative oscillations. Therefore a new idea based
of physical behaviour of interacting particles was introduced: if the particles
oscillate within a pair, they stay together. This new criterion turned out to
be more adequate than distance-based criteria. The newly introduced criterion
allows to determine both type of decay and cluster lifetime, and may be applied
to many different systems, which perform any type of periodic and quasiperiodic

motion.

Development of an algorithm to find periodic solutions for different C' or M based
on a known periodic solution for close values of these parameters. The method is
based on the fact that when C' or M is slightly changed, the values of the other
parameters should be changed a bit to obtain a new periodic solution. Having an
initial periodic solution found (e. g. using OWD method), we build a grid with
high resolution of Ry and R,, changing slightly C' or M parameter and keeping
the other one constant. Applying the newly introduced algorithm allowed to find
periodic solutions for many values of C' and M in computational time orders of
magnitude smaller than it would have been needed to find them by systematic
examination of Ry x R4 parameter space. This algorithm may be used in various

systems to find many periodic solutions belonging to the same family.

Analysis of periodic motions in permeable medium described by Brinkman-Debye-
Bueche equations. First, we determined the range of values of the parameters
leading to periodic orbits. To our knowledge it is the first work approaching
this problem. Results included in this dissertation suggest that the problem is

important since permeability coefficient has huge impact on the dynamics.

Analysis of fluid motion around particles was performed. The question was
whether the regions of closed streamlines are large enough to be significant in
long-range transport of fluid inside the settling cluster, without mixing with the
surrounding fluid. Apart from that a special attention was paid on spherical or

toroidal shape of region of closed streamlines inside the cluster. It seems to be
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significant since for drop of suspension it was shown that transition from spherical

to toroidal shape of streamlines coincide with destabilisation of the drop [33].

All programs involved in the analyses conducted in this dissertation were created
by the author.

10.3 Perspectives for future studies

Based on current knowledge in field of dynamics of regular systems of many particles
settling in a viscous fluid [38, 39, 68-70, 72-74, 77, 103-106] and results obtained in this
thesis, there exist some problems and open questions which can deepen understanding
of periodic motions, chaotic scattering and dynamics of a suspension drop. All of these
open questions are based on correspondence between periodic motions and dynamics
of particles in concentrations closed to regular ones. The proposed further research

would include the analysis of the following issues:

e Analysis of chaotic scattering in the system of 4 rings, including transition to
chaos by varying initial parameters. The regions of long-lifetime cluster config-
urations (in space of initial parameters) are surrounded by bands with lifetime
changing significantly from point to point. The open question is how the transi-
tion to chaos takes place? Sensitivity of dynamics on initial conditions (Section
6.3.2) suggests that linear equations of fluid motion leads to non-linear particles
dynamics. The existence of complex periodic trajectories (presented in Appendix
B) is likely to be a sign of transition to chaos. In addition it is worthy to inves-
tigate if the borders of long-lifetime regions have fractal structure. Work on this

topic is in progress.

e Numerical study of stability in the system of 2 and 4 rings, especially in case
of complex trajectories. Analysis based on Floquet theory. Preliminary studies

have been already done and further research will be conducted in the future,

e Taking into account more perturbations in the system of 4 rings, e. g. by adding
more rings, placed in different planes or rotated with respect to the others. The
aim is to observe how much it is possible to perturb initially regular system to
obtain periodic orbits. This is an important question because systems consist-
ing of more rings are expected to exhibit behaviour more similar to a settling

suspension drop. This will be a subject of future studies.
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e Further study of fluid motion around periodic solutions for many particles by
tracking fluid element. This question is important because of fluid mixing prob-

lem.

e Investigation of other periodic motions, reported e. g. by [68, 74, 103] in Brinkman

medium. These studies are currently in progress.

Experimental verification of the system dynamics presented and analysed, both
theoretically and numerically, in this dissertation would be an interesting step. Similar
experiments for different systems performing periodic motions have been already done,
e. g. by J. Nowakowski and M. L. Ekiel-Jezewska [6] and by group of M. Shelley [77].



Appendix
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A Fluid motion: additional analysis

Appendix A presents streamlines around periodic solutions for the system of 2 and
4 rings in the Stokes fluid. The plots presented here provide additional information to
those discussed in Sections 4, 7, 8.3. They include analysis of fluid velocity during the
period and analysis for different numbers of particles with respect to the main text.
Additionally, more detailed picture of streamlines in the centre of the cluster is given

for the 1st and 2nd solution in the 4-rings system.

A.1 The system of 2 rings in a viscous fluid

In Section 4 we observed, that for larger numbers of particles and particle radius
ap = Qp maz/2 fluid moves much slower than particles. Therefore very small amount of
fluid is dragged with particles. We also observed that there are no closed streamlines
in the centre of mass reference frame for larger numbers of particles (see Fig. 4.3).
Here we show how it is in case of a smaller number of particles and a larger particle

radius a, = ap ma.. We also present how the streamlines change during the period.

In Figure 1 fluid motion around the cluster is shown for a quarter of the period.
Streamlines are drawn in reference frame comoving with centre of mass of the cluster
for the case where particles radius a, is set to maximal possible value, a, = a,maq-
Inside the area coloured in cyan fluid moves down faster than particles. Positions of
particles are denoted with blue circles, drawn to scale. It can be observed that size
of the droplet (the region of closed streamlines in the central part of the cluster, see
definition in Sec. 7) is changing during the period. For M = 8 and M = 16, but
not for M = 32, a drop of fluid is visible in all snapshots. Increasing the number of

particles the drop of fluid cannot be recognised.
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A.2 The system of 4 rings in a viscous fluid

In Section 7 fluid motion around the cluster of 4 rings was analysed. Here some
additional information, namely streamlines in various moments during the period and
for different numbers of particles are presented. We also show enlargement of stream-
lines in the central part of the cluster in a few cases, which were identified as having

more complex streamlines pattern.

Results for streamlines are presented in a way analogous as it was done for 2 rings
in Fig.1. In Figure 2 fluid motion around the M = 256 particles during representative
part of the period is shown (7'/4 in case of 1st type of solution and 7'/3 for 2nd and
3rd type). In Fig.2 and Fig.3 three different types of periodic solutions are presented.
In can be observed that for M = 256 small amount of fluid is dragged with particles.
Torus-shaped drops are not observed during whole period around the same given ring.
The drops are formed around each ring repeatedly at different time instances during
the period. For periodic solutions type 1 and 2 volume of the droplet is the largest
when particles are at the initial configuration and at t = 7'/4 or t = T'/3 respectively.

In case of 3rd type of periodic solution the drop is the largest for ¢t = 7'/6.

For M = 32 (Fig.3) the drop exists during the whole period for 1st and 3rd periodic
solution. The amount of fluid dragged with particles is larger in case of 3rd solution.
Situation is different for 2nd periodic solution where drop is visible during a part of
the period only and its size is the smallest in comparison to other two types of periodic

solutions.

In Fig. 2 it can be seen that pattern of streamlines in the central part of the cluster
is complex. To analyse this structure we present more detailed picture of fluid motion
inside the cluster for periodic solutions types 1st and 2nd at ¢ = 0 in Figure 4. For the
first periodic solution it can be observed that fluid streams up through the middle of
the cluster, but this happens only for narrow region in the central part of the cluster
(the drop has a toroidal shape). Most of the fluid streams around the drop. In case of
second periodic solution shape of the drop is oblate spheroid. In the centre of the drop
there is a spherical region inside which the fluid circulates in the direction opposite to

the rest of the drop.
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A.3 The system of 4 rings in permeable medium

The aim of this section is to give supplementary information about fluid motion
around cluster of 4 rings in permeable medium (analysed in Section 8.3). For the
system of M = 256 particles evolution of streamlines during representative part of
the period is presented. We show also plots of settling velocities and streamlines for

smaller number of particles (M = 32, M = 64) than it was done in the main text.

In Figure 5 the dynamics of fluid during the period is shown for permeable medium
with k = 0.6. It may be compared with analogous results for Stokes fluid, presented in
Fig. 2. Here, the amount of fluid dragged with particles is much lower than for k = 0,

what is visible during the whole period.

Figures 6 and 7 show fluid velocity and settling velocities of particles during the
period for 32 and 64 particles, respectively (analogous to Fig. 8.5). Colour code is
the same as in Figure 8.5 in the main text: blue line represents fluid velocity in the
centre of the cluster, dashed line is the interaction term of particles settling velocity
and black and grey lines correspond to settling velocity of particles with a, = @, maz/2
and a, = @, maq, respectively. In less permeable medium (higher kappa) fluid velocity is
lower with respect to velocity of particles. For smaller values of x the opposite situation

is observed: fluid moves down faster than particles what allows for formation of a drop.

Streamlines around clusters in permeable media are presented in Figures 8 and 9
for M = 32 and M = 64, respectively. As before (Figures 1, 2) they show results for

a

p» = Qpmaz- Comparing streamlines for different number of particles it is clear that

drops are larger for clusters consisting of less particles. The same dependence was
observed in the Stokes fluid: the larger number of particles is, the smaller amount of
fluid is dragged. In general in less permeable media particles drag less fluid, albeit this

effect is weak for low values of .
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Figure 6: Velocity of the fluid |u(r = (0,0, 2¢a))| (blue line) at the centre of the
cluster, velocity of the particles |V, (t)| without self-term wug (dashed line) and velocity
of the particles |V, (t) + ug| for two different radii: a = aq, (grey line) and a = ayq./2
(black solid line); plots for different values of k, for three different periodic solutions.
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andt=T. C =15 M = 32.
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Figure 8: Streamlines in the system of 4 rings in permeable medium for 2 periodic
solutions and different values of x at ¢ = 0. 2nd solution does not exist for this number
of particles, M = 32, C = 1.5. The particle size drawn to scale.
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B Complex periodic trajectories in 4-rings system

Appendix B presents examples of some complex periodic and quasi-periodic trajec-
tories in 4-rings system. Apart from three main types of periodic solutions, discussed
in Section 6, other periodic trajectories, with more complex shapes, can be found. As
mentioned in Section 6.6 some of them exist for small M or C' parameters for which no
periodic solutions of three main types can be found. Examples of such complex trajec-
tories for small M or C' are shown in Figure 10A-C. These trajectories were found in
the procedure described in Section 6.6, but differ from main three periodic solutions.
Ry and R, parameters of these complex trajectories in Figure 6.20 would locate in

extensions of marked curves.

Trajectory presented in Figure 10D can be considered as an example of separate
case. It was found for M = 256 and C' = 1.5 and is not similar to any of three main
types of periodic solutions. Particles from each ring follow the same trajectory which
is much longer among periodic motions observed in analysed system. It may be related
to period doubling and chaotic behaviour in such a system and it will be subject of

future studies.
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Figure 10: Periodic trajectories for parameters: A) M = 256,C = 0.92, trajectory
similar to 3rd type of periodic solution B) M = 28 C' = 1.5, trajectory similar to 3rd
type of periodic solution, C) M = 256,C = 0.57, trajectory similar to 2nd type of
periodic solution, D) M = 256, C = 1.5, an example of periodic motion with complex

trajectory.
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C Non-symmetrized dynamics

In Section 9 it was shown how symmetrization affects the dynamics of 2- and 4-
rings system for smaller numbers of particles. The natural question is whether for larger
numbers of particles the system breaks up almost immediately, or periodic motions still
can be observed, what requires that destabilisation does not occur till 7'/2 in case of 2

rings, and till 7'/4 or T'/3 in the system of 4 rings.

Appendix C presents comparison between symmetrized and non-symmetrized dy-
namics in the system of 2 and 4 rings in the Stokes fluid for larger numbers of particles
as it was shown in Section 9. Results are shown in frame of reference comoving with a
settling velocity of a single particle.

symmetrized dynamics unsymmetrized dynamics
M = 1000 t=23;T =285 M = 1000 t=2.3;T =85

_10.8 -0.6 -0.4 =0.2 0.0 0.2 0.4 0.6 0.8 _§1.5 -1.0 -0.5 0.0 0.5 1.0

Figure 11: Comparison between trajectories in symmetrized (left column) and non-
symmetrized (right) dynamics in the system of two rings. Plot for M = 1000 in
reference frame moving down with settling velocity of an isolated particle, ug. Trajec-
tories are shown up to time t = 2.3 in order to show the process of destabilization.

C=15

In Fig.11 trajectories of particles in system of 2 rings are shown for M = 1000
particles. Let us remind that for M = 256 cluster breaks down after roughly quarter
of the period (Fig. 9.1); here, in case of M = 1000 the destabilisation occurs almost
immediately. As a result periodic motions could not be observed because destabilisation

time is much shorter than 7'/2.

Results for the system of 4 rings are presented in Figures 12 and 13 for M = 256
and M = 1024, respectively. In all cases destabilisation time is shorter than the

period. However, for M = 256, periodic motions can be observed at the beginning of
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Figure 12: Comparison between trajectories in symmetrized (left column) and non-
symmetrized (right) dynamics in the system of four rings. Plot for three periodic
solutions for parameters M = 256 and C' = 1.5, in laboratory reference frame moving

down with settling velocity of an isolated particle, ug.

simulations because decay of the cluster occurs after 7'/4 for first periodic solution and
T'/3 for second and third periodic solutions. For larger number of particles, M = 1024,

cluster breaks up almost immediately.

Results presented here show that for larger number of particles it is difficult, or even
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Figure 13: Comparison between trajectories in symmetrized (left column) and non-
symmetrized (right) dynamics in the system of four rings. Plot for three periodic
solutions for parameters M = 1024 and C' = 1.5, in laboratory reference frame moving

down with settling velocity of an isolated particle, ug.

impossible, to observe periodic motions. This fact, alongside with longer computation
time for non-symmetrized dynamics, was the reason for using symmetrized model in
the main part of analysis presented in this dissertation. Apart from this observation it

is visible that the system of 2 rings destabilises faster than system of 4 rings - similar



observation was made for smaller number of particles in Section 9.
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