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Abstract

\Ve hi\"(! SllldiN el«tricall}" drh'(,11 rOll\"'r1K'lI in fro..·lf ~tl~I ...."I, ..1 lillll~

of smedk A liquid u)·shl. Tht' b.ycrl'<l 1Il01.'('ular strurtllrO' "f thr slH....lk ;\

ll1esophase makes tile film bch:we like a two·dilllCllSiul1:11 isu{rn"ir lillie!. :'Ilul ....,,11·

rontrolled h}"drod}'namic now h:l5 h('('n achieved ill lihlls :15 thill ;..~ 1""" Illllh,t'1l1M

layers in lhickncss. \\'hen n d.('. I'olt:lge <l]lplil'd acr..."s Illl' Iilrll ,'xn·,"l.~ ;, ,·O','I"i1l

critical value Vel a one·dimellsiollal pat\l'rn of rOllHl'tin' I'Ilrtil"'5 01,,\-,,1,,1'''' '1'111'

critkal paHern wavelength apprars 10 be illd"I"'Ut!I'llt (,r film thi"kII"5s, :11111 lit,·

uitkaJ \'oltage is linear in film lhickness for thin films. ~1":lSllr<'1I11'1ILs"rlll<' 1';'1.

Itrn amplilude indicate a supNcritkal hirurralion at ronwl:tiun Ullwl, ,"Ill till'

amplitude grows as a 1/2-po\\'l'r law wilh rrsJlerl 10 tl1" nurlll:l.li1....1 .... lllfUll';.

ram('ter £. The rorrelaliou II.'Il~th of tile paU<'rll varirs ~ £-,/2, and tl"'I....Unll·s

relaxalion time \~uics All £-1. Thl"SC results at<" in ,,&ro"'llwnl ,,·ill. I,u..lkti..os fnlll.

a Ginzburg-Landau amplilllde equation. M('AllIUCUIClll" of 11m fin...• "rItw-ily ~h ·

tht the amplitude of the palt('rn is ~Dppn'Ssed il\t thr I~lrral h..lllldni<>s. '1'1...

range of wave numbc~ for stable conv('(lion ha.s bttn oht;iio('ll ulW'rimrnt;JI.v.

Close to onset we find the width of the stahle bud is Ilmliorli"naJ I.. !, mil'

sistent with predictions of the theory of boundary·illducr.d WaV1"I(,llgth ,;rj''f"li..n.

In addition to convKtion experiments, a Rt of e1«trohydrodynalllic l"quatin/lJ'

is presented for undel'$tanding the two-dimensional e1«trocnn"«tion. Thl'fll'r.tical

analysis indiCiltes the normalized control parameter to be yl/yc1_1. in al;rr.<:lIIent

with lhe e.xperimental observations. A hydrodynall1ic rno.ld is a1i'1O 1""1"",,-..1to ,,,:­

scribe the Row observed near the sidewalls Ld..,w thn onllCl of convedi"n. TIm fiuw

in this model is CilUSed by the dectrohydrodynamic shear·.drt'!Ss inter~r.tillll ""hid

originates from an interracial charge density distribllliull at tll .. I;,t<:ral h"llut!;,.ry.
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Chapter 1

Introduction

~\lirtu(llf!J every $/rrlclllrc in the /wtIlI"flJII'orltl is Ihr fr.._ult lIj II /m,g.""IIII"""/

of slI.ccessive symmetry breaking iu,';labilifirs due tQ nOlllincar Jiron,,'.,;!,... 1I11111-r

I/oncqllilibritlln CQ~ililious." --. Nirolis ,llle! rrigugill(~ P-12]



INTRODUCTION

1.1 Patterns out of Equilibrium

Nature Itisplays onlcr in mllll)' Ililferent contexts - snow nakes, cloud ~trects,

s;~nd ripples, lind th(! morphology of plants and animals arc examples. In
wdl·r,ontmtled laboratory eJ<periments, regular ordered structures have h~n
prtltltlccll ill a variety of noncqllilibrium systems, such as convecting gases {26,
I;J2], nowing fih1'3 {21, 93,120,198], chemical reactors [74, 145, 146, 166,214],
magnetic col1oirls [190, 200, 205, 2061, and solid-liquid [76, 92, 96, 103, 192],
nClnatic-isotropic [16, 36,1771 or nemalic-smcctic interfaces [35]. Even bac·
terial colonies [18,19, .13, 3'1] can exhibit fascill1l.ting sdf·organized patterns.

Patterns ilfe ordered structures which appear beautiful, but also myste­
riolls. UIlJerstal1tling tl,e origin of spatio-temporal patterns, as well as the
mechanisms by which they evolve, has been a major theme of the active
field of non/incur sciencc [J II]. Pattern-forming phenomena are of interest
ill many fid(ls, ranging from physics, chemistry to material sciences and biol­
ogy, alld the study of pattern formation is particularly interdisciplinary [210]
wllich may stimulate the growth of new ideas and tllerefore potential new
ll·rhnologies.

It is a COllllllon scen1l.rio lhat a new orgar,ized pattern 1l.rises in a com­
plex syslem ill response La some external stress. Under the influence of the
external stress, such a system may undergo a series of symmetry.breaking bi­
furcations [53, 85], analogous to phase transitions in an equilibrium thermo­
dynamic system fSI}. For small stress, the system remaiDs in a homogeneous
slate that may be described simply in terms of a dissipalive flux or gradient.
As the slress exceeds a certain critical value, the system bifurcales towards a
new stable state in which some of the original symmetries are broken. Usu­
ally, such a symmetry-breaking bifurcation, loosely called a pattern-forming
instability, gives rise to new length scales not cJ<isting in tbe original symmel·
ric phase and leads to spatial or spatial·temporal patterns, called dissipative
st"uduI'ts [141]. At a high level of slress, after repeated bifurcations, the
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systC'm will exhibit c011lplitat<:d hehal'ior whkh i~ ufll'lI dl'~nil,,',l ill t.'rl1l~

of flllIOS (24, 41, 67, 167J or lrtrbulrncc [130, 179, IS·lJ.

Although patterns arise in systems gO\"C'rIlc(1 b)' very diif<'rl.'lI1. min,,·

scopic laws, similarities among patterns in diverse SYSll'lllS sllBSI~t lila!. a

theory of pattern formation should be gel1ni\l. The int(,Il~I' int,'n",l in Pllt·

tern formation outside equilibrium has been in~]Jinx' by till' dl'\'l'1upllLl'nt
of theories that tend to simplify and lIllify prohlcrns st:(.'lIlingly 1lun,lillt,lI

at lhe microscopic level. While the a.ppropriate microscopic ....!ill.ltinll~ uf

molion for most paHcm fonning systems arc either not known or tuu <,,,111·

plicated to analyze, phenomenological onler p.lraillcler 1l1Odds [I:I:-{J, Slid.
as the Ginzburg.Lallllall model {ln9], the Swift·Jlohenlwrg 1l1Od.·1 !Jf.:I, Issi.
the reaction·diffusioll model [75, 135J, lind lhc l\ur,\[noto·Sivil,~hillskym,,,ld

[112, 180], yield simple amplitude cqu(lfiolls wllir.h accnrately (lest:rilll' tht'
large scale modulation or weakly nonlinear paltNlls, In "I.!\alo~y to tilt' tilt'·
ory of thermodynamic phase transitions [156], the flegrcc to which !I<illl'fns
are dC'scribcd by amplitude e{[uations of uui"ersal form rdleds I. dq~r',',' ..f

ulliuel'saliiy ill pattcrn·formin~ phenomenil. 156], Although it is Ilol d";lf y"l
h,)\\' far this concept can be extcnded, a universal tllcory or pattern f"rm.dioll

outside equilibrium has bL'Cn one of the goals of nonlinear scicnr.f',

A large part of the progrclSs in ullllcrslallding nOlletjuilibriulII pilltcrrt

fonnation has resulted from detailed studies of Rayleigh-Bellard COIl1JCf:liOlI

[23, 1431, in which a layer of fluid is heated from below, Once a. criticaltht·r·

mal gra.dient or temperature difference across the layer is cxcecdClI, II rcglllM
patlern of conve<:live rolls develops, Interesting variants of Rayleigh·l.lt:nanl

convection involve thermal convection in binary fluids [6!, 9~], therm;.l 1;011'

vection and eleclrocollveclion in nematic liquid crystals [64,109], c1,:clroculi'

vertioll in dielectric fluids [113], as well a..~ surface lension (Irivcn ,:wl\'edioll

[104, 105, 169J, magnetically driven convection [30, 157], and collvedi"ll in
porous media {gO, 1741,
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The suhject of thi~ thesis is electrically ari\'en convedion in a freely SllS­

pClldetl film of ~Illectic A liquid crystal. The layered slrudure of the smectic

phll.~e 11llikcs t!tt' film behave like a two-dimensional isotropic lirJuitl, so the
film is particularly suitabie for the study of two·dimensional hydrodynamics.
III most other systems, it is experimentally difficult to isolate the primary
two·,lifllell~ional now from now in the third dimension, although efforts have

1"~11 made such as hy introducing rolation 189J, a magnetic field {l82], or by
IIsing (nody sllsjlf'lHle,[ nematic films [71, 721. Hydrodynl1.mic <.xperi1llents
cmploying ~oap films [.n, 78, 102,2(171 have also been carried out more re­
cClltly.

Our objective is to explore the Qnt:-dimensiollal pallem-forming phenom­

lma exhibited in a highly two-dimensional con\'eclive system. In particular,
we will focus 011 the behaviour of the system at and near the bifurcation to
,ollvcdiol1.

In the remainder of this chllpter, we introduce liquid crystal materials
wilh a locus on the srnedic pli.tSes. Then, conn~clion in tIle Rayleigh-Benard
~y~tt'111 is di~cu~sed, followed by an introduction lo the Ginzburg-Landau am­

plitude equation. The last seclion of this chapter provides a description of
the gt'l\cral ft'atllres or different types of electrically driven convective insta­
bility.
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1.2 The Liquid Crystal Phases

~laJJY organic molecules form mcsophil.S<'S ~alll'llliqlljll ,·t!J.~IIII., 1·l!I. ,'ill. 1.'"'~'I.

which combine the propel ties of crystalline solids ami isotropic li/IUi(1s. Till'}'
were d.iscovered about one cenlury ago and have fOUlill many LI',·hn"loAir.,1
applications [Jl1, snch as the widely·used liquid aystal/lisplays 0'.1111 St'IlS11l·S.

Liquid crystal molecules are geometrically anisotropic. The lIlakriallls,'d in
our experimeuts is composcd of highly anisotruilie rod-like moll'nlle'S, whirl!
C,I,II form nematic and smcctic licluid crystal phases.

Nematic Ii(plid crystals (Figure 1.1) ill"l~ dlilrill"ll'fizl'd by '(l1lA rallW' ori·

cnlatioflal order of the mole-cull'S, buL translilliullill of/ler is id"'('nl. TIlt')'
Jitfer from isotropic liquids in lhat Lite Inolc(.lllcs l('nd to align par.dld l"

each olher. They arc optically uniaxial and strongly birerringenl.

Smce! ic liquid cryslals are layerell systl'lJ1S with a well·r1"'illl~d iut"r1ayl'r
spacing and as such have partial (olle'llimensional) translational \Ir,l,'r. 'l'I11'W

exist a \'aricly of ~meclic phases characlerizccJ Ily ,liff\'rclIl molc~ulilr ilrrallW"
rnenls within the smeclic layers, the two simplest or which are Sllll'dic II iOlI,l

smectic C phases. In a smectic A phase molcculcs within ear:h layer arc uri·
ented normal to the layer plane, but have 110 pnsitional nrdt~r (Figure' 1.1).

The thickness of the smectic layers is on tIle order or a lllolcCIII'lf l"lrgllr.

Like the nematics, smectic A liquid crystals are optically uniaxial wilh Lite
axis perpendicular to the layers. Smectic C can be regarded as a lilted rorm
of smectic A, that is, the long axis of the molecules points al an angle lu

the smectic layer normal (Figure 1.1). As a rCS111t, smcctic C liquicl crystals
are oplical1y biaxial. The layers in smeclic A and sll1edic C rncsopha/ies arc
flexible and readily dislorted, but only ddormations that Lend to preserve

the intcrlayer spar.ing are possihle [ISO}.

The direction or prdcrred orientation of lhc liquitl crystal lIloll~eul,,~ is

characterized by the director, II. "semi-vector" n satisfying n =-no flIT I,"lll



Itfffl.9~'!I£TLQ.~

\- 1\--'" II I II I1111 I- 1--1-1I~...~_~ 11I 11II III
-I; 1--1\1 I1II111 11/11'1--\

isotropic nematic

111111111111 IIIII IIIII
1111/1111111 /111111/1111
111111111111 IIIIIIII II /I

smectic A smectic C

Figure' 1.1: Schematic illu~tration or molc<:ular order in the isotropic, ne·
lllalir.,SIlll'cticr\ and smecticCphases.
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the nematic amI Sll\cctic A pha.~,'s, lh., dirl't't,lr f"ill"',h'" willI ,~" ,Iiro'di,,"

of the optical axis, which i$ lIorl11all0 Ill\' layl'r plaul' in tIll' "Ilwdir r\ 0";1",',

1I0wcv('f, for s1l1cctic C liquid rryslal$, tIll' din'cl"r is ill"lilll',1 tIl lh., IIwl",'·
lllar layers,

Por thermotropic liquid crystal materials tlHlt pa.~s thruugh mlln' I.hall

olle lIl<'sorhase 1-,~lwccll the solid and i$otrollic 1i1lllid phas,·", tlw""'llIl'III'"
of phases with incrC'a.sing tcrnrcrat'lf(' is typic'llly: solid ...... sUll't·I,j,.. c -,
slllcr-tic A -+ nelllatic -+ isotropic liquid. This :;<"IU"lll'l' is n'll:sisll-nt wilh

the general observation that illcT\':Jsing (clll!J"ralurc T1's1l1t" ill ,\ I'r"gn'""i\',·
loss of 11101ccular order.

The anisotropic nature of the rnob:ular sLructllTl: of li'l'li<l rryslals fl"

suits in anisotropy of the dielectric permitlivity (, dedric cOllllm:tivity (1,

optical refractivity ll, as well as the viscod,LStic and ,,11I['r physical prup,'r·

tics. Under the influence of an applied electric or magnl'lic fic:h1, \';ariolls

processes, including clectrohytlrodynam1c illsti,hilitil's ['l!J, .i!l, 107], WilY Lak,'
place in which a change in the orientation of Ihe moleclllt~s is inv"lv,·d. 'I'll':
anisotropy of l:\l~ eledrical properties of liqui(l rrys1.als is the origin "f sndl

reorienlation, whC'reas the dynAmics of the pro,',·sS(.'S also ,1"lwlllb "n tlH'

viscodas~ic properties of the material [68, J IS).

In the smectic A liquid crystal used in our experimenls, lIlok'Cul(~s CiUI

move freely in the plane of the smectic layers [32, g'l]. Each molecular layl'r
behaves as a two-dimensional isotropic liquid while, in the dirediol1ll"rlllal to

the layers, flow is generally difficult. At temperatures close to the srncdk A
- nematic phase transition, permeation efreds may cause llow perpcnrlir:1llar
to the smectic layers [25,117, 158]. However, this ~YJlc of !luw is COllll'ldcly

negligible in the temperature range of our experiments.

Smectic liquid crystals can easily form freely suspen'lccllilrns sJliullJilig iL

solid frame /lSI, 212J, similar to soap films [136, J70). The lUoler.lllar layl:rs



ill iL fredy ~U~IICrI(Jl;r1 film arc uriented parallel to the ~urface of the film by
sllrf;u::e tcn~iOll, ao(l a r:hilnge in the number of molecular layers is necessarily

,lisnllltirlllOllS [32, 150]. Discovered at the beginning; of the 20th ct'ntury Iii],
fr('ely sll~pm](led ~lIlectic films receivcU renewed interest in the 1970s, when
the t,~hniqueofpreparing tile films was developed by the liquid crystal group

at Harvard [212]. Since then, numerous theoretical and experimental investi­
ga.tiolls lrave been performed [12,13,50,79,91,101, lIO, 151, 152, 165, 178,

183, 185, 186] ill order to nnderstand the extraordinary structures of smec­
tic Ii/luid crysLals as well as the underlying physics in reduced dimensionality.

Itt our experiments, freely sllspcnded films ha\'c been made with thick·
Iless lIS small as two molecular layers. Observed under a beam of refl<."ted

white light, such a two-layer film resembles a so-called Newton black film

[1,jOl, which have been made by various surfac1.ants [17, 70, 86J spanned on a
frame [31, 151]. A smer.tic film in our experiments is subjected to an electric

fidd ill the plane of the film. The resulting electrohyclrodynamic instabil­
ity, whirl! will be discussed laLer, gives rise to a (llle-dimensional pattern of
Iwo·dimclIsi011t11 vortices. In our experiments, hydrodynamic flow has been

ohs('T\'cd in a system so closely two-dimensional that the third dimension

C'olltairrs only two molecular layers. Our observations in extremely thin, uni·
form films do not indicate any change in thickness under the influence of the

appli(:d field or the convective flow, even when the flow proceeds to the un­
steady regime. In addition, the reorientation of the liquid crystal molecules
are not observed to accompany the convective flow when the film is viewp.d

betwccn crossed polarizers, and this is in agreement with the report of Morris

et a1. [1331
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1.3 Rayleigh-Benard Convection

The Ray[t"i~h·Bcnilrd s)'slml i5 probahly thcsilllJlIt.~tl·xilmplt·orall isolwp;c'
pattern fonning sysle'm that is accessible to hoth c:q)('rillwlltalll.lltl th"lrl'l­
iCll.! inl'cstigiltions. The primary experimcntal rl'liults on ('oll\'edin' motioll
were established by Benard around the turn of this century 120\. III an at­
templto interpret his observations, Lord RAyleigh perforllled tllc fir~l Llwtl­
retical anal)'sis of the origin of the convectivc motion in 1916111i3J. I\llhongh
it is now known that Rayleigh's analysis docs not actually l'I)I)ly to 1l.~tl1Ir1I's

original s)'slem - in which surface tension dfccls werc dominant - tlL,·ir
work has stimulated the long lasting i1\l~rl'st ill what i~ 110W (,lIlh~d R11rl"i~h­

Benard convection,

The classical Rayleigh-Benard syslem consists of it thin Iiorizolltill flllid
la)'er hcalccl from below PI. The Ilnid layer is c'unfinl'd ht'l\\'''''l1 tw" inlinitt,
rigid para/lei plates separated by a distance II, iU shown in Figure 1.2. UII.,
to the effect of thermal expansion, the fhlirl 1Icar lIw "ottulll plall' i:< Ic",:'\
dense than that near the top. This unstable \'crtic.ll ,Iells;ty IIft.file driv.·s

the sustained convective motion.

The dependence of the convective motion on lIlalcr;/I,1 prolX-'ftic.·s ami ex·
perimental conditions can be charaderizcd by two .Iirncnsionlc>s lIIunlocrs
(39J; lhe Rayleigh number Ra, which is proport;onallo the lcmperalllrc dif­
ference tiT between the lop and bottom plat.es, and the Prandtl number Pr,
which gi\'eS the relative importance of thermal and viscous ,Iitrusion;

Ra

p,

(1.1)

(1.2)

Here Q, 1>, and II denote the coefficient of thermal expa.nsion, the lIwflnll.l
diffusivity, and the kinematic viscosity of the fluid res]lL't:tively, and 9 is the
acceleration due to gravity.
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1)11(' to tilt· illlhumec of viscosity, which always acts to oppose the Illotion

..f the nlllll, and Lo the influence of heat dilfu~ion, which tClids to dis~ip<\te

l.lu: l('ll1IH;ralIJTc gfiLflicllt lhat drives the nOli', the onset of cOll~'ection docs

1101 lilkc place ilt an arbitrarily small value of Ra (or of ~T). The motion­
!r-:;s slf~ady state, in which heal is lrallspork'tl acr05S the verUcal Ouid layer

l.y corulur.lion, remains stable until the Rayleigh number reaches a certain
critical value RUe, at which the buoyancy of the nuid is able to overcome the
,Iissipativc crfects of viscosity and tlwrmi\\ diffusion. At this point comwlive
fluw :lets in in the rami of a periodic pattcm of vortices characterized by a

.sllt'Cific wilvc!lmgth Ac or wave number ke• as illustrated in Figure 1.2,

I--A----I T:T 2

1000000Tt

Figure 1.2: Rayleigh-Benard convedion. A temperature difference (Tl >T'l)
is maintained betwccn the top and boltom plates.

For Rayleigh numbers greater than Rae, the convective state exists over a
continuous band of wave numbers. This band is determined by the marginal
stability curve shown in Figure 1.3, below which the motionless steady state
i~ stable against nuetuations. The marginal curve can be obtained from
a linear stability analysis of the microscopic equations, first performed by
Baylrigh and disclissed in detail by Chandrasekhar {48J.

These one-dimensional periodic states do not remain stable over theentire
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rangl'of wa\'l'lIumbl'rsboundl'd by thl'marginalcurn-. B~st'll 011 IUy g(.'lu'r;ll
stability cOTlsidl'rations, Eckhans [66] showed tbat till' I"~sibk' rnugl' of waVl'
IlIlmhl'rs for slable cOlltectivl'l11otion is r('stricL"llo a llarrowl~r hillld (Fip;lIn'
1.3),

kE-I, ~ 7,lk", -I,). (1.:1)

where ke denotes the critical WOlve number of Lilt, lillC'M Ull'ory, nlll1 "'J; mul
k rn correspond lo Wi\ve numbers at. the Eckhalls and lhl' ma.rginal sta.bility
bonndaries for the same R..\yleigb number. A narrower rangl' of allow,·.1 W,1I','

numbers is also implied by the weakly nonlilleM th('Ofy 1ia.~.'c1 un pl'r1.lIrba.

tion expansion of the complele convection {"lllatio1ls. whit'll wa.~ illiti;ll..-.I hy
Gor'kov [82], MalkllS et al. 11221 and developed by SchhiLI'r ('t al. [1711.

For Ra » Rae, the two-dimensional flow IMy give way to sLl';uly tllfl'l.'·
dimensional convection, and eventually to dlaotic or lurlllllcliL l'UlIv.·,-tiuli

[3,46, 176, 208]. The nature of a varieLyof possible inslahilitics with dilf(·r·

ent symmetries has been documented by B115S(' and .;oworkers 1:17, :IR, ,jill,
who numerically investigated the stahility of a family o( straight l'"r;,lId

rolls with resped to general thrce-dimellsiollallll'rtllrlJaLions. TIIl,ir stlldy

has proven highly valuable in charactcri7.ing eXflerirncutal observatiullS, ;1l1'!
it makes Rayleigh-Benard convection "the b..-st cllaracll'rizcd Ilolilin";lr pat­
tern forming system~ (56].

While most theoretical rcsults on Rayleigh·I1(~lla.rdconvedion have bcr.n

obtained for an ideal system or infinite geometry, appropriate boundary C(JII­

ditions must be applied in a rcal system, which is typically a finite amvI~clinn

cell witb rigid sidewalls [,'l7, 63]_ Foe a two-dimensional system with rcdall­

gular symmetry, the lateral extent is usually dc.~cribcd Ily introducing LIm

aspect ratio r, defined as t.he ratio of the lcngth of the system ito its h.~ight

d. Rigid sidewalls tend to suppress the fluid flow via. viscous eneets, <llul

this has been confirmed by experiments [2011 III which the a.mplitude of th.'
flow velocity was seen lo vanish at the sidewalls. Such a houndary c.>[).litilJn

shifts the convection threshold [6), and results ill an cveu fllrtlJCr rl:Strid,,1



I,;tml uf st,thl\: Wil\'(~ Ill)mbcr~ (56).
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Figure 1.3: The marginal stability boundary (solid curve) and the Eckhaus
boundary (dashed curve) for theone4dimensional Ginzburg-Landau equation.
The IH\rameters of theequation are chosen to correspond to Raj·leigh-Benard
convection.
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1.4 The Ginzburg-Landau Model

The Cinzbllrg-Landau model. which was nr~t intrudurt'd In .Il'~l·rilll' l'hasl'

transitions in superconductors [80), Ilrovidesa sliHting P()illl fur IIIl\kr~t;l1ld·

illg many aspc(~ls of paltern fornlatioll in COIl\'cctin,~~·sLt'IIIS.

1.4.1 The Amplitude Equation

The one dimcnsional Cinzburg- Landau amplitude C1lt1atillll ha.~ till' r.frlll [·11

(l.-I)

where (. is normalized conLrol pamlllctcr which is ,ldint'.l bye;;;: (Ill! ­
Rae)1 Rae for therrnal convection, and whic.h 1!ll'iI.5I1TL'S thL' .Iistall(,p frullI tlu'

threshold of COI\\·erlion. The parall1t'lprs TO amI ~o r"IHI>:1Cllt tIlt' ,.h;lr;(l"h'listic
time and l("ngth scales of the variatiolls of tIlL' pat!.'m rl~fl,"·tiv('ly, ;lIId .'I

is the nonlinear coupling constant of the ~ystl'rn. TIll' ,'ollll'l"x iUliplilwl,'
A(.r, t) is related Lo the velocity field for a convf>cti\'e systo-lIl and 1II;'y I",

coll\'eniently written as

ill which the time evolution of the modulus AO(.l,l) (allllllitll<le illtt,lIsily)

and the phase 1jl{:r:,I) (wavellmgth modulation) can be expres~ed as [124)

(1.7)

These equalions show ~hat, for a spatially ulliform system, tile rdaxiltiljlJ

of the phase is mostly diffusive, and the evolutioll of ~hc IIlf1t]IIII1S is 1lI11,i1l1y

controlled by a balance between €Ao and gAJ. Very dose tIl tlllSd., if IJlItll



the spatiAl ilud tl'mporal modlllatiQl\S of the p"tlern are small, the equatKlO
fur the amplit'llle Ao takes a sirnplcf form:

Tod~o = £/10 _ gA~.

This i!l oflen rcrem'll to as l.andau equation '41.

(I.S)

The trivial ~teady state solution Ao = Uof the L.andau equation corrc­
sl'0uds to the 11I0tionles~ 5teady state that is stable for t < 0, but unstable
fur ( > O. For! > 0, the convection regime is represented by a nontrivial
SlJlntion

(1.9)

From the point of view of a Ilynamkal systems ap~roach (85J, such a continu­
/1115 ("h"ngeaf the l'jllilliti'l.tivest("uclnreof solutions when a control parameter
is varicd is called a/orwnrrlor supcrcri/ical bifurcation, ani'l.logous to a serond
urrler transition in equilibrium systems, and in contrast to the backu;ard or
$!6cI'itical bifurcation which is the analogue of a first order phase transition.

1.4.2 Relaxation Time and Correlation Length

III addition to the stationary solution of the Landl.u equation described
above, tile !cncrallime-depcndect solution can also be obtained with appro­
priale initiAl conditions. Auuming the amplitude is initially Ao{l = 0) =Ai,
inll'gration of the Landau equation (1.8) gives

Ao{L) =( tA/e1;!- &1)111. (1.10)
(c - gA;2) + gA?t:. r

In this expression, r = Tot-I reprcsents the rclAxation time of the systcm,
tllill it.s vailic diverges AS t allproaches zero.
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On the othn- hllnd, to look at spatial f1K>tIII!;di,lllll of Ilw I'attc'lll. 011<' h;a.~

to consider Slalionary solutions to the G;lllbllrg·I~'lId;\I1"llIal;ul1, fur whirh

BAo/at = O. Equation (1.6) t1K'n b<-COI1IC'5

(1.111

\Vith the boundary cOlllliLions Ilol.c = 0) = 0 aml :Io(..r. -> (0) =M (frulll

Eq. (1.9)), solution of Ell. (1.11) shows that 1.11(' l;nll.'·ill,I"II"l1,I"Ul~tilti"lll,ry

state has an em'clope of the form

(1.12)

where { = {0£-1/2 is Lhe correlAtion lengLh, which ,livo:.'rg'o:; as £ \'illlillllt'~, III

Chapter -I, \\'1: presentl'xperimental mealillrcnlt'lIl~of hoLll { ;ulll r fur .Hlr

system.

1.4.3 The Range of Stability

In genera.l, t~ ra.nge of st..,bility of the solutioll!> of llll.' "11.,·,lim"llsiollill

Ginzburg·Landa.u equation CAll be found hy !lullStit'lting il .listurl,;tlICI~ 1,1

the form (4)
A(z.l) =aoe""+i(k- .... lz• (1.131

wherew represtnls thc&TOwth rale of a mode with wave 11I1lllberl, and kc ix

the critical wave number, For all infinite sYl>teln wllcre hOlllldary (unditiulls

do not playa rolc. the Inarginal curve (on which w = 0) can I.e ohtaintl(l

from the Ginzburg-Landa.u equa.tion,

(1.11)

Patterns with wave number k will grow if £ > £ .. , bllt fl.~(ay if £ < £,to. Fllr

£ > E"., the Ginzburg-Landau C<juation has :ItClirIY-l>tate sr.atially lluir(Jtlrl
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solutiolls Ao;o;; [(e - €,~)19J'n. Ilowcvcr, these steady-stale solutions 141 are
olily stable in a narrower region, > 'F., with

(1.15)

This tlUadratic boundary marks the Eckhaus instability at which patterns
befC!IIle linearly unstahle with respect to slow spatial modulations of the
periodic structure. Therefore, stable paHern at agiven, should be observable
only over tIle wave llumber range

(1.16)

III Figure 1.3, the milrginal illid the Eckhaus stability boundaries for Rayleigh­
ncnard conwction (~o ;0;; O.3Bd and ,\< ;0;; 2.0d) are plotted.

While a laterally infinite system is altractive from a theoretical pomt of
vit!w since it simplifies ~hc calculations, lateral boundaries confine the fluid in
any laboratory experiment. Theoretical analysis based on one-dimensional
cOllvecLion models [54,55, 108, 154, 193[, as well as numerical work based
011 the full hydrodynamic equations [B, 129J of Rayleigh·Benard convection,
predicts an even more restricted band of stable wave numbers due to the
preSt:tlcc of rigid boundaries, as compared to the Eckhaus boundary for infi­
nite systems. However, no convection experiment has been carried out [1251
that unambiguously verifies this predic.tion. In our experiments, we have
meMlired the stability boundary for one-dimensional convection patterns.
We sec evidence for this boundary induced wavelength selection mechanism.
Tllis mt'Chanism will be discussed in more detail in ChapteT 4.

St:lrting from full nonlinear convection equations for Rayleigh-Benard
convection, Segel [173) "od Newell et a!. [139] independently derived an am­
plilll{le l'quaLion that is identical to the Ginzburg-Landau equation in the
ol\t:>-dilllcllsional case. For electroconvection in nematic liquid crystals, sim­
ilar amplitude equations have also been obtained from the complete system
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of ('1e('~rohydrodrnamic l'{lllntion~ by the lIi1yreuth group [:!i, \IS, !1!I, lOti],

For our two-dimcn~iotlal c1c{'tricill1y drivcn {'oll\"('rlivc :<y:;tl'Ill, do:;,' to till­

sel, the experimental resillts, disl'lIsscll ill Cililplt'r ,I. art' ('utl:<ish'1I1 wilh

what would be cxpcc~ccl from the Ginzburg-Landau l~{l'li\t.i()n, alt.lltlllgh lilt'

connec~ion between th(' amplitude "'1llalion ilnd tilt' SOH'T1lillg {'l,'{"lr"hy,lro·

dynamic equations has not bC'\. , worked oul.
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1.5 Eleetroconvective Instability

Hilyl(:igh·fl(~llilrclconvection is dril'cn by the buoyant force due to gravity.

III contrast, convection driven by an electric force due to an applied electric
fidd is called elcdrohydrod)'namic convection, or dcrlroconvulioTi. The ex­
1":riml'IlLnl control parameters of c1cctroconvcction arc often easily accessible

[,561, and the observation of c1ectroconvectiou patterns was first described by
Avscc ct al. (101. Since then, clcctroconvcction systems have been widely
lI,';cd for studies of )JaUeTn formation and the trall~ition to turbulence [56).

IJnder tile action of an electric field, there are basically tWD types of clee­
lrohydrodyuamic illslabiliLy which have beell lIndcrslood Lo some l'xtcnt.
These arc clcctroconvcction in isotropic dieledric fluids subject to ion injec­

tion, anti clectroconvection in nemalic liquid crystals with negative dielectric

anisotropy.

ElcdrocOllvedion in isotropic dielectric fluids [9, 73, 1131 is driven by
tlie nOlluniform distribution of space charge which originates from ion in­

jedioll at one or hoth of the parallel plane electrodes which enclose the

liquid. The transport mecllllllism (47,123,149) is different from that in the
Itaylcigh·lJenard problem, since charge carriers move by diffusion and migra­
iiuu Illlder the action of the electric field, while heat is transferred solely by

,lirfllsion. Convective motion in a dielectric liquid subjected to ion injection
lllay org;mize itself into two-dimensional rolls or hexagonal paUerns, and the

amplitudes of the current and the flow velocity exhibit hysteresis [9} as the
control parameter is varied through the onset of convection. Th:s hysteresis

illdicah's that the convection onset in this case is suLcritical, in contrast to
the supercritical bifurcation observed in Rayleigh-Benard convection.

At least partly because of three·dimensional nonlinear coupling between

the SpiKe charge and the velocity field via Maxwell interactions, eledro­
"ollvecLioll in isotropic dielectric Ouids has received far le.iS attention than

RlIylcigld]{-llard convection, where the linear Boussinesq approximation [97]
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is oflen assumed. The ekctrohYI\rod)'lI~micinslahility ill llt'IlH\lic liquid ,'ry:;'

tals, on the other hand, ha.' attracted growing int~·rest. It is pm]';!.hly lilt'

simplest. anisotropic p,lLtern fOrllllng SySll-lll, Due of llw most si,t;nilkilllt l'~'

perimelltal rcsults on this s)'slem is the vcrification of lhe E"khans stnlJilit.y

bonndary [121, 137, 161] prelliclcd by the Cin~hnrg·Lnllda\l "qllillinn.

The setup for observing eleclroconvcction in ll('lllatirs cOnsisls of ;1 lhin

nelllalic layer sandwiched behveen two plane e]cdrcuk5, witli lilt' ,Iin'l'tor

oriented parallel to lhe electrode snrfa.ce [1091, The illS!,lIJilit),1 .ll'IH'llols un

the anisotropic nature of the nwterialllnd the finite conductivity of llt'llla1.il's

is essential 1,15, 88, 10171. As lhe appli.~cl vollagc rl'adws ~ c.)r1.ain llm'sh"I,I,

a roll pattern with a perio<lic di,~tortion of the IWlllatic ,l.ligllln,'nl apl"'Ms.

These roUs were firsl obscr\"t.'II by Williams [20:11 iUld K,lllllstill t't a1. !IUU!,

and are now commonly referred to as Williams ,lolllaills, At higlll'r v"l1.il~t'S,

the Williams {lomains become disordered, with IIc-feels ueattsl and Hllllihi·

lated continuously [137, 162!.

The unique structure and flow properties of the fredy sllspellolt,t1 SIlH'di<'

film make it an attraclive system for the study uf t .....o-dilllCllSilJllal hplfC!·

dynamics. The layer structure of the ,~lIlCcLic A plmsc cOllslraills tIl<" j]"w

to remain in the plane of the falm, The first {'XpcriIlWlltS 011 lIow ill fn'('ly

suspended smcctic filnls werecnrricd out by Morris ct 1\1. in 1990 [1:11, I:I:I!.

By applying an eledric field in the plll.ne of lhe film, they observed one­

dimensional convective patterns in the form of a series of two-dilllcllsiollal

IIn the presence of an electric fielt.lllnd asmAIl di'llortioll of ~he ,lir~clor, th" cOIl<ludiv.
ity anisotropy (0"1> uJ.l producCll charge $CpBration such that sl'~ce chnr~l'" Ilr" fuw.'lCd
at locations ....here the director bends. For nematics with negative dielectric ;mis"tr"py
(ci <{.d, liquid crystal molecules tend to IIli&n thcmsclvf:l; normal to the "'I,pli,,,1 d''l:trie
field. Thererore,adieleclrictorqucthatenhanccslhei"itilll ,Iireclortlislortinll mayr~./i.. lt
due to the transverse field ereated by space charge di~Lril>ution, On theol)l"r h"IIfI, tll~

acculllulatcdsp&Cechargl.'5Mcsubjeded loa bulk electric forcewhichdrjvr.>lllovd"r.iLy
field and thus exert3 a st/on! hydrodyo1ll.mk torque 0" tile liquid crystal llI<Jlt~UI';lI. ThiH
is reinforced by the dielectric torque and eventually, vilt vi~co\lll coupling, lhl: nllid In"ti<Jn
II.mplifics the spath.l vari&tion of tile director, yieldin& IIlOtc ch~r&e ew.p>Ullli<m "1111 lJIum
fluid motioll,and producin& II. growinginstabHity.
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I\!;ure 1.-1: Schematics of electrocollvection in two dimensioDs, Upper graph:
a lwo,tlinwnsiOllal film is suspended between two e1cdrodes which are main­
laiuL'<! al an applied voltage ±V, Lower graph: illustralion of the profile of
a rUI1\"1'{'ting SIlH.-'cl,ic film with two molecular Il\yers in thickness,
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vortices. Jusl auo\,{' the 011Sl't or cOll\"l'rlion, lll~'ir vd""'ity lll,'asur"Illl'lils

indicated that the conH'clioll was wt'll oescribcll b~' a single Ftlllri"r lllodl'.
whICH'as sC\'cral lllocll's were prl'S"l1t further a],U\'" UllSl'l. lI.1,'ilSlln'1)\I·Il1.s uf
the electric current through the film showed an ('uhanCtxl chargt' trallspurt
(hie to con\'edion, and 110 hysteresis was ob5cT\,('t! at onset. Thl'ir visual

observations, as \\'ell as the current r,'Sult, suggcst('d that l1w '1I1set of t'(lll­

\'{'etion I\'I\S a forw.1.rd or snpercritical bifurcation, IL.~ in l~ayl~'igh·BI··llard

convection,

T~I(, basic Sl'tup of our exp,'rimellls is similar lolll;\t flf Murris pi ;d. [1:1:1]
and is shown in F'igure IA. A slluoclic film is sllspt,tHI,'<l hy twu lilwar rupIa.

nar wire electrodes lhrough which a d.c, electric fidd is ;.I'\11i,~d in lilt' I'IHlll'

of the film. The onset bcllilviour ilnd the nOlllinear cOllvectitltt slall' 1t;\Vc
been investigated in our experim('nts. In parlicular, the correlation length {
and the relaxation time Tare delermined for om s)"Stetn, and llll' sLal,ilily

boundary for convection above on~et has beel! 1l1l'a.~llred.

Tbe relllainder of the thesis i~ organized ru; follows; Ch"ptl'r I[ pt"·~I·JJt.~ ;I

theoretical model for lwo·dimen~ioT1al c1cdroconvl'clion. A Sl't uf ,·I"f:lr"lly
clrodynamic equations is clcrivl.'cland the microsl'orie cOllvediull llH'chitltisttl

is analyzed. Chapter III is a general description of the cxperimental settlp

and measurement procedures. Chapter IV prescnts exp('rimcntal tll(~a~llrc­

menls of the onset of convection, convection abovc onset, and tllC stal,ility
boundary for convective patterns. It also contains all analysis of the main

findings of our experiments - thc critical behavior and the wavc1clIgLh Sl:­
lection - in terms of Ginzburg-Landau theory. Chapler V is a collclttsicJtI

and brief discussion of possible future work. In Appcndix A a hydrodynamic
model is proposeU to describe the observation of now vortic(~~ at Ull~ li1ll:ral

boundaries below lhe convective onset. F'inal1y, Appendix II disl;llsscs colfmr
measurement, which was used in determining the thickness of the rredy SIIS­

pended smeetic film,



Chapter 2

Theory

Overview

In lhis dlaplcr, we dcw~'lop a theorcliral Framework for a twa.dimcnsional

isotropic flllill exposed in a nonuniform electric Reid. In ~clion 2.1, we write

down the c1cclrohydrodynamic C'quations for a three-dimensional isotropic
fluid in 1\ nonuniform clcdric field. In seclion 2.2, .....e dc\'dop a linearized sys­

h'm for lwo-dim('osiona! elcclroconvection and Ilnlllyze the con\'cction mech­

;Ulism. In ~'Clion 2.3, we show that the corred normalized control parameter
fur OllT s)'st('m is t = ,/2IV~2 - I.

22



2.1 Hydrodynamic Equations for Isotropic
Fluids in a Nonuniform Electric Field

Consillcr a three·dimensional isotropic tluio with a ~maH nll\,hwlivil.y ill "

nonuniform electric ndd. COI1~crvalioll of mass llIay hI' ,-xpn-:;:;",I a.~ 1:17. 11·11

where v is now velocity, and Pm tile mass rlclisity. Fur all illl"utlll'f(·ssilo],·

fluid, Eq. (2.1) reduces to
\7. v = O. (:!.'!)

I\ssurning that the only external forc(' Mtlus on the fluid is tllIl' to till'

electric field, the momentum equation can be wrilkn as

where p denotes the pressure and II llH~ \"is(osily. III Sl'lll'ral, f,'T " n"'I'lllif',rlll
electric fidd E, the electric force Fe may loe ('.~pTl.'5sl'fl ;l~ flUil

where P. is the space charge density in fluid, and l the IJick'dric PCTlllillivily

of the fluid. The first term on the right hand side of Eq. (VI) originates

from the interaction betwccn frl'e charges in lhe fluid 110<1 the e1eclric ~e1(1,

while the other lwo terms arise due 10 polarization in tllr, nOlllllliforrrr ~('I(I.

We assume that t.: is a fundion only of the 111~ density p~" Ural is,
(= ((Pm) and

Vt = (D~~) Vp",.
We further consider a linear dependence of f 011 p""

(l ..'!)

(2.fj)



wllirh is 1l!l approximation to the Clausius·~lossolti relation if "I is small
[25,29,95J. Ilcre (Q dcnotps the permittivity of {rcc space, and "I is a positive
nmslilut ,1'~11I~IHJiligon the material. Therefore, the electric force F. has the

silllplerform

F. "" p.E + ~P'" (a~~) \1£2. (2.i)

F"r 11 wmkly cOI\,luctillg fluid, magnetic fields are negligible, anrl ~'laxwcll's

1"lllittiollS for il. t1l1,lsi·static eledric field become [69, 95)

'V x E=O,

\1. ((E)= P•.

III additioll, Lhe' charl;c ("ollsen'atian equation is

~ = -'V.J,

= -'V·j+o\72p.,

(2.S)

(2.9)

(2.10)

wherl' J is the total electric current density which includes contributions due
to migration and cOllvection (j), and due to charge diffusion with diffusion
co"fTici ....nt n. The electric current density due to migration and coovection
is ~11111cd to have the form

j = uE+p.v, (2.11)

wheTI.' (1 is the conductivity of the liquid, assumed to be constant. [II writing
Eq. (2.11), iL has been considered that the fluid behaves like a weak ohmic
conductor, 1\5 is the case for smectic film below the onset of electroconvectiofl

[1341·

Tllroughoul Lhe following analysis, we consider Pm to be constant. Col·
ll'ding together the above equations we have

'V'v = 0, (2.12)



with

p.%'itPmV'VV

~+v''VP'
'V. (,Ej
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\7 V" E I (il') ,- P+JI ·v+r. +~P.~ 'iiP.: \'/-; ,(:!.I:I)

-v (oE) +OV'~fl<, (1.1.1)

p" (:!.lfi)

0, (:!.Hi)

(= (o(l + 'lp,~). (:!.17)

Gin'lJ appropriate initial and boundary conditions, lIw dlodrnlly,lr",lyllillllir
problem posed above reduces to solving the system of eqllilliullS (1.12 - 2.17).



2.2 Mechanism of Two-Dimensional Eleetro­
convection

A ~mcc:lic liquid crystal film behaves as a lwo-dimcnsir:mal isotropic liquid.
The CClllilliuns for elcdroconvcction in the film call be approximated as the

lWQ·{limcnsional version of the governing equations for a three-dimensional

isotropic, incompressible nuid derived above. In the following, we will con·
fille onrselves to a purely two-dimensional system, with v = (tlz,Vy), 'i7 =
(il/fJx, a/al/), and with e. = e.(x,y) and E =(Er • By), denoting the charge
density 1If1,1 1I11! components of the electric field in the plane of the fi:m rc­

spcl'ti\ldy. [n a rigorous analysis, lhe two-dimctlsionallimit of Eqs. (2.12­
2.17) Illust be laken with some care, since the electromagnetic part of the
prublem remains tlll'ce·dimensional 158], and the transport coefficients of the
fluid may not be well· behaved in purely two·dimensional system [1191. We

III'gkd such details here.

CUII:>ider a smcctic film (Figure 1A), infinitely long in the x-direction and
irtfillitcly thin ill the .::·dir«tion, spanned by two ideal parallel wire elec~rodes

s('parated hy a distance d in the y-direction. The two-dimensional versions

of E(IS. (2.1:)) and (2.J.l) are

p",~+p",v.Qv -Vp+~V'1v+".E+~l'fOPmV'E2, (2.18)

~+v'V'f!< -7".+oV2
".. (2.19)

in which p is the iso~ropic pressure for two-dimensional fluid. Here we have
USl:,d E<l. (2.17) to obtain the bt term on the right hand side in Eq. (2.18),
aud E'1s. (2.14) and (2.15) have been combined to give Eq. {2.19)1

'Ill \\"liling E'l. (2.19),wc-h1t\·e made the following approximations.

rursllwrti( ,\ li'l"id cr)"5Iats, Eqs. (2.14) and (2.15) can be written all

'r. (8E< 8Er ) BE, 27ft + v· Vp, = -11.L 0;- + ay - "na;- +av P., (2.20)



Equations (2.18) and (2.19) serve as a stnrling point fur 1.11l~ I'!m'idnt.iull uf

the mechanism for two-dimensional <.>lcctr(>('Ol1\·I'ctioll, Tht' rdl'\"\IIt \,alll1'S of

to /1, and a arc those in the plane uf till' film, amI (1 111'11' Ill-links all dk,'l.i\'I'
conductivity for the two-dimensional film. [n the moliolllt,ss hasl' ~tlll,~, tht'

electric field E'l and the dlilrgc dCllsity distrihulioll I!~ aTe'

EO = (O,£,-D(y)), (:!.::!fl)

and

!!~ '" !!~(y), (:!.::!fi)

with J:EO(y)(ly = :.!VO, (:2.:.!7)

and

(L(~+~)+(.~~P•.

Solving Eq. (2.21) for (lJEr /8z +8Er /ny) and subslitnting ilM E". ('l.'lll)giv,.,;

{}p, 0' L 2 «' l iII~',,,+V·'\1p,=--p,+o'\1P.+ O'J.--nn .."..­
vI {J. (J. v:

('!.'llj

D)' MSl,IlIIillgthat the chllrge .Jensit)· illtbe plalleofal...o.,lill1~l,sioll:tJlilillc;'1I b,' writl.t·1I

we obtain

B,. ',. «' lJO".n;-+v·'\1f?=--f?+o'\1"D.+ 0'].--"1 -.do.
II< {L (L = ('l.'l1)

lIere v = «(I" v,) and V = ({}/8z,8/fJy). [ll writing this c'llIation, we lI11ve ignored ,Iifru·
sioninthe:·direttion.

We now introduce an elTective conductivity (f" forLhetwo-dimcnsionalfilrnnlullrl!lkll
the appruximation that the contribution from the fil'5l ...nd h.st terlll~ of tile rigl,t 1,,,1,,1
sit!e or Eq. (2.24) can be integrated lo give (t1°jc.J..)(J•. We then obtain E'l. (2.19) in
which, for simplicity, we bave wriu.en t1 .",ther than t1". The t!etailed conllP.Ctioli b"tw'~,n

the tht~·dimensional electric ficlt! ant! the two-dimcnsil:llll.l hyt!rodY/llllnies is h"yl:l,,1 Lhe
sropeorthisthesis[58j.
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where ~hc two electrodes arc maintained at ±VO. By setting v "'" 0 in Eq.
(2.18), we find that in the motionless state,

"Vpo =B~Eo + ~1'fOP'"V'(EO?, (Z:28)

from wllicll we sec that the static pressure pO in the film in a nonuniform
field is different from that when the applied field is uniform.

We IlOW apply small perturbations to the motionless stale. We introduce

the perturbation velocity v', electric field E', charge density /1', and pressure
1J'sur.hthat

v, (2.29)

E = EO+E', ('.30),. B~ + eo', (2.31)

p pO + pi, (2.32)

It is worth noticing that the contribution due to the I'lolluniform electric
field in the momentum equation is the gradient of a scalar alld thus can be
incorporated in the pressure gradient term by defining an effective pressure

P == p - h{cP,nE2
• From this definition, the perturbation for the effective

prCl:lSllre is P' = p' - 1foP",(EO . E'l. It is also convenient to express E' in
terms of a perturbed electric potential 4J' defined through E' ""' -V4J'.

If E(js. (2.18) and (2.19) are linearized in the small perturbations, we
obtain

P"'~ = -VP'+JlV2v+e:Eo-e~V4J', (2.33)

~ := -v.Ve~-;Il:+a'\121l/. (2.34)

Togct.ller with the incompressibility condition

V·v=o (2.35)



and Gauss' Theorem

\119' = -f(-. (:!.:IHl

Eqs. (2.33 - 2.36) are a set of five equatiom for thc live lluknuwll fUllt'­
tions, Ve, v~, e.', 9', and P'. \Vith appropriate boundary "on,litiuns1 , t!ws,'
equations arc a complete linearizcd system for the lwo-,lilllellsiullill d"dru­
cOllvediou problem.

After some olgebra similar to that Ilse,1 in the analysis of llilyl,'igh·lI'·llilrd
convection [481, E<IS. (2.33) and (2.34) clln be further silllplifil'd t'l giw

(:!.'l7)

where II = Ii/P", is the kinematic viscosity. It C<lll be S~~'I1, frum E'I' (2.37),

that the spatial \'ariation of the pertllrbed dlllrg~' density "ll11S~'S (·UII\,(,,·tiUJl

(BUy/at f. 0), while convection will in turn, from E(I. (2.:UI), mo,lify !.llt'
charge distribution (8pi/at t- 0). On the other hand, vist'Osity lm,1 dHlrw'
diffusion damp out the perturbations.

It is important to nole that the sOI,rce of the space charges in tI,e film
is not contained in the above analysis. Furthermore, while the velocity field
cao be exactly two-dimensional, the eledric field remains thr(.'(:·dirnen~iona1.

In fact, the z-component of the electric field is responsible ror the generation
of a charge distribution at the two smcclic-air interfaces, l'Ind this c.harge llis·
tribution can interact with the in-plane components of the field to calise flow
instability. The electrochemical dissociation of llopants in liquid cryst,llma­
terials might also affect the charge distribution gencrll.tcd hy the z·cumpollcnt
of the electric field, however, details of such a influence is not yd c.kar.

2(or our electroconvection system, we may chOOl'll Ue '" ~, =0, iJu.inz '" nil, Illy '" U,
and,p' =OrOl y"'O,d
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It is illlcrCliLing to ohscrvc that the term containing effective pressure

gradient 'V P' !Ia., been eliminated in the analysis. Hence the cITect of po­

lari~ation i~ 1I0t responsible for the origin of clctlrocollvcction in an incom­

Ilressible fluid with conslanll11i\Ss density. However, as disCllssed before, the

polarization (luc to a nonuniform electric field does influence !,he pressure

distribution in the fluid, so it cannol be ignored for the discussion of static

C1luilihriuII1 of a dieledric fluid. It must be emphasized that the cJeclrocon­

vI'etlan model proposed here involves lhe assumption that the Auid has a

nmslalll IIlIlSS density Pm (therefore constant d, although the electric field
is nOlllllliform. [n Cir.5CS that this assumption breaks down (such as when

11 tCIl1Jl,.'ratl1rc pertllrbation is im'olved), the effect of polarization may con·

tribute to tIle convective motion [158, 194, 195, 196, 197) and in general, an

extra term of the form ~E"l'V( wi1llhcn be involved, as seen from Eq. (2.4).



2.3 The Dimensionless Control Paralneter

A complete solution of Eqs. (2.3i) ilnd (2.3fl) is hcymlll tI\l' s,'npt' Ilf this
thesis, however 1\ linC'1\r stability analysis tlf this problcm i~ Iwing carr;,',l
Ollt by Dayn et al. [581. Without a complete solut;on, s;l\\pl,' d;l\\t'min\1ill

analysis [141 can give some insight as to the dinwnsionlL'lIS wHlrol !lilr/Ulldt'r
for two-dimcnsi ...nal clectroconvcdion. For simplicity, we drop the tt'rm in­

volving 4J' in Eq. (2.37), and ignore the charge dilfnsion term in Eq. (2.38).
In doing so, we have assumed that the ill1!uencc on the elt'rlrir lieltl of till'
pcrturbed charge density in a liquid mm of vilnishing 1IIickllt,s.~ is 1I1'~li~ibl,',

ami that the coefficient of charge (lilfllsioll is small {l.IS, 191J. Fllt"tllt.'flllllr.',

in Analogy with the bASe stale temperature distribution fOf llayl(~igh.lJi·llarll

conl'celion, we make the approximation that the cllilrge distributioll e~ of

the base state depends linearly on y, that is, fJe~/fJy = f1 with /I cnllstanl.

Equations (2.3i) ilnd (2.38) eM thcn hf~ nlwriLlt.'u il.Il

'!:.- (D"')pm {J.r:·l '

(2.40)

We introduce t.ju as a characteristic time, d as a charilcleris~ic length, aud
use /3d as a characteristic cb.arge density. We write

v~ = (~) V(y)cifH':'i,

eo' = (Pd) 'R(y)cikz+wr,

(2AI)

(2A21

in which V(y) ilnd 'R.(ii) are dimensionless variables related to the w:rtir.al
velocity component and the charge density, k ,uu] warc th{~ (lim(~llsiolllf!."''i

wave number and growth ra~e, .i and y arc tlle flimcllsiolll(~ss cUlJr.lillal.l~'i,

and [is the dimensionless time. SubstituLion of EllS. (2.'11) ilnd (2.'12) illto
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Lhe Ells. (2.39) allli (2.10) yields

[~ _ (D' _ k'l] (D' - k') V = _ E'paP f'n, (2.43)
tv/ud2 W7

("'+I)n = -V, (2.44)

wh"Tn D rcprc.~enls d/dfJ. In analogy Lo the Rayleigh.Bcnard convection

prol,lcrn, we define an electric Prandtl llllml)cr Pr~ and an electric Rayleigh

numh(,r Ra" iL~

(2.48)

(2..16)

(2,45)Pre

(D1-prv+ Ra"PV .. 0,
which involves only the electric Rayleigh number Ra".

~'

EO/htP
pu .

These arc the only lwo dimensionless parameters contained in the electro­
cOllvcetion ("<Illations. Eliminating R from Eq. (2.43) gives an equation for

V,

[
. ) k'p? - (D' - k') (D' -f')v- Ro'",+ ,V ~O, (2.47)

which hns a similar form to the corresponding eqnation in the Rayleigh­

Bellard convection problem [,18, 2111. The marginal curve corresponds to
W"" 0, for which

A complete solution of the c1ectroconvection problem requires the knowl­

cIlgc of the base state charge density distribution e~, and thus of /3 = ae~/ay,

We know that both the charge density dis~ribution and the electric field in

the base sta~e originate from the voltage ±V applied to the two electrodes.

From dimcnsional considerations and the Maxwell equations, both the char­

acteristic charge density and ~hc characteristic electric field intensity at base

s~atcshol1ld be proportional to V, that is, [SOj or: V and [,q~1 oc V. Therefore,

from the definition of dimensionless control parameter Roo, we have

Ra" or: V2 , (2.49)



The exact form of Rn" will d<'po.'llt.l 011 the ba.'ic ~t<lll' ~lJlllli\~Il, whidl will
il1voh'e the film thickness s as well <IS film wilHh d.

As in the case for Rayleigh-Benard cOIlVl'ctioll, \1'1' d"~Ilt' .1 llorlll<llizl·.1
dimensionless control paramctcr Ra' by

e:::= Ra"R~tl~, (:! ..'lU)

Ilere Ra~ denotes the electric Rayleigh llllmbt-'r at th.~ unset uf ,·OllVl'I,titlll.
Using Eq, (2.,\9), wc thus obtain

This ;s the form of normalized control paramclt'r we u~{' I.hrtJll~hl)1I1 this
work, Its l'aUdity has been con~rlllcli in cxpl·tillll'1I1s [1:141.

A complete linear stability analysis of the "i'-'it· statl', ilS w,·11 ;IS iI sul.s'­

qucnt weakly nonlinear analysis is neCCSSilTY ill oHler tu get mon° illsigll1. illto
the nature of the onset aud the dynalllks of t\rl: l\\'o·dillll·II.~iouill wuv.·.·li ... l·

patterns. Numerical simulations ['13, 83) of this sysll'm Wl)ItJd idsn Ill' llt'tl'fuL

Such work falls beyond the scope of this tllCsis.



Chapter 3

Experiments

Overview

Tlll' ")(I'l'rillll'Uls consist of ilpplyillg II d.c. \'oltilgc ilU05S the plane of fredy

,iIlSI"'II'!<',j ~lIlee1.k liljllid rf)"stal film, and stuuying the now pal tNIl which
,I"\"('hlps ill tl,(' plane of tli<' film. The expt'rimC'l1llll setup is dcscril)('d in

",-,'1;<111 :1.1. Two It'chniqllcs arl' cmployed to determine the thicknt'ss of

tlu' li'lilid rrysl;d films, which typically conlain two to about one hundred

11I"]",'uIM 11l)'l'rs. T1JCSC t<'t:hniqllcs arc described in detail in section 3.2. [n
""rl i"n :1.3, the IIldhod of flow \'jslIilli;:ation used in these cxperimclIls is

hriL'lly Ili~l:lIssl'd.
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3.1 Experimental Setup

Expt"ril1lents arL' pl'rfor!lwd Oll thin sl1wrtir lilm~ whirh 'In.' frl't'ly SlISp"IIlI",1
belwl,.'ClI two clcctrOiles. The film holder is showll in Figmc :1.1.

slider slider

F'igurc 3.1: Construe',ion of the film holder.

The long sides of the smectic liquid fihn are SllrJlorll~d hy lWo 2~lllI\ di·
ameter tungsten wire electrodl.'S which arc under tellsion. Tile ellds of tlw

film are supported by plastic wipers 50/lm in thickness ami sharpclw,l at
the edges. The edges of the wipers contad the film directly, restillg ('11 tlie
electrode wires under their OWl] weight. Two nyloll lllre,lds lie outside tIll'

electrode l'Iite5, acting to reduce the ill Bucllce of th,) wipers' w..:ighl em till'

electrodes. The wipers arc supported by Lwo spring )oauctl "ll:xigla.~s slirl<:rs.

One of the sliders is fixed and the other one can De driven with it. lI1CJl"ri~,~d



36

mir:rrJJlll.'lcr screw controlled by a Newport Modcl850CD-1 motor controller.

This allows variation or the film length I in the range 0 < 1 < 30 mm. The
c!<.'ctro,!cs :wc! nylon thrCitds arc aHached to 1wo plcxiglass holders shown in
figure 3.1. The separation of the eleclrodes d can be changed mechanically
lIy movillg one uf these holders relative to the otber. This is done by using a
finc iuljllslmenl screw accessible from outside the housing that encloses the

experimental cell. Por the experiments reported here, d is in the range 0.5
rnm< d < 1.0 mm.

Figure 3.2: The conveclioll cetl mounted inside a shielding box with optical
and electric acc('Ss.

The film holder is mounted inside an aluminum box (12.5 em x 10.0 em



x 6.0 em) as shown in Figure 3.2. The aluminum box lHu\"id~'", cl.dr;nd
shielding. Windows in the top a.nd bottom of lIlr' hox allow llJlLifal acress to

the film. The box is placed in a plexigli\Ss hUllsil\g (2!1 (11\ >:: 2\1 I'm x ,rH'lIl).

The temperature inside the housing is conlrolled to ±O.loC O\'t!r a gi\'t'll fHll

by an Omega t-olode\ CN91llA temperature controller aud it Colc-I'.mll.~r

Model 12101-10 constant tcmperatnre water circulating s)·stt~m. All ('xIIl'ri­

ments were performed at temperatures in the range 25± 1°C, well bdoll' Uw

smectic-nematic transition at 33.5°C.

Figure 3.3: Schematic view of a convecting n1m. The film length I al1ll Willth
d, and the wavelength .\ of the vortex pattern are ilIustrateJ.

The electric field that drives the elcdrocollvection is prorillCl!d by ap­

plying a constant potential difference across the two wire de~trotles (Figure

3.3). Balanced potentials of ±V (0 < V < 60 voll) with resped to ground
are generated by two Hewleu-PackarJ 602~A DC power sUllplies wjrl~d ill
series. The power supplies arc controlled by a persollal computer via a J);ILIt.

Translation OT2815 OfA converter bOl\rd. Vollage~ arc Tllollilorcd 1JNilig a

Hewlett-Packard 3~401 A multi meter via a IEEE-~88 interface board. '1'11('



Fi~UfC 3..1: Schcmiltic diagram of the electroronvection experiment setup.



entire experimental arrangcllll'llt is shown in Figlln' aA.

Tilt' liquid crystalmatl2'rial used ill the c:>'lWrimt'lllg ig .I,.I'-tl·llrtykyal\<,.

biphenyl (SCB), doped with a small amounl (0.15% by w('ighl) of tl'lr,l'
cyanoquillodimethane (TCNQlto controllhc m\lllrc or ionic. impllritil..·s. 8CII

is \'ery chemically stable and has a smectic t\ nwsophl~C bC'tWI'I..'ll 21.0·C
a.nd 33.5"C. In this temperature range, lhe roel-like sen mol(~I'IlIt':i ;L,<sol:inl!'
themselves into layers with the long molecular ;,xi.~ normal to 100ycr plan",
The lhicknessof the smectic layer is 31.6A, ahoHt 1.3 tinws tllC sen lllUll'r·

ular length.

Films were made by bringing the lwo wil)CrS togdlll'r, plarillg a slIl.tIl
amount of liquid crystal material at the place wlwrc the wipers juiu"d, 11lld

then slowly drawing the wipers apart at all adjll~tablc rale of !lcvt~rallllit~rung

per second using the micropositiolling motor driver. The relative wiper po·
sition witb respect to an arbitrary zero can he controlled lo within I.O/IIll.
Once the film reaches the dc:;iroo length I, the l1l"l()Ti~I'(ll'.'ipl~ri~ .~lul'llI~l.

The film making process is monitored with a low pt1WCr mi<:rosl:o!lC, whil'h
is also used \0 monitor the mm thickness anll recurd lh.~ lWIHlilUl.'llsinll1t1
cOllvectiveflow.

With some practice, uniform films ca.n be made as thin as lIvo Iilo!e•.:n­
lar layers in thickness. A two-layer-thick film corrcspouds to the lIJillllcst
thickness for a film to be stable [151). Such a film can IIL\iI for several hours
without breaking in experiments. In general, OIlC can make an existing mill
thinner by a short and rapid movement of the wiper to slightly elll'lrgc the
film surface. This usually results in the creation or deft:ds with fewer moll:c­
ula.r layers, and these defects tend to expand over the Jilm. A film is th.~n

made uniform by slowly drawing it further. Once a film is made llnirorm, iL~

thickllCSS can remain constant even in the prest'nce of strong convcdiort, ur
when the length of the film is slowly changed.
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