SIMULATION OF PHASE SEPARATION IN
QUIESCENT AND SHEARED LIQUIDS

Amol Kumar Thakre



Promotion committee:

Prof. Dr. J.L. Herek University of Twente (chairman and s¢ary)
Prof. Dr. W.J. Briels University of Twente (promotor)
Prof. Dr. G. Gompper Forschungszentruitich GmbH

Prof. Dr. M.A.J. Michels Eindhoven University of Technolog
Prof. Dr. A. van Blaaderen  University of Utrecht

Prof. Dr. F.G. Mugele University of Twente

Prof. Dr. G.J. Vancso University of Twente

Dr. Ir. W.K. den Otter University of Twente (referee)
Thakre A. K.

Simulation of phase separation in quiescent and sheangiddiq
Thesis, University of Twente, Enschede

This project is supported with a grant of the Softlink pragraf FOM (Stichting voor Funda-
menteel Onderzoek der Materie) which is financed by indugtgynational government and

the involved institutes and universities.

ISBN: 978-90-365-2719-4
Copyright©2007 by A. K. Thakre the Netherlands
No part of this work may be reproduced by print, photocopyryr ather means without the

permission in writing from the author.

Front Cover: Phase separated configurations for binary liquid mixtargarious Couette
cells (A Couette cell is a concentric cylindrical geometry)
Back Cover: Phase separation in polymer/solvent (top) and liquidstaysolvent (bottom)

mixture, in a micro-Couette cell.

Printed by: Print Partners Ipskamp, www.ppi.nl
P.O. Box 333, 7500 AH Enschede, The Netherlands



SIMULATION OF PHASE SEPARATION IN
QUIESCENT AND SHEARED LIQUIDS

DISSERTATION

to obtain
the degree of doctor at the University of Twente,
on the authority of the rector magnificus,
prof. dr. HW.M. Zijm,
on the account of the decision of the graduation committee
to be publicly defended
on Friday, 12 September 2008 at 16.45

by
Amol Kumar Thakre

born on 25 may 1978

in Amla, India



This dissertation has been approved by the promotor:

Prof. dr. W.J. Briels (promotor)



tomy parents...

for providing constant inspiration to excel in life






Contents

1 Introduction 1
1.1 Whatis phase separation? ..............iuiiiin e e 1
1.2 Background and scope oftheresearch ........... ... . ... .. 2
1.3 TREOIY ot 4
1.4 LiteratuUre reVIEW . . ..o e e e e e e 6
1.5 Computer Simulations . . ...t 9
1.6 Thesisoutline. ..... ... i e e 11

2 Domain formation and growth in spinodal decomposition 13
2.1 INtrodUuCtion .. .. ... e 13
2.2 Simulationdetails ......... .. e 16
2.3 RESUIS ... 19
2.4 Discussion and CONCIUSIONS . ... ..ottt i e e 23

3 Phase separation of binary liquids in cylindrical Couette flow 27
3.1 INtrodUCtioN . ..ot e 28
3.2 SimUulation SEt-UP .. ..o 30
3.3 Results and diSCUSSION ... ...ttt i e e 33

3.3.1 Noshear ...... . 33
3.3.2 With shear, starting from phase separated systems. ............... 35
3.3.3 With shear, starting from randomly mixed systems ............. 38
3.4 CoNCIUSIONS . .o 43
Appendix A: Interfacial free energy in a Taylor-Couette gestry . . ... ........... 44
Appendix B: Derivation of Egs. (3.7)and (83.8) . ... ... ceeii i 49

4 Spinodal decomposition in asymmetric binary fluids 51
4.1 INtrodUCHioN . . ... e 51
4.2 Simulationdetails ... e 54

vii



CONTENTS

4.3 RESUIS .. 57
4.3.1 Characterization ofthefluids ........... ... . . it 57
4.3.2 Steadystateatzeroshear .............. ... imumnuinenn.. 59
4.3.3 Decomposition dynamics at zeroshear ..........cceeee .. ..... 65
4.3.4 Steadystateundershear ........... .. ... e 66
4.3.5 Decomposition dynamicsundershear ......... ..o ... 73

4.4 CONCIUSIONS . ..\ttt e e e et e e e e 75

Appendix A:Shear stressg in a Couette geometry . ... 77

5 Effect of confinement on the interfacial dynamics of binary

5.1 INtroduCtion . ... . e 81

5.2 Simulation Set-Up . ... .o 84

5.3 Analysisof capillarywaves ... 86

B4 RESURS ..o 87

5.4.1 Characterisationofthefluids ........... ... .. ... 87

5.4.2 Amplitudes of interfacial fluctuations . ........................ 88

5.4.3 Dynamics of interfacial fluctuations .......................... 88

5.4.4 Influenceofshearflow ........ ... ... . .. . . . i 91

5.5 CONCIUSIONS . ..o 93

Appendix A: Flow field between solid walls and a fluctuatintgnface ........... 95

Appendix B: Force balances . ...........co i 98
6 Conclusions and Outlook 103
Samenvatting 107
Bibliography 110
Acknowledgments 117
List of Publications 119
About the author 120

viii



Introduction

This chapter introduces phase separation and its applisatn various fields.
Subsequently it discusses the factors which make it argistieig research prob-
lem. A brief overview of theory and literature review is peated in the next
sections. Finally, simulation approach adopted in thiskwiempresented along

with the outline of the thesis at the end.

1.1 What is phase separation?

A phase is a homogeneous region of matter having uniform watcomposition and phys-
ical properties. In a liquid mixture, unfavourable intefans between the individual liquid
components are responsible for the phenomenon of phasetepa A very common ex-
ample of phase separation can be observed in daily life idlicwy of milk after addition of
lemon juice. Milk separates in two different components hage separation; liquid whey
and solid curd. In Figure 1.1 two different liquid mixture® aindergoing separation starting
from a well mixed condition. The phenomenon of phase sejoaréd observed in various
kinds of condensed matter ranging from metals, semicondsictuperconductors to simple
and complex fluids such as polymers, surfactants, colleichilsions and biological materi-
als. Ordering and pattern formation in any physio-chenggatem is a consequence of phase
separation, and hence phase separation dynamics has beesivedy studied in the past few
decades. Despite of a great interest from scientific anchtdobical fronts, understanding
of phase separation still eludes scientists and a compésterigtion of the various stages of

1



1. INTRODUCTION

phase separation is still lacking.

Figure 1.1: Experimental pictures of phase separation inodymeric mixture (reproduced
with permission from H. Tanaka)

1.2 Background and scope of the research

When a binary mixture of liquids is quenched below its critjpaint, the mixture undergoes
a phase separation and depending on the ratio of the phasesis/ppatterns evolve. Thermo-
dynamics provides the driving force to reach the final eftiilim state of the system while
the components dynamics is means by which the system retiedres In figure Fig. 1.2 (left)
a free energy curve for a symmetric binary mixture is showner® minimum represents a
stable phase. In case of a mixture at high temperature thengly one minimum (bottom),
at low temperature there are two (top). The system trappdztiween binodals wants to
split, which it will do immediately (between spinodals) dtea a nucleation event (between
spinodals and binodals). The temperature dependence addigiand spinodals are shown
in Figure 1.2 (right).

In case of a 50-50 or symmetric (on basis of volume fractioxjume a continuous pattern
is observed but off-symmetric cases form a minority and aonitgj phase. This pattern
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formation is due to various stages in dynamics of phase atpar The early stage of phase
separation is due to diffusion where molecules move duednorthl motion and form small
clusters. In the next stage these clusters collectivelyenaakinterface and the dynamics of
phase separation is driven by the hydrodynamic flow fielde. thlrd and final stage of phase
separation is due to large scale structures which are regperior non-linear flow fields.

The rate of pattern formation can be characterised quémtihaand the growth exponent
of patterns can be associated with the different stageiptitenomenon of phase separation.
Experimentally the average pattern size is measured by dighittering, we use a similar
technique in our simulations.
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Figure 1.2: Free energy curves for a single phase (bottothdefd two phase system (top left).
Schematic phase diagram, showing binodal and spinodahregifor a two phase system
(right). (Extracted from the web)

Although the phenomenon of phase separation has been etdldendecades, a complete
theory describing the various stages is still out of readme @ynamics of phase separation
is non-linear and it involves a moving interface, making é@hallenging problem to describe
analytically and solve. The use of computer simulations drasvn significantly over the
past years to understand and solve the problem numeritaitythe long time and length
scales involved in the phenomenon make it inherently difficustudy by a single simulation
model. On one hand it involves diffusion, where the time s@alsociated is of the order of
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10155 and on the other hand later stages are driven by hydrodgsaniih time scales of
10 % —103s. The same is true for the length scales involved, which fram nanometers
to order of centimeters.

The current research aims to provide an improved fundarhentierstanding of the
physics in the phenomenon of phase separation of simple@nglex liquids. The method
we use to simulate various stages of phase separation isuate@lynamics, which is based
on Newton’s second law of motion and described in detail & gbction on simulations.
Apart from simple liquids, we extended the simulation metho study phase separation
in polymers and liquid crystals, which are increasinglyemesting to various technological
applications because of their self-organisation and argdrehaviours.

1.3 Theory

The emerging morphologies of phase separating systemseHssimilar in time and are
characterised by the emergence of a single time dependwthlscale, known as the charac-
teristic lengthL(t). This length is a measure of the average domain size in thersyand is
generally believed to follow a simple power-law dependesitk time, L(t) ~t%, whereq is
the power-law growth exponent. The motion of fluid undergghase separation is governed
by coupled Navier-Stokes and Cahn-Hilliard equationsttogreknown as model H [8,34,88],
which are difficult to solve analytically as they are nontinand the phenomenon involves a
moving boundary with a non-constant topology.

An important parameter in the description of phase sepayatiixtures is the order pa-
rameter field, measuring the local composition, defined as

_Pa—p8 (1.1)
pa+p8’
where p, measures the local density of particles of typeTheoretical studies of pattern

@

growth are based on the time evolution of the order paranfietdr The Cahn Hilliard equa-
tion for the order parameter reads as

%D—FV-D([):)\DZU, (1.2)

where the transport coefficiett is an Onsager coefficient relating the currentgofo the
gradient of the chemical potentigl. The flow fieldv in this equations follows from the
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Navier-Stokes equation

p(?[/wL(v-D)v) =n0%v—DOp— @Oy (1.3)
The last term is due to the chemical potential gradient inflifid, which in a liquid-liquid
system essentially gives rise to surface tension. Thisleduset of equations is difficult to
solve, and no analytical solution is available. Based orctimeept of the self-similar growth
of the domains, however, a simple dimensional analysissgaveeasonable picture of the
scaling laws involved in the problem.

If there is only one characteristic length scél@) in the system, then all lengths in
the system can be scaled with it. To compare the relative litapoe of various transport
mechanisms, the equations can be scaled in terms of nomsliomal terms. The velocity can
be scaled ag" = v/(L/t), the gradienf] ~ 1/L and the chemical potential a8 = u/(o/L),
whereo is surface tension, the scaling of Cahn Hilliard equatioesi

1(30 v 0) <42

e
ot

HerePeis the Peclet number which gives the ratio of convective tisive transport in the

+v - Op= PieDzu* (1.4)

systemPe=L3/A at. In a similar way scaling the Navier-Stokes equation gives

pL ov* N2 g *
ov* 0%v  eOu*

HereRe, = pL?/nt is the traditional Reynolds number, which is the ratio ofriia to vis-
cous terms an®e, = pL3/at?, is another non-dimensional number, which denotes ratio of
inertial to interfacial terms. The interplay of these temuserns the scaling regimes and the
growth exponents in the phase separating binary systemhebetequations all the scaled
terms are of the same order with the non-dimensional p@fgchumbers showing the rel-
ative importance of each term. Since the characteristigtteacale in the phase separating
system grows with time, all these non-dimensional termdiare dependent.

At very early times the diffusion is dominant and the advatterm in the equation 1.4 is
negligible. The growth law for the characteristic lengtltithien given by the Binder-Stauffer
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mechanisni (t) ~ (Aat)¥3 . This can be obtained from Eq.1.4 fBe~ 1. At later stages
when an interface has formed, coupling between the ordempeter field and the velocity
field becomes important. The material flow in such systenoisifregions of high curvature

to regions of low curvature. The balance between interfaoid viscous forces gives rise
to scaling lawL (t) ~ (ot/n), which can be seen from Eg.1.5 by equating the prefactors in
viscous and interfacial termBRg, ~ Re;. In most experiments the Reynolds number is very
low and hence the growth mechanism is always in this visgdsitinated stage. Theoretical
arguments predict for even later times an inertia dominatading lawl (t) ~ (ot2/p)Y/3,
which can be obtained frofRe; ~ 1, but this has not yet been observed experimentally. By
comparing the three fore-mentioned scaling laws, one pigtliansitions between successive
power exponent at lenght scalesldt) ~ (A n)Y/2 for viscous hydrodynamics ardt) ~
(n?/po) for inertial hydrodynamics.

1.4 Literature review

Although the universality of the asymptotic scaling lawssedl accepted, most of it is derived
from dimensional arguments, and an adequate theory desgttiire complete dynamics of
the phenomenon is still lacking. Most of the experimentatigs [49, 99, 100] on phase
separating liquid-liquid binary symmetric mixtures arefpemed at a very shallow quench
from the critical temperature, hence the associated Rdgnolimber is very low and the
observed scaling is in the viscous region corresponding $o1. Since phase separation in
binary mixtures is a fast process, the critical slowing démthe vicinity of the critical point
helps to facilitate the study. For the same reason, liquiils kigh (1 — 10°) Schmidt’s
number are preferred, as they allow a large separation @& &nd length scales between
different regimes.

Computer simulations of spinodal decomposition using chtdd Navier-Stokes solvers,
such as lattice gas automata and lattice Boltzmann (LB) oasthhave confirmed the ex-
istence of both lineao = 1 [2, 46, 69] and sub-lineaw = 2/3 [4, 46] growth laws. The
transition between both regimes was first studied by Kerad@h [45, 46] by performing LB
simulations of one fluid mixture over a range of viscositibsis effectively and efficiently
sampling a far wider range of time and length scales than eascbessed by a single sim-

6



1. INTRODUCTION

ulation of a large system. Phase separation of binary fluidurés has also been simulated
using off-lattice particle-based methods, like molecdiaramics (MD) [42,53,59] and dissi-
pative particle dynamics (DPD) [15, 41]. Because of theaartly soft interaction potentials
in DPD, a linear growth regime is easily reachable in simoret, especially in the com-
putationally less-demanding two-dimensional system$ [Te early MD simulations of a
binary Lennard-Jones fluid by Mgt al. [59] were also reported to have reached the inertial
regime. Laradjiet al. [53] simulated a larger Lennard-Jones system and argusedban

a different analysis of the data, that the growth rate is @uiscous regime instead. The
short-lived diffusive growth regime has thusfar attradttt® attention in the simulations of
fluid-fluid spinodal decomposition, which is rather surjmis

In case of sheared liquid mixture an additional time scaldeférmation is introduced.
Theoretically, the case of phase separating liquids undearsis very complex due to the
coupling of bulk flow with the hydrodynamic modes of the ifidee. Shear flow is found
to introduce anisotropy in the growth law of the domains. Exponenta obtained by
renormalization group theory is greater than 1 in the v&jo@arallel) direction and close
to 1/3 in the gradient (perpendicular) direction [14]. This sestg that shear enhances the
growth in the velocity direction but suppresses it in thedggat direction. Phase separating
binary liquids have mostly been studied by lattice Boltzm#hB) [31, 41, 45, 82, 84, 98]
and by molecular dynamics (MD) [53, 59, 68, 89, 91-93, 96] Hirhulations. Most of the
experimental studies are performed in Couette geometrgle wimulations are in planer
geometries. A good comparative simulation study should i@lsorporate the effect of non-
linear shear, which is a motivation to perform simulatioma iTaylor-Couette geometry.

The dynamics of phase separation in more complex liquiespolymers, liquid crystals
and lipids, is very different as compared to simple liquide do elastic effects and entan-
glements in high concentration polymer solutions. Thigi¢eto a complex network-like
structure at an early stage of phase separation and can iresuhon-universal growth ex-
ponent [88]. Dynamical asymmetry of the two mixed fluids, mieg that their viscosities
differ significantly or that one component shows viscoétalsehaviour, explains the com-
plex phase separation processes and the ‘phase inversi@mbmenon observed in polymer-
solvent mixtures and colloidal suspensions [5, 86, 88]h&se systems the ‘slow’ component
can not keep up with the growth rate imposed by the ‘fast’ congnt, a network enriched in
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the slow component forms (see Fig. 1.1) and subsequenttyimlts to internal stresses to ar-
rive again at a regular phase separated final configuratiorexéernally imposed shear flow
both accelerates and hinders the phase separation procasaplex liquids, by the continu-
ous transport, elongation and resulting ruptures of theadlos{11, 67]. In combination with
the interfacial driving force, these give rise to anisotcagrowth of the domains, with two
linear growth processes in the flow-vorticity plane and asgidg supralinear growthy > 1
(not observed in case of simple liquids), in the shear gradigection [11, 14,54]. Another
interesting spinodal decomposition process has beentegpfar rod-like colloids, where the
nematic (dis)ordering enslaves the spatial ordering iettsd and less-dense phases [19, 56].

In a completely separated binary mixture, the interfaceotsaompletely smooth due
to thermal undulations. For ordinary molecular liquidsthwsurface tensions in the mN/m
range, the capillary roughness is relatively small, in treeoof a few or tens ofngstroms,
and can be accessed experimentally by ellipsometry [7)61dy scattering [23, 60, 75] and
neutron [39, 55, 76] reflectometry. Interestingly, in a recgeries of papers [1, 18, 73], Aarts
and coworkers focused on colloid-polymer mixtures in whioh interfacial tension between
polymer lean and polymer rich phases is lowered to the nNAgeaBecause of this ultra-
low surface tension, the characteristic length and timéesacaf the interfacial fluctuations
are such (micrometers and seconds, respectively) thatcdmeye studied in real space by
means of confocal microscopy. An often used approximatmoapillary wave theory [9,
13,72] is that the wavelength of the fluctuation under irigasgion is much smaller than the
thickness of the liquid layer below the interface and, irecafswo liquids, also much smaller
than the thickness of the liquid layer above the interfacembany experimental situations
this approximation is valid and greatly simplifies the thetmal analysis [62]. Although in
simulation work much attention has been given to equilibriproperties of the interface,
such as molecular organisation and structure and densifygs[65,71,78,83,94], no direct
measurements have been reported of the dynamics of cgpilterfacial fluctuations.



1. INTRODUCTION

1.5 Computer simulations

Molecular dynamics (MD) is solving Newton’s equation of msoton a computer for a multi
particle system. In classical Newtonian mechanics, egnati motion can be written as,

Fi:m%:—miu, (1.6)
wherem is the masst; is the position andl is the total potential energy. This essentially
gives the recipe for calculating the velocities and pos#iat the next step based on their
current values, given that energy functiokkls explicitly known. U (ry) has only position
dependence and calculations are simplified if the poteistiaksumed to be of binary type.
The most popular scheme is the Verlet method, where the iteisccalculated at half step

and used to calculate the new positions,

Vi (t—i—AZt) =V (t— A2t> +FiW(t)At7 a.7)
ri (t+A2t> =ri(t) +v (t+A2t>At, (1.8)

whereAt is the time step for integration. It is obvious that a higheret step would allow
faster sampling of the system, however the limit is placedhsynumerical accuracy of the
integration. The above steps are repeated until the ewvalati the system has reached the
desired time scale.

Due to limitations of processor speed and storage capafttyeaccomputer, the simula-
tions are performed on a relatively small number of molezulBo minimize the effects of
surfaces, periodic boundary conditions are applied. Tdempnt periodic boundary condi-
tions, the central box is repeated in space. Particlesrigdvom one side appear from the
other side of the central box see Fig. 1.3. This repetitiothefcentral box is only virtual,
the calculations are performed only on the central box. iif@thod conserves the number of
particles in the central box and allows sampling of a bulkesys

Although potential between the particles is long rangedtailiof the potential is rela-
tively unimportant. A cut-off distance, after which theérdctions are significantly lower, is
used to keep track of the pair list for the particles. Theltotamber of pairs in the system
increases a®(N?) but this removal of tails allow, the algorithm to be of the eradf O(N)
and hence significantly faster.
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Figure 1.3: Periodic boundary conditions, central box isreunded by its image in space to

simulate a bulk system. (Extracted from the web)

In most of the experiments, the sampling method used is otfeaghstant temperature
and not with constant energy, to keep the temperature in sepbeparating system a ther-
mostat is needed. Traditional thermostats like Berendadn\sbose-Hoover [24] interfere
with the hydrodynamic flow field but Dissipative Particle ynics (DPD) thermostat is the
one which conserves momentum locally and hence is suitesirfarlation of hydrodynamic
effect. DPD was first introduced by Hoogerbrugg and Koelng%) &nd its thermodynamic
consistency was verified by Espanol and Warren [29]. We ubetba dissipative and ran-
dom forces given by DPD, but not the soft interaction potméenerally used in the DPD. In
DPD the friction forceFic and random forc&,, between a pair of particles separated by a

distance within the cutoff distance. are given by

K2 r\? . N
Fiic = _ZT(l_rc) (F-Av)F (1.9)
K r\ .

wherek is the strength of the friction constarit,is the unit vector in the direction of the
line joining the two particlesfyv is the velocity difference between the particle pair, gnd
is a random number with zero mean and unit variance. Thesipdtive and random forces

10
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not only act as a thermostat but they also allow transpopgnees such as viscosity and
diffusion to be tuned without altering the equilibrium thexdynamics. Most importantly, all
forces are pairwise additive and hence conserve linearsguda momentum.

Computer simulations sit on the interface of theory and grpents; on the one hand they
can be used as tools to verify existing theories and restitgperiments, on the other hand
simulations can be very useful in providing insight at thegldén and time scales unreachable
by experiments or theory. Molecular dynamics simulatiomansextremely useful tool for
studying various systems at the atomic level, e.g. in thd fiélbiophysics, biochemistry,
colloids and soft-matter. It has been used extensively abgthe properties of simple and
complex fluids, making it an obvious choice to study the piegion of phase separation.
The first use of molecular dynamics was Alder and Wainwri@B86[7,1959], where particles
moved with constant velocities between collisions and tinary collisions were perfectly
elastic. This idea was then extended to solve the equatiometion for a set of Lennard-
Jones particles, with the velocity change derived frommisintaneous force [Rahman 1964]
. Since then computer simulations developed very rapidiireow they are extensively used
from material science to nanotechnology.

1.6 Thesis outline

In this thesis the phenomenon of phase separation in liiguid mixtures (both simple and
complex) is studied extensively using molecular dynamiés investigate growth and growth
rates patterns in sheared and non-sheared systems. Eatérébaelf contained and can be
read independently.

In Chapter 2, we simulate the early diffusive stage of phapamation, which has drawn
surprisingly little attention despite the short time anadgth scales involved in the problem.
We extend the investigation to probe the transition frorfudif’e to viscous growth and the
effect of temperature.

In Chapter 3, we study phase separation in a Taylor-Couetimgtry, also used in most
experimental studies, for sheared and non-sheared systenmon-sheared cases, starting
from a well mixed state and letting the system phase sepavateompare the end config-
urations obtained by the simulations with the theoreticatjctions. A detailed theory for

11
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calculating free energies with interface being jé or z direction of a cylindrical coordinate

system, is presented in the appendix. Since shear intredusew deformation time scale in
the system, sheared simulations are performed to get a besight on the effect of interplay

between deformation and separation time scale. Resulthéoeffect of shear on initially

completely separated system or well mixed systems arergezse

In Chapter 4, we extend the study of previous chapter to mamgptex liquids. Here, we
investigate the effect of dynamic asymmetry on phase stpardVe use flexible and liquid-
crystalline polymers, modeled by a bead spring model agaigisnple liquid to introduce the
dynamic asymmetry. A polymer chain is modeled by a bead gpriadel, where spring has
a finite extensibility. An additional potential between b&ads is introduced to model the
liquid-crystalline polymer. Strikingly different pattes are observed in case of asymmetric
binary liquids in shear and non-shear cases, which wereonotfin simple liquids.

In Chapter 5, we study the effects of finite system sizes aril$ wa the interfacial dy-
namics of binary nano-films. The relaxation times of therfaigal modes are measured and
compared with the theoretical predictions. We also preagggneralized theory including
interfacial slip to analyze the amplitude and time corietabf the interfacial modes. Results
for the effect of rate of deformation on the relaxation tinoévarious modes are presented.
However, a theoretical modeling of the effects still rensaam open research question due to
non-linearity involved in the problem.

In Chapter 6, the results are summarised in both English andD

12



Domain formation and growth

In spinodal decomposition

The two initial stages of spinodal decomposition of a symiméinary Lennard-
Jones fluid have been simulated by molecular dynamics stronga(MD), using
a hydrodynamics-conserving thermostat. By analysing theth of the average
domain sizdR(t) with time, a satisfactory agreement is found with®&fe) Ct/3
Lifshitz-Slyozov growth law for the early diffusion-drivestage of domain for-
mation in a quenched homogeneous mixture. In the subsestagyet of viscous-
dominated growth, the mean domain size appears to follovirtbar growth law
predicted by Siggia.

2.1 Introduction

Phase separation and pattern evolution are well known phena visible in various immis-
cible multicomponent mixtures, ranging from simple liquiixtures to complex fluids like
polymers, colloids, surfactants, emulsions and bioldgitaterials [30]. Free energy mini-
malization in combination with hydrodynamic flow, collealy known as model H [8,34,88],
determines the global structure of the emerging patterrttandate at which it evolves. The
bi-continuous morphologies observed in the spinodal dgosition of symmetric binary lig-
uids are commonly believed to be self-similar in time, iree patterns at any two moments in
time resemble one another and differ only by a scaling fadtois dynamical scaling hypoth-
esis implies that a single time-dependent characterestigthR(t) can be used to characterise
the growth of the pattern. It is generally accepted thatdk@ution follows a simple power-

13



2. DOMAIN FORMATION AND GROWTH IN SPINODAL DECOMPOSITION

law, R(t) ~t?, wherea is the growth exponent. Since the coupled and non-linetarditial
equations for the composition and flow fields in model H canbreosolved analytically, a
comparison of the dominant terms in these equations haléuktidentification of three
successive growth regimes,

t/3  (diffusive)
R(t) O t (viscous (2.2)
t2/3  (inertial).

Directly following the spinodal quench of a homogeneoustori, diffusion is the dominant
process driving particles to like particles, culminatingle formation of tiny clusters. The
growth law is then given by the Lifshitz-Slyozov mechanissi]} R(t) O (A yt)Y/3, where
A is a diffusive transport coefficient andis the interfacial tension of the domain bound-
aries. After the formation of domains with well-defined ifisdees, the minimalization of
their interfacial energies becomes the driving force belsiegregation. Siggia [79] derived
that the balance between interfacial and viscous forcesgives rise to the linear scaling law
R(t) O (yt/n), with n the viscosity of the liquid. During this growth the Reynolusmber,
Re= (p/n)R(dR/dt) with p denoting the specific gravity, steadily increases. ThisHed
rukawa [27] and Kendon [44] to predict an inertia-dominaedling law,R(t) O (yt2/p)Y/3,
as the final stage in the growth process. By comparing theefentioned scaling laws, a
transition from the diffusive to the viscous regime is potell (denoted by an asterisk) to
occur at timetj, ~ (An2/y?)Y/2 and lengthR;, ~ (An)*/2, while the viscous regime is suc-
ceeded by an inertial regime at tirtje~ n3/(y?p) and lengttR; ~ (n?/py), corresponding
to a Reynolds numbeRe; ~ 1. These approximate expressions serve as guides in the on-
going experimental and numerical research of spinodalrdposition, to be discussed next,
which has largely confirmed the power-law growth of the doraai

In most experimental studies on fluid-fluid phase separatiamixtures of simple lig-
uids [12, 99, 100], the spinodal decomposition is initiatlgda very shallow quench of a
homogeneous system to a temperature barely below theatt#imperature. The associated
Reynolds numbers are very low, hence the observed scalilogvfothe viscosity-dominated
a = 1 scaling law. Since phase separation usually progresdemredy rapidly, the crit-
ical slowing down in the vicinity of the critical point is ekgpted to facilitate the experi-
ments. Liquid with high Schmidt numberS¢= n/(pD) = 10° — 10, with D the diffusion
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2. DOMAIN FORMATION AND GROWTH IN SPINODAL DECOMPOSITION

coefficient) are preferred for the same reason. With thepedignts, the rapid diffusion-
dominated regime of initial domain formation is just aboatettable in mixtures of simple
liquids [12,100]. Suspensions of large unlike particleshsas colloids and polymers [97],
also display a diffusivé'/3 coarsening of the domain size, be it much slower than in fluid-
fluid mixtures. The inertia-dominated growth regime hasywitbeen observed experimen-

tally.

Computer simulations of spinodal decomposition using cidd Navier-Stokes solvers,
such as lattice gas automata and lattice Boltzmann (LB) oasthhave confirmed the ex-
istence of both lineao = 1 [2, 46, 69] and sub-lineasr = 2/3 [4, 46] growth laws. The
transition between both regimes was first studied by Kered@h [45, 46] by performing LB
simulations of one fluid mixture over a range of viscosittbsis effectively and efficiently
sampling a far wider range of time and length scales than eatbessed by a single simula-
tion of a large system. The turn-over between both growtimreg occurs surprisingly late,
centered arount}; ~ 10%;, and is protracted over nearly four orders of magnitudenireti
In terms of the Reynolds number, this corresponds to theerap@ Re; ~ 100. A further
discussion of the inertial regime was presented by Lahva. [58].

Phase separation of binary fluid mixtures has also beenaietllising off-lattice particle-
based methods, like molecular dynamics (MD) [42,53, 59] disdipative particle dynamics
(DPD) [15, 41]. In the latter method, proposed a decade aghdmgerbrugge and Koel-
man [35], the hard MD potentials between atoms are replagectipemely soft interactions
between ‘fluid elements’, and an ingenious thermostat iedhiced to make all forces con-
sistent with Newton’s third law, which also lies at the basihydrodynamics. The main
advantages of these particle-based simulation methodbkatrthey are not based on presup-
positions regarding the dynamics or thermodynamics ofyetes, and that they include the
perpetual thermal noise. This way, the mesoscopic pr@seofithe phase separating system
emerge naturally from the simulations rather than beingoisepl via the simulation algo-
rithm. Because of the extremely soft interaction potestialDPD, a linear growth regime
is easily reachable in simulations, especially in the caaponally less-demanding two-
dimensional systems [15]. Simulations by Jetyal. [41], combining one thermodynamic
state point with a range of tuned viscosities, even suggasthe first glimpses of the broad
transition to the inertial regime are attainable with DPBeTearly MD simulations of a bi-
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2. DOMAIN FORMATION AND GROWTH IN SPINODAL DECOMPOSITION

nary Lennard-Jones fluid by Met al. [59] were also reported to have reached the inertial
regime. Laradjiet al. [53] simulated a larger Lennard-Jones system and argusedian

a different analysis of the data, that the growth rate is eiscous regime instead. Both
these simulations employed traditional MD thermostatsanto interfere with the consis-
tent build-up of the hydrodynamical flow field, while thesedhgdynamic interactions are
essential for the viscous growth law. Other simulationshwgitronger perturbations of the
flow field have shown that disturbances may impede viscousadogrowth [4, 15].

The short-lived diffusive growth regime has thusfar attddittle attention in the simula-
tions of fluid-fluid spinodal decomposition, since the fobas been on the two later stages.
In the lattice-based methods, which are specifically desigor the long length and time
scales, the omission of the initial stage is self-evidenit r the off-lattice particle-based
simulations, which by construction are limited to shortgdnand time scales, the absence
of studies on the initial/3 regime is rather surprising. In this study, we concentratéhis
first stage of spinodal decomposition and the subsequerditien to the viscous regime. We
combine the best features of both above discussed partisiedbsimulation techniques, to
wit, the realistic hard interactions from MD and the momemttonserving thermostat from
DPD. This chapter is organised as follows: in Section 4.2 vieflig describe the employed
simulation model and a technique to determine the averageasithe emerging domains.
Our simulation results are presented in Section 4.3, fabbim Section 2.4 by a discussion

and comparison with previous studies.

2.2 Simulation detalls

In our molecular dynamics simulations [3, 24], the intei@tbetween two like particles at a
distance is modelled by the Lennard-Jones (LJ) potential,

wum=se|(2)-(2)°]. @2

r r

wheree and o are the strength and radius of the potential, respectiv€he potential is

smoothly truncated at the cut-off distange= 2.50, to eliminate discontinuities in the en-
ergy and in the forces. Unlike particles interact by the satheotential in the preparatory
equilibration runs and by the purely repulsive Weeks-Clambindersen (WCA) potential,
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2. DOMAIN FORMATION AND GROWTH IN SPINODAL DECOMPOSITION

defined adJwca(r) = ULs(r) + & for r < 2Y6 g andUwca(r) = 0 for r > 216 g, during
the phase separation simulations. The Verlet leap-frogrilgn is used to numerically inte-
grate Newton's equations of motion with a timestgp= 0.002r, wheret = \/Wz/s is the
natural LJ unit of time andhis the mass of a particle.

A thermostat is employed to maintain a constant temperdtuteoughout the simula-
tion, mainly by dissipating the excess energy released &yllase separating system. The
traditional MD thermostats based on velocity scaling [3,iBterfere with the evolution of
the hydrodynamical flow field, and are therefore less suibedtudying processes in which
these flow fields might play an important role. We have theeetsed a thermostat, intro-
duced by Hoogerbrugge and Koelman [35] as part of the diegggarticle dynamics (DPD)
method, which was particularly designed to obey Newtonisltlaw and hence automatically
gives rise to permissible flow fields. In a nutshell: any twdipkes at a distancewithin the
cut-off radiusr. interact by friction and random forces [16, 29, 35]

K2 r\? . . K M e
Fthermo= " 2kaT (1— rc> (F-Av)T + \/ﬁ (1— rc) {r, (2.3)

wherek sets the activity of the thermostdg is Boltzmann’s constant, is the unit vector
between the two particles, adyy is their velocity difference. The random numbérsave
zero average, unit standard deviation, are independeavéwy particle pair and are sampled
every time step from a distribution without memory. A fludioa-dissipation theorem relat-
ing the variances of the friction and random forces to thérdésquilibrium temperaturé
has been included in the above equation. Note that the ttstativeg forces do not affect the
thermodynamic properties of the Lennard-Jones fluid, by thill slow down the dynamics
of the fluid. We take advantage of this corollary by selectiffgirly high friction parameter,
k = 3e1/2071, to increase the length, of the diffusive growth regime. This particular
choice decreases the diffusion coefficient of the LJ pagibly a factor of about three relative
to the non-thermostatted fluid. A further convenient propef the DPD thermostat is that
it couples to the local temperature, as opposed to convaitMD thermostats which act on
the overall mean temperature. Note that we have not usedtrereely soft potentials co-
introduced with the DPD thermostat [35]: these weak intévas lead to fluids with very low
Schmidt numbers [29] and consequently reduce the gparf the diffusive growth regime.

All simulations were performed using three-dimensionatsetric binary mixtures, con-
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2. DOMAIN FORMATION AND GROWTH IN SPINODAL DECOMPOSITION

taining a total ofN = 500,000 particles in a cubic box with periodic boundary conditio
The number density was fixed at= 0.70 3, yielding box sizes. = 890. Every simulation
started with the creation of a new homogeneous system, ldomaly inserting particles in
the simulation box and rejecting all insertions resultingailarge overlap with previously
accepted particles. Next, these boxes were thoroughlyileged in MD simulations at the
desired temperatures @f= 1¢/kg, 2¢/kg and ¥ /kg, using the same Lennard-Jones poten-
tial for all interactions to create homogeneous systemmallyj phase separation was initiated
by replacing the LJ interaction between unlike particlesi®s/WCA potential, which effec-
tively instantaneously quenches the simulation boxestesdeeply below the spinodal. All
particle coordinates;(t) were stored at intervals of 2r for later visualization and analysis
of the phase separation dynamics.

Since the time-dependent average domain Biz¢ is the most interesting and natural
measure for the progression of the phase separation, wedsdgemined this coarsening
function from the structure factors of the stored configora. The latter are calculated as

S(k.t) = (@(k)@(—k),) (2.4)

where the Fourier transform of the order field reads as
N .
pk) =S bjekni®, (2.5)
2

with b; = +1 depending on the type of particjeandk a wavevector commensurate with
the box dimensions. Along any direction in reciprocal sp#oe structure factors of a sym-
metric binary liquid start a&= 0 for k = 0, then rise to a maximur§, for wavenumbeky,
before gradually returning to zero at large wave numbensceSihe structure factoXKk,t)
calculated from a single configuration at titnare rather noisy, we exploited this rotational
symmetry to calculate spherically averaged structureofa&pn(k,t), using a bin-width of
Ak =0.0170~L. The structure factors of four independent runs were aeeragfore making
a least-squares fit with the scaling function

3[k/km(t)]?
2+ [K/kn(t)]®’

proposed by Furukawa [25] on the basis of the limiting betwars of S(k) at small and

S (kt) = Sn(t) (2.6)

largek. One readily shows that this function reaches a maximurf,gf) for the wave
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numberk = kn(t). Note that Furukawa’s function is consistent with the dyitainscaling
hypothesis, which is expected to hold for the evolving preegmarated domains. An offset
in the wavenumber, introduced as a third fit parameter to avgithe quality of fit [95],
spoils this scaling invariance and is therefore not reconttable. The characteristic lengths
of the domains in our simulations are finally extracted fréva peak positions of the fitted
functions byR(t) = 211/km(t). We believe that this route to the average domain size pegvid
a worthwhile alternative to the more common approachesh@sthe first or second moment
of §(k), especially when the structure factors are compoundednwite.

2.3 Results

Visual inspection of the stored trajectory files, using thd¥ package [37], vividly illus-
trates the sequence of events in a phase separating fluidrmixtmmediately following
the quench, tiny domains of like particles appear througtiwei previously homogeneously
mixed system. The domains gradually increase in size Ungit tiameters reach a significant
fraction of the box dimensions, at which point the simulasi@re terminated. A quantita-
tive measure of the domain sizes is obtained by calculatiegpherically averaged structure
factorsSpn(k,t) of the stored configurations, using the procedure outlimethé previous
section. Typical results for four distinct times during thlease separation are plotted in
Fig. 2.1. In agreement with the visual inspection of the $ation movies, the positioly,

of the peak gradually shifts towards lower wave numbers imitheasing time. The four data
sets are fitted reasonably well, see the thick lines in thg plothe master curve proposed
by Furukawa, see Eq. (2.6). A closer inspection revealsttizamaster curve systematically
overestimates the structure factors in the tails at bothssad the peak. We want to empha-
size that the quality of the fit function is of minor importario the current analysis, provided
both the emerging pattern and the applied fit function aregheement with the dynamical
scaling hypothesis. An average domain $®e now readily deduced from the peak position
km, which is one of the two fit parameters in the Furukawa fumct®ince it proved difficult
to make reliable fits of the structure factors at early tinmég the decomposition simulation,
t < 51, where the demixing has not yet yielded well-defined domairisthe signal-to-noise
ration in theS(k, t) is still unfavourable, we have omitted these earliest timeke following
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Figure 2.1: Spherically averaged structure factoggnk, t) for four times, t= 20r, 60t, 100t
and 140r, after quenching a homogeneous system. The data shown enagag over four
independent simulations to improve the signal-to-noig®rarhick smooth lines represent
fits with the Furukawa function, see Eq. (2.6). As time adganthe position k of the
peak shifts to lower wave numbers, and the height of the peakdses, indicating that the

domains are growing.

analysis.

The average domain sizes are plotted as functions of timéirn2k2 for the two lowest
temperaturesT = 1le/kg and T = 2¢/kg. Both curves show a sub-linear regime at small
times followed by a near-linear regime at later times, whighpreliminary identify with the
diffusive and viscous scaling regimes, respectively. &ithe power laws of Eq. (2.1) were
deduced from mesoscopic equations of motion, they are eghezhold true for mesoscopic
time and length scales only. The current simulations, hewere at a level where the under-
lying microscopic details might be expected to be stillvatd to the domain coarsening. It
therefore appears appropriate to fit the observed growtttifurs with a more general power
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Figure 2.2: Characteristic length scale R of the phase sefg domains, as deduced from
the structure factors, plotted as a function of time for the tower temperatures. The green
lines are fits with a generalised power law, see Eq. (2.7),3&Hd parameters are listed in

Table 2.1.

law [53],
R(t) = Ro+a(t/1)", 2.7)

whereR, represents a microscopic offset in the domain size. Thedehdones unit of time
T is introduced here for convenience, thus making the dinoaissofa independent of the
value ofa. The resulting fit parameters are collected in Table 2.1. &fiqular interest
are the two similar growth exponents af~ 0.55, which suggests that we are sampling a
time interval close to or surrounding the transition tigefrom the diffusivea = 1/3 to the
viscousa = 1 growth regime. It is tempting, therefore, to extract frdre simulated range
an initial and a late period; the bounds on these periods éreéttdly rather arbitrary in
the absence of a clear transition. By fitting the growth clat/€ = 2¢/kg over the initial
period & <t <tj, with t; = 50r, 25t and 14, we find the substantially lower exponents of
a = 0.45, 0.39 and 0.40, respectively. These values hint at ai¢gnatnregime with diffusion-
limited growth, although the covered time interval is fao &hort to admit a more definitive
conclusion. The other two fit parameters are also fairly ist@st in these three regions,
with Ry ~ 2.0 anda ~ 1.9. At the lower temperature df = 1¢/kg, the exponent remains
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Figure 2.3: Characteristic length scale R of the phase sefe domains plotted against
scaled time, for the two lower temperatures. The growth e€siawe expected to coalesce in
the viscous regime, after rescaling time with the tempeeatiependent factoy/n.

almost unaltered atr =~ 0.55 for all tested upper bounds on the initial range, implytimat
the diffusive region is extremely short-lived in this cada.the final region of the growth
curve,t; <t < 300r with t; between 150 and 25G, it proves difficult to fit the data with a
general power law. The growth exponents are found to vaongty witht;, yielding values
as disparate as 0.24 and 1.57, while the other two fit parasnate equally inconsistent,
making the direct evaluation of the growth exponent unbddian this regime. Laradigt
al. [53] identified the viscous growth process in their simwalas by noting that rescaling of
the curves at different temperatures according to the gtedigrowth lawR O yt/n, should
make the curves coalesce. We calculated the interfaciaicerirom the difference in the
pressures parallel and perpendicular to the fluid-fluidfate in a phase separated box with
two flat interfaces [24, 29]. The viscosity was extractedrfithe self-diffusion coefficiend

in the homogeneous liquid by using the Stokes-Einsteinesgion,D = kgT /crinR, with

¢ =5 andR= ¢/2 [10]. Both calculations were performedBt= 1¢/kg and Z/kg. After
rescaling both growth curves by their respective factors,olserve the good agreement
depicted in Fig. 2.3. Plots dR(t) againsttl/3, the predicted power law in the diffusive
regime, yield a less satisfactory agreement between themwes, even if the value of the
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Figure 2.4: Average domain size during spinodal decomjmrsit the elevated temperature
of T = 3¢/kg. The slopex = 0.29 of the fitted line is in good agreement with thie= 1/3

expected in a diffusive growth process.

undetermined diffusive transport coefficienis chosen such as to minimize the differences
between the curves (not shown). Rescaling both growth suageording to the inertial law
produces a clear deviation between the graphs (not showalenTtogether, this strongly
indicates that the observed growth of the average domagnisizest characterized as being
in the viscous regime. A completely different picture enesrgt the higher temperature
of T = 3¢/kg. Fitting the data with the general power law, see Table 24 find that the
average domain size grows with an exponert 0.27 over the entire simulated time interval.
On a double logarithmic plot, presented in Fig. 2.4, the ewwonverges to the straight line
R = 4.10(t/1)%%8 fitted over the range 1G0< t < 300r. These exponents are in good
agreement with the = 1/3 predicted for the diffusive regime.

2.4 Discussion and conclusions

The initial stages of phase separation in a quenched horeogemmixture of immiscible
binary fluids have been studied by molecular dynamics sitionlis. At the elevated temper-
ature of T = 3¢/kg, the power-law growth of the average domain size is in goodeagent

with the initial diffusive growth mechanisiR O t1/3 predicted by the Lifshitz-Slyozov the-
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Table 2.1: Parameters obtained by fitting the simulated ginofunctions at three tempera-
tures with the power law of Eq. (2.7). In the last line, thewgtio for t > 100t was fitted with
a simple power law, i.e. without the offsei. R

T / ekgt R\ /) 0 a / o «a

1 3.37 0.62 0.57
2 3.33 0.97 0.52
3 -1.85 4.96 0.27
3 4.10 0.28

ory. To the best of our knowledge, this is the first clear olmston of the diffusive regime

in three-dimensional molecular dynamics simulations @fi@gal decomposition. For the in-
termediate temperature @f = 2¢/kg the diffusive regime is short-lived, and quickly gives
way to a viscous regime. The latter is the only regime digbégrin the simulations at the
low temperature ol = 1¢/kg. Although an accurate growth exponent could not be estab-
lished, the characterization of this regime is supportethbybserved scaling behaviour with
temperature.

The small mean domain sizes in the initial parts of the sitiara, forR(t) ~ L/10 ~
100, imply that the simulation boxes contain a large number ohaios, be they correlated.
In combination with the averaging over four unrelated sitiohs at every temperature, this
suggests that the temporal evolution of the mean domairhsigé&een determined accurately
for short times. Since the average repeat distance of theepteparated domains remains
relatively small compared to the box dimensions till thertieration of the runsR(t) ~ L /4
for all t, possible box-size related artefacts are expected tolbefstiinor importance. The
accuracy oR(t) will however decrease at the later times, which might haverdautes to the
difficulties in determining the growth exponent in the vigsaegime.

The introduction of a domain size offsBy in the general power law, as proposed by
Laradjiet al.[53], is important for the quality of the fit, especially senthe actually attained
mean domain sizes are not orders of magnitude largeRh.awe find that this offset for the
two lowest temperatures is of the same magnitude as thedizles particles, which agrees
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with the intuition of a viscous growth process starting fremall clusters. An additional
temporal offsety was introduced in some fits, replacih@y t —tp on the right hand side of
Eqg. (2.7). We found that this did not substantially imprdve guality of the fit, withtg often
being close to zero. A number of fits even became numericaltylp defined, indicative of
the redundancy introduced by the extra degree of freedom.

The transition timegy, between diffusive and viscous growth is seen to increasagty
with increasing temperature. At = 1¢/kg there is no clear transition, far = 2¢/kg we
estimatey, ~ 501, while atT = 3¢/kg the transition is not even reached within the spanned
time range, i.etyy > 300r. We suggest that critical slowing down plays an importaite ro
in the pronounced rise df, with T. Simulations at the higher temperature= 3.5¢/kg
show a limited transient degree of clustering but do notdy@ekontinuous growth of these
clusters, implying that this temperature already excekd<titical temperature. It can not
by ruled out, however, that the effect reflects a steep teatyer dependence af. Further
calculations, exceeding the scope of this chapter, ararezljto investigate these possible
explanations. A simple calculation yields tiat= 100t atT = 2¢/kg, which in combination
with the previously establisheg ~ 10%;; explains why the inertial regime is not observed
in the current simulations.

The transition timetg, is also interesting for the study of spinodal decomposiioh
liguid mixtures exposed to a shear deformation [67, 68]. eMtively low shear rateg; <
td’vl, the effect of the flow is sufficiently small for well-definedmains to form. The flow
deformation will distort the domains, possibly tearingrthapart, but may also be effective
in bringing domains together. For relatively high sheaesay < td‘vl, the deformation flow
is expected to compete with the diffusive stage of phaseratpa, thus seriously hindering
the formation of clear domains. In the next chapter we wakdiss this competition between
phase separation and flow deformation, for the current Lehdanes liquid, in a Couette
geometry.
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Phase separation of binary

liquids in cylindrical Couette

flow

We use molecular dynamics simulations to study phase sapacd a 50:50 (by
volume) fluid mixture in a confined and curved (Taylor-Coeplfeometry, con-
sisting of two concentric cylinders. The inner cylinder ni@yrotated to achieve
a shear flow. In non-sheared systems we observe that, foasdlaunder con-
sideration, the final equilibrium state has a stacked stractDepending on the
lowest free energy in the geometry the stack may be eithemifldt its normal
in thez-direction, or curved, with its normal in theor 6-direction. In sheared
systems we make several observations. First, when stdrtinga pre-arranged
stacked structure, we find that sheared gradient and ugrstacks retain their
character for the durations of the simulation, even whentaraonfiguration is
preferred (as found when starting from a randomly mixed gométion). This
slow transition to another configuration is attributed targé free energy barrier
between the two states. In case of stacks with a normal inrdaient direction,
we find interesting interfacial waves moving with a preseditangular velocity
in the flow direction. Because such a wave is not observedhnlations with
a flat geometry at similar shear rates, the curvature of theisvan essential
ingredient of this phenomenon. Secondly, when startingy faacandomly mixed
configuration, stacks are also observed, with an oriemdliat depends on the
applied shear rate. Such transitions to other orientatio@similar to observa-
tions in microphase separated diblock copolymer melts. iglidr shear rates
complex patterns emerge, accompanied by deviations froomegeneous flow
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profile. The transition from steady stacks to complex pagéakes place around
a shear ratd /14y, wheretyy is the cross-over time from diffusive to viscous
driven growth of phase-separated domains, as measurediilibagm simula-

tions.

3.1 Introduction

The kinetics of phase separation in binary liquids has béangoeat interest over the years.
It is usually described by the time dependence of some cteaistic lengthR in the sys-
tem, representing the size of the phase separated domias. proven difficult to construct
a theory describing the time evolution of these length scateinly because the dynamics
of phase separation is non-linear and involves moving fates. Scaling analysis of the
Navier-Stokes and Cahn-Hilliard equations present a redsde picture for different expo-
nents involved in the process in the viscous regime [8, 26,B&sed on self similar growth
of patterns these predict that the characteristic lengglesgrows as a power law in time,
i.e., R(t) Ot?. The exponent reported for a non-sheared system-=s2/3 anda = 1 for
two-dimensional and three dimensional binary fluid mixturespectively. Shear flow causes
an additional pattern formation in phase separating mégtwrhich is very interesting and
not completely understood. Pattern formation plays a ekrite in the formation of various
structures in complex fluids such as polymers, colloidsiitigerystals, and self-assembling
membranes and micelles. The (shear) rheology of phaseagegacomplex liquids is thus
very important from both a physical and an engineering paiintew. Theoretically, the case
of phase separating liquids under shear is very complexaitietcoupling of bulk flow with
the hydrodynamic modes of the interface. Shear flow is fooridttoduce anisotropy in the
growth law of the domains. The exponemtobtained by renormalization group theory is
greater than 1 in the velocity (parallel) direction and elts 1/3 in gradient (perpendicular)
direction [14]. This suggests that shear enhances the fiiovthe velocity direction but sup-
presses itin the gradient direction. This seems to be coeditoy experiments [21,32,33,52].
Different time scales are involved in the break up and cealese of a domain. Depending
on the ratio between these time scales and the deformatiendtale of the flow, different
metastable states are observed. For this no theory is bMail&imulations may help in
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gaining insight in the dynamics of phase separating systBimase separating binary liquids
have mostly been studied by lattice Boltzmann (LB) [31, &1 82, 84, 98] and by molecular
dynamics (MD) [53, 59, 68, 89, 91-93, 96, 101] simulationsanyl of the early simulations
were limited to two-dimensional non-sheared systems,dnént advances in computational
power have moved the scope to three-dimensional systemglas¥he observed domain
growth scaling laws are generally in agreement with therétézal predictions. During the
last decade also simulations of phase separating systesesgaing shear have been carried
out, both by LB [31, 82,84, 98] and MD [68, 101]. In these s&gdit was observed that the
interplay between surface tension and deformation duedargfives rise to various growth
patterns like stretched domains and string phases in teetitin of shear. Very recently it
has been shown that a non-equilibrium (dynamical) steaatg & reached, in which the do-
mains attain a finite length instead of growing indefinite3{ [82, 84]. The finite length is
a result of interference of the shear flow with the transifrem an interfacial/viscous to an
interfacial/inertial regime, and is found to decrease wittreasing shear rate. The Reynolds
number, defined as Re yR?/v whereR is the domain size and is the kinematic viscos-
ity, varied between 260 and 2300 in the three-dimensionaklmBulations [84]. Perhaps
counter-intuitively the lowest Re corresponded to the dggishear rate. In this work we will
show the influence of a different mechanism, namely one wtikegmal) diffusive growth
of domains is counterbalanced by convection with the flonpgBession of domain growth
at high shear rates by this mechanism is relevant to phaseaieg colloidal systems in,
e.g., micro-devices. This diffusion - convection mechamis not active in the quoted LB
simulations because thermal diffusion is not included enrttodel. Another difference is that
the LB simulations have focused on the bulk behaviour of ptseparating systems under
planar shear. In this chapter we take the opposite standoand bn the influence of confin-
ing walls, and the curvature of these walls. We think thisiteriesting because even without
shear, walls can structure and orient the phase separatingids. The precise orientation of
the fully phase separated domains will depend on the relatlues of fluid-fluid and fluid-
wall surface tensions. What happens when such systems aneedhis an open question we

wish to address.

In this work we study phase separation of a 50:50 (by volumg fnixture in a three
dimensional Taylor-Couette geometry (two concentricraygirs), both with and without shear
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flow. We restrict ourselves to reporting interesting obagons. We will show that for low
and moderate shear rates the final phase separated systeena handed structure with
stacks oriented in a direction that depends on the inner atef cadius of the Couette cell
and the applied shear rate. We will also show that at highrshéss complex patterns emerge
because the (thermal) diffusive growth of domains is catmai@enced by convection with the
flow. This is accompanied by deviations from a homogeneouws flmfile. The chapter is
organized as follows: in section 3.2 we present the sinanatietails. In section 3.3 we
discuss the results obtained from different configuratamd shear rates. In the final section

we present the conclusions.

3.2 Simulation set-up

In our simulations, the interactions between like particke based on the Lennard-Jones
potential,

ULs(rij) = 4e [(:}_)u— (:}ﬂ (3.1)

wheree ando are the strength and range respectively gns the distance between particles
i andj. Both the potential and the derived force are smoothly @teat at the cut-off distance

2.50, to eliminate discontinuities at the latter distance. kmfparticles interact by the purely

repulsive WCA potential, defined by
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In our simulations, Newton’s equation of motion are intégdanumerically using the Verlet
leap-frog algorithm with a time stefst = 0.002r for low shear rate runs, ant = 0.0005c
for higher shear rates, where= \/W andmis the mass of a particle. The temperature
used in the simulations isT = 1.0¢, wherekg is Boltzmann’s constant. To dissipate the
energy released by the phase separating system and shasewehermostat. Many ther-
mostats interfere with the creation of hydrodynamics flowdfieand therefore are not suited
for the study of the later stages of phase separation. We Ut the friction and random
forces of dissipative particle dynamics (DPD) [29, 35] tertnostat the system, both because
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of its conservation of local momentum, which is also the $asthe Navier-Stokes equation,
and because of its avoidance of a profile bias in boundargmon-equilibrium simulations
of shear flow [80]. In DPD the friction forcBic and random forcé& 5, between a pair of

particles separated by a distanosithin the cutoff distance, is given by

K2 r\? . .
Fiic = ~oT (1— rc) (F-Av)P (3.3)
K r o

wherek is the strength of the friction constant, which we set equa¢r2/20~1 in this
work,  is the unit vector in the direction of the line joining the twarticles,Av is the
velocity difference between the particle pair, &hts a random number with zero mean and
unit variance.

To see the effect of confinement and curvature, we simulatybiFCouette geometry
with different radii for the inner and outer (concentric)lingers. In particular, in one of
three sets we fix the inner radius® = 400 and vary the outer radius betweBn = 550
and 8, so that the inner to outer radius ratioRg/R, = 0.5 to 0.73. In the second set we
use an inner radius & = 250 and an outer radius &, = 65,700 (R;/R, = 0.36 to 038).
For the third set we usg; = 150 andR; = 60,650 (R;/R, = 0.23 to 025). The density in
all these simulations is fixed @t= 0.70~3. When changing the outer radifs, the height
Z of the box is changed accordingly in order to keep the tothlme constant.

To keep the system size manageable we simulate a periodésysth an overall angle
of ©; = m/3, as schematically shown in Fig. 5.1. The total number diiglas is 30000 for
simulations starting from a banded state, and)60 for simulations starting from randomly
mixed configurations. We apply shear by rotating the inndl with an angular velocityw
ranging from 00017~ to 0.1, Since we simulate only part of a Couette cell, the periodic
boundary conditions need to be modified accordingly. Paribdundary conditions in the
z direction are applied as usual. In order to impose periodiecnbary conditions in thé
direction, both for calculating forces between particlasegher side of the boundaries and
for replacing a particle from one boundary to the other, mésessary to rotate force and
velocity vectors. Specifically, to calculate the veloaityof an image particle in the periodic
box directly following the central box in the positiedirection, it must be calculated from
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Figure 3.1: Simulated Taylor-Couette cell geometry. Shokindary walls are present at
r =Ry and r= Ry. In the sheared simulations the inner wall is rotating. Beit boundaries
are applied in the flow direction & = 0 and 8 = ©; and in the vorticity direction at z 0

and z=Z.

the velocityv of the original particle in the central box by a rotation

V! cog®;) -—sin(@;) O Vy
v | =] sin(@) cogG) O Vy
\ 0 0 1 \

A similar rotation applies, witt®; substituted by-Gx, in case of an image particle in the
periodic box preceding the central box in thelirection.

In ther direction a wall is present &; andR,. A bounce back rule (inversion of the
velocity v — —v) is applied to any particle colliding with the wall. For mag walls, this
bounce back rule is relative to a frame co-moving with thel wBlespite the bounce back
rule, without additional measures, we found a small amofistip at the walls, especially
at the higher shear rates. To make sure that the shear iedmpbperly and there is no slip
at the wall, all particles within one distance from the walls are given a new velocity from
a Maxwell-Boltzmann distribution, whose average is sHiftethe 6 direction to match the
velocity of the wall. In this way walls provide stick bounglaronditions and at the same time
act as a thermostat.
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3.3 Results and discussion

We perform three different types of (computer) experimémisur Couette geometry. (i) In
the first series of experiments we start with randomly mixewffigurations and study phase
separation without shear. (ii) In the second we start froily fophase separated systems,
under various geometrical conditions, and then suddealy shear. (iii) In the third series of
experiments we start from randomly mixed configurationsthed analyze the effect of the
onset of shear.

3.3.1 No shear

In the first series of experiments we do not apply shear. Is ¢hse simple free energy
calculations, as given in Appendix 5.5, suffice to predie fimal equilibrium states. For
example, when fixing the inner radius, varying the outerus@it constant volume changes
the relative free energy between different final equilibristates. In Fig. 3.2 we have plotted
free energies for various configurations defined below. We lsamulated geometries with
inner radiusR; = 400 and outer radius from the set Bf = 55,60,65,75,800. The outer
radii were carefully chosen to ensure different final configions.

For the narrowest configuration, with outer radRs= 550, the equilibrium configu-
ration predicted by free energy calculations consists of separated phases, stacked along
the z direction (here and in the following we call thezstacks). This is also observed in
our simulations, see Fig. 3.3. For a slightly less narrowfigonation, when the outer radius
is R, = 600, the predicted equilibrium configuration consists of stawlith their normal in
the 6 direction @ stacks), which is verified in our simulations as well. Thetrgeometry,
R, = 650, shows an interesting pattern. According to the free eneatpulations thé stack
still has the lowest free energy, but in our simulation arayfical drop forms at the outer
radius, see Fig. 3.3. During the course of our simulatioaritains like this.

Free energy calculations which also consider the cylimdidicop suggest that this is a
metastable state with a free energy very close to that of thiacks. The system is therefore
able to stay in this configuration for a prolonged time. Weastphatf stacks will eventually
form, but our equilibrium simulations are not long enougblgerve this transition. The next
two systems also show interesting behavior. TheoreticBliiy= 750 corresponds to a final
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Figure 3.2: Interfacial area between the A and B phases ferdase R= 400 and a fixed
volume 0f42.8570° (30.000 particles). The arrows indicate the values gfsRidied here.
We consider the cases of r-staclsstacks and z-stacks, as well as a cylindrical drop at the
outer wall. For equally wetting liquids, the configuratiofi lowest interfacial area is the
configuration of lowest free energy.

R2= 55 R2= 60 RZ_ 65 R2= 75 RZ_ 80

Figure 3.3: Phase separated configurations far-R400 and various R at a fixed volume of
42.8570° (30.000 particles). For R= 550 we look from the axis of the cylinder towards the
inner wall in the z- 8 plane. For all other values of Rwe show the top view (¢ 6 plane).
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ot =100

Figure 3.4: Evolution of a sheared system containing preeasbledd-stacks. In this par-
ticular case R = 40, R, = 650, andw = 0.17~1. The first two figures are top views @-

plane), in the last figure we look from the inside wall in thé plane.

equilibrium state of two concentric liquid cylindensgtacks in our language). It appears to
be very difficult for the liquid in absence of shear to haveablk curved interface and the
phase separation observed is a stack in&luérection, which is the next lowest free energy
configuration. For the last systerRxy= 800) it is clear from Fig. 3.2 that again stacks
(concentric liquid cylinders) should form the most staleftguration, but in the simulation
the system is trapped in a metastable state of multiple drjtial droplets on either walls.
These drops keep moving but within the course of our simurdtiey do not merge to a final
state. In summary, for the narrow systems we observe fubelsaparation in agreement
with free energy calculations, while for the wider systenesabserve configurations that are

stuck in metastable states, which are often the next lowestdnergy configurations.

3.3.2 With shear, starting from phase separated systems

Before studying the influence of shear on the kinetics of plsaparation we investigate what
shear does with the equilibrium configurations going withtipalar geometries. We focus
on three different geometries witky = 400 andR, = 55,65, 750. As we have seen above,
without shear the first corresponds to a final equilibriunz efacks, the second # stacks
and the third ta stacks. For each of these geometries we start with threerelift initial
conditions, namely stacks in thgd or z direction. Obviously, only one of them corresponds
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Figure 3.5: For r-stacks under sufficiently high shear a $énigeap emerges which moves in
the 6 direction. In this case R= 400, R, = 650 andw = 0.17 L.

to the equilibrium situation without shear. We apply twdeliént shear rates by rotating the

inner wall with an angular velocity ab = 0.01 or 0.1 radr 1.

One feature which is common to battfvorticity) andr (gradient) stacks is the extreme
slowness of transitions from one configuration to anotheart®g from a stack in the
direction, the system continues tobstacked for the duration of the simulation, at both shear
rates studied. This includes geometries which would ndeptte formz-stacks at rest, nor
if we would start from a randomly mixed simulation. Analogaesults are obtained starting
from stacks in the direction. Although we are not able yet to quantify the efféiccan
qualitatively be explained on the basis of existing freergpdarriers. Thermal fluctuations

and shear are not enough to overcome the free energy barthex time simulated.

It is impossible forf stacks to persist when the inner wall is rotating, so sucHigon
urations must quickly disappear and change to other coratigms. Fig. 3.4 shows that if
we start from a stack in thé (flow) direction, quickly streaks are elongated along the/flo
direction, which are then pushed in the outward directiohese moving bands merge and
then result in stacks in thedirection. These stacks are stable for all shear rates applied
in our simulations. Notice that the view towards the axid b one of bands stacked along
the vorticity direction. In case afstacks an interesting phenomenon occurs in Couette shear
flow: a single interfacial crest develops at the interfacé&tvimoves like a soliton in the flow
direction (we use the word solitdike, because we do not imply the rather specific meaning
of a soliton in the context of non-linear, dispersive waums, rather its characteristics of a
localised “heap” that is moving in space without changingps). At low shear rates this
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interfacial heap is barely visible but at higher shear rétesvery prominent, as shown in
Fig. 3.5. The curvature of the wall is an essential ingreidaéthis phenomenon because no
heap is observed in simulations containing the same phaseated fluid in @lanar shear
geometry with the same gap-width and subjected to the saes sites. We will now anal-
yse the angular velocity of the heap. Let the radial cootdinéthe interface for each value

of 8 andt be given byR(6,t). The soliton-like character may then be expressed as
R(6,t) =R(6 —Qt,0), (3.5)

whereQ is the angular velocity of the heap. To measure this velosiymust be careful
not to measure the velocities of the individual particleg,dnly their collective effect on the

interfacial perturbation. To this end we define

Pm(t) = _ia cos(m, (t)). (36)

whereB; = +1 depending on the particle type afdis the polar angle of particle We
choose an angular mode number= 6 or 12 to comply with our periodic setup. It is not

difficult to show (see Appendix 5.5) that in the continuumitim

Pm(t) = XcogmQt) +Y sin(mQt). (3.7)
The time correlation opf is then calculated as

(Pn(0)pn(1)) = 5 (<% + Y?) cosmax). (3.8)

where(...) denotes an average over many time origins. An example isrshowig. 3.6.
Despite the fact that the interfacial heap is barely vis#illower shear rates, the correlation
function Eq. (3.8) still does a good job at measuring its dsmguelocity. Fig. 3.7 shows the
measured angular velocity of the interfacial heap versesatigular velocityd6ys/dt of a
homogeneous fluid at the average radial posiRan= 1/ (Ré+ R3)/2. To collect sufficient
points for this figure we have performed additional simelasi atco = 0.02r 1 and 0057 1.

As expected, for low shear rates the angular velocity of therface is the same as that of
a homogeneous liquid at= Ryy. But at higher shear rates the angular velocity of the in-
terfacial heap decreases appreciably relative to the ctiovevalue. It is easily seen that
any acceptable alternative definition of the horizontasamithis plot will only increase the
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Figure 3.6: Time-correlation function of the angular difface in A and B-type density, see
Egs. (3.6) and (3.8) in the main text, for the system in Fi§. Brom this we can calculate

the angular velocity of the heap in a system containing etyiacks.

deviation from they = x line. Volume-conservation dictates that the same amouftyrti-
cles are displaced tovalues beyondR,, as there are B particles displaced tealues below
Rav. Because of the cylindrical geometry, the distance betvikagand the lowest value of
r of the interface will be larger than the distance betwBgnand the highest value ofof
the interface. If anything, a naive consideration of the@fbf the moving inner wall would
predict ahigheraverage angular velocity. The lower velocity is probablysed by the addi-
tional hydrodynamic friction in the narrow region betweae extremes of the interface and
the inner and outer walls. A detailed analysis of this irgeidl heap will be a topic of future

research.

3.3.3 With shear, starting from randomly mixed systems

Finally, we focus on initially randomly mixed configurat®rwhich are simultaneously phase
separating and subjected to shear. In our previous work\#&9tudied phase separation
from a randomly mixed configuration in bulk without shear. ‘Wewed that the length

scaleR characterising the phase separation initially grows iretamcording taR(t) O t1/3,
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Figure 3.7: Measured angular velocity of the heap versusahgular velocity of a homo-
geneous fluid at the average position of the interface. Tisbek line indicates where both
velocities are equal. Circles are measurements from agystith R = 400 and R = 650.

Squares are measurements from=R400 and B = 750.

corresponding to a diffusion limited growth of the domaiAfter a timery, =~ 251 the scaling
law changes to a surface tension driven growth dominatedspus forcesR(t) 0t%8 tot?,
These simulations concerned the same model as in the cstuetyt only then bulk periodic
boundary conditions were used, whereas now we focus on tiueice of confinement and

curvature combined with shear.

The confinement and curvature will, as before, lead to a prate of a specific stacked
structure without shear. At low shear rates this structueg ramain, but other stacked struc-
tures may become more stable at higher shear rates. For kxamgheared diblock copoly-
mer melts a transition is observed from perpendicular talfgrmorientations [47,51,63]. At
very high shear rates no stable stacked structure may foath & particular with reference
to the latter case, we expect that there will be a criticabshateyy, ~ 1/ 14, Separating a
regime of stable stacked configurations from a regime ofalohstconfigurations. The reason
is the following: Imagine two domains of si®with their centres displaced by a distance of
orderRin the gradient direction. For shear rates yy, the shear rate is so low that viscous,
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® = 0.001 ® =0.01 o =0.1

Figure 3.8: Configurations of the system with-R150, R, = 600 at various angular veloc-
ities of the inner wall. The first figure is a top view@rplane) atw = 0.0017r 1, showing the
formation of steady r-stacks. The second figure is a fron \iez plane) atw = 0.01r7 1,
showing the formation of steady z-stacks. The third figuagsis a front view atv = 0.1771,
showing one cross-section of the complex patterns thatgaeard are kinetically trapped.

surface tension driven growth has begun before the affir@raaftion has had any chance to
separate and deform the relative position of these two dusnddor shear ratgs>> gy, On
the other hand, the shear flow will interfere with the difiessgrowth of the domains: the two
domains will have been separated and deformed before theyHza any chance to diffuse
towards each other.

To test the above hypotheses, we performed sheared siomdari four different geome-
tries, two simulations withR; = 250 andR, = 65 and 7@ respectively, and another two
with Ry = 150 andR, = 60 and 6 respectively. Note that, ignoring the curvature effect for
the moment, the average shear rate in the slit is approxiynegeal towR; /(R — Ry), i.e.
about equal tav in the systems studied.

All configurations were thoroughly equilibrated and mixbgl,means of zero shear rate
runs with interactions between unlike particles equal tsébetween like particles, Eqg. (3.1).
After equilibration, shear was imposed by rotating the inmall with an angular velocity
w=0.001, 0.01 or Q.7 1. The resulting flow profiles of these homogeneous systeneedgr
well with theoretical predictions (not shown). Finallyethepulsion between unlike particles
was turned on, Eq. (3.2), and the mixture started to phaseatep Free energy calculations
suggest that in all these systemstacks are the most stable configuration without shear.
Indeed we found that at low shear rates= 0.001r~ 1, r-stacks are formed and remain
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Figure 3.9: Configurations of the system with-R250, R, = 700 at various angular veloc-
ities of the inner wall. The first figure is a top view §rplane) atw = 0.0017 %, showing
the formation of steady r-stacks. The second figure is a ®p atw = 0.017 1, showing a
probably intermediate state of multiple (sandwiched)aeks. The third figure is a front view
(r-z plane), in perspective and slightly tilted around thexis, atw = 0.17~%, showing the

complex patterns that emerge.

stable for the duration of the simulation, see Figs. 3.8 a@dl8ftmost figures).

When the shear rate was increasedote- 0.01771, a transition from steady-stacks to
steadyz-stacks was found for botR; = 150, R, = 60 andR; = 150, R, = 650, see Fig. 3.8
(middle figure). This is analogous to the case of sheareddkibtopolymer melts alluded to
above, where a transition is observed from parallel stagith,their normals in the gradient
direction (here) to perpendicular stacks, with their normals in the votyiclirection (here
2) [47,51,63]. ForRy = 250 and R, = 65,70 multiple (sandwiched)-stacks appear at
these high shear rates, see Fig. 3.9 (middle figure). Thisagain be a meta-stable state
in which the system is trapped on its way towards a state wihtwo stacks. It may be
very difficult for domains trapped in some metastable statadrge as the only way they can
coalesce is by fluctuation of the various interfaces. Inyatems with angular velocitias =
0.17~! we observe unsteady complex patterns, see Figs. 3.8 andgh®figures), which
do not seem to evolve to any of the stacked states discusseibysly. Rather a sponge-
like, streaked structure forms, in which the system appkeebg kinetically trapped. While
all other simulations are in the reginje< yg, = 0.041~%, those withw = 0.17~* all have
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Y > Yav- When the shear rate is ngay, the diffusive growth is prohibited by convection with
the flow. This is substantiated by inspecting the velocitfife, see Fig. 3.10. Ato=0.1

the velocity profile deviates from that of a homogeneousidigiligh shear rate boundaries
emerge at particular values ofin this case = 450). Diffusion along the gradient direction

becomes ineffective across these high shear boundariethinvéiach region separated by

Figure 3.10: Average velocity profile as a function of radpasition r in the gap (solid
line) for Ry = 250, R, = 700 and w = 0.11* (right figure in Fig. 3.9). The profile for a
homogeneous fluid is given by the dashed line. Note the | sate at r~ 450.

these boundaries, the effective shear rate is lower, argl/gtem is able to form more-or-less
stacked states. Indeed, if one is pressed on identifyirgksthastructures, in Fig. 3.9 (right
figure) there appears to be an inner 'z-stack’ and an outstaek’ (mixed with an 'r-stack’).
The high shear boundary allows the outer stack to be shiéikdive to the inner one. A
horizontal slice would therefore give the appearance sfdcks'.

Itis interesting to compare these results with those ofit@Boltzmann (LB) simulations
[31, 82, 84] published recently. As already mentioned inithiduction, thermal diffusion
is absent from these LB simulations. Moreover, these waskaged on the effect of planar
shear flow on phase separation in bulk, whereas ours focastbe @ffect of confining walls
and curvature. In the LB simulations, every effort was utalem to avoid finite size effects.
Finite size effects typically result in quasi-laminar g&ridomains which connect after one or
more circuits of the periodic boundary conditions [82]. Et&cked domains observed in our

42



3. PHASE SEPARATION OF BINARY LIQUIDS IN CYLINDRICAL COUETTE FLOW

work at lower shear rates could be classified as such. Infiaig size effects are usually
so large that it is impossible for MD simulations (of the type present here) to study phase
separation at the scale of the quoted LB simulations.

3.4 Conclusions

We have studied the influence of confinement, curvature aedrsn the phase separation
in a 50:50 fluid mixture. When starting from stacked configoret either in the gradient or
in the vorticity direction, we observe that these pre-ageghconfigurations are retained for
a very long time, suggesting the presence of large free grengiers to evolve, if at all, to
other configurations. The stacks with their normal in thedgrat direction show interesting
interfacial perturbations, whose angular velocities dase relative to the expected angular

velocity of a homogeneous fluid at the average interfaciaitjom.

Starting from a randomly mixed configuration, the phase 1sdjma evolves towards
steady stacks at moderate shear rates. The orientatioass #tacks appears, in some cases,
to depend on the applied shear rate. At high shear rates wetdubeerve stacks but com-
plex streaked patterns, which are separated by high sheabeoandaries. The transition
from steady stacks to complex patterns takes place at a sdtearqual to the inverse of the
cross-over time from diffusive to viscous growth of phasparated domains, as measured in
equilibrium simulations. At these shear rates diffusivevgh is prohibited convection with
the flow.

For small molecules the time to diffuse over a length scalegarable to the size of the
molecule is very short, of the order of several picosecofd critical shear rate, alluded
to above, will in that case be extremely large, probably maoyer than can be achieved in
experiment. Colloidal particles of size 0.1 tquin, however, diffuse over their own diameter
on time scales of milliseconds to seconds. We therefore\eethat our results are relevant
to for example microfluidic systems containing such cobdjohrticles. Certainly, bends and
corners in microfluidic devices often have the same cureadsrthose studied here. We may
even envisage the construction of a microscopic Taylore@teuflow cell, with which our
results could be validated. We leave this as a challengestexperimentalists.
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Appendix A: Interfacial free energy in a Taylor-Couette

geometry

In this Appendix we will calculate the interfacial free eggrof two fully phase-separated
liquids A and B in a Taylor-Couette geometry with inner radRy, outer radiugRy, heightZ
and an overall angl®; (see Fig. 5.1). The latter angle is relevant for our pericgitip; for

a real Taylor-Couette geometry of couBe= 211. We assume a 50:50 (by volume) mixture
of the two liquids. We will first treat the case where both ligiare equally wetting the
walls, as is the case in our simulations. Experimentallg, d@ften difficult to attain an equal
wettability condition for two different liquids. For comgteness, we therefore also treat the

case of liquids of different wettability.

Free energy calculation for equally wetting liquids

When the surface tension with the wall is equal for both liguitie configuration of lowest
interfacial free energy is simply the configuration of lowagerfacial areaAag between
liquids A and B. Also, the contact angle that the liquid-ldjinterface makes with a wall (if
it makes contact with a wall at all) is 90 degrees. The contlinaof these two facts leads
to the prediction of relatively simple configurations fotljuphase separated systems in a
Couette cell. Let us explore the possibilities.

First, consider the case of two concentric liquid cylindtishells. Since the normal of
the interface points in thedirection, we refer to these astacks. The areAag between the
two liquids simply is

R12 + Ry2
AAB:ZOI\/%. (A1)

Second, we may think of two stacks with their interfaces @rtlz plane, so-called stacks.
In the case of periodic boundaries in thdirection there are two liquid interfaces per periodic

cell, the total area of which is
Ang=2(R—Ry)Z. (A.2)
Third, two layers may form in the-6 plane, so-calledstacks. Again there are two interfaces,
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the total area of which is
Ang = Ot (Re* —Ry?). (A-3)

Finally, consider a semi-cylindrical drop attached to thieeo wall. In this case the total
interfacial area is given by

Apg=2rZ arctanRzi/d. (A.4)
1-R?/d?
Hered? = R, +r?, wherer is the radius of curvature of the cylindrical drop. It can berid
by the condition that the drop must be of voluZ@; (R — R?) /4, i.e. half the volume of the
couette cell, and that the interface must touch the wallgt ingles.

Interfacial free energy calculation for liquids with diffe rent wetta-
bility

In most practical cases the surface tensignbetween liquid A and the wall is different from
the surface tensiopsw between liquid B and the wall. In that case the lowest intgafdree
energy corresponds to a more complex configuration, andahict angle with the wall is
no longer 90 degrees. The shape of the interface will depetideorelative values of the wall
interfacial tensiongaw, Yew and the interfacial tensiopg between both liquids. For not

too widely different values of the surface tensions, we aggit different layered structures

whose normals are primarily oriented in thed or z directions.

The case of r stacks

The case of two concentric cylindrical shells is still a pbissolution, and the simplest of
the three. If we assumgw > yew then liquid A will reside at the inner wall and liquid B at

the outer wall. The interfacial free energy is then given by

| Ri? + Rp?
A=Z0 |Riyaw + Roysw + %VAB - (A.5)
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The case of 0 stacks

The equilibrium interface between two liquid phases in a€ltmigeometry can be calculated
using the principle of free energy minimization. In casedaftacks, we choose our coordi-
nates such that fluid A is centered near the pl@nre 0. The interface with fluid B is then
described by a functiof(r), in cylindrical coordinates (see Fig. 5.1). For reasonsyai-s
metry, we assume that the interface is independent of heigid that another AB interface
(within our periodic cell) is situated &; — 6(r).

Since the total interfacial free energy must be minimal,armtie constraint of constant
volume of fluid A, the Lagrangian to be minimized is

L:/RRZdI‘[VAB\/m—)\/rG} + yawl[0(R)R1+ 6(R)R:]
+Hw[(G1/2-6(R))RL +  (61/2—6(Re))Re], (A.6)

wheref = d6/dr andA’ is a Lagrange multiplier to constrain the volume, i.e. theadn the
r-0 plane, of fluid A. Applying a small perturbation

6(r) — 8(r)+n(r),

the Lagrangian will change like

5L /R2 d S
= I\YAB——=nN—ATN
Ry V141202

wheren = dn/dr andy is yaw — ysw. Partial integration yields

+Yw[n(Ry)R1+n(R2)Re], (A7)

oL

 ROR) Ry) _ ROR) y
AB
\/1+R2O(Ry)2 \/1+RO(Ry)2

Re d r20
_'/Rl dr [VABdrm—/\r N+%wNR)R+N(R)R].  (A.8)

PuttingdL equal to zero for any small perturbatigrir) gives rise to three equations:

d_ _ _ (A.9)
ar 1yge |
_RbR) W (A.10)
1+ R2O(Ry)? Yag’
_RbR) W (A.11)
1+ RB6(R,)? Vg
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whereA = A’/yag. Solving for we find

(C+3Ar2)°

92 = 29
r4—r2(C+3Ar?)
r C+Iax?
o(r) = O(R)+ [ dx 2 =, (A.12)
R \/x4—x2(C+ 1A%2)
whereC is a constant. From Eg. (A.10) we obtain
RIO(Ry) = —Yw/¥he (A.13)

V1= (Vi /ya8)?
which must be consistent with Eq. (A.12). Differentiatitg tlatter, multiplying byR;, and
comparing the result with Eq. (A.13), we find after some r@agements

c 1 Yv
Z L AR =W A.14
Ri 2" yms (A14)
Similarly, from Eq. (A.11) and Eq. (A.12), we obtain
c . 1 Yw
— 4+ ARy =— . A.15
R, 27 YaB (A-15)
Solving forC andA we get
RiR: W
c — Yw A.16
R: — Ry yas ( )
Vw1
= 2 A.17
yas Ri — Rz (A17)

The shape of the interface is now known, and only its stagiwigt 6(R;) at the wall remains
to be determined. This is not difficult, as half the total vokimust be occupied by fluid A.
A little more algebra yields

(o) Re Re—r1? C+3Ar2

O(Ry) = - . ngfRf \/r4_r2(c+%)\r2)2 (A.18)
The interfacial free energy, finally, is given by

A= Z(yawLaw + YewLew + YasLas) (A.19)
with

Law = 2R16(Ry)+2R:0(Ry) (A.20)

Lew = Ri(6x—26(Ri))+R(6Gr—206(Ry)) (A.21)

R 1
Lag = z/Rl dr e (A.22)
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It is perhaps illuminating to define
RiO(Ry) =tan(r/2—a), (A.23)

whereaq is the angle between the AB-interface and the inner cylinBer (A.13) may then

be rewritten as Young’s equation

yaw — Yew + Yagcosa = 0. (A.24)

The case of zstacks

For thez stacks the profile can be derived in a similar fashion, in Witiase we choose our
coordinates such that fluid A is centered around the ptané. The upper interface with
fluid B is then described by a functiagr), again in cylindrical coordinates. For reasons of
symmetry we assume that the interface is independeft arid that another AB interface
(within our periodic cell) is situated & — z(r).

Now the Lagrangian to be minimized is
Ro
L— /R dr [yagr V142 - A'rz| + Wiy [2Ro)R + ZRo)R (A.25)
1

wherez=dz/dr and again\’ is a Lagrange multiplier to constrain the volume (now thexare
in ther-zplane). The resulting profile is given by
r C+irx?
z(r)=2z(Ry))+ | dx T2 , (A.26)
Rt X2 — (C+3Ax2)°

whereC andA are the same as in Egs. (A.16) and (A.17). The valugRf) can again be

fixed by setting the volume occupied by fluid A equal to halftbial volume. This yields

R _r2 C l/\rz
2(Ry) = i 2dr|§2% ;2 2 o (A.27)
R T iz (e iar2)

The interfacial free energy is then given by

A = Ot (yawAaw + YswAsw + YasAaB) (A.28)
Anw = 2Ri1Z(R1) +2Rz(Ry) (A.29)
Apw = R]_ Z—27 Rl + Rz Z— 27 R2 (A30)
Ang = 2 d rr (A.3l)

Ri l)\ r
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Appendix B: Derivation of heap’s angular velocity
The continuum approximation of Eq. (3.7) reads
z /3 Ro
pm(t) = p/o olz/O olecos(me)/Rl drr (1—2H (r —R(6,1)))
/3
= pZ/0 dBcogmO)R%(6,1), (B.1)

whereH (x) is Heaviside’s function, i.eH (x) = 0 for x < 0 andH (x) = 1 forx > 0, and where
mis a multiple of six. Using the soliton-like character exgged in Eq. (3.5), we transform

this into
/3
pm(t) = pZ/ d6.cogme)RE(6 — Qt,0)
0
m/3—Qt
_ pZ/ d6 cogmé + mQt)R2(6,0)
—Qt
/3
= chos(mQt)/ d6cogmB)R?(6,0)
0

—pZsin(mQt) / " 46:sin(me)R2(6.0)
= XcogmQt) +Y(;in(rr£2t). (B.2)
Using this result, we calculate the time correlation fumcti
(on(0on(0) = 3 [ drpn(t s Dipm(D
- %(X2+Y2)cos(m§2t), (B.3)
whereT is a multiple of 21/(mQ).
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Spinodal decomposition in

asymmetric binary fluids

The spinodal decomposition of quenched polymer/solvesttiqnid-crystal/solvent
mixtures in a miniature Taylor-Couette cell has been sitedl&y molecular dy-
namics (MD). Three stacking motifs, each reflecting the getoyrand symmetry
of the cell, are most abundant among the fully phase-segghsationary states.
At zero or low angular velocity of the inner cylindrical drythe two segregated
domains have a clear preference for the stacking with the@soree energy
and hence the smallest total interfacial tension. For hitgasrates the steady
State appears to be determined by a minimum dissipation anésrh, i.e. the
mixtures are likely to evolve into the stacking demanding lkast mechanical
power by the rotating wall. The partial slip at the polymelvent interfaces
then gives rise to a new pattern: a stack of three concentticdeical shells
with the viscous polymer layer sandwiched between two swllayers. Nei-
ther of these mechanisms can explain all simulation resaftghe separating
mixture easily becomes kinetically trapped in a long-ligedh-optimal configu-
ration. The phase separation process is observed to préested under shear
than in a quiescent mixture.

4.1 Introduction

Phase separation is a common phenomenon in mixtures ofi$iand in liquids dispersed
with buoyant bodies, like colloids, polymers or surfactamthere small differences between
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the mutual attractions of the various molecules are caplgeparating like molecules from
unlike molecules, thus driving the formation of clusterertended patterns. Phase separa-
tion may occur in many industrial processes dealing withpoumd fluids, like paints, foods
and health-care products, where it often has undesiredragttal effects, and shortens the
shelf-life of many products [30]. The kinetics of phase sapan has therefore attracted the

attention of many researchers over the years, and stillirenagopic of intense study to date.

A central quantity in the study of spinodal decompositiohe system-wide phase sepa-
ration immediately following a quench in one of the systemmapaeters - is the evolution of
the average domain si&t) of the emerging patterns or aggregates, witlenoting the time
since the quench. Theoretical models of the growth protikeshe ‘model H’ for fluid-fluid
phase separation, combine a Ginzburg-Landau-type expnefss the free energy as a func-
tional of the fluid composition field with a Navier-Stokes eaxgsion for the hydrodynamic
flow field, compounded with cross-terms coupling the dynarofdhe fields [8,34]. Although
this model is beyond analytic solution, it is generally qated that the domains formed in the
spinodal decomposition of a symmetric binary fluid followaalking law, i.e. the patterns
at early and late times are statistically similar in stroetand differ by a scale factor only.
The evolution of the single relevant length scale is betieesfollow a power lawR(t) O t9,
where the growth exponert is determined by equating the dominant terms in model H.
Since the importance of the various terms in this model dépenR andR, it follows that
the growth exponent passes through three consecutiveesgan initial diffusion-dominated
o = 1/3 period [57], a regime of interfacial-driven viscous growtherea =1 [79] and a
late stage of interfacial-driven inertial growth with= 2/3 [27, 44]. The linear regime is
ubiquitous in the experiments [30, 36, 99], diffusive grbvitas been observed for shallow
guenches near the critical point [12, 100], while the exiséeof the late stage has only been
confirmed recently in Lattice Boltzmann (LB) simulation$]4The two earlier stages have
also been studied in computer simulations, by using deslichlavier-Stokes solvers like
LB and lattice gas automata [2, 46, 69], and by off-latticetipke-based methods including
molecular dynamics (MD) and dissipative particle dynanfi2BD) [15,41,42,53,59, 89].

Other spinodal decomposition processes are less well sioter than the idealised situ-
ation outlined above, although the basic principles ggdie ongoing investigations remain
the same. Dynamical asymmetry of the two mixed fluids, meatiat their viscosities
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differ significantly or that one component shows viscoédalsehaviour, explains the com-
plex phase separation processes and the ‘phase inversiemomenon observed in polymer-
solvent mixtures and colloidal suspensions [5, 86, 88]hése systems the ‘slow’ component
can not keep up with the growth rate imposed by the ‘fast’ comemt, a network enriched
in the slow component forms and subsequently succumbseamadtstresses to arrive again
at a regular phase separated final configuration. An extgrimaposed shear flow both ac-
celerates and hinders the phase separation process, bgrttieuous transport, elongation
and resulting ruptures of the domains [11, 67]. In combaratiith the interfacial driving
force, these give rise to anisotropic growth of the domairth two linear growth processes
in the flow-vorticity plane and a possibly supralinear giowa > 1, in the shear gradient
direction [11, 14, 54]. The domains can not grow indefinitieljthe shear-gradient direc-
tion, but will attain a rate-dependent nonequilibrium dieatate; it is not clear whether the
growth in the two perpendicular directions also saturatésg4]. Shear may also be applied
to induce phase separation in dynamically asymmetric nmest{20,50]. Deviations from the
ideal case also occur in the presence of walls and other figsthdes, which limit the at-
tainable domain size, interfere with the build-up of a hylymamic flow field, and may have
a preference for wetting by either constituent of the mietii0, 87, 90]. Another interesting
spinodal decomposition process has been reported foriked:dlloids, where the nematic
(dis)ordering enslaves the spatial ordering into densdessddense phases [19, 56].

Experimental investigations of spinodal decompositiomtaaditionally aimed at study-
ing one of the above decomposition processes, by speagifidedigning the equipment and
conditions such as to eliminate or minimize perturbing ®ffects. Occasionally two fac-
tors are taken into account in one experiment, e.g. dyndimi@symmetric mixtures under
shear [38, 50], to study the synergy or competition betwhentwo mechanisms involved in
these phase separation processes. But with the rapid ab/angnicrofluidics’ — the field
studying flow processes in individual liquid droplets anttemely narrow channels [64,85] —
there are many conceivable experiments in which severalechforementioned mechanisms
are simultaneously involved in the spinodal decomposigimtess. In a microfluidic rheol-
ogy experiment on a polymer-solvent mixture using a mimiagad Taylor-Couette cell, for
instance, the kinetics of the phase separation processasmaed by dynamic asymmetry,
non-uniform shear, confinement and wetting, in additiorheunequal attractions between
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the molecules. Computer simulations provide a preview @nitifricate phase separation
processes that arise under these complex conditions.

In this work we study phase separation of polymer-solvedtrad-solvent mixtures in a
miniature Taylor-Couette cell, extending our previousidations on binary fluids in the same
geometry [90]. Details on the employed models and simuiagchniques are summarized in
Section 4.2. The simulation results, both for stationarilsrand for a rotating inner wall, are
presented and discussed in Section 4.3 for a wide range tefnsgs By necessity, our results
and the deliberations will mostly be of a qualitative natuféae main conclusions distilled
from the simulations are summarized in Section 4.4.

4.2 Simulation details

In the current simulation study, the non-bonded interactietween two like particlesand
j with relative positions; —r; = rjjfj;, with the hat indicating a unit vector, is modelled by
the usual Lennard-Jones potential,

Up(rij) = 4e [(r?j)lz_ (:)6] | o

wheree and o are the strength and range, respectively. Discontinuitiethe potential
and force close to the cut-off distanag,= 2.5, are removed by a smooth truncation of
the potential. A purely repulsive Weeks-Chandler-Ander@&CA) potential Uwca(rij) =
Upa(rij) +eforrij < 2Y6g andUwca(rij) = 0 forrjj > 21/6g, acts between pairs of unlike
particles. A polymeR, is created by the expedient of stringingolvent particlesStogether
via a finitely extensible nonlinear elastic (FENE) potelntia

Un(ri __ 1 o _ (Mt ?
b(fiit1) = 2kbrmln 1 : . 4.2)

o]

With the bond constant set g = 30¢/0? and the maximum length of the bond limited
tor, = 1.50, the resulting polymers are very flexible, as shown by theisistence length
of nearly lIo. A more rigid chain,R,, resembling a polymeric liquid crystal, is made by

introducing a stiffening potential between next-nearesggimbours in a chain,
1 2
Us(riji+2) = Eks(ri,prz —rs)”. 4.3)
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For ks = 10&/0? andrs = 40, the persistence length of the chain increases to, #hich
amounts to about three times the chain length. The clagsieahanics equations of motion
are integrated numerically using the Verlet leap-frog thm with a time steg\t = 0.002r,
where the unit of time is defined ly= /ma2/e. All particles have the same mass

A thermostat is employed to maintain a steady temperatutele /kg, wherekg is the
Boltzmann constant. Without a thermostat the system worddugally heat up due to the
energy released during phase separation and the work @éxartthe system by the rotating
wall. Since hydrodynamic interactions are essential ingiaper simulation of the later
stages of spinodal decomposition, as well as in the sinouaif flow phenomena, care was
taken to select a hydrodynamics conserving thermostath Subermostat was introduced
as part of the Dissipative Particle Dynamics (DPD) methadg B, 35], by implementing
friction and random forces as momentum conserving intenagtetween pairs of particles.
In short, these forces are expressed as

dtr K2 Fij 2 ~ " K Fij ~
Fim = kT (1— rc) (Fij - Avij ) Fij +\/ﬁ (1— rc) Gijfij, (4.4)

wherek = 3.0e71%/20~1 determines the strength of the thermostat= 2.50 is the cut-
off distance and\vi; is the velocity difference between two particles. Thgt) denotes
a random number with zero mean and unit variance, samplezpamtiently and without
correlation for every pair at every time step. A fluctuatitissipation theorem, relating the
dissipative first term to the stochastic second term via éhgperaturel, is usurped in the
above expression.

A Taylor-Couette geometry is created by confining the fluidiples between two coaxial
cylindrical walls. In the simulations presented here, thiepwall is always stationary while
the inner wall is either stationary or rotating at a conssagular velocityw. For any particle
i crossing a wall during the integration time step, the véjohv; of the particle relative to
that wall is reversed at the moment of collisidv; — —Av;, before executing the remainder
of the time step. This bounce-back rule is introduced withaims of restricting the particles
to the Couette cell and creating stick boundary conditioheth walls, but in the simulations,
especially those at high angular velocities or with visctiuisls, some slippage remains. It
is therefore augmented with a scheme to re-sample the tiekoif all particles within &
of a wall from a Maxwell-Boltzmann distribution, offset bie rotational velocity of the

55



4. SPINODAL DECOMPOSITION IN ASYMMETRIC BINARY FLUIDS

wall; by applying this procedure every time step the desii@atslip boundary conditions are
recovered.

In order to reduce the computational demands of the sinomatie do not simulate the
entire Taylor-Couette cell but a section amounting to artif the cell, i.e. a segment
covering an angl®; = /3, with periodic boundary corrections applied along theraghal
direction. These corrections are readily implemented imd&Sian-coordinate based simula-
tion code [90], the only minor complication being that anjcaéation involving a boundary
crossing term now involves a rotation ove®; around the central axis of the Couette cell.
Regular periodic boundary conditions apply along the adiiaction.

The inner wallR; is set at either 26 or 400, the outer wallR, takes on a range of
values from 4@ to 750. The systems with the smaller inner radius confdia= 10500
particles, simulations with 15-bead chains are executéd 3@ 000 particles, while all other
systems contain 21000 particles. Both solvent and polyradiigies are always present
in equal numbers. The particle density was fixegpat 0.70~3, resulting in box heights
h = 2N/[pG(R2 — R?)] varying from 1530 to 3120.

In rheological experiments employing a Couette cell, thei@mls quantities of interest
are the total torque exerted by the rotating inner wall aredaimount of work required to
maintain its steady angular velocity. The relevant shaasstat the inner wall is calculated
in our simulations from

Tro(R) = _etrln% <zmriVi9Vir +3 > nij(ri— rj)[Fi°j+d-ég(r_i,-)]> (4.5)

where the pointed brackets denote a temporal average,v; - & (r;) the radial velocity and
Vig = Vi - &g(ri) the azimuthal velocity of particlg andr;; = (ri+rj)/2. The superscript
to the pair force emphasizes that both conservative anigdtsse forces are needed in the
stress calculation. The power supplied by the inner walhngteady state is given /=
m@thRZTrQ(R) and equals the rate of energy dissipation by viscous effedfse sheared
fluid. A derivation of these expressions are presented iaipendix.
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4.3 Results

In this section an extensive survey is given of the simulatease separation processes in a
Couette geometry. To structure the discussion, the fluigdgntges will be analysed first. Next
comes phase separation in a quiescent mixture, studyirfintilestable states and their rates
of formation. We end with phase separation under sheam agsicribing both the stationary

states and the evolutions bringing the mixed systems te thtages.

4.3.1 Characterization of the fluids

The most important fluid parameters in the simulations ofpleeparation in a Couette flow
are the interfacial tensions and the viscosities; thesanpeters are easiest calculated from
simulations of cubic boxes. A system with regular 3D pegodoundary conditions then
phase separates into two parallel flat layers, and one yeslkidws, from the free energy
change under a volume-conserving area variation, thantbefacial tensiory follows from

JoF 1
y= (sz> = é(pu —po)L.. (4.6)
I/ NvT

Here p denotes the pressure, with the subscriptand|| indicating the directions perpen-
dicular and parallel to the interface, respectively, &nd the edge length of the box. The
factor of a half on the right hand side arises because a 3Dgerox contains two inter-
faces. Fluid-wall interfacial tensions are calculated Birailar way, using a two-directional
periodic box with hard walls in the third direction. The saa# tensions of the various inter-
faces are summarized in Table 4.1. Visual inspection of thid-fluid simulations, using the
Visual Molecular Dynamics (VMD) program [37], reveals thlaé polymer and rod phases
are denser than their coexisting solvent phases by some AG¥milar observation is made
in the Couette geometry. We attribute this increased detsithe bonds between the par-
ticles, which reduce the nearest neighbour distances ketparticles in the same polymer.
In order to correct for the possible effects of these derdiffgrences, the fluid-wall inter-
facial tensions listed in Table 4.1 have been calculatetleaspecific densities found in the
fluid-solvent simulations.

The viscosities of the various fluids are readily obtainexnfrshear simulations in con-
ventional rectangular boxes as the proportionality corstelating the shear stresg; to
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Table 4.1: Surface tensiongy of the solvent-fluid interface angy x of the wall-fluid inter-
face, and the fluid viscositieg, as obtained from simulations of cubic systems. Columns
four and five contain the densitigg of the solvent angbx of the fluid in the solvent-fluid
systems. All wall-fluid interfacial tensions are calcuthtg the denoted fluid densipk. The
solvent-wall interfacial tensions for the two relevantaait densities are reported in the first
two rows.

X yex/€072 yyx/ea 2 ps/a3 px/o3 nx/eto?
S 1.23 0.53 0.70 0.70 8.4
S - 0.41 - 0.64 6.4
P 1.40 0.64 0.64 0.78 36
Pis 1.38 0.69 0.64 0.78
R; 1.37 0.39 0.64 0.78 ~ 552
Ris 1.28 0.51 0.64 0.78

the shear ratg. Linear shear flows/(r) = yz& are introduced by applying Lees-Edwards
moving boundary conditions, as well as by placing a twodliomal periodic fluid between
one stationary and one linearly moving wall. In the lattesezahe stress tensor is calcu-
lated excluding the regions withiro2of the walls to avoid complications from the stick-wall
procedure. Both sets of simulations yield similar resulslicating that the stick condi-
tions at the walls are working satisfactorily. The visciesitare listed in Table 4.1. Both
the polymers and the rods exhibit shear thinning, with~ 36st0~3/[1+ (161y) %% and
Nr, ~ 61eT03/[1+ (48ry) =074 for shear rates in the rangé — 50) x 10-37-1. Clearly,
this further complicates the nature of the phase separptmoess under shear, as it may have
consequences for both the growth rate and the resultingysttate.

In their homogeneous phase, the sif and Ry;5 chains show a hallmark of liquid-
crystals: the rods spontaneously align to establish a nemiatering. The order parameter
S, defined as the largest eigenvalue of the matrix

sg<<ajaj>;|) (4.7)
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Figure 4.1: Snapshots of four typical phase-separated foaaifigurations, showing (from
left to right) a z-stack, an r-stack, @-stack and a droplet attached to the inner wall. The z
stack is shown in a side view, with the axis of the Couetteraehing vertically, while the
other configurations are top views looking down along thatioh axis of the cell. Because
of the Couette cell’s rotational symmetry, we simulate arssg amounting to one-sixth of
the entire cell by using periodic boundary conditions in &xéal and azimuthal directions.
Polymer particles are coloured green, solvent particles blue; note that the particles are

not drawn to scale and that the dimensions of the cell varpéffbur systems.

whered; denotes the bond vectors in the rods amglthe unit matrix, rises to about 0.6 on a
scale from O for purely random to 1 for completely aligned.9Woh ordering was observed in
the homogeneous solvent-rod systems with Lennard-Jotexsdtions between all particles,
because the isotropic phase is either stable or a long-thetdstable state.

4.3.2 Steady state at zero shear

Based on the geometry of the Couette cell, the orientatidrikeofluid - fluid interfaces

in a fully phase separated state are likely to correspontiédoaisis vectors in cylindrical
coordinates. Stable states with interfacial normals atbagadial directio® will henceforth

be denoted as-stacks, states with normals parallel to the axial &xisre calledz-stacks and
normals in the azimuthal directioiy are 8-stacks. Snapshots illustrating these stacks are
shown in Fig. 4.1. The calculated surface tensions theniparstraightforward approximate
determination of the thermodynamically stable states, hgitiig the state with the lowest
free energy among the anticipated optimum configuratiomse lit is implied that interfacial
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contributions dominate the free energy differences batvike various stackings of a given
mixture, while variations in the bulk contributions are oel negligible.

A simple surveying of the various surface contributionserehone may conveniently
assume idealized flat or uniformly-curved interfaces, tyietds the free energies for every
mixture and stacking. Corrections for the density diffeenbetween the coexisting fluids
are readily implemented. The example depicted in Fig. 4ritems one of the simulated
systems, namely the; — S system containing 21 000 particle and a cell with an innet wal

radiusR;, = 400. On the basis of this plot, we expect the simulations of thgtesn to yield

10

F / 10

Figure 4.2: The total interfacial energies of three diffetestackings in a phase separated
polymer-solvent system; P S, as a function of the radiug Rf the outer wall. All parameters
entering the calculation of these theoretical curves arsdgshon the simulated system with
an inner wall radius R= 400.

z-stacks for outer wall radii up to about 52 r-stacks beyond approximately 69 and 6-
stacks in the intermediate region. A comparison with theudtion results is described in
the next subsection.

Due to the different fluid-wall interfacial tensions, seél&a4.1, most fluid-fluid inter-
faces will impinge on the wall under a non-perpendiculartaonangle, following Young'’s
law [74], and the fluid-fluid interfaces will consequently ben-uniformly curved. The-
oretical expressions for the interfacial shape in a Cousttehave been derived in [90],
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Figure 4.3: The profile of the polymer - solvent interfaceai¢d from simulations (cir-
cles) of a P— S system (R= 250, 21 000 particles). The theoretical curve (dashed line) of
Eq. (4.8) is calculated with = 0.16, based on the interfacial tensions in Table 4.1, while the

optimum fit (solid line) is achieved &t= 0.31.

where it was found that the surface tensions consistentiyr éhe expressions in the form
I = (yaw — Yaw)/ YaB, With A, B andW denoting the two fluids and the wall, respectively. For
a 6-stack, for instance, the interface is described by

r C+Ax? 4.8)

R /X4 —x2(C+Ax2)2

whereA =T /(R —R,) andC =T'RR,/(R, — R)). Note that density differences between the
two fluids affects the location of the interface, i#(R;), but have no influence on the shape
of the interface. The predicted interface is depicted in Big, forlr = 0.16, along with
the actual interface of a polymer-solvent system. We halauleded this profile by using
a 2-dimensional grid to establish the average dengii¢s 6) andps(r, 8) of polymer and
solvent particles, respectively. The order parameter f@ld given grid value of,

6(r)=6(R)+

_ pP(ra 6) —ps(r,0)
A= pe(r.0) 7 psl1.0) @9

is then numerically fitted with a sum of two theoretical ifideial profiles,

@"*%(8) = ay tanHBrr (6 — 61)] — ar tanhBrr (62 — 6)], (4.10)
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to yield the profiles; (r) and6,(r) of the two polymer - solvent interfaces. Figure 4.3 shows
the moderate agreement of their average with the prediotedacial shape, suggesting that
other factors, such as the connectivity of the beads in tihanmrs, might play subtle roles
as well. The deviations from a flat interface are small, hawxesnd of little consequence
in the area-based free energy calculations of Fig. 4.2. Agewms the remaining two fit
parametersq, approximately equals unity whilg ! ~ 20 measures the combined effects
of the interfacial width and temporal variations in the ltoa of the interface.

The simulations of spinodal decomposition of binary fluickiares in a Couette geometry
are first performed for stationary walls, i.e. without theled complications of a non-uniform
shear flow. For each mixture, a start configuration is crebjedaindomly placing the fluid
particles in the simulation box, subject to the conditiompdsed by bonds between con-
nected particles; trial positions resulting in significpatr overlaps are rejected. The systems
are then equilibrated by running extensive simulationeatiesired equilibrium temperature,
using regular Lennard-Jones interactions between alicgestto suppress phase separation
of the two fluid components. A subsequent deep quench to dahlestate is created by in-
stantaneously introducing purely repulsive WCA interatdibetween unlike particles, thus
initiating the spinodal decomposition of a homogeneoustumé Visual inspection of the
ensuing simulation dynamics clearly shows the formatioa fihe network of regions rich
in either of the fluids. The network gradually coarsens, asdibmains grow in size and the
connections between the domains break one by one, untilygters eventually arrives in
a steady state consisting of two fully separated region® fiffal states of some thirty sys-
tems, varying in fluid-fluid compositions and Couette geametre collected in Table 4.2,
with snapshots of typical end configurations shown in Figj. th most cases the orientations
of the fluid - fluid interfaces corresponds to one of the basigtars in cylindrical coordi-
nates, i.e.g for r-stacks,g, for z-stacks oréy for 8-stacks. A significant fraction of the
simulations has ended up in less regular states: some adaptether stack conformation,
several runs produced a droplef) @ttached to a wall, while still other runs appear stuck
in an intermediate network state) (attached to both walls at multiple positions. Table 4.2
shows a moderately satisfactory agreement between thdystestes in the simulations and
the predictions based on the interfacial free energieser@efactors may contribute to the
deviations, which are more abundant here than for previmuglations of a fluid-fluid mix-
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Table 4.2: Phase separated steady states in a stationargstampic Taylor-Couette cell, for
various drum geometries (collected in rows, withaRd R, the inner and outer radii of the
cell) and various binary fluid mixtures (sorted in column#hv® for solvent, P for polymer
and R for rod). Each state is coded according to the directbiits fluid-fluid interfacial
normals, which predominantly point in the radial (r), azithal (8) or axial (z) direction,
with snapshots illustrating these stacks given in Fig. 43ubscripts to r-stacks indicate
the sequential order of layers traversed when going fromirther to the outer wall of the
Couette cell. Droplets are marked d, with the superscrigtidguishing between droplets
attached to the inner (i) or outer (o) wall, and the subscigpting the composition of the
droplet. Long-lived bicontinuous networks spanning thiirecell are registered as n. Three
systems in the top-left corner of the table were run four simsach, with the results of these
independent simulations collected in a comma-separastdtt give an impression of the
repeatability of the final state. Bracketed entries showiingstable state according to a free
energy calculation, as discussed in Section 4.3.2, areided if the predicted state differs

from the observed final state.

R/o Ry/o Pr—S R-S P-Rr Rr—R; Pi5—S Rs5-S
25 40 2,2,2,2(0) 2,2,2,0 (0) z(0)
25 50 L,db, N, rsps(rps) RS
40 60 z(0) 6 6
40 65 0 6 dg (0) 6 res(60) n(0)
40 70 6 (rps) 0 (rr9) dg (0) I'ps n(rrs)
40 75 dd (res) N (rre
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ture in a micro-Couette cell [90]. The assumption that thdase tensions dominate the
free energy, ignoring all other contributions, is approaienby nature, and bending contribu-
tions to the interfacial free energy are neglected. Theaserfensions have been calculated
for flat interfaces, and are perhaps less suited for the muctgved interfaces, as exampli-
fied by the interfacial profile in Fig. 4.3. A recalculatiorsiing the fitted™ in combination
with ysw andysp, does not significantly alter the predictions. It is well ceivable that the
walls steer the initial phase separation in a certain doagcthereby setting the system onto a
path towards a sub-optimal final state. And lastly, sincestherging decomposition pattern
varies with the quenched start configuration, the final dtate a certain degree inherently
unpredictable: this indeterminism usually manifestdfiisehe locations of the domains, but
perhaps the chaotic origin suffices in the current conditiorco-determine the final state. To
assess this reproducibility of the separation processawve simulated three systems several
times using independently generated homogeneous stadinfggurations. The results, see
Table 4.2, indicate that certain systems consistentlyaat the same final state, while other
systems yield multiple steady states. In conclusion, teentlodynamically optimum state
yields a moderately accurate prediction, but it can not reptetely relied on for a number

of reasons.

In the case of-stacks, both the flexible and rigid chains systematicadlyec the inner
wall with the solvent occupying the outer region of the c&lis configuration is stabilised
by a minimisation of the total fluid-wall interfacial energyhich drives the chains, with their
higher surface tensiongyp > Wvs to the wall with the smaller area. Since the densities of
the chain fluids are higher than the density of the solveetctinfiguration with the chains
on the inside also has the smallest chain-solvent intedffacea, which also contributes to the

stability of this configuration.

Besides both the three expected types of stacks, Tablesb2ralludes a number of ad-
ditional long-lived conformations. Several simulationsded with a droplet of the dense
polymer or rod phase attached to either the inner or the owabiof the Couette cell. These
droplets are always oriented parallel to the drum axis aaa $ipe entire height of the sim-
ulation box, suggesting that the periodic boundary coowlitilongz contributes to their sta-
bility [17] and hence that droplets are less likely in expemnts. Droplets surrounded by a
solvent phase prove very stable in our simulations, indtiged high activation barrier for the
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eventual transition to a regular stacked configuration ctvimost likely will be a@-stack.
The droplets observed in the polymer-rod mixtures are taifggmn those exposed to solvent
because here both separated phases have approximateldessities. Figure 4.1 illustrates
how these droplets resemble meta-stable states, whichvoareeither into af-stack, by
stretching in the radial direction towards the oppositd vealinto anr-stack, by bridging the
gap separating the droplet from its periodic image. In theutations with the londr;s rods,
the mixture forms an irregular network of the rod phase witithout 4x 10°t, and remains
unchanged till the termination of the run some 80°7 later. This suggests that the rods fluid
relaxes relatively slowly, compared to the polymer meltsiclr will be the topic of the next
subsection.

4.3.3 Decomposition dynamics at zero shear

In order to get a first impression of the rates of domain foromatve have simulated spinodal
decomposition in a periodic cubic box of sides- 48, using the procedures outline above.
The employed binary mixtures ae- S, P, — SandR; — S, again with equal numbers of each
type of particle. Time-dependent average domain df€shave been determined by means
of structure factor calculations, using the procedureimed in [89]. Figure 4.4 shows the
growth curves of the three mixtures, as obtained by avegafjire independent simulations
for each mixture. It is evident that the binary liquid mix@useparates much faster than the
polymer and liquid crystal mixtures, and that the curvesadirairly similar in shape. Since
the growth curvesR(t) of symmetric binary mixtures are believed to coalesce to atena
curve after appropriate adjustments of the time and lerggles, we have followed a similar
procedure to maximise the agreement between the curres trves. From the optimizing
scaling factors it follows that thie; — Smixture separates about 1.8 times as fast aRtheS
mixture. This difference is most likely caused by the rigidif the rods, which may hinder
their motions, since both mixtures have comparable inte&afaensions. In addition, the stiff
polymers show signs of nematic ordering in the dense polyrhese. Based on the three
curves, we estimate the transition from diffusRél t%/3 to interfacial-driven viscous growth
ROt, to happen around a timg, of about 1@ for the binary solvent mixture, at 40t for
the polymer-solvent mixture, and at around 70r the rod-solvent mixture.

In the absence of a straightforward quantization methodléwnain sizes in a Couette
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Figure 4.4: Average domain size R as a function of time t fovegtal decomposition in three
fluid mixtures. The - S curve is scaled along the horizontal axis by a factor of 4@odg
the vertical axis by a factor of 2, to make the curve coalesitle the S— S curve. Similar
scaling-factors of 7 and 2 have been applied to the-FS curve.

geometry, we have to resort to visual inspection of the eingngatterns to get an impression
of the relative growth rates of different binary mixtures. sAries of snapshots of phase
separation i — SandR; — Sare collected in Fig. 4.5. Because of the anticipated sgalin
factor of 1.8, the snapshots of the liquid crystal systemtaken at correspondingly later
times than those of the polymer system. By comparing the svi2s, it appears that the
growth rates indeed differ by a factor of about 1.8 duringtiitéal stages of phase separation.
For later times, however, the rod mixture is clearly lagdietpind even more: the connected
network of rod domains survives much longer than the netvedrRolymer domains. A
similar slowing down arises for the longB4s rods, which are still in a network phase by
the time the correspondir®s polymers have already fully phase separated into theidgtea
state.

4.3.4 Steady state under shear

The binary fluid mixtures and cell geometries of Section2ttave also been simulated with
a rotating inner wall. The final steady states observed iset®@mulations, which again
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Figure 4.5: Side views of polymer-solvent (top, at 00r, 500r, 1500r and 2500r) and
rod-solvent (bottom, at+ 175t, 8751, 2625r and4375r) mixtures showing various stages
during their respective phase separations in Couette ceith R = 250 and R, = 400.
The difference in the time scaling by a factorlt%f compensates for the anticipated slower
segregation of the rods in a cubic periodic box, see Fig. 4.4.

started from a homogeneously mixed initial state, are sumsedhin Table 4.3 for inner-wall
angular velocitiesy of 10~3rad/T and 10rad/t. Several trends stand out in Table 4.3
and these will be discussed in this subsection in some d#teilstart by noting that a rough
indication of the corresponding shear rates is giverybywR /(R, — R) and ranges from
10317 1to 2x 102711, while the actual shear rate is of course non-uniform in agiteu
cell. The shear rates are therefore relatively small copbtr the transition times between
consecutive growth regimes, wifhy, < 1 for most systems, implying that the spinodal de-
composition reaches a growth regime driven by interfaigiakion. Consequently, we find
large domains whose dimensions are not limited by the sbean at the highest attempted
drum velocity of = 5 x 10*2rad/r. From Table 4.3 it is clear tha-stacks, which are
abundant in the absence of shear, are not being formed uhdar. sAn existingd-stack
connecting the two opposing walls will, under the influenta ootating inner cylinder, be
wrapped around the inner drum and simultaneously be saeétttiin, and subsequently be
torn apart under the mounting elongational strain. It issuwprising, therefore, th&-stacks
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Table 4.3: Steady states of phase separated binary mixitni@sanoscopic Taylor-Couette
cell for inner walls rotating at an angular velocitsg = 0.001rad/7 (top half of the table)
or w = 0.01rad/t (bottom half of the table) and a stationary outer wall. Sebld@a.2 for
an explanation of the notation. Double and triple bandedaeks are distinguished by their
number of subscripts. The steady states marked-rdy comprise a layer of polymers or
rods (X) covering the inner wall and a droplet of the same oasitpn attached to the outer

wall.

R/o Ry/o S-F S-R7 P-Ry RiI—Ry S—-Pis S—Rygs

25 40 z z z

25 50 8 rps+dg

40 60 Ips rrRs B

40 65 rps B rPRP z Ips z
40 70 d? I'srs PR I'ps IrRs
40 75 rsps rRs
25 40 z z z

25 50 rps+d3 rrs+d}

40 60 rsp rsr PR

40 65 I'sps I'srs PR z Isp I'sr
40 70 I'sps I'srs rPR r'sp rsr
40 75 fsps I'srs

are not spontaneously formed in the phase separating mixtetwork-like structures are
suppressed on similar grounds. Only rotationally symroettacks, i.e. the and z-stacks,
are expected to be stable against the continuous defomsdirought upon the fluid mixture
by the shearing Couette cell. Interestingly, the simuretionder shear also yield a structure
that was not previously observed, namelyratack with three bands.

All two-bandedr-stacks at the lower shear rate have the dense polymer dd bgystal
fluid at the inside and the less dense solvent on the outside. dIstribution is in line with
the theoretical predictions and the simulation resultgHerquiescent system. For the two-
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banded-stacks at the higher shear rate, however, we observe thatder of the bands has
reversed, with the solvent now consistently covering threeinwall and the fluid of chains
occupying the outer wall. Three underlying mechanisms gpmothesized to explain this
inversion of the steady state:

1. Following a thermodynamical line of thought, any systernveas to minimize its free
energy within the restrictions set by the externally imgbsenditions. In the absence
of shear, this free energy is dominated by the interfaciakrdoutions, as discussed
in Sections 4.3.1 and 4.3.2. The flow fielg(r) may be accounted for, in a casual
approach inspired by statistical-mechanics, by extentliadree energy with a kinetic
term,

ka:;/\;p(r)v%(r)dr:;mZvizg—;NkBT. (4.11)

In the last step a Maxwell-Boltzmann distribution\g§ centered aroundg(r;) is as-
sumed, to arrive at a computationally attractive expressibich avoids the analytic
solution of the flow fields of shear-thinning fluids in varicgtackings. The extended
free energy may explain some transitions with varying drwetoeity, as illustrated
by the examples in Table 4.4, but the overall agreement Wihstmulations remains

wanting.

2. Based on the minimum dissipation theorem in fluid dynaf@ighe steady state may
be identified as the configuration requiring the least powyethke rotating wall in the
stationary state.

The power is calculated from the shear strggson the inner wall, using the expres-
sions derived in the appendix. The results in Table 4.4 stgfat this mechanism is
becoming important at the high shear rate, especially idatger simulation boxes,

while there is little correlation at the low shear rate. Ofise, for stationary walls the
power is zero and the mechanism holds no predictive power.

3. As noted earlier, a system can become kinetically trajploeithg the phase separation
process. The centrifugal forces experienced by the rgtatiixture may then explain
the preference of the denser polymer and liquid-crystati§luo gyrate to the outer
wall, with the less dense solvent moving to the inner wall.c©nascent metastable
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Table 4.4: Differences in free energies and shear powersifary P — S systems, comparing
four stacks in three Couette geometries (with inner radiusii®l outer radius B at two
angular velocitieswy of the inner wall. The free energies are based on the intafdree
energy and augmented with a kinetic term accounting for the field, see Eq. (4.11). The
power required to rotate the inner wall is calculated usitng texpressions derived in the
Appendix. Within each row the lowest free energy and thedosleear power are taken as
the reference points for all entries in that row — these maitmerefore appear as zeros in
the table. The steady states obtained from the phase sépasiinulations of these systems,
(see Table 4.3), are marked with an asterisk.

Free energys) Power €/1)
R/R, w/radrt z fps Isp  [sps z Ips fsp  Isps
25/40 103 1045 o0 10?9 103t | 103Y 1%l 107 0
25/40 102 o*  10° 104 1031 | 103°* 10%°  10%S

40/60 103 107° 00 107 10°3 | 1035 107® 107t
40/60 102 1077 104 of 10°2% | 1043 1033 103
40/65 103 1088 0 1072 103! | 1032 1026+ 10?6
40/65 102 102 10 o 108%* | 100t 10%% 1030 0O

o O o o

structure has formed, it will be difficult for the precedingotmechanisms to drive the
system away from the metastable state to a state of minimeeneinergy or minimum

work.

More generally, the three above mechanisms may be invokexgpiain the steady states of
the other systems as well, both under shear and at zero Stteadata in Table 4.2 through
Table 4.4 suggest, however, that none of these mechanigmilmessall final states correctly.
Most likely, the thermodynamic argument presides at zew saamall shear rates, the flow
argument becomes increasingly important with rising shat@s, and the trapping argument
repeatedly frustrates these mechanisms by capturing #tersyin a long-lived sub-optimal
state.
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0.06————— 11— 1.2

Figure 4.6: The flow profile a(r) (solid line, left axis) and angular velocity profi@(r) =
vg(r)/r (dashed line, right axis) for an r-stack with the rigid polgr R on the inside and
the solvent on the outside.

A typical flow profile vg(r) and the corresponding angular velocity distributﬁn(m) =
vg(r)/r are shown in Fig. 4.6 for anstack with the polymers on the inside and the solvent
on the outside. Because of the high viscosity of the polyoriwid, this melt hardly flows
under the applied shear and the azimuthal velogitgven increases within this section
of the Couette cell. The angular velociyslightly decays, confirming that the melt behaves
as a viscous fluid rather than a plug flow. At the polymer-saiveterface, for ~ 52g, the
velocity profile shows a steep drop, indicative of a signiftadegree of slippage. Rod-solvent
and even solvent-solvent [90] systems show similar haltaf slippage at their interfaces.

It might be argued that the partial non-stick boundary ctioilis exacerbated by the purely
repulsive interactions between unlike particles, whiclakens the mutual grip of the two
fluids. The width of the decay region results from slight uations in the interface, which
is not perfectly smooth. In the solvent region of the Couedtié beyond the slip layer, the
flow profile continues to gradually decay until reaching zatthe outer wall. We note that
at high shear rates a soliton-like perturbation appeaiseainterface, which appears to orbit

the inner wall indefinitely [90].
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Figure 4.7: Top view of the steady state for a solvent (blugdlymer (R, green) mixture
in a Couette cell of dimensions R 400 and R, = 650, with the inner wall rotating at
0.05rad/t.

A number of simulations, especially at elevated drum véilegi yieldr-stacks with three
bands, see Fig. 4.7. These systems invariably consist oteatkayer of polymer sandwiched
between two layers of solvent. The location of the centrabbavhich is virtually imperme-
able to the solvent particles, varies from simulation toudation, with typically about 40 to
50% of the solvent particles caught in the inner band. It mighargued that these triple
r-stacks are kinetically trapped, but their abundance iHeTal8 suggests otherwise. The
extra interfacial area discards the minimum free energyhagism, leaving the minimum
dissipation mechanism as the most likely explanation. Audation of the power required to
rotate the inner wall, see Table 4.4, supports this cormiugNote that an equivalent power
must be extracted by the thermostat in order for the systeredch a steady state. To as-
certain the impact of a high shear rate and two slipping fates on the temperature in the
system, we have calculated radial temperature profiles fhenvelocity distributions along
& andé&,, i.e. the two directions perpendicular to the shear flow.rEee a very high angular
velocity sy = 0.05rad/t~* of the inner wall, the thermostat proves capable of maiirigia
relatively constant temperature, varying from 1k§2¢ near the walls and in the slip layers
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to 1.05kg/ € in the centre of the cell.

In several simulations a droplet of the denser chain pha®ensed. Sometimes a single
large droplet contains all chains, while in other cases tlopldt is accompanied by an
stack. All observed droplets under shear are attached toutez wall, and are occasionally
accompanied by an-stack of chains covering the inner wall. At the higher shrate, this
ordering of the -stack contrasts with the regular double bandsthck at high shear rates and
the triple banded-stack, which both expose a solvent layer to the inner walle @roplet
gradually moves along the outer wall by the flow in the surdiog solvent. By tracking
individual chains in the droplet, the droplet is found toslproll along the wall.

4.3.5 Decomposition dynamics under shear

In addition to its impact on the final stationary state, theastalso appears to promote the
phase separation process. This acceleration is clearbgnézable in the snapshots of in
Fig. 4.8, showing the progression of the decomposition atexlftime lapse for a number
of inner wall velocities. At zero and low shear rate the grigvdomains are significantly

Figure 4.8: Snapshots of four phase separating polymeresmixtures aB00t after the
quench, for inner wall angular velocities @ = (0,1,10,50) x 10 3rad/t (from left to
right). These side views, with the drum axis vertically dmelghear flow running from left to
right, highlight the acceleration of the decompositiongess under shear.

smaller than at the high shear rates, where the formatiarstdcks has nearly reached the
steady state. Inspection of movies generated from thedstoagectories suggests that the
non-uniform shear flow field assists the separation proaatssly bringing separate domains
together and by pulling domains apart. The latter mechanighich at first sight might
appear to slow down the separation, advances the ruptut@rohecks connecting large
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domains - these necks would have survived longer in the abseishear - and thus also
prevents the system from becoming trapped in an intermedietwork configuration. It
is impossible, however, to make a more quantitative assrgsaf the contributions of the
various mechanisms to the overall acceleration. An acatiderof the phase separation under
shear has also been reported in previous experimental endagion studies [14, 54]. The
break-up of domains under shear is also expected to inteoaleaximum attainable domain
size, but this limit is apparently not reached under theesursimulation conditions.

A final state of arr-stack coexisting with a droplet can be formed along twoirdist
kinetic pathways. In the first route a homogeneously mixatkstvolves a cell-spanning
structure akin to #-stack, which subsequently is twisted, stretched and tpantainder the
stresses imposed by the ongoing rotation of the inner wak. flagment attached to the inner
wall forms anr-stack, while the remainder at the outer wall compacts intooplet. In the
second route a mixed state appears to evolve into an trgplelddr-stack, consisting of a
solvent layer between two polymer layers. The metastakierdayer eventually ruptures
and contracts into a single droplet.
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4.4 Conclusions

The spinodal decompositions under shear of polymers andnaolliquid crystals solvated
in a simple liquid have been studied by molecular dynamigaikitions of a miniaturized
Taylor-Couette rheometer. Most mixtures phase sepanateddial, azimuthal or axial stacks
reflecting the geometry of the confining walls, see Fig. 4ut vie also observed a number
of exceptions. The phase behaviour of the system is faimgpex as the steady state con-
figuration is determined by a number of parameters, inctydie dimensions of the cell
and the angular velocity of the rotating inner drum. We hlithat the current simulations
give a qualitatively realistic impression of the phase béha to be expected in microflu-
idic experiments on polymer-solvent mixtures, which citatts an interesting experimental
challenge.

The simulations strongly suggest that the equilibrium amd-aquilibrium steady states
formed by the phase separating mixtures are determined lajaade between two mecha-
nisms, namely the minimisation of free energy and the misatidn of viscous dissipation.
It is obvious that the thermodynamic mechanism rules in aspgnt mixture, implying that
the preferred phase separated state is the configuratibnthétlowest total interfacial en-
ergy. The induced flow field at low angular velocity of the inmall is already sufficiently
strong to suppress the formation@fstacks, yet the thermodynamic mechanism appears still
capable of selecting the configuration with the lowest fatgal energy among the remaining
allowed stacks, i.e. the rotational symmetric and theee&irear-resistant stacks. At high
shear rates the hydrodynamic flow field emerges as the dotrfiactor, by preferentially
establishing the configuration requiring the lowest worknirthe rotating drum wall in the
steady state. These global trends are extracted from thdagion results, but are by no
means conclusively proven at this stage. A number of sinwatdeviate from this model,
e.g. the steady states with a droplet attached to a wall,hwhéecurrently attribute to kinetic
trapping during phase separation. Nor is it clear at whatstage the hydrodynamic mech-
anism takes precedence over the thermodynamic mechatisrayppression di-stacks at
the lowest shear rate may be interpreted to suggest thatahsitton depends on the stack
(or effectively, on the torque needed to shear the stack).

A second important property that surfaced during the sitiaria is the significant slip-
page of two fluids at their joint interface. The partial skpciearly visible in the plots of the
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azimuthal velocity versus the radius, see Fig. 4.6, andsis @lanifest from visualisations of
the simulations by following individual particles near timerface. Indications of slippage
are even detectable at the macroscopic level, in the fornm afdaitional third layer in the
radial stacks at high shear rate. We speculate that the fiom this extra layer is instigated
by the hydrodynamic mechanism outlined above, as the gippathe thermodynamically
unfavourable extra interface reduces the viscous dissipat the system. Conversely, ther-
modynamic arguments may have prevented the formation of sx@e radial bands. One
should keep in mind that the purely repulsive potential leetvunlike particles contributes
to the slippage at the interface, and hence that a real fluidifiterface is expected to show a
less pronounced sliding of the interfaces. The multipléaiazhnds in shear experiments are
therefore more likely explained by incomplete phase sejparand by shear-limited domain
growth than by slip at the interfaces.
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Appendix A: Shear stress 1,9 in a Couette geometry

The relevant shear stress in the Couette geometry jishe stress acting along the azimuthal
direction on a plane whose normal, points in the radial divac In the steady state this
stress will be a function of only. A conceptually appealing way of deriving an expressio
for 1,¢ starts by looking at the axial component of the total angmamentum of all particles
outside a coaxial cylinder of radius

La(r) = mi(ri x vi)0(ri —r), (A1)

where® denotes the Heaviside step function. The time derivatithisfangular momentum,
i.e. the torque exerted by the interior of the cylinder onekesrior, reads as

Lo(r) = D (i x Fi)zO(ri 1)+ % my(ri x vi)z0(ri — r)fi (A.2)
= z Z(I’i X Fij)z@(l’i — I’)@(I‘ — I’j) + Zm(ri X vi)zé(ri — I’)I"i (A.3)
T ] T

In the second line we have expressed the total fBraen particlel as a sum of pair forces;j,
wherej lies either inside or outside the cylinder of radiysn the latter case the pair force
makes no contribution to the torque and can be omitted. Theage torque is expressed
mesoscopically as shear stress times lever arm integragedee surfac& of the cylinder of
heighth,

(Lo(r)) = (/Sr xr-dS) — _2mhiye(r), (A.4)

where the stress matrix is assumed independef iof the last step. The power correspond-

ing with this torque reads as
P(r) = /v-r- dS = 2mrhve (1) Tre(r) (A.5)
s

in the stationary state, when the velocity field has conrtges(r) = vg(r)é and 1 has
become rotation symmetric.

In the stationary state the axial angular momentytn Ar) of any concentric cylindrical
shell with inner radius and thicknes#&\r must be constant, hence its time derivative must
vanish:

d d
0= GLa(r,An) = - [Lo(r) = Ly(r +4r)]. (A-6)
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4. SPINODAL DECOMPOSITION IN ASYMMETRIC BINARY FLUIDS

Consequently, the torque acting in every coaxial cylirarfgane must be identical and the
productr?t,(r) will be independent of. We take advantage of this property to reduce the
noise level, by averaging the shear stress over all cylsndith radii betweem andr + Ar,

1 1 r+Ar | , ,
Phol) = g [ (L) (A7)
11 .
= 2nhAr< > MmnivieVie+ ) » fij(r,rJrAr)ri[Fij'ee(ri)]>a
rgri<|r+Ar rglri rjjgri
rj§r+Ar
(A.8)
where the weight factor is given by
r2
fij(rl,rz):/ O(ri—r)O(r —rj)dr. (A.9)
r

The only non-zero values to this integral are found whenha#i¢ conditions in the double-

summations are met, i.8,> rq, rj < rp andr; > rj, in which case

ro—ryq if ri>rp andry >rj

ri—ry if ry <ri<rp andry >r;j

fij(ra,r2) = (A.10)

ro—rj if ri>rp andry <rj

ri—rj if rg<ri<rz andry <rj<ri.

Simulations under shear, of both simple liquids apgstacks, confirm that the right hand
side of Eq. (A.8) is indeed independentrof

We end this appendix with three brief comments on the stngssession. i) A related
expression has been used before to calculate stress pinfilas geometries, for instance
the pressure profile in a lipid bilayer [28], based on a momega derivation of the stress
tensor by Schofield and Henderson [77]. Following analogigk the above derivation,
one readily obtains the appropriate stress expressions the time derivative of the total
linear momentum of all particles at one side of a flat plangTlie change of the angular
momentuml,(r), or the corresponding change of the linear momentum, islyeselen to
require a summation over all pair forces acting betweerspaireither side of the dividing
plane. We therefore conclude that the dissipative and ranukr forces introduced by the
DPD thermostat also have to be included in the stress célmujahough the random forces
are easily shown to average out to zero. This situation igitrast to Brownian Dynamics
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4. SPINODAL DECOMPOSITION IN ASYMMETRIC BINARY FLUIDS

simulations, where the friction and random forces are imgleted as self-interactions of
the particles and therefore do not contribute to the stri@$d.he above stress expressions,
especially Eq. (A.2) and Eq. (A.8), contain a peculiar asytrio treatment of the particles
i andj. In both expressions the pair foréq is projected on théy direction at the position
of particlei, subject to the restriction thais theoutermostparticle,r; > rj. An alternative
derivation, based on the angular momentum of the particigislé a cylinder of radius,
even yields a final expression in which the pair-force pridpecis made with respect to the
innermostparticle. Both seemingly distinct expression yield ideatiresults, however, since
ri x Fjj = rj x Fjj for pair forces acting along@ij. Equation (4.5) is finally obtained by
symmetrising the stress expression with respect to theclet and j, and by extending the
average in Eq. (A.8) to include the entire Couette cell.
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Effect of confinement on the

interfacial dynamics of binary

liquid films

We study the relaxation dynamics of capillary waves in therface between
two confined liquid layers by means of molecular dynamicsugations. We
measure the auto-correlations of the interfacial fouriedas and find that the
finite thickness of the liquid layers leads to a marked insgeaf the relaxation
times as compared to the case of fluid layers of infinite defile. simulation re-
sults are in good agreement with a theoretical first-ordeipeation derivation
which starts from the overdamped Stokes’ equation. Theryhalso takes into
account an interfacial friction, but the difference with-glip interfacial condi-
tions is small. When the walls are sheared, it is found thatdfaxation times of
modes perpendicular to the flow are unaffected. Modes aloa@law direction
are relatively unaffected as long as the equilibrium reiaxetime is sufficiently
short compared to the rate of deformation. We discuss comlsegs for experi-
ments on thin layers, experiments on ultra-low surfaceieertuids, as well as

computer simulations.

5.1 Introduction

Phase separation is ubiquitous in nature. In liquids, aiidig dispersed with buoyant bodies
such as colloids, polymers or surfactants, small diffeesrimetween the mutual attractions of
the various molecules are capable of separating like mdsdrom unlike molecules. Given
enough time, such systems fully separate into macrosdbplaege domains, only limited
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5. EFFECT OF CONFINEMENT ON THE INTERFACIAL DYNAMICS OF BINARY LIQUID FILMS

by walls confining the system. The geometry of the interfam@vben such macroscopically
separated domains is generally determined by a combinafigarious interfacial tensions
y; and the geometry of the confining walls. Although the inteefdetween two phases
appears to be smooth on macroscopic scales, thermal éw#tatause the interface to be
rough on microscopic scales. The broadening of an intetfgcthese so-called capillary
waves [9, 13, 72] should be distinguished from its intringidth caused by partial mixing of
the molecules of both phases [65]: for simple fluids inténactia van der Waals forces the
local density of one species changes monotonically achesiterface from its bulk liquid
value to zero [22,43, 78]. For ordinary molecular liquidghvwsurface tensions in the mN/m
range, the capillary roughness is relatively small, in tfreeo of a few or tens ofngstroms,
and can be accessed experimentally by ellipsometry [7 614y scattering [23, 60, 75] and
neutron [39, 55, 76] reflectometry. Interestingly, in a recgeries of papers [1, 18, 73], Aarts
and coworkers focused on colloid-polymer mixtures in whiod interfacial tension between
polymer lean and polymer rich phases is lowered to the nNfrggaBecause of this ultra-
low surface tension, the characteristic length and timkesa the interfacial fluctuations are
such (micrometers and seconds, respectively) that thepeatudied in real space by means
of confocal microscopy.

An often used approximation in capillary wave theory [9,23, is that the wavelength
of the fluctuation under investigation is much smaller tHam thickness of the liquid layer
below the interface and, in case of two liquids, also muchliemthan the thickness of the
liquid layer above the interface. In many experimentalagitins this approximation is valid
and greatly simplifies the theoretical analysis [62]. Treeehowever situations in which the
thickness of the liquid layer is of the same order of magratad the interfacial wavelength
under consideration, or even smaller. For example, thirsfivith a thickness of (tens of)
nanometers could be studied by means of X-ray scatteringuran reflectometry [39, 76],
or thin films with a thickness of hundreds of nanometers bytlggattering. Moreover, as no-
ticed above, characteristic lengths in the micrometergawgur in ultra-low surface tension
fluids [1, 18, 73]. Finite size effects may become noticeabltbe dynamics of such systems
even when the liquid layers are as thick as a hundred micemneSimultaneously, rapid
advances in the field of microfluidics enable the productiicever smaller systems, possibly
containing phase separating fluids [64, 81]. As the distahetween walls in microfluidic
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devices decrease, the influence of finite-size effects anditiquid interfacial fluctuations
will continue to increase.

We expect that in most computer simulations of phase segthststems [65, 71, 78,
83, 94, 102] the dynamics of interfacial fluctuations areuieficed by the finite thickness
of the liquid layer(s) as well. Indeed, molecular dynamicswations are usually limited
to 10 particles, which means that the simulation boxes are usuoabic, with fluid layers
of a few nanometers thick. Although in simulation work mudteation has been given
to equilibrium properties of the interface, such as molacorganisation and structure and
density profiles [65,71,78,83,94], to the best of our knalgkeno direct measurements have
been reported of the dynamics of capillary interfacial fhations.

In this chapter we study, by means of particulate computeulsitions, the dynamics of
capillary interfacial fluctuations of a binary-liquid sgst with unlimited (periodic) area but
finite depth. We will consider both quiescent and slowly sedasystems. For the small
wavelike perturbations considered here, we can neglechahelinear term in the general
Navier-Stokes equation, but we will take into account thgdiniscosityn of the fluid. This
was already done by Jemg al. [40], but these authors focused on infinite depth systems. In
fact, in this chapter we will focus on the overdamped limihere viscosity dominates over
inertia and the system can be considered to always be in &steasly state. Also comple-
mentary to the work of Jengt al. [40], we will take into account the effect of tangential
friction B between the liquid layers. In order to clearly expose theefinize effects, we
consider here two liquids of equal densfty viscosityn and depttH. In the equal density
approximation the influence of gravitational acceleratjoran be ignored or, equivalently,
the capillary lengthé = \/m is infinite. The above conditions have been chosen to
match our simulations. We will compare the measured speadfurelaxation timegy of the
capillary modes of wave vectorwith a theoretical prediction:

L4 BH {coshgH sinhqH + gH} + 1 gH {costf(qH) + (qH)?}
7 yq BH {sint?(qH) — (qH)2} + n gH {coshgH sinhqH — gqH}’

(5.1)

and find quantitative agreement. A derivation of this exgigsis given in the Appendices.
The most prominent feature is a smooth crossover in thengeali1g, from 74 O q for
small liquid layer depthsgH | 0) to 7q U g1 for large liquid layer depthsgH — «). Each
of the imposed conditions (overdamped motion, equal dgngicosity and liquid depth)
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may of course be relaxed, but will lead to more complicatewtétical expressions.

5.2 Simulation set-up

We use a simulation model similar to our previous work on phseparation [89, 90]. The
interactions between like particles are based on the Leriames (LJ) potential,

ULy(rij) = 4¢ l(&)lz— <'§)T (5.2)

wheree ando are the strength and range respectively gn the distance between particles

i andj. Both the potential and the derived force are smoothly &ted at the cut-off distance
2.5 g, to eliminate discontinuities at the latter distance. khlparticles interact by the
purely repulsive Weeks-Chandler-Andersen (WCA) potertdiefined byJwca(r) =Uis+¢€

forr < 2Y/6g andUwca(r) = O for larger separations. In our simulations, Newton's ¢igua

of motion are integrated numerically using the Verlet Iéagr algorithm [3] with a time step

of 0.002r, wheret = /(ma?/¢e) andmis the mass of a particle. The temperature used in the
simulations ikT = 1.0¢, wherek is Boltzmann’s constant. A thermostat is used to sample
an isothermal system. Many thermostats interfere with teatmn of hydrodynamics flow
fields, and therefore are not suited for the study of thefatéal fluctuations with boundaries
as hydrodynamics might play a significant role in such systewie have used the friction
and random forces of dissipative particle dynamics (DPD) 33] to thermostat the system,
as these forces are particularly designed to conserveromaldentum, which is also the basis
of the Navier-Stokes equation. In DPD the friction foFgg. and random forc&, between

a pair of particles separated by a distanedgthin the cutoff distance. is given by

K2 r\?2 . .
Fiic = ST (1—%) (F-AV)F (5.3)
K r\ ..
Fran = W <1_ rC) Zr (5'4)

wherek is the strength of the friction constant, which we set eqad.8£1/201 in this
work, ' is the unit vector in the direction of the line joining the twarticles,Av is the
velocity difference between the particle pair, afids a random number with zero mean
and unit variance. Compared to our previous work [89, 90, hlue ofk is chosen to
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be relatively small in order to avoid a too high viscosity bé tfluid, as this would lead to
extremely slow relaxation of the slowest interfacial mod&ke geometry of our system is
shown in Figure 5.1. These rectangular boxes are periodieixandy directions but a wall

0 -YH<— L

Figure 5.1: Geometry of the problem. Two equal amounts af #iieé enclosed between two
walls at z= 0 and z= 2H. The interface between the two liquids is on average-at¥. The
walls are driven in the x-direction to produce an overall ahmte ofy, i.e. the upper (lower)
wall has a horizontal velocity qf-)yH. The system is periodic in the x and y directions with
a period L.

is used in the direction to simulate the finite size effect and also to ingpsisear. A bounce
back rule is applied to keep the particles in the boxes whelecities were modified after
collision asvj — —vj. To impose a shear rajeone of the walls is moved in the horizontal
x-direction and all particles colliding with this wall are dmced back with an additional
velocity component corresponding to that of the wall. Théehieof the box is fixed to
L, =2H = 17.10 and the horizontal dimensiohs = Ly = L are varied betweeb;, 2L, and
4L,. Note thatz is the direction normal to the fluid-fluid interface and thia¢ge choices
enable us to study interfacial fluctuations at wavelengtingelr than the depth of the fluid.
The number of particles in the smallest boxNs= 3500 with a density op = 0.7. The
number of particles in the other boxes are scaled accoxdiiile boxes are equilibrated for
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100r before the actual samples are analyzed for results.

5.3 Analysis of capillary waves

To disentangle capillary waves from the intrinsic width bé tinterface, at regular time in-
stances we divide the simulation box imipx Ny x N, cells. For every cell labeled Ly, j, k)
withi e (1,...,N), j € (1,...,Ny), andk € (1,...,N,), we calculate the difference between
the number oA particles and the number Bfparticles AN(i, j, k) = Na(i, j,k) — Ng(i, j, k).
The heighthie (i, j) of the interface is then obtained in each colurj) by least-squares
fitting to a tangent hyperbolic profile:

w(i, j)

wherez(k) is the height of the centre of the cell witindexk and(a,w, h;) are fit parame-

AN™(i, j,k) = a(i, j)tanh[z(k)__h'F(i’j)} (5.5)

ters:a(i, j) is related to the bulk density éfandB particlesw(i, j) is the intrinsic interfacial
width, andhe (i, j) is the height of the interface in columin j). When the intrinsic inter-
facial width is very small and the interface is centred abmg- L,/2, as is the case in our
simulations, it is advantageous to choose an odd numbetlsfN;an thez-direction because
this will lead to a more accurate sampling of the step-likefifg. From the interfacial height
hie (i, j) we calculate its Fourier transform

hg(t) =

1 Ny Ny o ] ) .
NN, IZZhu:(l, i) exp{i[axx(i) +ayy(j)]} (5.6)

where(x(i),y(j)) is the location of the centre of the column with indi¢es ), and the wave
vectorq = gx& + ay& is chosen to be commensurate with the periodic box dimeasian
ax = (2m/L)ny and gy = (2m/L)ny, with n, andny integer numbers. The amplitude of a
capillary wave is then calculated <$hq|2> = (hqh;), where the pointy brackets indicate
averaging over different time instances. To determinedhaxation timeg, we calculate the
time correlation functionghg (t)hz (0)).

In our simulations we choose the number of cellfNas= Ny = 10 andN, = 7 for the
smallest box size. For larger boxdswas kept the same, b andN, were scaled according
to the box size. In the analysis the wave numbers were vaetddenn, = 0,...,4 and
ny=0,...,4. Higher wave numbers were not selected to avoid disctietisartefacts.
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5.4 Results

5.4.1 Characterisation of the fluids

In order to test our theoretical prediction Eq. (5.1), wet firsed to independently determine
the viscosity, surface tension and interfacial frictioroaf fluids. We assume these quantities
are independent of wave vectin the range of wave lengths studied.

For the viscosity we consider a box containing only A particles, with periob@und-
aries in all directions. The viscosity is obtained by slowslyearing using Lees-Edwards
sliding-brick boundary conditions [3] and dividing measdirshear stress by applied shear
rate. The result of this measuremenhis- 1.23kTt/0°.

The surface tensiopis determined in a box, periodic in all directions, contagna layer
of A particles and a layer of B particles. The interface ndemaae along the-axis. In such a
configuration the surface tension is related to the diffeedmetween the average nornial

and average tangentiéi®+ Ryy) /2 pressure [48]:

L 1
szz PZZ_E(PXX—"PVY) ’ (5-7)

where the factor 2 arises from the fact that there are twofates within each periodic box.
The result of this measurementyis= 1.23kT /2.

Two fluid layers may have (partial) tangential slip, reqgtin a tangential velocity dif-
ferencel\v between the two surfaces. The tangential force per unitexeded by the surface
of one fluid on the surface of the other fluid is given, phenoohegically, by the product of
slip velocity and interfacial friction coefficieri:

FA = pav. (5.8)

Suppose we apply an overall shear mt® a system containing layers of fludlandB. If
there is a finite amount of slip, the effective shear tatéthin the fluid layers will be lower
thany. From a simple consideration of force balances, knowingvibeosity n of the fluid
layers, the following relation can be derived:

_nb

— rzm. (5-9)

B

We have measured the effective shear ratéis the liquid layers for shear rates between
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0.01r~! and 0057~ and foundb/y = 0.76, independent of applied shear rgteFor our
model we therefore estimate an interfacial friction coeffit3 = 0.228kT1/ .

5.4.2 Amplitudes of interfacial fluctuations

As long as the amplitudes of the interface fluctuations arallstime interfacial free energy

can be approximated as

L Ly e 2  /ohe\?
y/o olx/O dy\/1+<ax) +<0y> (5.10)

yixly <1+ 3 |hq|2q2> , (5.11)
q

A

Q

where the prime indicates summation over independgirt two adjacent quadrants of tie
vector space. Since the free energy contributions are afrgtia form, and eachq is com-
plex and therefore effectively contributes to two modes, élquipartition theorem predicts
the following mean square amplitudes:

ksT
<|hq‘2> _ yLXBLqu' (5.12)

In Figure 5.2 we show the mode amplituc(e}laq |2> for various box sizek and wave-vectors
g as measured in equilibrium simulations. Fig. 5.2 also shthestheoretical prediction
Eq. (5.12), using the independently determined surfacgdary. All data clearly coincide
with the theoretical curve, indicating that our cell-bagedcedure to measure capillary in-
terface fluctuations is valid.

5.4.3 Dynamics of interfacial fluctuations

We now proceed to measure the relaxation timgesf the various capillary wave modes in
equilibrium simulations. According to Onsager’s regresshypothesis [66] the relaxation
dynamics may be obtained from the auto-correlati()ngt)ha(O)>. In Appendix 5.5 we
derive an equation of motion fdiy for overdamped capillary waves, which is valid up to
first order inhg and at times beyond the ballistic regime. This equation afongredicts an
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Figure 5.2: Amplitudes of capillary waves. Mean-square Hiuges <|hq|2> of various
fourier modes of the interfacial height are determined andtiplied by the bare surface
area L2 (symbols). Good agreement with the theoretical predicEqn(5.12) is found (solid

line).

exponential decay of the auto-correlation:
(hq(H)hg(0))
(Ingl?)

In the ballistic regime at early times, for reasons of tigemetry the derivative ofhg (thg (0))

=exp(—t/1q). (5.13)

must be zero nedr= 0. The relaxation times, are therefore extracted by fitting to an expo-
nential decay in the region where the normalised auto-tadioa decays from 0.75 to 0.05,
see Fig. 5.3. The lower limit serves to exclude the noisy thethoccurs at larger correlation
times. Figure 5.4 is the main result of this chapter. We gietmeasured relaxation times
as a function ofg for various box sizes and wave vectors. Clearly, our resarsin the
transitional region from &g O q“to a0 g1 scaling. We also plot the theoretical predic-
tion, Eq. (5.1) (solid line), using the independently meadwalues of viscosity), surface
tensiony and interfacial friction coefficien8, and find good agreement between simulation
and theory. Comparing our relaxation times with the préalictor infinitely high liquid lay-
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Figure 5.3: Dynamics of capillary waves. Autocorrelatiofts(t)h;(0)) of fourier modes

of the interfacial height multiplied by the bare surface ale® for the case L= 4H. The
wave vectors are chosen accordingate= (271/L)(ny, ny), where(ny, ny) are pairs of integer
numbers (see legend). Relaxation tinigsre estimated by fitting the regions between the
vertical lines to an exponential decay.

ers, 7q = 411/(yq) (dashed line in Fig. 5.4), we observe that inclusion of fisiwe effects
is essential for the prediction of the dynamics of capillagdes whemH is of order 1 or
smaller.

The often used approximation of no-slip boundaries betwbenliquid layers, corre-
sponding to the cas@ — o, is plotted as the dot-dashed line in Fig. 5.4. The diffeesnc
between predictions with finite and infinieare small. Our measurements are not accurate
enough to distinguish between these two cases. We remingdaker that our fluids have
purely repulsive interactions between unlike particlekisTnay lead to much more interfa-
cial slip than with real fluids which usually have some atiat whether strong or weak,
even between unlike particles. The difference with fhe> « limit may therefore even be
smaller for real fluids.
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Figure 5.4: Relaxation times of capillary waves. Simulatiesults (symbols) are from sys-
tems with H=7.550 and L= 2H, L = 4H and L= 8H. The theoretical prediction Eq. (5.1),
using independently measured valueg of and 3, is given by the solid line. Two limits of the
theoretical prediction are also shown: the case of infiniteeifacial friction 3 (dot-dashed
line) and the case of infinite liquid layer depth H (dashee}in

5.4.4 Influence of shear flow

We finally study the influence of shear flow on the relaxationaiyics of capillary waves.
The first order theory presented in the Appendices preditasation timesq which are in-
dependent of the applied shear ratéNe should be careful of this result, however, because
inertial and other higher order effects may become domiaahigher shear rates. A correct
theoretical treatment of this case would therefore invaheduding inertial terms in the hy-
drodynamic equations and deriving equations of motiorhfoup to second order. This is a
topic of future research. Here we set ourselves the more shdéaek of studying the extent
to which equilibrium predictions still apply under shearflo

To a good approximation the flow and relaxation in the vasti€y) direction are decou-
pled from those in the flowx} direction. We therefore expect essentially unchangeakrel
ation times for modes perpendicular to the flow directioa. (wave vectors with component
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gx = 0). This is tested in Fig. 5.5 where we show the height autetation of the mode
given by (ny = 0,ny, = 1) at various shear rates. We confirm that in all cases the ridaxa
dynamics are similar, even at relatively high shear ratég. rElaxation times of modes with
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Figure 5.5: Normalised relaxation dynamics of capillarywes at different shear ratgsfor
the system with k= 4H. In all cases the wave vector is equalde= (271/L)(0, 1), which is
perpendicular to the direction of flow.

a non-zero component in the flow direction can be severebctftl however. In Fig. 5.6
we present the height autocorrelation of the mode give(ny= 1,n, = 0) at various shear
rates. Indeed, at small shear rates the relaxation dynasnsisilar to the equilibrium case,
next there is a small increase in relaxation time, while fntide relaxation is accelerated
by the flow at higher shear rates. We hypothesise that theatida time of a mode with
X-componenty is not essentially altered by shear flow if this mode has sslasufficiently
far before the shear flow has had a chance of deforming it. Mbins that we expect that
is not changed itlrgf <1, Wherer('fxq is the relaxation timan equilibrium, of a modeg(gx, 0).
We test our hypothesis in Fig. 5.7. This figure shows the specof equilibrium relaxation
times rgf' along the vertical axis, repeated along the horizontal foti®ach inverse shear
ratey ! studied. Crosses indicate modes which are relatively aotfl by shear flow (here
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Figure 5.6: Normalised relaxation dynamics of capillarywea at different shear ratgsfor

the system with &= 4H. In all cases the wave vector is equalde= (2r1/L)(1,0), which is
in the direction of flow.

we choose the rather arbitrary criterium of less than 20%gén whereas circles indicate
modes which are affected (more than 20 % change in relaxitna) by the shear flow. On a
log-log scale, the boundary between these two regions cdediibed b)(yrexq)“ , With the
exponent in the range = (1.0+0.3). If we may assume that the boundary is indeed given
by our hypothesised exponent @f= 1, we can quantify the& 1” in our hypothesis: the
relaxation times are relatively(20%) unaffected as long gsq. < 0.2.

5.5 Conclusions

We have studied the overdamped relaxation dynamics oflagpivaves between two liquid
layers enclosed by walls. The finite depths of the liquid taylead to a large increase of
the relaxation times of the larger wave length modes. We lcavepared our simulation
results with a theoretical calculation, and found good eigrent. It was also found that the
inclusion of an interfacial frictior3 in the theory only slightly changes the predictions of
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Figure 5.7: Non-equilibrium phase diagram showing whichde®are affected by shear flow
in the L= 4H system. The spectrum of equilibrium relaxation tirm&%of modes(gx, 0)

is given along the vertical axis, repeated for each invertseas ratel/y studied. Crosses
indicate modes which are relatively unaffected by shear (telaxation time changes by less
than 20% compared to equilibrium), whereas circles indéaabdes which are affected (more
than 20% change).

the relaxation times. Our measurements are not accuratgykro distinguish between the
actual and infinite interfacial friction. Finally, we havhasvn that the relaxation dynamics
is unaffected by shear flow for modes in the vorticity direnti Modesg with a non-zero
component in the flow direction are also relatively unaféecas long agtg. < 0.2, where
Tg, is the relaxation time in equilibrium of a mode with wave \ediy, 0).

These results are of importance to experiments that prabénthrfacial dynamics be-
tween thin (tens of nanometers) films or ordinary liquidgpements on ultra-low surface
tension fluids at larger length scales (tens of micrometassyell as applications of microflu-
idics. Moreover, the results are relevant for almost allidation studies on the dynamics of
liquid-liquid interfaces. Because in most simulation wetke box dimensions are chosen
rather similar along the different coordinate axes, thelpodbgH is of order 1 for the largest
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wave length that fits in the simulated box. Specifically, faubic box ¢H = m) the devia-
tions from theqH — oo limit may be small but distinguishable, while for largefH ratios
the deviations increase strongly, as shown in this work.

Appendix A: Flow field between solid walls and a fluc-

tuating interface

In this Appendix we will solve the flow-field and pressure fielg between solid walls and a
fluctuating interface. Figure 5.1 shows the geometry of thblem: we consider a two-phase
liquid system enclosed between wallszat 0 andz = 2H. These walls are driven in the
direction to produce an overall shear rateyadnd the system is periodic in thedirection
with a periodL. In the analysis we will focus on the andz-coordinates, assuming without
loss of generality of our results that the pressure and flelddiare translationally invariant
in they-direction.

The interface (IF) fluctuates aroumad= H. Let us describe its coordinates by a Fourier
cosine series:

hie(x,t) =H + z hq(t) cosgx, (A1)
a70

whereq = 2rm/L, with n a positive integer, in order to comply with our periodic getln the
overdamped limit viscosity dominates over inertia, theaexysis always in quasi-equilibrium,
and we can consider the relaxation of a standing wave destch the time dependence of
the coefficientdy(t). Inclusion of sine terms in the above equation (to accountréwveling
waves) will then not be necessary. Our aim in this sectiomw isalve the quasi-stationary
Stokes’ equations

nd?u = 0OP (A.2)
Ou =0 (A.3)
for the upper and lower fluids in the presence of the walls &edluctuating interface de-
scribed by the amplitudés(t). In the next section we will consider force balances at the

interface, from which we will be able to derive an equatiomaftion forhg and determine
the spectrum of relaxation times.
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Let us first focus on the lower fluid betweer- 0 andz= h;r. Periodic boundary condi-
tions apply ak = 0 andx = L, and the wall az = 0 forms a no-slip boundary. The boundary
conditions at the interface require some more thought. Bsethe lower fluid is confined
below the interface, the verticad-f velocity of the fluid at the interface is determined by the
time evolution of the amplitudeg,(t):

U, (x, H+Y hy cosqx) = d;% = 3 hg(t) cosax, (A.4)
q q

where the dot abovi, indicates differentiation with respect to time. If the ainplesh, are

small we may approximate this, up to first ordehip as the vertical velocity a&t= H:
. 0UZ .
Uz(X,H) = % hq(t) cosgx— o % hgcosgx~ % hq(t) cosgx. (A.5)

In summary, we have the following boundary conditions:

(0,20 = w(L,2 (A.6)

u(0,2 = uyL,2) (A7)

u(x,0) = —yH (A.8)

U(x,0) = 0 (A.9)

U(x,H) = thcosqx (A.10)
q

Notice that we have not specified a boundary condition forhtbezontal &-) velocity at
z=H. We cannot specify it because we want to include the posggibif slip between the
two fluids. We will be able to fully solve the set of equationstlie next section, when we
balance tangential hydrodynamic forces on the interfatie tlie interfacial slip forces.

Taking the divergence of Eq. A.2, the pressure field is foundbey Laplace’s equation
0%P(x,z) = 0. Already taking into account the periodic boundaries i titex-direction,
Egs. (A.6) and (A.7), this suggests the following homogeisesolution to the flow-field in
thex direction:

Ux(X,2) = ; { (Aq1 + Bq12) singxsinhqz+ (Aqz + Bgz2) cosgxsinhqz
g#£0

+  (Aga+Bgaz) singxcoshgz+ (Ags + Bgaz) cosgxcoshyz}
+ a+bz (A.11)
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5. EFFECT OF CONFINEMENT ON THE INTERFACIAL DYNAMICS OF BINARY LIQUID FILMS

A similar expression may be written fag(x, z) with other coeﬁicientﬁql, . ,Aq4, I§q1, . I§q4,

g andb. Inserting the no-slip boundary condition Eq. (A.8) yields

Ap=0, Au=0 a=—yH. (A.12)

Here and in the following an expression likgs = 0 means that the coefficierigs are zero
for all allowedq # 0. The boundary condition Eq. (A.9) yields

Ag=0, Au=0  &=0. (A.13)

The interface boundary conditions, Eq. (A.10), yields

(Ag1+BqH) sinhgH 4 BggH coslgH = 0, (A.14)
(Agz + BgzH) sinhgH + BggH coshgH = g, (A.15)
b = o (A.16)

Finally, using the in-compressibility of the fluid, Eq. (A,3ve find the following relations
for the coefficients of the flow-field:

éql = By qul = —Bqg 0AqL = By

By = —Bgs 9Ap = Byt 0Aq2 = By

éq3 = Bg2 qu?; =0 0A =0 (A.17)
By = —Bqt GAgs =0 0Au =0

b=0 a=0 a=—yH.

So we come to the conclusion that we can express the flow figddlysa terms of the un-
known (for now) coefficientd, Bq1 andBg,. For ease of notation we will also keep using the
coefficientsBgz andBgyy, but note thaBg can be written in terms dg, by Egs. (A.14) and
(A.17) and thaBgz can be written in terms d&q; by Egs. (A.15) and (A.17).

In summary, the flow-field of the lower fluid is given by

Ux(X, 2)

. B B
—yH +bz+ ; (33 + Bqlz) singxsinhqz+ <cj4 + Bq22> cosgxsinhgz
0g#£0

+Bgazsingxcoshgz+ Byzcosgxcoshgz (A.18)

U (%, 2) = ; (_quz + Bq4z) singxsinhqz+ (qul — quz) cosgxsinhqz
g#0
+Bgozsingxcoshgz— By zcosgxcoshgz (A.19)
q q
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Knowing the flow field, it is a simple task to calculate the pres field from Eq. (A.2):
P(x,2) =Ry +2n ; {Bq4 singxsinhgz— Bgz cosgxsinhgz
g#0
+ Bgzsingxcoshgz— By cosgxcoshgz) (A.20)

whereR, is a reference pressure (the average pressure in absemterti#dial fluctuations).
Next we focus on the upper fluid betwees hjg andz= 2H. If we transform to coordi-
natesé =xand{ = 2H — z, the boundary conditions in these coordinates are given by

ug(0,4) = ug(L, Q) (A.21)
uz(0,4) = ug(L,Q) (A.22)
us(§,00 = +yH (A.23)
U (£,00 = 0 (A.24)
U (&,H) = —%hqcosqf. (A.25)

The solution to Stokes’ equations (A.2) and (A.3) are thenghme as for the lower fluid,
only with hq replaced by-hq andy replaced by-y. To distinguish the flow fields, we will
label the coefficients which go with the flow-field of the upfflesid with primes, i.e. b

andB.

q1:- - -+ Bga- At this point we will make no assumptions about the relatietween the

coefficientsB;; andBy;.

Appendix B: Force balances

In this Appendix we will use the velocity and pressure fielésived in Appendix 5.5 to
calculate the hydrodynamic stresses on the interface leettine two fluids. Perpendicular to
the interface the hydrodynamic stresses must be balancttgurface tension. Parallel to
the interface the difference between the hydrodynamiss#i®is given by the interfacial slip
force.

The hydrodynamic force per unit area on the interface duleadltiid below the interface

is given by
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whereg is the stress tensor in the lower fluid close to the interfiseeomponents are given
by

B dug Oug

andn is a unit vector normal to the interface. Up to first ordehgnthe latter is given by

T

A(X) = (Z hqasingx, 1> . (B.3)

q
We will also need the unit vector tangential to the interfagkich up to first order irhy is
given by
T
t(x) = (1, -y hqqsinqx> . (B.4)
q

Using Egs. (A.18) - (A.20), we find that the components of thérbdynamic force perpen-
dicular and parallel to the interface are given, up to firgieoiinhg, by

Flx) = —AT.g-n
= h+2n ; {bhqqsinqxf Bg2gH singxsinhgH -+ Bq1qH cosgxsinhgH
470
+ (Bgz2 — BgagH) singxcoshgH — (Bq1 — BgzqH) cosgxcoshgH |,
(B.5)
F'x) = —t'-0f

= —-nb+2n ; {—quqH singxsinhgH — BqsqH cosgxsinhgH
g#0

— (Bgz + BqugH) singxcoshgH — (Bga + BgegH) cosqxcoshgH }
(B.6)

Let us now consider the elastic force on the interface duarface tension. If the coordi-
nates of the interface are given by (x,y,t), the interfacial free energy is given by Eq. (5.10).
Up to first order, a local change in the interfacial heighxay) leads to a change in interfacial
free energy given by

SA  (%he  0%hg
Shie (X, y,t) ox2 oy? )’

(B.7)
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Using the Fourier cosine series, Eq. (A.1), we find a loca &eergy change of
oA

_— = hq0? cosgx. B.8

5h|F (vavt) ngo qq * ( )
The elastic force (per unit area) due to the surface tensistherefore given up to first order
in hg by

-
Fe— (0, -y heq? cosqx> . (B.9)
q

At any time and at any location along the interface the tatadd in the normal direction must
be zero:

FI—FV+Ff=0, (B.10)

where the prime irlFf’ indicates that the hydrodynamic force originates from tyeau fluid.
As argued at the end of Appendix 5.5, this can be found by capdain Eq. (B.5) allhg
by —hg and all coefficients by primed versions (the minus sign arisghe equation above
because thé-direction is opposite the-direction). From Eq. (B.10) we derive for eaglup

to first order inhg:

yhao? = 20 {(Bq—By) (aHsinhgH — coshgH) + (Bgg — Byg) qH coshgH }
(B.11)

Let us next consider the forces in the tangential directibthe upper and lower fluids
slip past each other, they will experience a friction foraeeg by

FP =B (ux,H") —u(x,H)) i, (B.12)

wheref is the friction coefficient per unit area(x,H™) is the velocity of the upper fluid at
the interface and(x,H ™) is the velocity of the lower fluid at the interface. At the irigze,
the tangential hydrodynamic force due to the lower liquidxactly cancelled by the friction
force, FHh+ FHﬁ = 0. Similarly the tangential hydrodynamic force due to theemliquid is
exactly cancelled by the friction forcéﬂh’ — FHﬁ = 0. Adding respectively subtracting these
two expressions, we find that at any time and at any locatimmgathe interface the following

balances must hold in the tangential direction:
FI+FY =0 (B.13)

h v B

f=o (B.14)
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From the first equation we find th&; = —Bg;i (i =1,...,4), as could have been guessed

from symmetry. From the second equation we derive (for egeip to first order irhg:
0 = (Bg—Bgg){nq(qHsinhgH + coshyH) + B (sinhqH + qH coshgH) }
+ (Bq1 — B ) {nqgHcoshgH + B gH sinhqH} (B.15)

as well as

b= ylegH, (B.16)
in agreement with Eq. (5.9). In deriving the last equationhaee used the fact that the ef-
fective shear rates are equal in the upper and lower flueldy i= —b. Eq. (B.16) shows that
the effective shear rate in the fluid goes asymptoticallyatols the applied shear ratas the
interfacial friction8 tends to infinity (no-slip shear flow). In the other limit, whthe inter-
facial friction tends to zero, the effective shear rate mfthid goes to zero (corresponding to
two plug flows in opposite directions).

Although we now know thaB;; = —Bq andBjz = —Bgg, from Egs. (B.11) and (B.15)
it becomes apparent that only thiferences B — B;; andBgz — B are required to find the
relaxation times of the modep Subtracting Eq. (A.15) from the equivalent expression for
the upper fluid, and multiplying bg, we find for eachy

29hg = (Bq1 — Byu) {sinhgH — gqH coshgH} — (Bgs — Byg) gH sinhgH. (B.17)

From equations (B.11), (B.15) and (B.17) we derive, aftens@lgebra, the following dif-
ferential equation fohy:

hﬁ __yaB {sint?(gqH) — (qH)?} + nq{coshgH sinhqH — qH}

hq 4n B {coshgH sinhgH + qH} + ng{costf(qH) + (qH)2}
Because the right-hand-side of the above equation is ainegainstant for eact), we have

(B.18)

derived that each mode in a macroscopically applied peatimb of the interface will decay

exponentially (at least within our overdamped and first pajgroach) to zero. Onsager’s
regression hypothesis states that the regression of map@sthermal fluctuations at equi-
librium follows the macroscopic law of relaxation [66]. Weetefore predict that the auto
correlations of the Fourier modes of the capillary (thednvalerface fluctuations are given
up to first order by

(hq(t)hg(0)) = (hg) exp(—t/Tq), (B.19)

101



5. EFFECT OF CONFINEMENT ON THE INTERFACIAL DYNAMICS OF BINARY LIQUID FILMS

Where<h§> is the mean-square amplitude of magland the relaxation timg, is given by
_ 4n BH {coshgHsinhgH + gH} -+ n gH {cost(qH) + (qH)?}
97 yg BH {sinhz(qH) —(qH)2} + n qH {coshgH sinhgH — qH} '

Several limits may be identified.

(B.20)

¢ When the fluid heighH is much larger than the wavelength of the fluctuation of inter
est, the actual value of the friction coefficighbecomes irrelevant. In such a case we
have

. 4n
lim 174=—. B.21
qH— q yq ( )

This expression is in agreement with the result of Jehgl. [40] for overdamped
liquid-liquid interface fluctuations.

e When the fluid heighH is much smaller than the wavelength of the fluctuation of
interest, and the friction coefficient is sufficiently largee have

lim  lim 24n

Tg= A1 B.22
GHI0BH/n—e 1 yOAH3 (8.22)

e Finally, when the fluid heighitl is much smaller than the wavelength of the fluctuation
of interest, and the friction coefficient is negligible, wavie

lim  lim 6n

] B.2
ghiopHmio 0 yoPH3 (B.23)

For two thin layers of fluid, according to the last two equasiowe find that the relax-
ation times of fluctuations of the interface can change byctofeof four, depending
the strength of the interfacial friction.
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Conclusions and Outlook

In this thesis we report on molecular dynamics simulatiohphase separation of simple
and complex binary liquids in sheared and non-shearedregstelhe separation of milk

into liquid whey and solid curd is a very common example ofgghseparation observed in
daily life. The phenomenon finds its application in variow$d$ of science and technology,
ranging from metals, semiconductors, superconductornsiple and complex fluids such as
polymers, surfactants, colloids, emulsions and bioldgicaterials. The principles driving

the phenomenon of phase separation are very fundamentatureni.e. interaction differ-

ence between like and unlike molecules, making it an interggroblem to study. The aim

of our study is to enhance the understanding of the dynamitsteeology of the phenomenon
of phase separation.

The most important property in the study of phase separalyoramics is the scaling
of the domain size with time. The various exponents of the alangrowth rate represent
different stages of phase separation, in which differentugion mechanisms dominate. In
chapter 2, we simulate the early stage of phase separatwbistaw, for the first time in
simulations, the corresponding domain growth exponentetd /8, which corresponds to
the diffusion mechanism. We further observe a temperatapemdent transition from the
diffusive to the hydrodynamic (viscous) growth regime, reftéerised by a growth exponent
of unity. At high temperatures the critical slowing downysaa very important role and is

responsible for delaying the onset of collective hydrodgitabehaviour.

To resemble the experimental simulations more closely arstudy the effect of non-
linear shear, we study phase separation (chapter 3) in at@azedl - a Couette cell is a
geometry with fluid confined between two concentric cylisdem non-sheared cases the
final equilibrium state obtained by simulations was as mtedi by the minimum free en-
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ergy calculations. In sheared simulations, starting fromed-mixed configuration, at low
shear rate clear separated stacks form, while at higher shiearansient elongated patterns
emerge. The transition takes place where the rate of shéanuaion is of the same order
as the time scale for the transition from diffusive to viss@rowth. When starting from
fully separated configurations, different starting confagions show different behaviors on
application of shear. Stacks in the gradient directioneffiaice normal points along shear
direction) are inherently unstable under shear and the gumafiion break easily, even at a
low shear, to form another stable configuration. Stacksarfltw direction (interface normal
points along shear gradient direction) form at the interfacheap, moving with an angular
velocity lower than that of the interface. Stacks in the ettt direction (interface normal
points in axial direction) are stable for the range of agptbears in our simulations.

We extend our investigation in chapter 4 to more complexidisiand study the phase
separation in dynamically asymmetric polymer/solvent hqdid-crystal/solvent mixtures
(Chapter 4). We examine both sheared and non-sheared cAséswer shear rates, the
free energy dominates and the mixtures relax to achieve ltheest free energy configura-
tions. However at higher shear rates, viscous dissipattmofnes a determining factor of
the final stable configuration. A very interesting three bpattern is observed in cases of
polymer/solvent and liquid-crystal/solvent mixture. $ipiattern is counter-intuitive because
free energy arguments are against two interfaces. But theasboth interfaces between
polymer and solvent makes this structure attractive fronssigation point of view. We also
show that the stiffness of the liquid-crystals is respaesior the slow separation of liquid-
crystal/solvent mixtures, as it prolongs the entangledmwegspecially in case of longer chain
molecules. Systems with long chains often are dynamicadlypted in a local free energy

minimum and stay there for a long time without change.

In Chapter 5, we focus on the effect of boundaries on the leapivaves in nano-films.
Capillary waves are generated at the liquid interfaces dubkdrmal fluctuations. We mea-
sure the amplitude of the modes of interface fluctuationd, @serve an inverse quadratic
dependence on the wave-number, which is in agreement wétthdory. Most of the previ-
ous studies discuss the interfacial fluctuations with bawied at infinity, however we show
by measuring the auto-correlations of the interfacial nsdtiat close-by boundaries increase
the relaxation times significantly. We also theoreticathplgze Stokes’ equation with a first
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order perturbation and show that the simulation resultsraexcellent agreement with the
theory. Further, we include the effect of interfacial slipthe generalised theory, and show
that in our simulations the difference between slip andlipisinsignificant. In cases where
we shear the system, we observe that the modes perpendatharflow direction are not af-
fected by the shear. The modes parallel to the flow directierunaffected as long as the rate
of deformation is lower than the relaxation time of the modé a change from over-damped
to under-damped behaviour as the shear rate is increased.

As we have shown, even simple models for phase separatioardarkably good job
in describing early stages of pattern formation observedaity life. Simulation of late
stages of phase separation by molecular dynamics is cotiqnably demanding. A coarse-
grained model, representing correct static and dynamigguties for fluids, would be useful
in capturing the physics involved in the phenomenon of pteegmration. However, the
verification of various patterns, observed in our simulaiois still left as a challenge for
experimentalists. We believe our simulation results valive as an excellent guide to study
phase separation in more complex liquids, under shearethamhfined geometries.
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Samenvatting

In dit proefschrift beschrijven we moleculaire dynamicasiaties van fasescheiding in sim-
pele en complexe binaire vioeistoffen in stilstaande systeen in een afschuifstroming. Het
stremmen van melk in vioeibare wei en vaste wrongel is eearimelioorbeeld van faseschei-
ding in het dagelijks leven. Het verschijnsel vindt zijnpassing in verschillende gebieden
van wetenschap en technologie, @aeind van metalen, halfgeleiders en supergeleiders tot
simpele en complexe vloeistoffen zoals polymeren, opp&telactieve stoffen, coliden,
emulsies en biologische materialen. De principes die asgstheiding ten grondslag liggen
zijn erg fundamenteel van aard, namelijk interactievaligchtussen gelijke en ongelijke
moleculen, waardoor het een erg interessant probleem ig tw@studeren. Het doel van ons
onderzoek is om een beter begrip te vormen van de dynamiesotagie van het verschijnsel
fasescheiding.

De belangrijkste eigenschap in de studie van fasescheaidymgmica is het schalen van
de domeingroottes in de tijd. De verscheidene exponented@alomeingroeisnelheid ken-
merken verschillende stadia van fasescheiding, waalkgns een ander groeimechanisme
overheerst. In hoofdstuk 2 simuleren we het eerste stadiumfasescheiding en vinden, voor
de eerste keer in simulaties, de bijpbehorende domeingsq@nent van 1/3, in overeenstem-
ming met een diffusief mechanisme. Ook zien we een tempaattuankelijke overgang van
het diffusieve naar het hydrodynamische (viskeuze) gegeine, gekarakteriseerd door een
groei-exponent vagén. Bij hoge temperaturen speelt de kritische vertragimgoegangrijke
rol door het uitstellen van de start van collectief hydroalyisch gedrag.

Om dichter bij de experimentele situatie aan te sluiten erhetreffect te onderzoeken
van een niet-lineaire afschuifstroming, bestuderen weoofdstuk 3 fasescheiding in een
Couette cel een Couette cel is een geometrie met vloeiggelaten tussen twee concen-
trische cylinders. In niet-afgestroomde situaties is deimdelijke evenwichtstoestand van
de simulaties in overeenstemming met voorspellingen vaninnaile vrije-energie berekenin-
gen.In afgeschoven simulaties, beginnend met een goedngeimdoestand, ontstaat bij
lage afschuifstroomsnelheid een duidelijk gescheidepefiteg, terwijl bij hoge afschuif-
stroomsnelheid kortstondig een gerekt patroon verschijig overgang vindt plaats als de
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afschuifstroomsnelheid van dezelfde orde is als de tijgalchan de overgang van diffusieve
naar viskeuze groei. Als begonnen wordt met een volledighggden toestand blijken ver-
schillende starttoestanden tot verschillend gedrag tkeetedbnder een aangelegde afschuif-
stroming. Stapelingen in de gréditrichting (de grensvlaknormaal wijst langs de afschuif-
stromingsrichting) zijn inherent onstabiel onder een lafiffstroming en de toestand breekt
makkelijk op, zelfs onder een lage afschuifstroomsnelhaiad een andere stabiele toestand
te vormen. Stapelingen in de stromingsrichting (de grexiewdrmaal wijst langs de afschuif-
stromingsgradint) vormen aan het grensvlak een bobbel, die beweegt méioeadsnelheid
kleiner dan die van het grensvlak. Stapelingen in de weokeing (grensvlaknormaal wijst
in de axiale richting) zijn stabiel voor het gebruikte b&rean afschuifstroomsnelheden in
de simulaties.

We breiden ons onderzoek in hoofdstuk 4 uit naar compleXemsstoffen en bestuderen
fasescheiding in dynamisch-asymmetrische polymeeiiitiafeen vioeibaar-kristal/vloeistof
mengsels. We bekijken zowel afgeschoven als niet-afgeschsituaties. Bij lage afschuif-
stroomsnelheden domineert de vrije-energie en relaxeésysteem naar toestanden met de
laagste vrije-energie. Daarentegen bij hoge afschudstsmelheden wordt viskeuze dis-
sipatie een dominante factor voor de uiteindelijke stabtekestand. Een erg interessant
drie-banden patroon wordt gezien in mengsels van polynraggrvioeistof en van vioeibare
kristallen met vloeistof. Dit patroon is tegen-iitief omdat vrije-energie argumenten tegen
twee grensvlakken zijn. Maar de slip aan beide grensviakkssen polymeer en vloeistof
maakt deze structuur wel aantrekkelijk vanuit een minirtbdsipatie gezichtspunt. We laten
ook zien dat de stijfheid van de vloeibare kristallen veneardelijk is voor de trage schei-
ding van vloeibaar-kristal/vloeistof mengsels, omdatrdaar het verknopingsregime ver-
lengd wordt, in het bijzonder voor lange ketenvormige molea. Systemen met lange ketens
komen vaak vast te zitten in een lokaal vrije-energie mimmwaar ze lange tijd in verblijven

zonder te veranderen.

In hoofdstuk 5 kijken we naar het effect van wanden op de leagl golven in nano-
films. Capillaire golven worden gegenereerd aan vioeiséofgvlakken door thermische fluc-
tuaties. We meten de amplitudes van de grensvlakfluctuatieran vinden een omgekeerd-
kwadratische afhankelijkheid met het golfgetal, hetgeeovereenstemming is met de the-
orie. De meeste voorgaande studies beschrijven de gréfiaetaaties voor begrenzende
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wanden op oneindig, maar wij laten zien door het berekenardesautocorrelaties van de
grensvlakmodi dat nabije wanden de relaxatietijden aaligieverhogen. We analyseren
ook analytisch de Stokes-vergelijking met een eerste dating en laten zien dat de simu-
latieresultaten in goede overeenstemming zijn met de ighedervolgens nemen we daarbij
de effecten van grensvlakslip mee in de gegeneraliseeedgi¢h en laten zien dat in onze
simulaties het verschil tussen slip en geen-slip niet lglgnis. In gevallen waar we het
systeem afschuiven zien we dat modi die loodrecht op derstiiobting staan niet iavlioed
worden door de afschuifstroming. De modi parallel aan dgostirichting zijn ongewijzigd
zolang de afschuifstroomsnelheid lager is dan de relajdtiean die modi en veranderen
van overdempt naar onderdempt gedrag als de afschuifssroadheid wordt verhoogd.

Zoals we hebben laten zien kunnen zelfs eenvoudige modealtarfasescheiding een op-
vallend goede beschrijving geven van het eerste stadiurpaioonformatie in het dagelijks
leven. Simulaties van de latere stadia met moleculairerdiceis computationeel veeleisend.
Een grof-korrelig model, dat de statische en dynamischensichappen van vloeistoffen cor-
rect representeert, zou nuttig zijn bij het vangen van diedyachter het verschijnsel fase-
scheiding. Echter, de verificatie van de verschillendeopetn uit onze simulaties vormt een
uitdaging voor experimentatoren. We verwachten dat onmelatieresultaten als een goede
leidraad kunnen dienen bij het bestuderen van complexésttdien, in een afschuifstroming
en in besloten geomegm.
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