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Abstracet

A munber of statistical technigues ave used to study spatiotemporal eliaos ina one

dimensional pattern of lingers which form at a driven oil air menisens, [Cis shown

that the long time o ol the

haotic pattern is stenetnreless, The rins n

between finite and infinite time averages (|

es approximately as apower law

in the avel

ging time, The results sugg

st Chat Tor short averaging times (i,

than abont 50 s) the short time average approaches the Jong thne av mneh

Tike a Gan

sian variable, bt that Tor longer averaging time:

e approach o the

infinite-time average is significantly slower than that of a simple Ganssian proeess,
Generally, the carly time hehavior of the eross-correlation cocllicient hetween pat

terns recorded at different times de

e exponentially aronnd the threshold of STC,

The spatial antocorrelation: funetion of the chaotic pattern has a decaying oseilla

tory tait that is appre sonential.

simately the produet of a cosine and a decaying

The carrelation length is abont equal to the wavelength ol the

patterm.
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Chapter 1

Introduction

1.1 Spatiotemporal Chaos

aterns which form in hydrodgnamical systems driven ont of cquilibomm e

Close toequilibrinm, the system

vecently Leen the subject of muel interest (1

st is dviven further from equilibrinm by changing an ap

Iy nmiform.

spatia

ameter. the system mmlergoes a transition to o state with an

propiiate control i

sl the pattern

organized flow patteri. As the control parameter is further inere

Decomes less organized. When a pattern varies irregnlarly in ot space and tine i

vesample of spatiotemporal

ix called spatiotemporal chaos (STC). Fig. L1 shows

108 in the system studied o this thesis, The fignre shows asequenee al video Tine:

el

vaken throngh a one-dimensional pattem of Tingers which forn at o dviven ol ain

ace, and illustrates that the lingers move irregnlarly along the interlae

inter

acterizing the dynamies of this spatiolenporal

ihes work aimed at el

thesis des

ard statistical et hods,

chaotic pattern using straightfory

TCis o challenge in nonlinear physics. Suitable

The characterization of

1 songht

ally applicable methods for the analsis of siel eomples pattens have b

or a long time. T e last two decades, significant prosress has been acieeed in
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I'hiss spatiotemporal image with hack
of the primters instability, The thes
dvnamies of the §

ound subtracted shows the STC
s deseribes work aimed at characterizing the
whtforward statistical methods,
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instabilities and hydrodynamical lows nsing techiiques

Ve experimental analysis o

rocessing,

sl as faser velocimetry and image processing. and computerizad dati

and experiment control. The experimental work has henefited Trom the close link

e with new thearetical work based oninstability and hifurcation theary, On

the other hand. the theoretical stndy of the suecession of instabilities abtained by

vsix which extends far be

inereasing the control parameter reqiies nonlinear

vond the classical studies i the fiell, Henee a few relatively simple systens, such

O

i poplan

o conveetion and Taylor-Conette flow, have be

¢ Rayleigh- 3én

as protorypes of complos belavior where nonlinear theories of pattern Tormation

may casily be tested,

L nonlinear

itities used 1o characterize my

Unfortunately. the invariant o

ems (attractor dimension. Kolmogorov — Sinai entropy. efe,) have

dvnamical

ol experimental data, This indic

nseful for the analysi

Bt been Tonnd generally

that a deterministic deseription of §TC is hard o establish in practice, thongh in

prineiple it conld he possible. Ou the other hand. statistical methods b

). An there

productively employed 1o deseribe STC insome experiments (2]

are so many degrees of freedom fnvolved in the dynamies of a spatiotemporally

chaotic pattern, relatively standard statistical approaches may be the only practi

terization and meaningful comparisons between

route to both exy

experiment and theo

of instantaneons

One of the simplest statistical measures is the time
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nes

e vt ing, patterns. Fperimentally, this can be obtained by taking video im

rging the images over time, 1t has been nsed carlier in

al the patterns and av

e study of dynansical systenas ([6] [8])L Tn some reeent experiments. the time-

aver

<ol a spatiotemporally chaotic pattern has heen shown to have nontrivial

spatial stoneture, For example, Glackman f al. 9] studied §TC in e Faraday

stical methods, inelnding the time aver-

ng varions stal

sufave wave instability s

ree of

iy ordered time averaged patterns due 1o a b

L They observed b

eolierence of the chaotie instantancous patterns. They explained their time-

averaged patterns as arising from amplitnde and phase lnetuations about a base

winve pattern, Their results will he disenssed further in seetion |

tion length & This length

Another statistical quantity is the pattern’s correl

very short in STC as many degrees of freedom are involved i the

can hevon

denaniies (1], The correlation length was used by Hohenherg and Shraiman [10] as

<tent, the

I seales of a spatiotemporally chaotic s,

one of three chavacteristic le

other two being the dissipation seale {5, whiel is the characteristic length at which

lissipated. and the excitation seale l. the length scale at which energy

wier,
is injected info the system. The correlation length is defined through a correlation
fonetion

Cr) = (@ (r 0)8U0.1)) (L1)

fable (1) from its

where 807 (24) represents the Hluetuations of the dynamical v

e average value at position rand () denotes a long time average. Translational
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fnvariance is assed, which means the resnlts should not depend on the choiee of

gin. C'(r) is expeeted 1o decay as

Clr) = cepl=rfE o

where & is the correlation length. The correlation fength is the length seale over

which a spatially coherent pattern can exist. A linite correlation lengt e implies that

quantitios measired inside a corvelation volime will Tave nontrivial statisties, For

sten. Hnetiations

small systems, sueh that & > Loowhere Lois the size of the

the dynamical variables may be chaotic in time but are constrained to he coherent

¢

i space. Spatiotemporal chaos. on the other land, oeenes whe £« Lo tial

[uetuations are incoherent in space as well as in time, STC is chavacterized by the

ol the correlation fength £

chaotie evolution of coherent struetures ronghly the si

In thermal conveetion. statistical propertios of the total transport (e.g. averages

eteri

o power spectra) provide a meaningfil way 1o e CSTC I I Rayl

Bénard convection (1] and parametrically forced surface waves [1], spatial anto

correlation fuetions have heen nsed ta charaeterize STCL The decay of temp
correlation function can also he used to study the patters dynamies and the onsel
ol STC.

ions work on STC in thermal con

I the vest of this chapter. we foens on pre

nrface and interface wave crinental and

veetion and hydrodynaniic

theoret ieal examples of spatiotemporal ehaos are briefly reviewed in section 1.2,
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work on STC

1.2 Previous exporiments

v ol Mluid dynamical experiments in the past few years have revealed states

that are apparently spatiotemporally chaotie, although a complete characteriza-

(1l TC has

tion pattern dynamies is diffienlt to ackieve,  Experimentally, $

¢ in-

ah- Bénard conveetion [12). the Farad

em [15]{16].

Do stnediond i, for example, Ragl

stability [1[13]. the Taylor-Conette system [H]. the Taylor-Dean sy

roll cunting esperiments ineluding the printer's instability [17]. ¢ /e Theoretically.

the one dimensional Swift-Hohenberg model of conveetion (18] and the Kuramoto-

Sivashinshy (KS) equation [IN] have shown STC which can be reached by a transi-

tion i which the

stem passes through a spatiotemporally intermittent state, The

comples Ginzburg-Landau equation also shows spatiotemporal chaos in both one
aned o dimensions. Tn 1D, Shraiman of al. [19] implemented a numerieal study of
i and identified two different chaotic

the Cing andan cquation in &

states. one with “space-time defeets™ and one with only phase lluctuations and no

1w discussed by Newll

defeets, Tna 2D model. for example, a STC in plasma has be
o al. [20]. Tuensing on the funetion of coherent stenetures in turbulent transport
anel dissipation.

Rayleigh-Bénard conveetion has been studied estensively, both experimentally

2111

ors of large

L and thearetically [21][23]. Rayloigh-Bénard conveetion in lay

hovizontal extent has proven to e a nseful system for the study of STC in patierm
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forming systems. The experimental set-up for studying Rayleigh-Beénavd convee

tion col

tx ol two horizontal rigid plates with a thin flnid laver confined between

thent. When the hottom plate is heated, a temperature dilference A7 hetween

the top and bottom of the layer is prodaced. For small temperature gradients, the

[hiidd remains in a conduetive state but. on increasing the temperature dillerence

between the horizontal fhiid houndaries. the gradient may reach a threshold where

this comduetive state hecomes unstable. Beyond this threshold (instability or bi

wiated with perio

fureation point). conveetion sets inas cellular stenetires

spatial variations of the hydrodynamic fnid velocity field and of the temperatiee

field. Several types of stenetures may he obtained according to the experimental

waves. On inereasing the

conditions: rolls, he:

gons. squares. raveling or standin

Difureation parameter further, these patterns may in tnen hecome mstable, cusing

ve bilureations to ocenr and driving the system to cha Sueh chaos ap

on and elimination [eets in the pattern of

pears toinvolve the repetitive niel

selinations,

volls ([2UF[26]). Several types of defec Deen observed., ineluding
distocations. and grain boundaries.
Spatial atocorrelation unetions have been wsed to charaetorize STC i Rayleigh

Bénard conveetion. Morris of al. [1] stidied ehaotic conveetion patterns ina eylin

drical cell with a large as sing a strocture funetion S(k). they define s

average wave veetor (k) and w corrclation length € =0 (k) (k)2 14 S0k is the
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timeaverase of thesquare of the modulis of the spatial Fonrier transform of a shad-
onwgraph of the convection rollsane provides quantitative information regarding the

¢

fonnd that & ases with an inerease in

spatial seales of the roll patehes. They

the reduced temperature difference ¢ (¢ = AT/A g = 1) and conld be fitted by a

G where o = (200 £ 01 (o s the Deight ol the

power L of the fonn €

ell) and e = 013 2 005 Daviand o/ al. [27] computed spatial cor-

experinen

nlar geometry.

velation fnetions of the intensity of conveetive patterns in a recta

e

on funetion: and meas

relal

They define the correlation length & throngh the ¢

& for ditferent values of . They found the envelope of the correlation fimetion to

hey showed the dependence ol € on ¢

Dave an expunential decay with iner

vior near ¢ = 370, the thr

and noted aehan

mittens

s, Below

inar domain

e dgnamical coesistence in time and space of chaotie

the threshold of ST the correlation length is on the order of the length of the s

fem: €~ 200 ~ L while far bevond this Chreshold, €2\ < L. which corresponds

1o the observed regime of spatiotemporal chaos, Ning of al. [28] investigated -

tating Rayligh-Bénard convertion ina parameter region where the Kuppers-L

at the onset of conveetion,

instability produces spatiotemporally chaotic dynami

showed ordered structure

fornd that the time-averaged conveetion patiern:

They

which displaed the symmetry of the container. They explained that, the Toreing

s of the pattern there, resulting in

at the bouwdary of (e container pins the pha
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phase vigidity of the pattern which manifested itsell in the temporal aver

Ihey

ndied the correlations hetween the instantancons patterns amd the averaged

vegnlar pat tern, and showed that e tuations in the spatial steaetuee of the pattern

were correlated with fluctuations in the total heat flus irongh the layer.,

STC has also heen studied in Favaday surface waves. Under periodie vertic

is unstable to standing surface waves. This

mation. the free surface of a il layer

Kinek ol instability was first reparted by

atnre on the Faraday instabilitg ([30] $8]). Here we Toens onrecent wark reley

to thestndy of STCL A statistical analysis of the transition 1o spatiotemporal chios

s dlelined

in Iara ces al moderately biglh aspeet vatio (17 = 500 100, where |

day wa

as the ratio of the Tateral coll dimension Lto the wavelength X of the surlaee waves)
was veported by Talillavo </ al. [1] Another approach to deteeting the transition to

instability was taken by Ciliberto o al.

spatiotemporal ehaos in the Fara

rtical acecleration which drives

analyzed the flnetnations in the v

whao statistica

the motion of the Muid lay

Recently. Ghiekman of al. studied STC in the lay instability extensively

using a mnmber of statistical measurements (9131 They Tonnd struetured tine

raystenn

average patterns which had an ordered spatial strneture ina Lavae thin Jay

(18], They found the time averaged patierns were aligned with vespeet 1o the walk,

cowave pattern. determined

of the container, The amplitude of the average su

was observed to be dependent on the degree to which

from optical measurements.
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1 the lateral houndaries. and 1o decrea

the surface wave's phise was pinned 7 o

with inereasing, drive amplitnde. They also measured the correlation length of the
pattern from the decay of the spatial antocorrelation fimetion to estimate the degree

of disorder in the instantaneons: patiern.

1.3 Related work on the Printer’s Instability

The printer's instability (also called directional viscons Gngering) is an instability

of e menisens of a viscons Haic confined ina gap of varying width, bet ween two

It oeenrs often in industrial ¢

moving solid stk ing processes. The primary

stivation for el of the carly work on the printer's instability has come from

coating applications, This is hecause instabilities that avise when a thin layer of

[hid is spread or coated onto a surface lead to an meven coating thickness, often

called vibbing. which is generally nndesivable. T fivst described by Pitts and

Greiller [10] and “Taglor [11].

Over the last thirty vears, there has been a substantial amount of rescareh on

Uhis system ane related instabilitios ([10] [50]). Recontly, the ideas of nonfinear

dymmics bave beon applied 1o problems in coating [51]. Rabaud o al. studied

the fingering patiems prodiced in the printer’s instability. both thearetically and

experimentally [17] [31].

Recently, Pan and de Brayn investigated the traveling-wave state in this system

e

is an extension of their rescarch.

(135 [58]). The work reported i this thes
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The experimental set-up of the printer’s instal

lity consists of 1war horizontal
evlinders. which ave pavallel, but vertically offset, one inside the other, such that
the gap by hetween the exlinders is smallest at the hottom, A evoss section thrangh

the two exlinders is shown in

Tn this experiment, by was lixed at 0010 ¢

0000 . A quantity of viscous luid. saflicient to keep the hottom part of the g,

between the eylinders filled. is introdueed into the gap. The velocitios of the two

linde

re controlled by two computer-controlled motors,and Torm twa indepen

dent control parameters controlling the finger patterns and the Lion 1o el

Depending on the sense and speed of the totation of the two cylind

lingering

patterns with different dynamical behavior develup at the menisens, For example

with one exlinder rolating. a

ationary linger pattern appears al the menisens,
and with botl eylinders rotating, different time dependent patterns are observed,
depending on the direction and speed of the two eylinders, The patterns observed

over a tange of veloeities of the fwo exlinders ave indicated in the dynamical phase

diagram o the menisens. Fig. 13, Typieal interface pattoms are shown i §

L1 These inelude a stational iodie pattern ol s

mmetric fingers (g, Lol )

a traveling-wave pattern consis

g of asymmetrie, traveling fngers which occurs
for connter-rotatimg evlinders (Fig. La(): solitary traveling waves in the forin of

localized patelies of asymmetric fingers propagating throngh s background of sta

tionary fingers (Fig, 14(e)): and spatiotemporal-temporal ehaos, which ocenrs for

ting evlinders. in which the

systen exhibits chaotic dynannies. chiaracterized
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by i loss of

and temporal

oherence of the vellular pattor (Fig. 1A(d)).
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20 Sketeh of a eross-seetion of the experimental sestem. where by 0010 |
0.001 .
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ey
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yinnetrie, station
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spatiotemporal chaos. From Rel.
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Phework of Panand de Brayn mainly concerned studies of the stationary and

ine, wave patterns, which ocenr on the axes, and in parts of the seeond and

ot h quadvants of Measurements of the onset and development of the

e elfeets dol

stationary finger pattern were made whiel indicated that finite-

i onset of the lingering instability in their experimental system. They also ol

served asupereritical parity-hbreaking transition. at which the stationary pattern

Jost its retlection symmetry and began to drift along the menisens, They fonnd

ameter. and

that the asyoimetey inereased with the square root of the control pa

i agreoment with theoretic

v was Tinear in the asymmetry

that the drilt vel
predictions ([30] [61]).

It s heen observed that stationary patterns cane evolve into STC throngh

Michal

andd and

investigated by

Wi

STL The ST state in the printer’s instabiliny

o the edge of the STC region indicated on Fia,

Raband [62]. 10 ocenrs alon

Dilatation waves and asvinmetrical pairs of cells were observed in the spatiotem-

porally intermittent regine, and possible reasons for such phenomena were given.

Mic

Hanedd £ al. [63] also presented a statistical description of the transition fo

ted the transition

spatiotenporal chaos in e printer’s instability, They inv

to chaos by measnring the fraction of the pattern which was chaotie. the distribn-

tion ol the widths of ordered domains and the distribution of lifetime 7 of ordered
hehavior at a spatial point. They found that the mean chaotic fraction inercased
nimber of outer

with the inerease of their control parameter Ca,, (the capillar;
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exlinder). They fonnd. for Ca, in the

ange 015 1o 0.3, that the distribution of

the widths of the ordered domains ean e litted by a de exponential. The

c~folding distance £ (the slope of the exponential decay) was Treatel as the charae

teristic width of the ordered ares

<. The ratio (\/ L)%, where Vs the wavelength of

the pattern. inereased lincarly with Ca,. From this

araple they fonnd the value of
Cayat which Ldiverged, Ca, = 001120001, and took this valine as the threshold

of ST transition. Near this threshold, the distrilmtion of the widths of the orde

domain deereases algebraically, rather than milar heha

found in the distribution of temporal darations,

There has

heen little work done on the STC state in the printessinstability itself,

The statistical studies of Gluckman [9] and his collaborators an STC in the Favaday

instability encouraged us to use the same techniques to stidy the STC v

pion

e printers instability. Relative to fully three or two dimensional patiern Torming,

stems. a system sueh

il

the printer’s instabiliy whieh forms one dinen

rions

patterns has the advantage of simplicity. The study of v tistical properti

including time aver

s aned correlation fanetions, ean be used Lo help el ferize

and to wderstand the STC state. In this work, we stadied the Jong time avel

af the STC pattern. and nsing the eross-correlations hetween instantancons 1 1)

5

s we stidied ow correlations decay with time. By varying the averaging

time we studied how the averaged pattern approaches its long, time average, Using

spatial antocorrelation funetion we determined the corvelation length of the pattern,
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which sives o quantita

ive weasure of the spatial coherenee in the STC state, We

sstudy the effeet of the control parameter Ca, on tie behavior of €.
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.1 Apparatus

The experimental set-np is shown schematically in 19

2.0 The apparatus consists

of two horizontal exlinders. mounted one inside the other, bt ol centered, with

the gap between the exlinders smallest at the bottom, A eross seetion throngh the

two eylinders is shown schematically in rent

L L2 The onter eylinder is trans

I

an insi

and made of Pl momted vollers, 1 has

iglas. Tt rested on fonr hearing

radins s 210 mn. The inner

G6.T i and a length /, ylinderis imade of white

Delrin and mownted o an axle which is supported by bearings. 1 las rading o,

2185 mm and length 4, = 202 mim. A small amonnt of sificone oil, enongh to keep

the gap region Hooded during the experiment, is ponred into the

ap between the

ched Lo the

exlinders. Phe experimental fhuid is confined by annular end caps &

onter exlinder, The oil nsed i the experiment was obtained from Aldrich Chemieal

Co. (catalog no. LLOI-8). 1 had viscosity g = 0.525 gfem s, smface tonsion o

1.4 g,

2 and density g sillustrated i Fig.

oot Lemperature,

adjusted with

2.1, the = pusitions of the ends of inner eylinder can be independent]

micrometer serews. as well as the g position of the onter eylinder. The . positions of

19
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Besth e anel onten eylinders can also be adjusted. The driving belts, ranning on a

pualley on the axle of the inner exlinder and a groove on the outer surface of the outer

motors

evlinder. comnect the exlinders to two computer-controlled microsteppi
(Compumotor Phis, CPLX A7-120) which rotate the two exlinders independently.

Ihis arrangement is illustrated in Fig. 2010 A S0286-based personal computer.

«l to the motors by an RS- rial line. is used to control the

which is inter

specds of the motorsand to colleet experimental data, The rotation frequeney of the

motors conld be controlled with a resolntion of 0.001 Hz. Taking into acconnt the
pulley vatios. the minimmm velocity inerement Tor both eylinders was .01 mm/s.

s, when the eylin-

e il

air menisci are linear and paraliel to e exlinder a

ders are at rest. When the exlinders rotate fast enongh. the front. menisens. i

the menisens towards which the flnid is pulled, hecomes unstable. Depending on

tion of the inner and onter cylinders, various one-

the speeds and divections of ro

dimensional fingering pattems can appear on the menisens. Typical fingering pat-

terus ave shown in Fig. 13, The capillary number is defined as Ca = g1 /a. where

| tension.

1 is the veloeity of exlinder. g is the viscosity of the il and o the interfacia

We nse Coy and Ca, as the two control parameters of the experiment. where Ca;
and Ca, reler to the inner and outer eylinders. respeetively. When the two eylinders

a chaotic lingering pattern appears on the meniscus as illustrated

are co-rotaling

in Fig. L (d). The threshold for STC depends on the geometry of the apparatus

pacing between the two exlinders. and the radii of the

(ivtee ot . the mrininumm
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exlinders) and on the two capillary mnmbers,

i a block diagram of the experiment. Tmages of the ehaotic air vl

meniseus were recorded using a Ch Conpled Deviee (CCDY video camera ('l

nix TM-TONY and monitor (Burle TC T0A). and stored on the personal computer

sing  video frame grabber (Imaging Techmology. Ine, PCVISION plus

capable

ol wrabbing 30 frames per second.
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Outer Cylinder Inner Cylindey

Axle

\\ Flmd /
Roll‘.r
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Schematic drawing of the experimental apparatus with only the inner
nder rotating
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tion and Presentation of Video Data

Acais

OF particulay interest in onr experiment is the disordered lingering pattern shown

L3(d). The dynamies of suela pattern can he vismalized throngh a so-

called spatiotemporal image. By recording the intensity of one horizontal video
line through the finger pattern at thnes sepavated by constant time intervals, a

spatiotemporal image can be consteneted. A typical spatiotemporal image obtained

- I this

in onr experiment s presented in 19, figure, time inereases downwards

amd position varies along the horizontal axis. The dark Tines indicate the tracks

of the edges of the oil lingers. Variations in the backgronnd intensity. due to the

ions of the illnmination in space and with time, are visible in I . These

interfere with qualitative analysis of the image. and make quantitative analysis all

It impe

ible. To eliminate backgronnd variations. we record a background inna

ol the appropriate video line with no pattern present. We then calenlate the mean

intensity of that backgronnd. and of cach line in spatiotemporal image. At cach

time. the hackgromul s sealed by A7) as defined helow and subtracted from

the image sueh that the dilference has zero mean. The resulting image is shown in

iy

2oL The hackground is now uniform in space and time, Mathenati

1 A1) and 1)

denote as

A the intensities along a line of the image and the

Bakgronnd. vespectively. then hackground subt raction can be written as

Iy (e N = 1 A1) = s A1)+ (A, (20
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7

where 1A = T

is the weight for the subtraction and varies

with time. Here r is the position coordinate. A7 is the times and the overl,

represents an average over space, The original inage containg 610 pisels in e o

n L/ 4141

direction, bt the computations inchide only the central regi

along the spatial domain of the in his region contains all moving i inonr

jacent lines

experiment. The constant time interval (hefween two i along the y

s 0.

in Fig. - whieh i the minimum interval possible with one inaging
system. Exeept at igh exlinder speeds. when the motion of the fingers is ranid anl

Lighly chaotie. this time interval is sufficiently short compared 1o the tine seale

Tor motion of the fingers. so that the spatiotemporal images can adequately display

the spatiotemporal dynamies of the patterns wnder study, T Fig, 20 the narrow

mes are the lingers, and the wide gray regimes ave the nodes hetween

light =

lingers.
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Fignre 235 Spatiotemporal image of a chaotic pattern in the printer’s i
Time inereases downward, and the horizontal coordinate is position. The total time
shown s 20 s, and the eentral 1.2 em of the oy
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Figure 2.4: The spatiotemporal image of Fig. 2.3 with backgronnd sublracted as
deseribed in the text.
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Experimental Results and Statistical Analysis

3.1 Introduction

I this work, we Toens o statistical analysis of the fingering pattern and its

dgmanmies in (e spatiotemporal chaos region, We fised the inne

pillary nmber

Cayat Cag = 0609, whicl is above the threshold at which the stationary lingering

pattern liest appears. Our control parameter for the transition to chaos is the

capillary mmber Ca,, of oute

evlinder. At Ca, = 0. the menis

ens shows a pattern

e fingers, We then

set the onter exlinder rotating in the

inner exlinder, Tnorder to avoid transient effects in thi

and all other data presented

in the thesis, we waited about 20 minntes after a change of Ca, before taking data.

23 present (ypical spatiotemporal images recorded at different. values of

it i show dille

i dynamies. Inall the

> three images. the r axis corresponds

to pusition aloug the apparatus and the y axis is time. For very low values of

uge the stationary lingering pattern remained s

ble. When ('a,, reached about

0.0

disordered patehes started to appear occasionally on the ordered bac

ond

pattern. as shown ina spatiotemporal image in Fig. 3.1, This kind of bel

ior

observed ina

wnge of Ca, values from 0,005 1o 0.07, The

hatiotemporai imag

28
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al ANnalysis R

this range of Ca,, values show that Taminar (... ordered) domains are dominant. and

the chaotie (7., disordered) domai;

care thetations which develop i a lanin

backgronmd, As Ca, is inereased, the disordered patehes beeome more and more

frequent. and start to spread bt spatially and temporally

“or Cla, hetween 0.0

and 0L16G. chaotic lingers hecome the dominant feature of the pattern, Fig, 3.2 0 o

typical spatiotemporal image Trom this vegime. T this case, Taninar donaing can

be viewed as hietnations in the chaotie backgrownd. The dynamies of the pattern

i

P DO0H S Ca, 006 are referred to as ¢

LOSTH is an inte

bety

en the stable, station,

pattern and the Tully chaotie state. Finally, when

Ca, was high enongh (above 0L163), the interface lias ey here Jost its spatial

and temporal coherence, as shown in Fig, il s ina state of spatio temporal

chaos (ST,

“Tosummarize, we can deserilie the spatiotemporal dynammies of e 1) fvsering

s ST for 0.005

patterns by two dillerent stages: the lirst st ('u

whicl ehaotic and laminar regions coeist in space and tine, a1 e second i ST,
for Cu, 2 0,165, in whiel elaotic fingers spread over the whole spatiotemporal

domain.
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Cluapates

fon of aspatiotemporal image with Cu, = 0.0191: chaotic

e central

sl
denaines appear and dixappear ina laminar hackground.

g

The horizontal axis is

pusition (spaee) and the vertical axis is time,
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2

posiion

inan

BO8: Lam

o1

Ihe contral region of a spatiotemporal image with (‘a.,

ar and disappear in a chaotic hackgrond.

ains appe

dom
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6 ]
position (cm)

Fignre 3.3: The central region of a spatiotemporal image in the spatiotemporally

chaotic state with Ca, = 00113,
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.2 The time-averaged image

As mentioned hefore, with only the inner exlinder rotating. stationary fingers are

obtained. With the two exlinders corotating, chaotic finger patterns appear, \We
Lime avers

studied these chaotie patterns by looking at the long o pattern. The

s s deseribed i seetion

subtracted from 1) instantancons imag

[

2.2, We first show the instantancons long time average intensity of patterns ob

tained in the s

tionary finger state, The 1D hackgronnd-subtracted iustantaneons

lingering pattern and its ave over a time long, compared (o the characteristic

time of fluetnations arve presented in Fig 3.0 for CCug lixed at 0,600 and €, equal
to zero. In the same way, we got. the instantaneons ehaotic fingering pattern aml its

L or hoth Cay and Ca, cqual (o 0,600, The

long time average presented in |

Bl and Fig, 3.5 were obtained by

weraging over

long time averages in both I

15000 individual 11D video lines throngh the patterns, over a time of ELS mimites.

The time-averages of the two patterns are totally different. As expeeted, the

s e

time average of the stationary finger patiern has the same spatial stoetire

= On the other land, the Lime av

instantancons pattern, but with much less noi

erage of the chaotic pattern shown in Fig. 3.5 has no spatial strnetare at all, This

vesnlt s ot entirely surprising. as the average of a random variable is expected 1o

be zevo, However, this vesult is different. from what has heen seen in other exper

fents. Recontly. it was observed in experiments on 2D spatioterporally. chaatic

tion [28] and Lhe Faraday instahiliy

patterns in rotating Rayleigh-Beniard conve
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that the time-averaged patterns had spatial strneture, the symmetry of which

determnined by the symmetry of the boundaries. Gluckman el al. [9] also observed

meture in the image decreases with inere

that the amplitude of the s

erag

ing phase netuations resulting from an inerease in their drive aceeleration. and

depends onthe degree of phase pinning at the houndari

Joss

for the stries

Now we turn to a qualitative disenssion of the reasons

long time average in the chaotie state, Ideally, the instantancons patterns can be

regarded as being biilt on a single wavenmber base patter. 1 the phase of the

e v

pattern is pinned at the houndary. as would happen with solid  the phase

of the instantancons 1D fingering pattern is expected to he coherent in £, so the

long, time average will have a stracture. On the other hand, il waves can freely

change phase at the honndaries, a stemetureless long-time average is expected, as

periment. the bonndaries can be considered to he vsoft™

obseeved in 9], Tnone e

boundaries heeanse no vigid walls exist at the ends of the menisens. so the phase of

the instantaneons wave pattern varied freely at the ends. Thus phase coherence was

Tost spatially and temporally. The vesult of the random phase fluctuations is that the

superposition of e ing

ntancons chaotic patterns leads 1o a zero time average, We

noticed t se lnetnations,

o the pl amplitude flietnations are small.

ieture of the

amplitude Tuetnations did not affect. the basic

Jong tinme average. The vms deviation of the long time average is roughly 1710 that

of the instantancous one. and this magnitude is well within noise level as shown in
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(). 1t was also observed that Tocal spatial nieleation and collision of fingers

hanpened from time to time, These local activities conld canse local dislocation aml

disclination of fingers, and therelore, contribute 1o the zero mean amplitade of the

Tongtime average patierns. | dso fornd that for higher values of the eapillary
mmber oo stractireless average conld he obtained ina shorter time,

es of Lhe instanta

In conelusion. the stractarelessness of the long time averag

ncons lingerings patierns in the §TC regime was cansed by phase variations in the

instantancons fingering patterns. Phase pinning at the houndaries is not important

dneto the soft houndary condition at the ends of the system.
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Fignre 3.5: The instantancons
chaotic finger patter. at Ca, = 0608
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Clispster 5. Exporimental Re

The approach Lo the infinite-time average

11 is interesting Lo probe the way the average pattern approaches the infinite thme

ing time is inereased. The way the average pattern approaches

as the o

ge really tells s how fast temporal coherence is lost. Moti-

the infinite time aver

1tions of linite lime ave

vated by suel considerations, we measnred the rms de

tween linite and in-

from the infinite fime average. We define the rms difference

linite 1ime averages a

= Al (3.1)

ey = (Ale. 7

ackets denote an aver

g0 over

)z, The angle |

where () = (1/7) [ (2

space. D(r) would decay as the inverse square rool of the integration time for a
system with random Ganssian fuetuations. D(7) is plotted on a loglog graph in

3.6, for Ca, = 0097, For [ < 50 s, the data approsimately obey a power

o wit h exponent = =017 4 0,02, This indicates that. for short averaging times

ss Ul abont 50 s) the short time average approaches the long time average

=0..

n variable. Towever, for 1 < 100 s, 3 is +0.02.

approximately Tike a Cany

The Fact that the magnitude of the slope is below 0.5 for longer averaging times

fndicatos that the time correlations decay more slowly than a Gassian variable, As

seen [rom Fi 3.6, D(7) lnetuates quite a lot at large 7. Ideally. the infinite time

However, the actual infinite

average shonld approach to zero as it is structurel

bt.raction of

thy zero due to noise involved, and the

long time average is not e

two long time averages would bring in noise and make data fluctuate at the |
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D(7) (arbitrary unit)

3,
T

104 L 1 1
10° 10' 10° 10’ 10'
T(s)

hort Lime average from the
ing times (1= 500 ). the
Sanssian, bt for longer

erage approachos the long time average nnel lik
g Limes e decay is stower,
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3.4 Time-dependent. correlation coefficient

s-

In order 1o probe the time correlation among the instantancons 11 images. we

ulated the s correlation coellicient. between the spatial lluetuations in the

instantaneons images as a fnetion of time, We eall the instantancous 1D image

.

10r.0) is the image recorded at time zero, and we denote by G, the e

correlation cocllicient defined

Gy = n)

EYEXT R YT EN W

whore 8 10 1) = 1) = (1{r. 1)) vepresents the subt ra

o of the spatial mean. and

the 1 ge over space, The correlation coellicient Ties hetween

< Land 1 The correlation coeflicient will be zero il two instantancons images are

completely meorrelated. and will be 1if they are perfeetly correlated (i.e. if they

are identical). Typically. €7 w ileulated from a series of

images recorded (0. apart, For cach such 1D instantancons image. we consider

only (e contral vegion L7 < < 3171 as this region is where all fingeri

& patterns

oeenr,

As mentioned at the beginning of this chapter, STC can be reached by passing

throngh a state ol spatiotemporal intermit tene

For a complete study, we have

ed the e

of (e of both ST

and STC.

ly time de

At very low anter

vlinder specds, (e decays exponentially al carly times.

< a weaph of G

as a funetion of 1 for C'a, = 0.049, The same data for small

time are shown in Fig, 3.8 and on a somi-log graph in Fig. 3.9, The decay of G
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in this region ean be litted by an exponential decay, G

= (L50 £ 0L03 & < shown in F DA power law it showr

L bt did not deseribie the data as well.

was also tried for the datain Fig
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-0.

t(s)

ation coeflicient at Cag = 0.049,
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0.0 0.5 1.0 15 20 25

Figure 5.5: The carly time decay of the €2 dati shown in Fi
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UE
.
10" L L L
00 05 10 15 20 25
t(s)
Fignre 2.0: A semi-log plot of the data shown in Fig. 3.8, The data can be desceribed

by an exponenti

ceonstant a = 0.5040.03 s=" shown by the solid
e It ot by o power law decay, as the dashed Tine shows.
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Chapter 5

ly time G data

Buth power law and exponential decays were fitted 1o the
for o mmber covabues of Cae Generally, the exponential fits deseribed the dara
better. as indicated by the values of the \# obtained from the fits, Fignre 300 shows

the decay constant o as a funetion of Ca,, Tor Two sets of data taken at the sane

value of Cape o inereases with Ca indicating (h

i expected. 14

quickly @i the system hocomes more

0,100 the system is highly chaotic, and the carly tine decay of G conld not be

observed. Tndeed. in the STC regime. the time correla Lancons

images deere so fast that few data can be seleeted Tor stidy. Therefore, anly

e,

' eonld be investig

the regime close to the onset of ¢




decay constant (1/s)

Figure

decay ol

data taken at the same value of Ca

xperimental Results and Statistical Analysis 16

15 T T
10 1

s i E§ I ]

o]
* B
L ®ee i .
0.0 0.1 0.2
Ca,
Phe decay constant obtained from exponential lits to the carly time

Goeasa funetion of Ca,. The two symbols are from two dilferent sets of
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1t is worth mentioning how the carly-time €. data were selected. ¢

b lie

Bigh. bt then decays 1o random noise. The range of data whie e noise

evel at carly tines could he Fonmd wsing the Matlab statistios fanetion N oemplof,

which produces a Gaussian probability plot of the data, T original purpose of

this funetion is to allow graphical determination of whether a set of data conld

come Trom a normal are normal the plot will he Tinear.

e Lhese

For other distributions. enevatire in such a plot can he expeeted. Tnoonr o

(luetnations. which were Ganssian. |

which is in STC region. We ean see (4, <

time. So the Jong time hietnations of ¢,

B0 Tor Ca, = (0.2

plot of the data in Fi n Fie,

3.

2. we see that for (4, S 0.2 the data follow a Ganssian disteilmtion, Tt the

a above

data higher than 0.2 obvionsly do not. In Fig. 3.020 we only nsed the

0.2 at the carly time for analyzing the hehavior of early time decay. For dillerent

Cagewe nsed this method o decide the vange of the data for €, at cach carly tine
decay. For Ca, > 040, the carly time decay was oo Tast to bhe observed with onr

time resolution, which was 0,05 sceond. This can he seen in Fig. 3,03 whiel is a

G

ian probability plot for data taken at Ca, =011 Almost all of the data L

on the line expected for Gaus:
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Figure The time-dependent ¢ corrclation coeflicient in deep STC. where

0.

Ca,
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Figure 3.02: The Gaussian probability plot for the €7, data shown in 1
Ca, = 0. a fitted by the dashed Tine can e descri

ability distribution. The data at (£ > 0.2 are obvionsly not Gans
the (o an carly time decay rapidly lo noise level, we ean still select
analyze the hehavior of the early time decay,
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by the dashed Tine. their probability
lie above the noise.
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We fonnd there was nsually a high Bietnation in (7 (see Fige 3.7 Tor instan

taneons 1D iny in the state in which chaotic patehes developed inoa laninar

hackground (vefer to seetion 3.0, This s wderstandable hecanse the chaotiv

1 and temporal extent, so the hasie lingering, patterus

mains are limited in spati

were correlated al some fimes and uncorrelated at other times, This cansed the

obvions lnetuations in G On the other hand, relatively small letnations were

observed when the pattern was totally chaotic or when it consisted of @ chautic

- domains. chaotic domains |

ckground with short-lived lamin

K hetiations

s conld he less correlated, so w

nant. instantancous lingering
conld be expected in this ease. \We found, exeept for the carly time decays, The

- s Clans

neral hehavior ol the

We also performed similar experiments with Ca, = 091 The sanse hehavionr

was observed in this case, bt with smaller statisties.
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35 relation function and length

ion funetion deseribes the distanee over which

Qualitatively, o spatial antocorreli

sented by a correlation lengtl which

A property of o system persists. This is rep

i deined throngh the antocorrelation Tonetion. as given in Eq. (L1) in Chapter

ce of

Lo We now introduce the spatial antocorrelation Tunction to probe the

disorder in I pattern. From Eq. (11). we have

o AN DA A1) 5
e (3.3)

where /s the intensity at a spatial point in an instantancons image (17 is different
Trom £ onsed i B, (L) and N7 = ety = (e 1)), The () denotes the

abont. the range of spatial correlations throngh the

ensetmble ave

CLAr) tell

correlation length & The computations are again performed on the contral region

ed over 80 instantanconus images Lo

of the patterns, LI < < 3L/ and ave

simooth antocorrelation anetion. The autocorrelation funetion C(Ar) decays

and oseillates with Ar. As illustrated in Fig 3,110 the oscillating tail can be well

g exponential. ignoring the point

litted Iy the prodiet of a cosine and a dec
) = 1. The hehavior of the amtocorrelation Tunetion agrees with that observed
by Ciluckman e al. 9] in the §TC region of the Faraday instability. Generally, the

ation funetion can be fitted by

C(Ar) = peos(kAr) ™ (3.1)
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where € is the spatial correlation Tengthe Perleet correlation in the spa

al domain

means that the correlation length will he the same as the system fength, Otherwi:

the carrelation length will he smaller. £ is the mean wavemunber of the i

pattern. gy is a parameter giving the amplitnde of C(Ae). The cosine Tanetion

deseribes the periodie component of C(Ae). This periodic belavior is related to

the period of the base lingering pattern. Pl carrolation length € is the decay ength

of the exponential envelope and i determined from fits of the data o K. (3.1).

NE

Fhe exponentially decaying envelope determined Trom the lit shown in Fig,

is plotted in the inset to Fige 3.0 L along with the amplitudes of the positive and

negative peaks of (). The valie of the decay Tength is 081 0.0 em which

approximately 1/5 of the dominant wavelength of the iustaniancons lingering

patterns, or 5 the meniseas length.

lengths obtained from Lwo sueeessive 80 line images. The femporal anto correlation

funetion of a single spatial point also shows exponential decay.

decay lengthe. the temporal decay Tength is Fairly short i the STC v

5 (the same parameter value as used in Fig. 3.01), & is about (117 1 0.02

I order to characterize the hehavior we observed, we studied the variation of

the dee

v length with eapillavy momber Ca,. Fige 3005 shows that £ deereases

as (', inereases. Facl point in i A was abtiined fron averaging, over 960

individnal ealenlations of the antocorrelation fnetion. £ deereases vapidly for C'a,

below 0.066. This corresponds o the lirst part of the STI region in which chaotic
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a laminar backgronnd. and shows that the development of the

tic pat ches is very rapid as Ca, is inereased, .. the degroo of disorder inereased

For lar

As

dramatically Clar,e the rate of decrease of € 5 shown in Fig. 3.

the correlation length is Taivly well deseribed by a power law with a exponent of

exeept in the vicinity of the threshold of the STC. where the hehavior

s mmelear,
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e peaks of C(Ar) along with the devaging exponential envelope determin
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antorory

o from

approximatel



Chapter 4. Experimental Results and Statistical Analysis
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plot of the data shown in |
+0.02,

Figure 3.16: The log-log Tl Tine is o power
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ussion and Conclusion

statistical resalts differ from these fonnd from

ay instakility by CGluckman o al [9. These dilerences

ane mainly e to e different boundary conditions and esperimental techniques

involved,

Beeause the |

©

ueliaries in the experiments of Glackman o/ al. pin the ph

of the pattern, thei vimetrie pattern. Based on the

sharedowsraphs wethod ey uple onee oli-

. they developed

mensional miodel. aned then deduead @ two dimensional model to interpret their 21

el

an 1 patterns, ) red Jong

ig o ul. [28] also reported an or

e average iotating theemal conveetion, They elaimed that this symmetrie av-

eraged pattern s due to foreing from the houndary which produced a phase vigiditye

af the patterns. On the other band, one experimental system has soft houndary

conditions and this cansed a stevetireless time aver.

o nnderstand the

e rie




ion and Conelusion

miship between the long tin

average

eulating the s 1 eross correlation

ation ol this cross-correlation coellicient 1o he ot Tar From Ganssian. Ly rotating,

thermal vonvee Ning o/ al. diel a similar investigation for the

anel the ave

tantaneons patlo

s s the sy is elriven further from equilibrinm, They

also studied the cross correlation between Tuetuations of the patterns and the in

palitatively

anlaneons

s innage

in hoth ST1

arly tines is gen

and STC regions. For Ca,, > 040, the carly time decay of € was oo Tt to

seel. The netnations of the fe

he detected with the imaging sys

AU Ca = 000 (G the STC regime). e decay Tength is only aliont S0% ol

e wavelength of the 1 attern, or 5% of the menisens lenat b The dec heth

er (0]

it ke of alls o than s, At e 1 their deeay

2 0.2 e which is about 6 times their domisant i

Tength on

Wi
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e the result of different dynamic

A4 of their container widi . This difference ma
wsterns involved. The short correlation lengtl is expreted. as inan infinite system

degrees of freedom involved, We nhserved that 1he spatial

there ane usaally min

sos slowly in the STC regime. This is in

ion lenstle (decay Tength) deere

coement with Glockiman's observation in his experiment.

e Clay, and found the

Furthermore, we calenlated decay lengths at differ

power law. althongh

ercase of the correlation length is approximately fitted by

ion 1o STC. The slow

e in the vieinity of the transi

e behaviar is more complics

v length in the STC region is nnderstandable. as in the

e ol the de

devre

sdered domains do not change dramati

wracteristics of the

regime the el

sase ol correlation length is expeeted. Ning of

with inereasing Ca,. so a slow dee

ssercorrelation of the instantancons pat-

wtion for the o

al. die o similar investig

terns s the averaged vegular pattern, They fond that the mean correlation ¢

decreases with inereasing ¢

ages of the chaotie pat-

setween finite and infinite time ave

e v il

suggest that for short

w. The results

terns (e

vs approsimately as a power |

8 times (e less than abont 50 %) the short tinme average approaches the

time average mieh like a Ganssian o dable, but for longer averaging times the

vonvergenee is slower thine that of a Gapesian, This is different from Gluckman's

puwer Taw with an average exponent of 0,10 £ 0.03 [9],
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4.2 Conclusion

I this work. we investigated the STC in printer's instalility nsing varions statistival

measnrenents. Mthomgh none of onr resnlts are surprising. this work i liest step

i the study of STC in the printer’s instability,

The spativtemporal ehaos observed in the printer's i

ility with the spead of

the inner evlinder fised has boen i

terns driven ont of quilibrinm are

Cacaned becomes fully chaotic as Ca. s

of the soft houndary conditions on the ends of the pattern. the long tine

of the s

Iy anel temporally o

sordered T lingering patterns is stroctureles

contrast to the results of Glickman o2 al. for the 1

Bility. Asour bound

ary conditi

is are perhaps closer to those which apply in some natiral

ans. onr

experimental results may be nseful for underst

ling spat

cnporally dhaotic dy

namic patterns in nature, The convergen

of the linite ime average to inlinite tne

that of & Ga

ssian process fo

s that the time correlations decay more stowly than

The time-dependent ersseeorrel

ion coeflicient (0, between instantancons im

ages quantilies the time coherenee between these inages. aned the belavior ol ¢4 (1)

shows how fast

orrelations are Jost. The carly time de ol G show generally

Dl

the exponen

vior in spite of th ent ey states involved. On the

whole, the decay constant inereases with Ca,. The flnctuations of /..

yonel the
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ree Clanssian.

enlated. The

tion funetions have been

't of @

v fitted by the prod

lecaying exponential. The dee ngth s fairly short and decreases

ol & can be litted

v in STC regime, For €, from 0016 up 1o 217, the decrease

v ol & in the vieinity of the threshold of STC is

v . though the bel

ar. The behavior of the temporal antocorrelation Tnnetion can be deseribed

ing exponential. The correlation tine is extremely short in STC regime,

by i de

Futare experimental work conld he aimed at an investigation of the meleation

and elimination of defeets in the STC state, as this may eventually lead to an

the origin of STC in the printers in speriments with

wnderstandd

ders having ends which pin the phase of the lingering patterns might also be

for the further study of the long time average of the STC

1 inferesting direct i
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