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Chapter 1

Introduction

Typically the influence of surface or interfacial tension on (most) largkegtuid dynam-

ics problems is negligible. As the spatial dimensions are reduced, theestofaolume
ratio and correspondingly the balance of forces changes such thdadé tension
gradients or Marangoni stresses are often the dominant driving liedti@d fluid flow.

The probably most prominent example of these Marangoni flows are treywkidown
Tears of Wine A shadowgraphy image of this phenomenon is shown in Fig. 1.1. Be-
sides offering fascinating dinner table experiments, Marangoni floevalap harnessed

in technological applications such as solution deposition techniques or liquidtan

in microfluidic devices.

A variety of mechanisms can give rise to Marangoni stresses and floarisas ther-
mal and compositional gradients. This thesis is focused on surfactargeidddarangoni
flows. Surfactant is an abbreviation feurface-active agergnd denotes substances that

s

: : -
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Figure 1.1: The probably most fa-
mous example of Marangoni flow,
the Tears of Wine The shadowg-
raphy image gives an idea of the
complex flow phenomena as a result
of surface tension gradients arising
due to the evaporation induced non-
uniform alcohol concentration in the
liquid that is wetting the wine glass.
The glass was illuminated from the
right and the image was recorded
with a consumer digital camera.
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Figure 1.2: (a) Sketch illustrating the principal molecular structure of aaceréctive
substance. Surfactant molecules usually comprise a polar and a nompajaesulting
in their tendency to accumulate at fluid interfaces. (b) Interface betwgelaaand a
non-polar fluid in the presence of a non-uniformly distributed surfacié. surfactant
accumulates at the interface of the two fluids, lowering the interfacial tengiaron-
uniform spatial distribution gives rise to Marangoni stresses, which mitduce flow
at the interface from regions of high interfacial concentration or low fatéal tension
to regions of low interfacial concentration or high interfacial tension.

reduce interfacial tension due to their tendency to adsorb at interfelsegrigin of their
surface-active nature lies in their amphiphilic molecular structure, i.e. théstasices
generally comprise a polar and a non-polar part. This molecular structgralia-
tively sketched in Fig. 1.2(a). At a fluid-fluid interface, regions with a rsghfactant
concentration therefore have a lower interfacial tension than regiolmsvagurfactant
concentration. This gives rise to flow and facilitates the spreading of tfiactants
from regions of high to regions of low surfactant concentrat®in'®2 as sketched in
Fig. 1.2(b). In this sketch the interface between a polar and a non-paldd I&illus-
trated in the presence of a surfactant. Surfactant is present in botiphasgies (which
dependent on the system configuration might not be the case) in diflevanentra-
tions. The concentration of the surfactant at the interface increasedtie left to right
side. The direction of the resulting Marangoni-stress induced flow fight to left at
the liquid-liquid interface as a consequence of the non-uniform surfedistribution is
indicated by the black arrows.

The work on surfactant induced flows described in this thesis can ediin two
main topics, the spreading of surfactants along liquid-air and liquid-liquidfatdes
and the fascinating phenomenon of surfactant self-propulsion. Irethainder of this
chapter, first an overview of the literature regarding surfactanesimg will be given,
followed by an overview of self-propulsion phenomena. The introductamrcicides
with an outline of the structure of the thesis and an overview of the treatedtdpir-



1.1. Literature overview - Surfactant spreading 3

thermore, surfactant spreading and specifically the work presemtedhkbe discussed
in the context of technological processes. One of them being Enh@itBécovery?3
(EOR) in this field, the spreading of surfactant could provide an integestamsport
mechanism.

1.1 Literature overview - Surfactant spreading

Existing studies on surfactant spreading and the associated flowspnestoly focused

on the far field spreading dynamics in simple systems at liquid-air interfacesn@sur-
factant spreading along the surface of deep liquid layers has beatigated by Fa$?

and Houlf8. Huhet al.8” studied the spreading rate of a thin liquid on an immiscible
liquid substrate by means of experiments and an approximate quasi-stedgisaarnhe
driving force was assumed to be a combination of gravity and interfagie¢$o Foda
and Cox’ considered the spreading of a thin liquid film on a water-air interface for the
case where surface tension gradients drive the motion. Camp an#’Rerjormed ex-
periments regarding the unidirectional spreading of several pure algiasurfactant
mixtures on water in the surface-tension regime and reported data conhsigtethe
similarity solution of Foda and Cd%. The leading edge positiah of a spreading oleic
acid film was determined to scale with time As~ t* with the spreading exponent

o = 3/4. Jensef? presented a detailed theoretical study and showed that for spread-

ing over uncontaminated layers ~ ((67/81“)2753)1/[2("“”, wheren = 1 for a strip
geometry andh = 2 for a droplet. For pre-contaminated layers he derived the asymp-
totic scalingL ~ t*/4 for both strip- and droplet geometries. Joos and Van Hufsel
considered the spreading of droplets of surfactant solutions on immiscg@aio lig-
uids and found a spreading exponent of 3/4 for a solution of a fluodrstefactant
on CCl,. For a different material combination Svitoeaal.1*° reported spreading dy-
namics that cannot be represented by a powerlaw and that procdeded fr pure
dodecane than for a substantially more viscous mineral oil as the sub-fhagactant
spreading at the air-liquid interface of thin liquid films has been studied axéiyndn
the pasf:1141:45.46,51,52,56,71,74,75,92,93,136,142, 283, \hmad and Hans€reported on the
spreading of oleic acid on glycerol films and found a spreading expohen= 0.5. Us-
ing experiments and theoretical models based on the lubrication approxinietger)

et al.1*3 as well as Grotberg and co-workét$'->?investigated axisymmetric unsteady
spreading of surfactant monolayers on thin liquid films. Film thinning occuimehe
vicinity of the deposited surfactant as well as film thickening and the formaticn
rim near the surfactant leading edge. Jensen and Grotberg presemtedel for the
spreading of soluble surfactartsconsidering linearized sorption kinetics and fast ver-
tical diffusion across the film thickness. Different solubilities of the sttgfat induced
qualitative differences in the flow patterns. JenSediscussed similarity solutions of
surfactant driven flow problems. Stareval. treated the spreading of a drop of a sur-
factant solution over a thin water film as a two-stage prot¥ssin a first stage the
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surface concentration was kept constant to account for micellar digsgltollowed by
a second stage where, after micelle depletion, the total mass of surfadsanbed at
the surface was assumed constant.

Troian et al.1*3, Frank and Garoff®, He and Kettersotf, Matar and Troiaf?%3
Cachileet al.117 Fischer and Troiatr#6, Afsar-Siddiquiet al.*-%, Warneret al.}*° and
Jensen and Nairé considered instabilities occurring near the perimeter of spreading
surfactant droplets and surfactant fronts. Eveiral. investigated the role of surfactants
in the formation of crater defects in drying paint lay&tsDussaudkt al. studied the dy-
namics of insoluble surfactant monolayers spreading on glycerol¥in&xperimental
film thickness profiles were obtained by means of Moire topography. éaslimg expo-
nent ofa = 0.23 was found, which is close to the analytically predicted value for radial
spreading of a finite quantity of deposited surfactant. Craster and fathrcidated
the effect of autophobing of surfactant solutions. The combined tedfeiemperature
and surfactant concentration gradients was studied by Bahah, Chen and Stebe,
Edmonstone and Matar, as well as Hanumanthu and t€pé?->9

In the context of pulmonary surfactant transport, several grougsiigated exoge-
nous surfactant spreading along thin liquid films adhering to the intericacaidf hol-
low tubes®40:144.151 Daviset al.33 studied axisymmetric and steady flows and reported
that in the limit of negligible radial interface curvature, i.e. when the tube sdélia very
much larger than the adhering film thicknéss.e.,d = h/R — 0, the flow is solely
influenced by surface tension gradients. A qualitatively different\iehavas predicted
for small but finites. Espinosat al.*° found that the effect of circumferential curvature
was negligible, as if spreading occurred over a flat surface. Forarlewation of state
a spreading exponent = % was reported. Furthermore, the presence of a resident en-
dogenous surfactant amplified the spreading rate. Williams and J&hsensidered the
effect of circumferential non-uniformities of the liquid film thickness andaoded that
flow-induced shape deformations of the liquid lining influence the spreatlingmics
only weakly. Followset al.*® applied neutron scattering and observed the presence of
multilayers at the surface of exogenous lung surfactant solutions. (thera recom-
mended that their presence be incorporated into the existing models, whitdrgely
based on the assumption that surfactants adsorb as monolayers.dtaléspresented
experimental data of the spatio-temporal distribution of a fluoresceractart during
spreading on a glycerol layer.

Recently Berd presented the first systematic study of Marangoni driven surfactant
spreading at the interface between two deep liquid layers. In this studyuBed deep
layers of decane and water. The spreading kinetics of several tyjsesfactant at the
interface between the two layers were investigated experimentally. A scalatipn,
derived by balancing the interfacial tension gradient and viscousses@sthe boundary
layers in the two liquid phases, was in quantitative agreement with the expéairdata.
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1.2 Literature overview - Self-propulsion phenomena

The physicochemical hydrodynamics underlying the self-sustained motioselio-
propulsion, of droplets and small solid objects have received conbideatention in
recent years. The probably earliest and one of the most extensorehtifically docu-
mented examples of this phenomena is the self-sustained motion of so-calledocamph
boatg?105107.123 There are however a variety of manifestations of self-propulsion.

A theoretical analysis of the motion exhibited by liquid drops on surfaceibitixig
a gradient in either the surface free energy or temperature was fgéssrBrochard®.
Chaudhury and Whitesides showed in their experiments that surfacistiegha sur-
face energy gradient can facilitate the motion of water droplets againstirdioh
of gravity?l. Bain et al. studied the self-sustained motion of alkane droplets on hy-
drophilic stripes on chemically patterned glass substrates. The dropldnszha
fluorinated fatty acid that can adsorb onto the clean glass and decreasteriacial
free energy, this in conjunction with the asymmetry due to the initial droplet place
ment in one corner of the hydrophilic pattern induces and sustains a dinextgon
of the alkane droplefs Dos Santos and Ondarcuhu quantitatively studied the motion
of these droplets using a model relating the droplet velocity to the differiencen-
tact angles in the front and back of the droplets. The modification of thiacioan-
gle in their model is based on first-order reaction kinetics and reprodiheedffects
of droplet size as well as concentration of the wettability modifer An experimen-
tal study of the motion of an iodine and potassium iodide containing oil dropletno
aqueous cationic surfactant solution was conducted by Magome anikaasf®. They
attribute the motion of the droplet to temporal oscillations of the oil water intetfacia
tension observed when the two solutions are brought into contact. Aslyalrean-
tioned a prominent example of self-propulsion in scientific literature is the mofion o
camphor on water which has been studied for a variety of system caatfigus by var-
ious group§2*63v80'90'96‘105'107‘1107112'113'1157116'12&38.5' Yoshikawaet al. studied the
motion of camphor fragments of asymmetric shapes which exhibited a selj-rotate
of motion while fragments with a left-right symmetry and back-front asymmetmgewe
reported to undergo a translational moti8h Spontaneous switching between modes of
motion for a camphor scraping was reported by Nakata and Haya&HinNakataet al.
found for a camphoric acid scraping the mode of self-motion to be depeadéhe pH
of the aqueous phase with a change from constant translatory motioimt@remittent or
mode switching motion to rest with increasing pH-vaitfe Schwartz an Ele}?® inves-
tigated the motion of droplets on substrates exhibiting spatially varying swefeargies
and proposed a numerical model using the lubrication approximation incluiogus,
capillary, disjoining and gravitational forces. A comparison with experimigetults
revealed qualitative agreement. Spontaneous deformation and transfadioneocury
drop in a concentration field as a result of the dissolution of an oxidastatnyas inves-
tigated by Menzingeet al.1’*. The motion is attributed to imbalances in the interfacial
tension of the mercury drop due to nonuniform oxidization. The influefiegbeoation
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on the motion of liquid micro-droplets on surface exhibiting a spatial gradiestiin
face energy was studied by Daniel and ChaudBunjn increase in propulsion velocity
by a factor of~ 5 was found and attributed to a vibrationally induced reduction of the
retarding effect of contact angle hysteresis. Laibatisal. employed droplets of non-
polar liquid containing a wettability modifier on chemically patterned surfaces tty stu
reactive wetting. Experimental results for the propulsion velocity as aitumof the
wettability modifier concentration are compared to theoretical predictionsl loaise ki-
netic as well as a equilibrium analy$8sWhitesidest al. studied the self-assembly of
aggregates and their influence on the dynamical behavior of autonornmoogilyg parti-
cles. The considered particles were hemispheric plates, with varying Wigttatound
their perimeter, moving on an aqueous hydrogen peroxide solution. Miegdiorce of
the motion was the impulse of bubbles generated by platinum-catalyzed decdtiompos
of hydrogen peroxide. Specific wettability modification of the perimeter of thiep re-
sulted in complex dynamics of single particles, varying interaction of separtitles as
well as self-assembly of particle aggregates inducing new dynamic beffavidicron
sized rods, segmentally constructed from Pt and Au, exhibiting selfisadtanotion
were studied by Paxtoat al.'1°. Their autonomous motion was driven by Pt catalyzed
decomposition of the surrounding aqueous hydrogen peroxide solutibtha resulting
formation of oxygen. This, due to the segmental structure of the rod, ledgtimcess
gives rise to an interfacial tension gradient that is continuously redestatl as the rod
moves. While the origin of the driving force for self-propulsion is the R&lyaed de-
composition of hydrogen peroxide for both systems described by Paxtai''® and
Whitesideset al.”® the direction of the of motion is inverted with respect to the location
of the Pt catalyst as a result of the different driving mechanisms whimgulse and
interfacial tension gradient due to bubble formation for the system desichipp White-
sideset al.”? and Paxtoret al.1%, respectively. A concentration dependent change from
uniform to intermittent autonomous motion of a 1,10-phenanthroline grain floating
an an aqueous FeS04 solution was observed by Nekatal®. Genzeret al.'?° found
that the self-propulsion speed of water droplets on porous substxdiibitiag a wetta-
bility gradient is higher than the speed on an analogous smooth surfacaligsanal-
ysis attributing this increased velocity to reduced friction at the liquid subsiriziéace
is in quantitative agreement with the reported experiments. Coupling evolujice e
tions for the droplets height profile and the density profile of an adsoldogte Thieleet
al.”® studied the self-sustained motion of droplets on partially wetting substrategy Us
a magnetic field Klinest al.! were able to remote control the autonomous movement of
striped metallic nano-rods propelled by Pt-catalyzed hydrogen perogitamposition.
Lazaret al.8* presented an analysis of the reversible self-propelled motion exhibited
by droplets of long chain alkanes. The melting enthalpy was identified as ¢ngetic
source of of motion of droplets forming on melting solid alkane multilayers. For tem-
peratures slightly above the bulk melting temperature, the multilayers melt into tfrople
moving in a self-avoiding, random path. The solid alkane is consumed byrdipéets
during their motion. Attemperatures slightly below bulk melting the process issede
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The droplets then move backwards and leave a narrowing solid trail fételdepleting
droplet.

The self-propelled motion of miniature semiconductor diodes was studiedlby Ve
et al.!%. Floating on a water surface in an electric field, the diodes moved due to parti-
cle localized electro-osmotic flow. Using this conversion of electrical gnieg me-
chanical propulsion, locally distributed pumping or mixing was demonstrateshiy
bedding the diodes in the walls of micro-fluidic channels. Grzybowskil.1*> used
self-propelling particles, containing camphor, to study the dynamic sedfvady of
particle ensembles. In a bounded geometry a critical particle density wageep
which resulted in a transition from synchronized motion to the formation of @m op
lattice structure This transition was attributed to the repulsive hydrodynamraatien
of these particles. Certain self-propelling droplets can also be used t® aatvaze
problem as described by Grzybowskial.22. In their experiments, the droplets of an
organic solvent, containing a surfactant with pH-dependent surfeegty navigated
autonomously through a maze of micro-fluidic channels in which a pH-grad@nes-
tablished. Recently there has also been focus on the schooling behaviateractions
of multitudes of autonomously moving objet$8.70.128

1.3 Outline of this thesis and technological context

In the remainder of this thesis surfactant induced surface tension grallieen flows
in an array of system configurations with increasing complexity will be studied
Chapter 2 the flow dynamics resulting from the deposition of a droplet of soluhle
surfactant onto a thin liquid film covering a solid substrate will be describais con-
figuration is a model system widely used in the study of insoluble surfagia@ading
at the liquid-air interface. Besides the radially outwards directed displateohehe
subphase, induced by the resulting Marangoni stresses, the dffieetamnditions in the
vicinity of the surfactant source on this displacement is elucidated. THieaiipn of in-
terference and fluorescence microscopy led to the conclusion thatcthrediéions have
a pronounced influence on the far field spreading rate of the surfaatansub-phase
displacement. Furthermore a novel oscillatory contact line instability of tHactant
droplet is described in this context.

Injection of surfactant solutions is considered a potential means forcérgdarger
fractions of the oil present in underground oil reserviifg3L Surfactant-induced re-
duction of interfacial tension facilitates deformations of oil-brine interfaorebsthe mo-
bilization of trapped oil. This displacement of oil in the rock matrix of a resiengo
characterized by the Capillary number which is the ratio of viscous to intatfacces.
Lowering the oil-brine interfacial tension increases the Capillary numbarhw favor-
able for the displacement of oil from the porous rock matrix and can theréfave a
positive effect on achievable oil recovery rates. This mechanism &aatsuly in rock
pores that are accessible to pressure-driven flow from injection-ottugtion wells.
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As previously outlined, spatially non-uniform surfactant distribution ireguttow
due to the resulting interfacial tension gradients. In the context of oilvergahese
flows could be utilized to transport surfactant and functional substasceh as wetta-
bility modifiers, along dead-end pores that are inaccessible to predsuea-transport.
Under reservoir conditions the liquid-liquid interfaces between the oil aine lre sub-
ject to a multitude of confinements. These confinements can be of physiaed nice.
imposed by rock formations, or chemical, i.e. due to non-uniform wettability ®f th
pores in which the oil is present.

To investigate the effect of wettability induced confinement on surfacfaetsing
| used chemical surface patterns. In Chapter 3 the influence of spatiaiement of the
sub-phase film via a chemical surface pattern on surfactant-indusesl \fldl be pre-
sented. The wettability patterns impose a spatial restriction that leads to aupoeab
transition in the morphology evolution of the flowing thin film. The experimental re-
sults are in excellent agreement with numerical simulations by Myroslavaah&hi?*
While the studies in Chapter 2 and 3 are conducted for liquid air interfaces @il a
reservoir the spreading has to occur along the interface between liquid Tihissis ad-
dressed in Chapter 4 where the surfactant spreading along the liquidl-lgerface of
thin films is studied, a system configuration not yet considered in the existirgflite.

All existing studies in the field of surfactant spreading exclusively @gjaontinu-
ous interfaces. Using an optical absorption technique, | demonstrateaiotéZtb that
efficient Marangoni-stress driven transport of surfactants is estricted to continu-
ous liquid-liquid interfaces. This novel phenomenon of convectiveastaht spreading
along discontinuous interfaces is a discovery directly relevant to thedipige of sur-
factants in an oil reservoir. In these porous underground rock tiwnmsathe oil-water
interface is not necessarily connected, such that surfactant smyecbugh a reservoir
is likely to involve transport over interface discontinuities.

In future studies it would be of interest to investigate the possibility of utilizing the
described surfactant induced flow phenomena as a transport meunhainianctional
substance$?, e.g. wettability modifiers. This would be specifically interesting for dead-
end pore geometries as they are inaccessible to pressure drivenSiaivedle alteration
of the wettability conditions in such pores might induce oil expulsion, e.g. \agityr
driven mobilization of previously trapped oil volumes.

Another technological application in which thin film fluid flow plays a significant
role is the lubrication of rolling bearings. Under correct operating contitithe lu-
brication of the bearing is often the determining factor for its lifeif& A rolling
bearing is properly lubricated if the rolling element is separated from tlesvacsurface
via low shear separation layer formed by the lubricant (oil or greadapriRated sur-
factants could possibly modulate the surface tension of lubricant fluids tcénitbws.
Already minute contributions towards the reformation of lubrication layer$dcsig-
nificantly extend the service life of closed rolling bearings where lubricatéamot be
ensured via regular maintenance. In this context it could also be of ihterewesti-
gate the possibility of internal fluid management via surface energy modificattithe
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raceway surface.

The implications of surfactant induced flow phenomena in printing and coafing
plications is another interesting field for future research. Surfactantsngpcrater for-
mation and dry spot nucleation in coating layers can induce mottling and therafo
the case of automotive application, be a precursor of wear and carté%idn inkjet
printing applications the presence of surfactants in the ink was recentiynsioaretard
the leveling process of printed lin¥s This extends the drying time of the inks since
solidification prior to leveling should be avoided to ensure high quality prirtshel
combination of qualitatively different surfactants, e.g. slow and fasbréisy types,
could reduce the flow retarding surface tension gradients induced bgutifece de-
formation during leveling the combination would have a positive effect on trediihey
times.

In addition to the spreading of surfactants, | also studied the self-piopud$ sur-
factant droplets and the results are presented in Chapter 6 and 7.Iffpepelsion dy-
namics exhibited by insoluble surfactant droplets on thin liquid films are systelthatica
investigated in Chapter 6. This systematic study is complemented with the outline of a
potential application in microfluidic devices in Chapter 7. In this context | asaril@ng
the novel phenomenon of transporting solid cargo particles using thégegeelling
droplets. It is also demonstrated that these droplets can be routed adcos<luidic
networks by controlling the temperature field around the drop e.g. usingfiameid
laser.
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Chapter 2

Immiscible surfactant droplets on
thin liquid films

Increasing the surface concentratibrof a surfactant at the interface of two fluids de-
creases the interfacial or, in the case of a liquid-air interface, thecgutémsiony.

A localized increase in the surface concentration therefore gives rienoinduced

by Marangoni stresses at the fluid interface. In contrast to spreadirdeep liquid
layers!8:36.:37,47,66.72,141g rfactant spreading on thin liquid films induces pronounced
modulations in the morphology of the sub-phase. The formation and pridpagd

a rim near the leading edge of the spreading surfactant front as walibasantial film
thinning in the proximity of the surfactant source are characteristic for pheaging

of surfactant on a thin liquid filrht:°1:52,57,73,133,134,142.143 A fingering instability is
often observed near the perimeter of spreading droplets and frontgrfat@nt so-
lutionst6:17:45.46,49,64,92,93,142.143The prime origin of the instability was identified, by
Warneret al,, as the presence of adverse mobility gradient regions at the leading edge
of a spreading drop covered with an insoluble surfac¢t@ntMatar and Crastét have
recently given a review of surfactant spreading dynamics, covetaiiesspreading as
well as fingering- and oscillatory instabilities and certain cases of seffytsmn.

The previous investigations mentioned above primarily focused either dnleglur-
factants or on the influence of Marangoni-stresses on the evolution didhid films
distantfrom the location of the initial surfactant deposition. In this chapter, thasfoc
lies on the ‘near field’ dynamics and the two-phase flow character at thésiceeof an
immiscible surfactant droplet and a thin sub-phase film. Evidence is prothdédn the
case of immiscible surfactant droplets, the fingering instapflity-4546:49.64,92,93,142,3¢3
preceded by the temporary trapping of sub-phase liquid and subgeglease from un-
derneath the surfactant droplet, which, as will be shown, induces aymoad increase
of the observed far-field spreading rate. Using fluorescence mapgsan oscillatory
instability of the three-phase contact line was investigated during this sagepxpul-
sion process, which advances in two distinct stages. In an initial ‘globak, liquid is

11



12 Immiscible surfactant droplets on thin liquid films

expelled in a concerted fashion around a large fraction of the perimetiee stirfactant
droplet. In a second ‘local’ stage, the expulsion proceeds primarily inoorew dis-

tinct locations breaking the approximate azimuthal isotropy of the initial stagaleW
the general dynamic behavior of this ‘global’ phase is reminiscent of thakilisy de-
scribed by Stocker and BusH, there are distinct differences: such as the independence
of evaporative depletion of the surfactant, or the much lower thicknettee gfub-phase
films of higher viscosity.

2.1 Setup

Oleic acid is practically insoluble in glycerol. Gaver and Grottétgave measured the
relation between surface tensignand the surfactant surface concentratiofor this
material system.

The measured surface tensiguarops rapidly from the value for the pure sub-phase
vo = 63.5mN/m and asymptotes intg,, = 39 mMN/m beyond a concentratidn,, =
3.5 ul/m?. The maximum spreading pressuig,.x = Yo — v is therefore determined
as24 mN/m. The continuous line in Fig. 2.1(a) is a fit to the reported experimental data
according to the function

Y=Ym + Mnax exXp (_AF2) (21)

with the resulting in a fit parametetr=0.5m*/ul?.

Figure 2.2(a) shows a schematic of the experimental system considerexddhdp-
ter. Attimet =0 a droplet of surfactant (oleic acid, denoted ‘OA)) is deposited on a
uniformly flat glycerol film. Since the surface tension of the sub-phasered with
surfactanty(I" > 0) is lower thany(I" = 0), Marangoni stresses [indicated by the ar-
rows in Fig. 2.2(b)] are induced. These stresses induce flow of thplsase liquid from
the vicinity of the surfactant droplet outward. The dynamics following thgod#ion

65

Figure 2.1: Surface tension data for
the immiscible surfactant oleic acid

(=)
<
1 "

E 4
Z 55 on glycerol as measured by Gaver
E ] and Grotberg®. Their experimen-
§50- ¢ tal data is given by the red cir-
= .
g cles, a fit of the formy = ~,, +
g+ Moy exp (—AT2) with the result-
Z 404 ing parametersA = 0.5m'/ul?,
] Iy = 35upl/m? and ~,, =
35 : T — 1 39 mN/m is shown by the black line.

Surface concentration I' [ul/mz]
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At 2R | iy @

Glycerol sub-phase

Figure 2.2: (a) At timet = 0 a T

z
surfactant droplet (‘A’) of radiug? r
plet (#) 0 NN L i w

is deposited on a flat and uniform I 2R
Glycerol < § 4% 234

film of liquid (labeled ‘sub-phase
B’) of thicknesshy and higher sur-
face tensiony,. (b) Due to the sur- RSLISTIIL
face tension imbalance, Marangorfaks
stresses at the liquid-air interfac
drive the sub-phase film radially out
ward, which promotes the spreaa
ing of a surfactant monolayer. (c
Top-view optical interference mi-
crograph of an oleic acid droplet
(Roy ~ 80um) 163s after depo-
sition on a film of glycerol. Im-
age width 3.6mm. (d) Fluores-
cence microscopy image of a glyc
erol film (hy = 70um) contain-
ing fluoresceinl2.5s after deposi-
tion of an oleic acid droplet. The im-%
age (width 3.48 mm) was recordec
through a transparent glass substra
and contrast-enhanced. i

are elucidated using two types of experiments. The first type is an investigdtibe
‘far-field’ deformation and displacement of the sub-phase liquid follovihey surfac-
tant deposition using highly reflective Si substrates and interferencesoapy. The
second is a study of the ‘near-field’ sub-phase dynamics underneaih the immedi-
ate vicinity of the deposited surfactant droplet. For these experimentp#iamd glass
substrates and fluorescence microscopy were used. All experimemsoraucted at
room temperaturé' ~ 20°C under ambient conditions. Details of the two experimental
configurations are described in the following two subsections.
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2.1.1 Interference microscopy studies of the sub-phase gisccement

Anhydrous glycerol Fluka, >99.5% purity) films with a thickness between 0.2 and
10um were deposited on Si wafers with a diameter of 4 inches by means of cgiimg,
which ensures a flat and uniform height profile of the films. The wafenewleaned

by rinsing with trichloroethylene, acetone and isopropanol as well as inoneirs a
mixture of hydrogen peroxide and sulfuric acid at a temperature o€ f&ior to the
experiments. Oleic acidFuka, 99% purity, product number 75090) was used as a
surface active material, insoluble in glycerol .

After spin-coating, small droplets of surfactant were deposited on thl lfgomns
by using either a piece of Al wire with diameter of 30 as a dip-pen or Micro-
drop droplet-on-demand inkjet system with a capillary nozzle diameter @in70The
droplet volumes ranged from 0.2 to 100 nl. The time evolution of the subephatace
profiles was measured by interference microscopy with an upright Zeisse&hVario
microscope and a bandpass filter centered around a wavelergtis nm. A typical
snapshot is shown in Fig. 2.2(c).

2.1.2 Fluorescence microscopy studies of sub-phase expoirsdynamics

For the second type of experiments rectangular borosilicate glass mipeosover
slides Gold Seal, product number 3334) with dimensionsiéfmm x 60 mm and thick-
ness between 0.13-0.17 mm, were used as substrates. Prior to deposh@msidf-phase
liquid in each experiment, the substrates were repeatedly cleaned usihgiansof
hydrogen peroxide (30%l.T. Baker, product number 7047) and sulfuric acid (95%,
J.T. Baker, product number 6057), with a volume ratio of 1:1, and subsequentlydy us
of an ozone cleaner. After the cleaning procedure, liquid films of amugdglycerol
(purity 99%,Sigma Aldrich, product number 49767) containifgh wt% of fluorescein
sodium salt §igma Aldrich, product number 46960) were deposited via spin coating on
the substrates. Tensiometric measurements using a Wilhelmy plate showedataldete
change in surface tension due to the addition of fluorescein. The depbkiie had a
thickness ofig = (70 £ 2.5) um.

Following deposition of the sub-phase liquid, small quantities of the insolulple su
factant oleic acid (cis-9-octadecenoic acid, purity 98igma Aldrich, product num-
ber O1008) were deposited in the center of the substrates usilagndton 7000.5SN
micro-syringe as a dip-pen. The dynamics following the surfactant depowere then
monitored by means of fluorescence microscopy usin@lgmpus IX71 inverted mi-
croscope. The samples were illuminated usingharlabs LED light source (prod-
uct number M455L2-C1) and adlympus U-MGF-PHQ fluorescence filter cube. The
recorded grayscale values corresponded to fluorescence intevisitls increases with
sub-phase film thickness.
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2.2 Results

2.2.1 Stable surfactant spreading dynamics

Figure 2.2(c) shows the surface profile of a glycerol film after depositioa small
droplet of oleic acid (labeled ‘OARy =~ 80 um). The light and dark concentric rings
are due to optical interference of the light reflected from the Si wafétlaaglycerol-air
interface. They trace contour lines of equal thickness, where cotigedark or light
fringes correspond to a vertical spacii\g =\/2np ~ 219 nm. In the immediate vicin-
ity of the surfactant droplet, which is marked ‘crater’ region in Fig. 2.2tw} glycerol
film is strongly thinned to a thickness below 50 nm. At larger radial distaneelsaight
profile increases in a ramp-like fashion [labeled ‘incline’ in Fig. 2.2(cd aeaks in a
rim. Beyond this rim, the film thickness decreases and asymptotes into the ubelstu
sub-phase film thicknegs). No detectable instability occurred in the experiment with a
very small droplet of oleic acid and a small sub-phase thickness depictégl i&. Z(c).

5 L]

Figure 2.3: (a) Measured height pro-
files h(r,t) for oleic acid spreading
on a 3um thin glycerol layer at times

t = 17, 273 and 1814s. (b) Opti- 7
cal micrograph of oleic acid spread-=
ing on glycerol att = 106s. Im-
age width 3.05mm. (c) Time de-
pendence of the rim radiug,ax(t)
for three different values ofhg 1r
(1.3,6.1 and8.4 um). The straight
lines correspond to power law rela- 9
tions riyax ~ t*. (d) Optical micro- Radius r [mm]
graph of the deposition area for the
second data set in (c) (red squares)
short after depositiont(= 21 s), _
the deposited droplet depleted in thes
course of the experiment causing ajg
reduction in the observed spreadings 2
exponent. (e) Optical micrograph &
of the deposition area and propagaté:”
ing rim for the same data set after™
droplet depletiont( = 812 s). In
both images (d) and (e) the deposi-
tion area is marked by the red ar-
rows.
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When a larger oleic acid droplet with a diameter of aligg = 1.04 mm was deposited
on a thicker glycerol film gy = 70 + 2.5 um), a pronounced finger formation around
the surfactant droplet was evident [Fig. 2.2(d)]. The unstable flowaéstd the release
of sub-phase liquid initially located beneath the droplet. The qualitative difter in
the observed dynamics can be attributed to two factors: 1) the differertice amount
of sub-phase liquid initially located beneath the droplet and 2) the increzgeitary
pressure exerted by a smaller droplet onto the underlying film.

Figure 2.3 presents experimental results for oleic acid spreading on thindilms
glycerol. In Fig. 2.3(b), a snapshot of the spreading process isrshble black dot in
the center is the oleic acid droplet, which maintains a finite contact angle and teas
not spread except immediately after deposition. The white ring around tiveagld is
a strongly thinned region, which merges into the incline characterized bytieentric
optical interference fringes. In contrast to other references, filpure or dewetting
phenomena around the surfactant droplet were never obSérifed

Figure 2.3(a) shows height profiles extracted from the location of thefénégrice
fringes at different times during an experiment. The vertical arrows inZRgfa) label
the radial position of the rim maximumy.. The peak height,,., of the advancing
rim at early times is about 60 % higher than the asymptotic film thickhgs3he rim
height markedly decreases and the rim width increases with time.

In Fig. 2.3(c), the rim position,,, is plotted as a function of time for three different
values ofhy (1.3,6.1and8.4 um). To good approximation, the rim position exhibits
power law behavior .« (t) ~ t* with exponents around = 0.25. The second curve
(ho = 6.1 um) corresponds to an experiment where the deposited droplet of oleic acid
was depleted after about 300, as indicated by the vertical line. Frormtraént on,
the deposited oleic acid droplet was completely redistributed into a monolagaidspg
on the glycerol film. As a consequence, the concentration around was no longer
constant and the effective spreading exponent decreased, ingitatitransition from
an effectively infinite to a finite surfactant volume. The spreading followlegdepletion
can be approximated by a power law relation with an exponent ©f 0.17, indicated
by the dashed black line. Figure 2.3(d) and (e) are interference imatesaeposition
area before and after surfactant depletion, respectively. The akjgpsition of the small
oleic acid droplet is marked in both images by the red arrows.

The data presented in Fig. 2.3(c) are somewhat misleading inasmuch agm rath
wide range of spreading exponentdetween about 0.23 and 0.4 has been measured,
which will be elucidated in Section 2.2.2. Experiments performed not immediately af
spin-coating showed a systematic decrease by about4d — 8% per hour as well as a
reduction in the rim heighf ..

Figure 2.4 presents the dependence.f, (¢t = 20 s) on the initial film thickness
ho. The scatter in the experimental data (black squares) is mainly due to vasiation
the surfactant droplet radiugy. A scaling argument for the dependence-gf on hg
follows from equating the rim propagation rate with the Marangoni velocityendégion
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Figure 2.4: Rim position .. (t =
20s) as a function ofhy. Ex-
perimentally and numerically (My-
roslava Hanyak®®) obtained values
are shown by black squares and req_ z

red solid lines correspond to theZ
function rypax(t = 20s) = Rg + s
Skt ho with fit parameterdis, and

Sit.  The green dotted line cor-
responds to a power law relation e . e

Fmax (t=20s) ~ hy?® added for ori- 07 1 75
entation. Film thickness h, [pm]

Ridge

beyond the crater area,> R., where the film thickness is of ordég

drmax ~ hOA’Yrim(t)
dt - M(Tmax_Rc)

Here, it is assumed that the expansion rate of the créeydt is much smaller than
the rim propagation ratér,.x/dt. In this context,Aviim = v(rmax) — 7(Re) is the

(time-dependent) surface tension difference between the edge ofatiee and the rim
position. The functiorb, which stems from the time-integration &fy,;,, /1« and is, thus,
influenced by the film evolution in the crater region, determines the spreagpunent
.

5 Tmax(t) & R + Shi/* (2.2)

The open symboils in Fig. 2.4 correspond to the results of numerical simul&tons
Myroslava Hanyak®3. The solid lines correspond to the functian.x = Rt + Saev/Fo
with fit-parameterdig, andSg.. For comparison, the dotted line corresponds to a power-
law 7max ~ h3-2°, shown for orientation . Both the experimental and the numerical data
are very well approximated by the scaling relation Eq. (2.2) ijth = 255 um, but
slightly different prefactor$s;. This difference can most likely be attributed to the fact
that the numerical simulations were based on the nominal viscosity of purgdus
glycerol, whereas the viscosity in the experiments can be expected to feasied due
to water uptake from the humidity of the ambient atmosphere.

2.2.2 Instability during immiscible surfactant spreading

A well-known fingering instability frequently occurs during the spreadihgusfactant
solutionson thin quuid ﬁ|ms4—6,17,29,44—46,49,51,52,57,58,64,73,142,143:,149

Darhuber et af® observed that the front of the spreading surfactant droplet first
steepens and develops a rim, which divides into fingers with an initially wekheifi
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Figure 2.5: (a-c) Stable spread-
ing of PDMS on PPTMTS. Images
recorded (a) 65s, (b) 165s and (c)
325s after droplet deposition. Im-
age width 3.0mm. (d-f) Unstable
spreading of PDMS on PPTMTS.
Images recorded (d) 74s, (e) 254s
and (f) 664 s after droplet deposition.
Image width 3.0mm. (g-i) Unsta-
ble spreading of oleic acid on glyc-
erol. Images recorded (g) 32s, (h)
82s and (i) 182 s after droplet depo-
sition. Image width 5.8 mm.

wavelength. These fingers undergo tip-splitting, which is the onset fdotheation of
arather irregular morphology including branches and multiple unstabladipgefronts.

If the sub-phase and surfactant are not or only sparingly miscible, thédoe be-
tween the surfactant droplet and the thin liquid film underneath has to be bale
account. Two material systems are considered here 1) oleic acid, whickamaia fi-
nite contact angle on the sub-phase glycerol and 2) PDMS (Polydimetixgs#éd on
PPTMTS (pentaphenyltrimethyltrisiloxane, Dow Corning), which wets thephase
completely. Both subphases completely wet the solid substrates used in #me exp
ments. If the surface-active liquid spreads on the sub-phase film as icatiee of
PDMS on PPTMTS, a volume of sub-phase material becomes essentiallyrgeriya
trapped underneath the spreading surfactant droplet. This phenorseciearly visi-
ble in Figs. 2.5(a-c) due to the large difference in the refractive indit€&Dd1S and
PPTMTS, ofn?) = 1.404 and1.578 respectively. The PDMS surrounds the trapped
PPTMTS volume around its entire perimeter and the spreading process isetenp
stable.

Figures 2.5(d-f) show unstable spreading of PDMS on PPTMTS. Duaiepgsition
of the PDMS droplet the dispensing wire was moved laterally by a fractionrofma
locally exposing the underlying PPTMTS. A finger of sub-phase liquich&t and sub-
sequently tip split into a complex pattern. When the spreading of the PDMSetirop
cut off the supply of PPTMTS, the branching stopped and the fingadugily thinned,
widened and vanished.

In contrast to PDMS, which appears to completely wet PPTMTS, oleic aciaris p
tially wetting and maintains a finite contact angle on glycerol. Using a holographic
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Figure 2.6: (a) Oleic acid droplet de-
posited on a thin film of glycerol.
The white circles, corresponding tq
time differences of 8s, denote the
trajectory of the center of the sur{
factant droplet. (b,c) Spontaneou
shape deformation of an oleic aci
droplet on a thicker film of glyc-
erol (hg = 30pum). Illuminating
light is passband limited around=

550 nm. Time difference between
frames (b) and (c) 0.4

@bl

interferometer the morphology of oleic acid droplets was determined foingasjzes
below the capillary length on thin films of glycerol. The glycerol films were d&pd
on borosilicate glass microscope cover slides, such that the consideriglucation is
equivalent to the one shown in Fig. 2.2 (b), (c) and Fig. 2.6 (a). The Hguiohterface of
the droplets was found to maintain the shape of a spherical cap with ativeffeantact
angle of ~ 9.5 4+ 0.5°.

An analogous instability to the one described for PDMS on PPTMTS is obderv
primarily for large surfactant droplets and thick sub-phase films, whgoeiwl trapped
beneath the oleic acid is driven forward and develops fingers tha¢guestly tip-split
and branch out [see Fig. 2.5(g-i)]. Due to the finite contact angle, theialatepply is
not cut off by the spreading of the surfactant droplet and the fingmrsnue to evolve
until the trapped sub-phase material is depleted.

On thin sub-phase films(, < 10 um) the expulsion often does not affect the entire
perimeter of the surfactant droplet [Fig. 2.5(g-i)], whereas on thiftkes an initial stage
of expulsion along the entire droplet perimeter is observed [Figs. 2.8t} &(b,c)]. In
both cases, axisymmetry is not maintained. A net force acting on the suntfalctglet
results, which can induce shape deformations and swaying. Figure@®8 e trajec-
tory of the center of a droplet of oleic acid on a thin film of glycerol. After ttsgped
glycerol is depleted, the jiggling motion stops and the droplet perimeter assuoies
cular shape.

2.2.3 Expulsion induced modification of the spreading dynanais

Besides undulating the drop contact line and position, sub-phase expasichave a
strong effect on the spreading dynamics of the surfactant, as illustreftggl &1 7(a). The
ridge position,. as a function of time, influenced by pronounced sub-phase expulsion
at a certain time during the experiment, is shown. Two stages of spreadig cearly
identified. Initially ¢ < 150 s) the ridge radius increasesag,, ~ t°%¢ (indicated

by the fitted black solid line) while for later timeg¢ (> 150 s) the increase can be
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Figure 2.7: (a) Experimentally mon-
itored rim positionry,.x(t) for hg =
2.9 um, exhibiting two distinct
spreading stages due to sub-phase
expulsion. Initially the ridge radius
follows 7. ~ t%25 (black solid
line), for later times # > 150 s)
rmax ~ t940 holds (red dashed line).
(b,c) Microscope images of the (b)
initial (t = 34 s) and (c) later
(t = 194 s) stage. (c) Expelled lig-
uid is clearly visible and undergoes
0.8 +———————— a fingering instability. Solid white
20 100 1000 . . . . .
Time [s] lines indicate the position at which
the ridge radius is measured, blue
arrows mark the data points corre-
sponding to the images.

[mm]

max

Ridge radius r

approximated by,.x ~ t%40 (indicated by the fitted red dashed line). Figures 2.7(b,c)
show microscope images of the early and late stage respectively.

In Fig. 2.7(b) only a very small and localized amount of expelled subephasid
is visible. While in Fig. 2.7(c) the expelled liquid is clearly visible and covers mbst
the crater region around the surfactant droplet. The expelled liquid inr#teraegion
enhances the transport of surfactant from the droplet to the rim arstsdhe increase
in the spreading rate in Fig. 2.7(a) at around 150 s.

The experiment shown in Fig. 2.7 exhibits two distinct spreading phaset® dige
layed sub-phase expulsion. Other experiments exhibited expulsion diadeitydepo-
sition which resulted in an overall increased exponent, as mentioned inrs@ciid,
rather than two distinct phases of spreading with different exponents.

2.2.4 Sub-phase expulsion dynamics near the three-phasentact line

In the experiments reported in the previous sections, rather thin filgns (10 xm) were
used; the expulsion of sub-phase liquid and the associated occuoktieefingering
instability was observed only occasionally. For thicker films witha~ 70 um, sub-
phase expulsion and flow instabilities were always prominent. The expydsi@ess in
these experiments can be divided into two stages. In the first stage thsiermccurs
in a concerted fashion along a large fraction of the perimeter of the samfagroplet.
This ‘global’ expulsion is associated with a discernible motion of the thresgpbantact
line of the droplet. Figure 2.2(d) shows a fluorescence microscopy infape global
expulsion stage.

The ‘global’ expulsion phase appears to be reminiscent of the sponisusail-
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Figure 2.8:  Fluorescence mi- [AMNR 200 pm
croscopy images of a localized
expulsion process (image width 8
632 um). The three-phase contact
line of the surfactant droplet oscil-
lates forward and backward in the
radial direction. (a) Contact line
in its most retracted and (b) in its
extended position.

latory deformation of a sessile oil lens containing a volatile surfactant orgaecas
subphase, which has recently been studied by Stocker and*Busdin their system,
however, the sub-phase layer thicknesses were approximately D0Gid s larger, the
sub-phase viscosity was three orders of magnitude smaller than for tieensgsnsid-
ered here and evaporation of the surfactant was a prerequisite foc¢herence of the
oscillations. The material system, oleic acid and glycerol, can be considenedlatile

at the experimental conditions described above.

In the second or late stage, the expulsion occurs in a localized fashioa at a few
positions around the perimeter. An example is shown in Fig. 2.8, which alsoallestr
the associated oscillatory deformation of the three-phase contact line stitfaetant
droplet. Videos of both processes are provided as supplementamnatfon in Refl33,
In both stages, the spreading of the expelled liquid is unstable and uedeaxdimgering
instability.

2.2.5 Global expulsion

Due to the expulsion of liquid located under the surfactant droplet, thesymonding flu-
orescence intensity decreases as time progresses. During the stégeabegpulsion,
the rate of this decrease depends on the size of the deposited surthogalet. This

is illustrated in Fig. 2.9(a), where the temporal evolution of the fluorescenensity
I(t) in the center of various deposited surfactant droplets is shown. Inea@emniment,
the fluorescence intensiti(x, y, t) was integrated over a circular region with diameter
equal to the droplet radius € 3 Ro)

Ro/2  \/R3/4—22
1(t) —/ / I(z,y,t)dydx . (2.3)
Ro/2 J—\/R3/4—x2

The droplets in the experiments presented in Fig. 2.9(a) had diamefdg ef0.88 mm
(red triangles)2.17 mm (blue circles) an®.76 mm (black squares). It is evident that
the rate of of the intensity decrease is higher for the smaller droplets. Atmnthefe
the global expulsion phage= At, the concerted motion of the 3-phase contact line
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w ..:....-.l A 2R =0.88
° I.. 0 U mm
o () 2.17 mm

[ ] 3.76 mm

Figure 2.9: (a) Temporal evolution
A2R,=3.76 mm) of the fluorescence intensity inte-
grated over the region < 0.5Ry
underneath the deposited surfactant
droplet for2Ry = 0.88 mm (red tri-
angles),2.17 mm (blue circles) and
3.76 mm (black squares). Vertical
lines indicate the end of the global
expulsion phase. (b) Duration of
the global expulsion stagAt as a
function of surfactant droplet radius
Ry as determined by image analy-
sis. The solid line corresponds to the
scaling relatiom\t ~ R3.
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ceases and the rate of decrease of the integrated fluorescence intemnsdyced as
indicated by the green vertical lines. Figure 2.9(b) shows the depemddnkt on

the radiusR, of the deposited surfactant droplet. The straight line corresponds to the
scaling relatiomAt ~ RZ, which can be derived by considering the volume of sub-phase
liquid expelled in the global stage,;. Letd be the fractiony = V;;/V} relative to the
quantity initially trapped under the droplet and in an analogous dydiie ratio of the
integrated intensity prior to and following the global expulsion st&ge I1(At)/I1(0).
Figure 2.9(a) indicates that ~ 0.4 is to first approximation independent of the droplet
radius Ry. The initial film heighthy was kept constant in the experiments. Moreover,
the film profiles underneath the droplet to good approximation exhibited gdoaietr
similarity in the integration region with respect to differeéR§. Considering these two
factors, it can be concluded that= V,;/}, i.e. the fraction of expelled sub-phase
liquid, is essentially independent &f,. In the following a scaling argument that is in
gualitative agreement with the experimentally observed behavior will be ouitlide
no-slip boundary condition holds at the solid-liquid interface= 0 and no stress at
the subphase/droplet interface, v, /0z|.—, ~ 0, which is admissible owing to the
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large ratio of sub-phase and drop viscosityu.q.o, > 1. The flow velocity in radial

direction then follows as, = —%z(% — 2z)/2u. Assuming axisymmetry, the rate of
volume loss of sub-phase liquid is given by
h 2w 3
. 2w Roh® 0
V= / / v R dipds = — 20N Op (2.4)
0 .Jo 3/,L 87" r=Ro

Integrating the volume flu¥” over the duration of the global expulsion stajyeyields
the scaling relation for the expelled volume

At 3
. 27h, dp
Vg =0rRiho= | Vdt ~="CRy—At. 2.5
= onrih = | SR (25)
The expulsion duratior\t scales therefore as
3 3p 2
At———6V) = ———— 07 Riho. 2.6
anhdRo 2 2mh3Ro 2 O =9

Sub-phase liquid underneath the surfactant droplet is subject to tikagapressure

of the surfactant droplet, since the curvature of the liquid-liquid interfacegligible
compared to the curvature of the liquid-air interface for thin sub-phase filmg Ry.

For smallRy < /. this pressure is large compared to hydrostatic pressure contributions.
Assuming that the relevant length scale for the pressure gradient afpihes® contact

line of the droplet is independent of the droplet diamefey, it scales agg ~ Vg—?, with

~voa denoting the liquid-air interfacial tension of the deposited droplet. If - isterst

with the experimental finding in Fig. 2.9(a) - aléds presumed independent Bf,, then

the scalingAt ~ R3 results, which agrees well with the experimental data shown in
Fig. 2.9(b).

2.2.6 Local expulsion

In the later stages of the experiments, localized expulsion phenomeneaaqueriitly
observed, where liquid is visibly expelled from underneath the surfadtaplet only
at a certain position along the droplet perimeter. This localized expulsiosegiased
with an oscillatory deformation of the droplet three-phase contact line@grsin the
fluorescence microscopy images in Fig. 2.8. The conformation of the ¢din&a its
most retracted position is shown in Fig. 2.8(a) and in 2.8(b) for its most extestdte.
Figure 2.10(a) shows a fluorescence microscopy image of a local expuisne.
The rectangle with length00 ;zm indicates the zone over which the intensity was aver-
aged over 10 pixels normal to tifedirection as well as the zero position of theaxis.
The averaged fluorescence intensity(, ¢) is presented in Fig. 2.10(b). Each profile
has been normalized with the saturation intensity of the camera and preghgssifted
along the ordinate axis by a constant amount for clarity. The local maxima {@ttée ¢)
profiles, approximately in the range= 80-100 um, are caused by emulsion droplets
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&=0pm

Figure 2.10: (a) Fluorescence mi-
croscopy image of a local expulsion
zone. The rectangle (length0 pm)
indicates the positiof = 0 and the
region over which the intensity was
integrated normal to the-direction.
(b) Averaged fluorescence intensity
(I)(&) measured perpendicular to
the droplet contact line. Individual
lines, corresponding to time incre-
ments of0.6 s, are shifted vertically
for clarity. The dashed lines rep-
resent the baselineslf = 0) for
each curve of the plotted curves. The
dotted red line traces the local in-
tensity maxima that is interpreted as
the location of the three-phase con-
tact line. (c) Contact line position
&1 plotted as a function of time illus-
trating its continued oscillatory mo-
tion. (d) Zoom of (c) emphasizing
the asymmetry in the speed of the
advancing and receding contact line
motion.

Normalized intensity (a.u.)

Contact line position & [um]

40 T T
0 20 Timet[s] 40 60

inside the drop of oleic acid. The dotted red line traces a pronouncedrseg|of local
maxima in(I) (¢, t), as illustrated by the lightblue arrow in Fig. 2.10(a). They can be
ascribed to a meniscus of sub-phase liquid forming at the position of the gheese
contact lineg.

Figures 2.10(c,d) show thgt undergoes an oscillatory motion, where the retraction
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phase occurs much faster than the extension phase, as evident frasyiim@etric peak
shapes in Fig. 2.10(d). The gaps between the individual parts of tke carrespond

to times in which no distinct maximum is detectable. The receding motion [positive
slope in Fig. 2.10(c,d)] was consistently observed to be faster than tha@dyg motion
[negative slope in Fig. 2.10(c,d)].

2.3 Summary

In this chaper the spreading dynamics of effectively immiscible, surfateediquids
on thin liquid films was investigated. Fluorescence microscopy and opticdiaraare-
try were applied to monitor the sub-phase morphology in the vicinity and far firee
deposited surfactant droplet. A fingering instability was observed similggpeaance
to the case of soluble surfactants, which is induced by the temporary ewnapf sub-
phase liquid beneath the deposited surfactant droplet and its subsegjease. Two
distinct phases of this expulsion process were identified: a ‘global’ retiatewas
observed primarily for thicker films and early times after surfactant depositibere
sub-phase liquid is expelled along most of the three-phase contact lieegldthal was
followed by a ‘local’ expulsion stage, where flow of sub-phase liquid &rieted to
one or few locations along the droplet perimeter. Furthermore, a proedwscillatory
instability of the three-phase contact line, which temporally modulates the lsagep
flow, was described.

Note: It is acknowledged that the interferometric experiments in Fig. 2.3, 2.5, 2.6 a)
and 2.7 were conducted by Anton A. Darhuber.
The results presented in this chapter have been published in combinatioruwignioal
work by Myroslava HanyakD. K.N. Sinz, M. Hanyak, and A. A. Darhuber, Immiscible
surfactant droplets on thin liquid films: Spreading dynamics, sub-phgselson and
oscillatory instabilities. Journal of Colloid and Interface Science, Vol. 364 $19 -
529, 2011.
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Chapter 3

Surfactant spreading on a
sub-phase rivulet defined by a
chemical surface pattern

In the previous chapter the flows induced by the deposition of a dropté¢iafacid on a
uniform layer of glycerol were described, i.e. the radially symmetric sjingeof an im-
miscible surfactant over a thin liquid film. Far-field spreading dynamics were/is to
be strongly influenced by the conditions at the area of surfactant iiepas source of
surfactant. When considering the spreading of surface active agetiie pore scale in
an oil reservoir a radially symmetric liquid interface is a poor approximatioe. lifjuid
interfaces under reservoir conditions can be expected to be configeitally as well as
chemically, i.e. by the rock matrix itself and by varying wettability of the rock acef
This chapter presents the first study regarding surfactant spreadisgb-phase films
subjected to a spatial confinement imposed via a chemical surface patterisuiface
patterning results in heterogeneous wettability of the substrates used irp#raeants,
such that the sub-phase is localized on wettable or high surface emgiigns. Con-
finement of the sub-phase to thin liquid lines, or rivulets, results in a cuige-air
interface. As will be shown, this curvature gives rise to a transition in thephwogy
evolution of the sub-phase as the surfactant is spreading along the thihlirgu Sur-
factant propagation along the rivulets can, as for the axisymmetric cabajer 2, be
represented by a power law relation~ ¢“. Experimental data for the spreading of an
insoluble surfactant will be shown to be in excellent agreement with nunheiiala-
tions by Myroslava Hanya®* both with respect to the rate of spreading as well as the
evolving morphology of the sub-phase. For a soluble surfactant systesrperimental
data will be presented for different deposition procedures cornelpg to a stationary
as well as a spatially expanding surfactant source area.

First the chemical patterning procedure is outlined, followed by experirhdata
on the coating of the chemically patterned substrates with a sub-phase sofuiuse-

27
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qguently the systematic studies of the spreading of the insoluble surfactemacild and
the soluble surfactant sodium dodecyl sulfate are presented.

3.1 Experimental setup

In the following sections the creation of the chemical surface patterns ibled,
followed by experimental data on the deposition of the sub-phase liquid ontoythe
drophilic parts of the patterned substrate.

3.1.1 Chemical patterning

Chemically patterned surfaces were fabricated using self-assembledayensoof 1H,

1H, 2H, 2H-perfluorooctyl-trichlorosilane (PFOTS, purity97%, Sigma Aldrich prod-

uct number 448931) on single-side polished Si substrates with dimenditysaally

50 mm x50 mm x 0.7 mm. Self-assembled trichlorosilane monolayers have been
studied extensive{#®, in combination with photolithographic masking they can be em-
ployed to create surfaces exhibiting heterogeneous wettaBiliijor the experiments
described here substrates were cut from Silicon wafers (n-typeddeitle Ph) with a
diameter ofl 50 mm obtained from Silicon Quest (batch number SQ13869).

The substrates were cleaned in two steps, first by immersion in a solutionla-hy
gen peroxide (30%, J.T. Baker product number 7047) and sulfuidq88%, J.T. Baker
product number 6057), mixed at a volume ratio of 1:1, and subsequengydmsure to
an oxygen plasma. The chemical surface patterns were created bjithbgtaphy and
subsequent vapor deposition of PFOTS in a sealed glass jar at a tempefat0@C,

i.e. the hydrophilic regions were masked with photo-resist and the hydbiplones
were left unmasked prior to the vapor deposition. This patterning proeedsulted in
an advancing contact angle for glycerol betw&6f and90° on the hydrophobic areas
with sufficient spatial uniformity and fidelity of the patterned structure. Hewe¢here
exists a vast body of literature dedicated to optimization of the trichlorosilanelangr
formation**. The hydrophilic patterns, used in the spreading experiments descebed h
were of rectangular shape with a widthwof< 1.5 mm and a length of. = 40 — 70 mm.

3.1.2 Coating of patterned substrates

Following the creation of the patterns, thin films of glycerol were depositéaltbe hy-
drophilic areas via spin-coating, which ensures uniform and repioléuteight profiles.
Prior to spin-coating the entire substrate is covered with a glycerol filma 2~ 3 mm
thickness. Due to the rather high contact angle on the hydrophilic parte ciatnple,
after spinning liquid is only left on the hydrophilic parts of the sample.

Atypical interference microscopy image of a coated substrate is shown.iB.E(Q).
The width of the chemical pattern and therefore the deposited rivulet oégiyin this
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Figure 3.1: (a) Alignment of the chemical surface pattern along the axagatfon of the
spin-coater. (b) Interference microscopy images of a spin-coatetivRivulet width
w = 1.5 mm and center height, = 6.6 um. (c) Center film height of spin coated
rivulets as a function of the spinning timg,;,,. (d) Center film height as a function of
the spinning speed for two different spinning durations,;,.

image isw = 1.5 mm. The height profile of the liquid film can be reconstructed from
the interference fringes. The center heighin the shown image i8y ~ 6.6 um.

Fig. 3.1(c) shows the influence of the spinning timg,, on the resulting center
film thickness of coated rivulets. For all measured spinning speeds therloge film
thickness scales dg) ~ t;p%;f. Film thicknesses measured for constant spinning times
of tspin, = 200 s and400 s are shown in Fig. 3.1(d) as a function of spin speed
The data suggests a power-law relatign~ w=! for w < 4000 rpm. The confinement
induced curvature in the lateral direction of the coated rivulets givestaisapillary
pressure favoring a parabolic shape of the liquid interface. In the lafigéldirection
the length of the rivulet is sufficiently large such that for large parts ofithdet end
effects are absent. At the ends of the rivulets this situation changesoandffliquid in
longitudinal direction is hindered by the boundaries of the hydrophilic. ares leads
to film height maxima at both ends of the coated rivulets as shown in Fig. 3d2(a)
rivulet of widthw = 1 mm.

For high spin-speeds and long coating times another confinement indimadvas
observed. For high spin-speeds the measured film heights shown in Kid) Slightly
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Figure 3.2: (a) The end regions of a
hium]  sSpin-coated rivulet exhibit a strongly
M.  increased film thickness. (b) Cen-

ter region of a rivulet coated with

6000 rom exhibiting a central local

minimum in film thickness in be-

tween two height maxima as indi-
cated by the dotted and dashed lines,
respectively.

$'0-

S0

| ]
( [wu] uopisod [estoasuea]\
00

deviate from the}; scaling. For these conditions a local film thickness minimum formed
along the centerline of the rivulet. A typical rivulet interference pattemttie mor-
phology resulting form these spinning conditions is shown in Fig. 3.2(b)tvtbefilm
thickness maxima next to the local minimum are indicated by the dashed lines while
the dotted line marks the location of the minimum. The reason for this centerline film
thinning is that the centrifugal forces acting on the fluid overcome the capglassure

that acts towards retaining a parabolic height profile. After spinning theeti gradu-

ally relaxes towards a parabolic height profile, which can be acceldbgtbdating the
sample and thereby strongly reducing the viscosity of the glycerol.

Following the deposition of the sub-phase, the actual surfactant spgeexberi-
ments were conducted by localized deposition of small quantities of surfactemthe
confined sub-phase rivulet. Experimental details for an insoluble asawell soluble
surfactant are given below.

3.2 Insoluble surfactant spreading

As in the previous chapter the material combination glycerol/oleic acid wasassed
a model system to study the spreading of an insoluble surfactant. Thadigme of
the sub-phase surface tension on the surface concentration wasrgivig.2.1, as de-
termined by Gaver and Grotberg Typically 0.1 to 0.2:l of oleic acid (purity 99%,
Sigma Aldrich product number 01008, densitysic = 0.895 g/cm?, surface tension
Yoleic( 25°C) = 32.5 mN/m, viscosity pioeic( 25 °C) = 28.2 mPa-s) were deposited in

Figure 3.3: Interference microscopy
image of a rivulet during deposition
of a droplet of insoluble surfactant.
Rivulet widthw = 1.5 mm and cen-
ter heighthy = 6.6 um. Rims, form-
ing on both sides of the surfactant
source, propagate along the rivulet.
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x=0

Surfactant drop

Thinning region

Figure 3.4: (a) Interference microscopy images of rivulet height lpsofit different
timest = 25,5 s and38 s after surfactant deposition. The black circle segment visible
at the left margin of the images is part of the deposited surfactant droptes. réd
arrows indicate the rim position. The blue arrow marks the region of strbmdHinning
adjacent to the surfactant droplet. Rivulet width= 0.28 mm.

the center of the rivulets using a micro-syringe as a dip-pen. A snapslios depo-
sition process is shown in Fig. 3.3. The width and center height of the shoulet
arew = 1.5 mm hy = 6.6 um, respectively. Rims form on both sides of the surfactant
source and subsequently propagate along the rivulet.

The dynamics following the surfactant deposition were monitored by meains of
terference microscopy using an Olympus BX51 upright microscope. rigpg on the
sub-phase film height, the illuminating light was passband-limited around & eente-
length of A = 750 nm or A = 550 nm with a bandpass @k A ~ 10nm. In the case of
film heights abovéi, = 80 um the evolution of the rivulet height profile was observed
in a side-view configuration using a telecentric lens with a vertical resolutiapo
proximately5 — 10 um. All experiments have been performed in a horizontal sample
orientation with the liquid deposited on the upper side of the substrates.

Figure 3.4 shows a typical series of interference microscopy images etht&@ina
rivulet of width w = 0.28 mm. The deposition of the surfactant locally reduces the
sub-phase surface tension and induces Marangoni stresses thratas#hof thin liquid
films cause a net flow away from the deposition region. A local maximum in tigiahe
profile is visible in Fig. 3.4, which is propagating along the rivulets as marleithd
red arrows. The position of this maximum or rim is a measure of the advanite of
surfactant monolayer along the riviét In the immediate vicinity of the deposited
surfactant droplet, a pronounced film thinning is observed in Fig. 3.Acldding from
the grayscale values of the interference microscopy images, the local fidkméiss is
well below100 nm. A Cartesian coordinate system is introduced withitfeis parallel
to the rivulet and the-axis normal to the substrate surface, i.e. opposite to the direction
of gravity. The position: = 0 corresponds to the edge of the surfactant droplet; 0
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4}? Figure 3.5: (a) Experimentally mea-
1505y % sured rivulet height profiles(x, y =
e Fi ; % 0,t) at different times after the depo-
== ¥ 5 (a) sition of a surfactant droplet. Rivulet
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width w = 1.5 mm, initial rivulet
center film heighthy = 8.25 um.
After an initial plateau-phase the
maximum rim height increases from
0 ) 5 10 15 19 a value of approximately.6hqy to

a value of abouthy. (b) Exem-
plary measurements of the rim po-
sition x;im(t) as a function of time
for various initial film heights and a
rivulet width of w = 1.5 mm. For
all the shown film heights the rim
position can be approximated by a
power law relationci; ~ t*. The
solid lines correspond to power law
fits with exponentsy in the range of
0.32 — 0.34 apparently independent
o 100 1000 of the different values df,.
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corresponds to the centerline of the rivulet, see Fig. 3.4.

In Fig. 3.5(a) typical centerline height profilé$z,y = 0,t) are presented for dif-
ferent times after deposition. The profiles were obtained from an analiysig corre-
sponding interference fringe patterns. The peak height of thé.figa was determined
to be approximately.6hg att = 6. In later stages of the experiment the width of the
rim grows and an increase in the peak height to aBaytis observed. This is in strong
contrast to the results obtained for radially symmetric spreading, presierfégl 2.3.
Here the height of the propagating rim was, after an initial formation pennahotoni-
cally decreasing. This is not the case for the spreading on a chemicaflpexbtiquid
film. The reason for this increase in the height of the propagating rim willlm=dated
below. Figure 3.5(b) shows typical measurements of the rim position asctidnrof
time xyim(t) for various values ohy. As for the radially symmetric configuration, the
rim propagates faster along thicker rivulets. To very good approximatierexperi-
mental data can be represented by a power law relatigh~ t*. The solid lines in
Fig. 3.5(b) correspond to power law fits with exponents the range 0f).32 — 0.34
apparently independent af,.
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3.2.1 Propagation rate of the surfactant

In Fig. 3.6 fitted exponents for a range of the lateral aspect tatid2h, /w are shown.
Experimental results measured on rivulets of width= 1.5mm andw = 0.28 mm

are indicated by the black squares and circles, respectively. The smalliet width

w allowed the application of interference microscopy for higher aspecstraiize this
method is limited to film thicknesses below approximately:m. The gray dashed line

is the average experimental value(efy = 0.33. The red downwards facing triangles
represent simulation results by Myroslava Hany?4kn excellent agreement with the
experimental data. These simulation results are based on an evolution rdaatite
sub-phase height profité? that accounts for the influence of Marangoni stresses, hy-
drostatic and capillary pressure gradients. This equation is combined wihuation

for surfactant surface transport including the effects of convedtjotine liquid surface
motion as well as surface diffusion as introduced by Borgas & Grotbergd Troian

et al.}*2 The derivation via the small-slope or lubrication approximation is justified for
small lateral aspect ratios, i.e = 2hy/w < 1. Using the non-dimensional variables

2 2 - h

g=" =Y -1 (3.1)
w w h()

_ T 2 _ 4holl

r=—, p=-"2v f— o Tmax (3.2)
F0 4h0Hmax ,Uﬂl)2

the final non-dimensional system of equations as used by Haffyajiven here for the
sake of completeness, is

oh  —[1,-,- BOo-no- &2 _a_

oh L (h20s) — 203w — Sndvs| — 3.3
5+ 50T - SR Sy 33)
| R Bo-g-- 52—277_ I ==

Y {hrw — 5 WTVh— S h*TVp — Pesvr] =0 (3.4)
p=—-3V?h (3.5)
WZH% + exp(—AL?) (3.6)

whereBo = pgh%/HmaX is the Bond numberPe; = hollnax/(nDs) is the surface
Peclet numbery and p are the sub-phase viscosity and density, respectively,/and
is the surfactant surface diffusivity. The second term in Egs. (3.3r8ptesents the
influence of Marangoni stresses arising from gradients in surfaséotef. The third
term in both equations accounts for hydrostatic pressure gradients eufioutith term
reflects capillary pressure gradients. The lastterm in Eq. (3.4) desailsface diffusion
along the liquid-air interface. Equation (3.5) corresponds to the Lapfaaeg equation.
Equation (3.6) is the non-dimensional version of Eq. (2.1).

The initial height profile was assumed to be parabolic, which is justified siedath
fluence of gravity is negligible in the experiments. At the lateral edges ofytthephilic
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044 . . Figure 3.6: (a) Spreading exponents
e « as a function of the aspect ratio
- " ° TAvemem e = 2ho/w. Black symbols indi-
0.2- ' cate experimental results measured
o Exberiments w—0.28 mm on rivulets of widthw = 1.5mm
 Numerical (squares) andv = 0.28 mm (cir-
00 () cles). The average experimental
0000 001 01 02 value of (o) = 0.33 is indicated by
Aspect ratio & the gray dashed line. Simulation re-
50 sults are indicated by the red down-
] triangles. (b) Rim positio®0 s af-
ter surfactant deposition as a func-
tion of the initial film height forv =
1.5 mm. Experimental data and nu-
merical results are given by black
squares and red triangles, respec-
tively. The scaling behaviaf;im(t =
60 ) ~ /h is indicated by the solid
blue line
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stripe zero film height and a no flux boundary condition for the subghas the sur-
factant were imposed. At large distances from the deposition aresaztsunt free liquid
surface and undisturbed height profile of the rivulet were enforced

In order to closely resemble the experimental conditions in which the relatargly
amount of surfactant in the droplet ensures a ongoing supply ofcsanfaduring the
course of an experimeht* a constant surfactant surface concentration was imposed,
i.e.,T'(z =0,y,t) = const.

Figure 3.6(b) shows the rim positi@0 s after deposition;im (60 s), as a function of
the initial rivulet center heightty for w = 1.5 mm. Filled symbols represent experimen-
tal data, open triangles indicate numerical simulations by Myroslava Hammrakuted
using the equations discussed above. A scaling relation for the rim positiohecde-
rived following the arguments made in chapter 2. The rim propagation ratpieted
with the Marangoni velocity in the region beyond the crater area,x., where the film
thickness is of ordet

dZrim - hOA%im(t)
dt H(xrim _35(:)

— Zim(t) & 2 + Shyl? . (3.7)
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Here, it is assumed that the expansion rate of the cratgfdt is much smaller than
the rim propagation ratéxi, /dt. In this context,Avim = Y(xrim) — v(z¢) is the

(time-dependent) surface tension difference between the edge ofatiee and the rim
position. The functiorb, which stems from the time-integration &fy,i,, /1« and is, thus,
influenced by the film evolution in the crater region, determines the spreaxpunent
«. It should be noted, that in chapter 2 the rim position was measured frooetier of

the deposited drop while for the data presented here the rim position wasneg:&em

the edge of the surfactant droplet, i.e. the edge of the surfactant tooptesponds to
x = 0, as shown in Fig. 3.4.

The numerically obtained peak positions in Fig. 3.6 appear to systematically lie
slightly below the experimental values. A probable reason for this offsetisr ab-
sorption from the ambient atmosphere due to the hygroscopic nature efrgilyl-
ready a water weight fraction as low as 3% results in a viscosity decréasaghly
50% in the relevant temperature radgéfe The plotted simulation results were converted
to dimensional values assuming the viscosity of pure glycerb &€.

3.2.2 Sub-phase morphology evolution

A systematic change in the height and shape of the propagating rim carsee/@d
during the course of an experiment as is illustrated by the interference srsagen in
Fig. 3.7. Initially the rim exhibits a considerable asymmetry in the streamwise dimectio
which gradually disappears at later stages. This asymmetry in early stagésstsa
itself in the longitudinal spacing of the interference fringes, which is monsel@head
of the peak position than behind it, as depicted in Fig. 3.7(a) fo130 s. In Fig. 3.7(b),
att = 250 s, the asymmetry, which is especially pronounced for low aspect ratisiexpe
ments, has largely disappeared.

In Fig. 3.8 the experimentally determined temporal evolution of the non-dimeaision
rim heighth.,ax/ho is compared with numerically obtained values as presented by My-
roslava Hanyak®*. The dimensionless time was hereby calculated according to eq.( 3.1).

During the initial formation process of the rim, a rapid increase,.gf; for times
below? = 0.2 is observed in the numerical simulations by Myroslava HaAy4kep-
resented by the red solid line. These early times are not straight fornecdgssible
in experiments since the microscope field of view is frequently obstructedebgeh
position needle and the interference fringes are spaced close to eachduth to the
high slopes of the rim, as seen in Fig. 3.3. High magnification objectivegrmgffrom
limitations on the field of view, would therefore be necessary to resolve theéergace
pattern sufficiently. Following the initial formation process the rim height tHéste
tively reaches a plateau value as shown for an aspecteratio.01 in Fig. 3.8. At later
times a pronounced increase fof.. is apparent. The experimental data obtained for
e =~ 0.01 (represented by circles and squares in Fig. 3.8) reproduce thisibekiaxy
well, both with respect to the onset time and amplitude of the peak height ieciEas
experimental data is in almost perfect quantitative agreement with the nuhmesahs.
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Figure 3.7: Interference microscopy
images of the propagating rim at (a)
an early staget(= 30s) and (b)
a later staget( = 250s). The
images clearly illustrate a transition
in the morphology of the propagat-
ing rim. (c) Numerically calculated
transverse height profilégy, t) for
timest = 50 andt = 400 lo-
cated at the distanee/2, behind the
rim. (d) Corresponding surface ten-
sion gradients ig—directiondy /0y
fort = 50 andt = 400 located at
the distance ofv/2, behind the rim.
Input parameters for (c) and (d) are
Tg = 0.5, Pe = 1000, ¢ = 0.01,
x=w4t=a0| | andBo = 0, as used by HanydR"*.
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The increase in the rim height can be attributed to changes in the transveiee
height profile, which are a consequence of declining lateral surfaxsgote gradients.
The transverse height profile at the position of the red markers in Fig.xBibits a
strong flattening in the middle of the rivulet as evidenced by the straight fruiheo
interference fringes. At a later time [Fig. 3.7(b)] this flattening has disagukeand the
rivulet cross-section is to good approximation parabolic. The same loelimebserved
in numerical simulations depicted in Fig. 3.7(c), where the dimensionless hpiftie
h(zyim — 1, 7) at a distance of half a rivulet width behind the peak position is plotted for
two different times.

This qualitative difference in the height profiles is caused by lateraleztration
gradients originating from the non-uniform surface velocity profile. Asdtiving force
of the spreading process is Marangoni stress, the flow velocity scélethe local film
thickness. Since the film thickness(sat the boundaries of the hydrophilic stripe, the
streamwise velocity is higher in the middle of the rivulet as compared to its edyes.
lateral shear in the velocity distribution initially leads to a non-uniform surfacarface
distributionT'(). Darhuberet al.?8 studied rivulet shape distortions as a consequence
of transverse temperature gradients and identified the relevant nonsiimaihnumber
asT/(epeap) Wherepe,, is the capillary pressure. As soon as the value 6f Vv
falls below a certain threshold, the shape distortion gradually vanishab@pdrabolic
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Figure 3.8: Temporal evolution <
of the dimensionless rim height<" ,,.
hmax(t). The solid red line rep- 5
resents a simulation by Myroslava
Hanyak'®** Symbols represent ex-
perimental data obtained far =
1.5mm and aspect ratios af =
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= Experiment ¢ =0.011
e Experiment € =0.0107
Simulations € = 0.01

12

1.5

mensionless rim-he

cross-section is restored. The same mechanism is conjectured to be theobtige
shape distortions in Figs. 3.7(a-d). This is supported by Fig. 3.7(d)endnstrong de-
cay of the lateral surface tension gradient at positions and times condisg to the
curves in Fig. 3.7(c) is evident. The relaxation of the transverse heigfikgptowards a
parabolic shape implicates an increase in the center height, which explainsrisgse
in rim heighth.,. observed in Fig. 3.8. Larger values of the aspect ratite associated
with a higher lateral curvature and hence an increased capillary peesghich acts as
the restoring force for the transition in the height profile. Consequentlyahsition oc-
curs earlier for larger aspect ratfdé. Note that an increase in the peak height observed
for one-dimensional spreading can only occur due to sub-phasésexpd® and that
the effect observed in Fig. 3.8 is a consequence of lateral confinetuertb chemical
patterning.

3.3 Soluble surfactant spreading

In contrast to the insoluble oleic acid, which is only spreading in the formrmabao-
layer along the surface of a glycerol film, sodium dodecyl sulfate (SSixgna-Aldrich
Product number 436143, purity 99%) is a soluble surfactant, i.e. besgeprtin the
bulk of the sub-phase liquid as well as at its surface. As will be illustratethégys-
tematic data presented in this section, this difference in the surfactantiberesults
in a quantitative difference in the spreading dynamics of the surfactanekhss the
evolution of the sub-phase morphology compared to the previously peesesmse of an
insoluble surfactant.

The dependence of the glycerol surface tensjoon the SDS bulk concentration
c was determined experimentally using a Wilhelmy plate technique, with the resulting
data shown in Fig. 3.9. Using the Langmuir equilibrium surfactant adsorjstieherm

[eq c

S - 3.8
Foo kLQPOO +c ( )
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Figure 3.9: Surface tension of glyc-
erol as a function of the SDS
bulk concentration.  The shown
data was obtained using a Wilhelmy
plate. For concentrationsexceed-
ing 0.064 mol/l, a pronounced tran-
sition is visible in the surface tension

. dependence which can be ascribed
" to the formation of micelles in the
bulk fluid. The red solid line corre-

0000 001 01  sponds to a fit according to eq.(3.8)
SDS concentration ¢ [mol/1] and (3_ 9)_

Surface tension y [mN/m]

and the surface equation of state

r
v =10+ RIT«In <1 — F> (3.9)

o

the experimental data was fitted as indicated by the red solid line whisrthe universal

gas constant and is the absolute temperature. The corresponding fit parameters are a
maximum surface coverage Bf, = 4.2 x 10~°mol m~2 and a ratio of the desorption

and adsorption rate constarts, = 1.7 x 105 m~1.

For concentrationg exceedingd.064 mol/l, a pronounced transition is visible in
Fig. 3.9, which indicates the formation of micelles. In this range we furthermlre
served gelation of the liquid associated with a strong change in the rheofatpe o
liquid, which made surface tension determination in this concentration reginevgioat
unreliable.

Preparation of the initial conditions for the experiments described heralisguous
to the insoluble case, i.e. a hydrophilic stripe is created on a hydrophotkgtoand
followed by the deposition of a thin liquid film of glycerol onto the hydrophiliear
While oleic acid is liquid at the experimental conditions and was deposited in ttive fo
of a droplet, SDS is a solid powder. Two different types of experimempeesented
here. In the first type, termesblid depositiona small pellet of compressed SDS powder
was deposited onto the glycerol rivulets, in the second type, tesukdion deposi-
tion, a0.1 — 0.2 !l droplet of an SDS-glycerol solution with varying concentration was
deposited.

Figure 3.10 (a) shows a typical example of a rivulet directly after depaostic=
0.33 s) of a solid piece of SDS. As in the case of the insoluble oleic acid, a cataesf
around the location of deposition, rims form and propagate from thectanfasource
along the sub-phase rivulet. Figure 3.10 (b) shows a rim propagatiag &ram the
surfactant source30.33 s after deposition. In the crater region around the surfactant
source a slight formation of a fingering instability is visible, highlighted in red.



3.3. Soluble surfactant spreading 39

—_

a)
Figure 3.10: (a) Interference mieee————
croscopy images of a glyceroem00—e———r
rivulet, after deposition; = 0.33 s,
of a solid piece of SDS. A crater i
forming around the deposited piec

1.5 mm

and propagating along the rivulet=
(b) A rim propagating away from the (b)
surfactant source, dt = 30.33s.
Slight finger formation in the crater — __
region close to the surfactant source_
is visible (marked by the red under-Ss
lay). Rivulet widthw = 1.5 mmand =
initial center heighty ~ 5.8 um, il-
lumination\ = 650 nm.

‘ formation

In the case of solution deposition, i.e. the deposition of a droplet of SD&glly
solution onto the rivulet, the surfactant is not localized as for solid depnositithe
deposited solution droplet, the surfactant source, spreads alonguket gxhibiting a
pronounced formation of digitated structures or fingers. To quantifygteasing rate in
this case the center location of the initial contact of the surfactant drofharsdib-phase
is taken as = 0.

For both deposition techniques rims form and propagate away from thigolod
deposition and offer a convenient measure for the propagation of thecsunt front.

Figure 3.11: Measurements of the
rim position as a function of time for _
solution- (black squares) and solidg
deposition (blue circles) of SDS asz 104
well as for the previously discussed.:
insoluble surfactant oleic acid. Theg
solid lines correspond to power law
fits of the formuxim ~ t with ex-
ponentsa of 0.48 and 0.4 for so-
lution and solid deposition, respec-
tively. The propagation rate for the 110 100 1000
insoluble case is approximated by an Time t [s]

exponenty = 0.34.

Initial film height h = 1.75 pm o
9

t]

posi

Rim
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In Fig. 3.11 the rim propagation as a function of time is shown for a solid andualliq
deposition experiment as well as for the insoluble oleic acid with identical initiad s
phase film thicknesses bf = 1.75 um. In all cases the rim position follows a power law
of the formu,im ~ t* as illustrated by the solid lines, the fitted exponentscare 0.48
and 0.4 for solution and solid deposition, respectively. The propagation rat¢hfor
insoluble case is approximated by an exponent 0.34. In the following, systematic
results are presented first for solid deposition and subsequently for tgpiaksition.

3.3.1 Solid deposition

Figure 3.12(a) shows fitted power law exponemt®r solid deposition as a function of

the aspect ratie = 2hy/w. The exponents were obtained for rivulet widthsuof=
1.5mm andw = 0.3 mm as indicated by the triangles and squares, respectively. Since
interference microscopy is limited to low film thicknesses, the smaller rivulet width
allowed the application of this method for higher aspect ratios.

As in the case of the previously discussed insoluble oleic acid the exp@reritsie-
pendent of the aspect ratiovithin the investigated range. The average numerical value
of («r) = 0.41 however, is higher than the one measured for the spreading of the insolu-
ble surfactant{x) = 0.33). Figure 3.12(b) shows the rim positien, (¢t = 1000 s) after
solid deposition as a function of the initial film thickness for= 1.5 mm. The solid
line in Fig. 3.12(b) corresponds to a power law relatigp, (1000S) ~ +/hg, which

3 06 () Average exponent (o) = 0.41
=] A
qé 0.4 == “: 7 S u = ) i
2 Width w=1.5mm a Figure 3.12: (a) Spreading expo-
- 02 Widthw=0.35mm = nents o for solid deposition as a

"0.00 ' 0.01 ' 0.02 function of the aspect ratia for

Aspect ratio ¢ rivulet widths ofw = 1.5 mm (tri-
6 15+ ®) angles) andv = 0.3 mm (squares).
E ] 4 The average value dfv) = 0.41 is
< 10 A indicated by the solid line. (b) Rim
g { Widthw=15mm ] positionzim(t = 1000 s) as a func-
I BN tion of hy after solid deposition onto
:E rivulets of widthw = 1.5 mm. Ex-
5 s perimentally obtained values are in-
= dicated by symbols, the scaling rela-
é- N tion 4im(1000) ~ /ho is indi-
g 5 cated by the solid line.
1 2 34 05 67

Initial film height h 0 [rm]
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Figure 3.13: Centerline height pro-< 4
files h(z,y = 0,t), obtained by 7

] t=90s 180 s 530s
& 910s
analysis of the corresponding inter-z 314s S
ference fringe patterns. An initial z 1
sharp increase in rim height is fol-z 24
lowed by a broadening of the peak: ; e,
The black arrows indicate a platealg 11

X

ss height h

o—

region ahead of the rim, which is a§ | R
g A h,=2.5 um
possible signature of a minute surg& | i ) &
face active contamination of the sub- 0 3 , 6 9 12
i
phas@l. osition X [mm]

is an excellent approximation to the experimentally measured results. The salne s
ing with hy had been observed for the case of insoluble surfactéit*as described
earlier in this chapter. The scaling argument leading to Eq. (2.2) and EJ.d@n be
applied here. The different type of surfactant influences the difterén local surface
tensions between the crater edgeratand the rimA~,im = v(zim) — y(zc). This
in turn enters into the pre-factor following the time integration, such that thiengca
Trim (1000 S) ~ h® remains.

In Fig. 3.13 exemplary centerline height profiles, y = 0, ¢), obtained by analysis

£
£
n

Figure 3.14: Interference mi- =

croscopy images of a rim prop-
agating along a glycerol rivulet
following the deposition of com- ()
pressed SDS powder, i.e. soli m
deposition, at, (af = 17s, (c)
t = 275s and (d)t = 1867s.
Rivulet widthw = 1.5 mm and
initial center heighthy = 5.63 um.
In the initial stage of the spreadingj ©
the propagating rim exhibits a strong

asymmetry between front and back U
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of corresponding interference fringe patterns, are presentedffienetht times after solid
deposition. The peak height of the ritm,. is initially increasing and was determined
to reach a maximum value of abdu5h in intermediate stages of the experiment. As
the spreading progresses the peak is observed to widen over time and stelgés a de-
crease of the peak height is visible. Noteworthy in the height profilessimowig. 3.13

is the existence of a small plateau region or local maximum ahead of the ptopag
rim, indicated by the downwards facing arrows. A possible origin for thizufperity

in the rim shape was found to be a minute amount of a pre-existing surfiee ean-
taminant on the sub-phase rivii&t While such a contamination would not measurably
affect the spreading rate of the surfactant, it can lead to distortions in thEhology.

As in the case of the earlier discussed insoluble surfactant spreadsygtema-
tic change in the shape of the rim as it propagates along the rivulet wasvelsin
experiments. Initially the rim exhibits a considerable asymmetry in the stream-wise
direction, which gradually disappears at later times. The asymmetry at eaggss
manifests itself in the curvature of the interference fringes, which is stbegd of the
peak position while the fringes are practically orthogonal to the flow diredigirind
the peak, as depicted in Fig. 3.14(b). As the experiment progressessymsnetry
vanishes as shown in Fig. 3.14(c). This is reminiscent of the morphologgiticn
discussed before in the context of insoluble surfactant spreadingFeyg3.7, which
was associated with diminishing transversal surface tension gradients.

3.3.2 Solution deposition

While in experiments where a drop of insoluble or a solid piece of solublectarfewas
deposit onto the rivulet, a well defined localized source region wagprehis was not

Figure 3.15: (a) Expanding deposition area in a solution deposition expeyigrear-

ter deposition. Strong fingering accompanies the expansion of the tauntfaource.
The center of the initial contact region between the deposited drop andibbhehase
rivulet, x = 0, is indicated via the dashed white line. (b) Solution deposition results
in pronounced finger formation as the deposited droplet of surfactduticn spreads
along the rivulet, as seen in this microscope imageéfor 1.63 um,w = 1.5 mm and

t = 542 s after deposition.
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0.6 Solution deposition (a)

nent o

Figure 3.16: (a) Fitted spreading ex-2. 941
ponents for various concentrations®

of deposited SDS solution for initial = 3T T e
liquid film heights in the range of " SDS concentration ¢ [mol/l]
1.5um < hy < 4.5um. (b) Fitted
spreading exponents as a function o§ 061

Average exponent <o> = 0.48

Solution deposition, ¢ = 0.044 mol/1  (b)

initial liquid film height for the con- £ o 4' - i =
. n- = [
centrationcy = 0.044 mol/l of the = Average exponent <a> = 0.42

deposited SDS solution. 02

1.5 2.0 2.5 3.0 3.5
Initial film height h| [um]

the case for solution deposition experiments. The deposited droplets ofji$Bsol
solution spread out as shown in Fig. 3.15 such that these experimentsbgeet 20
an expanding source of surfactant. Figure 3.15(a) shows a typiapskat of such an
expanding source aress after deposition, the drop spreads out under a pronounced
formation of fingerg6:45:46.75,91,143,149

Figure 3.16(a) shows the spreading exponefar the case of solution deposition, as
a function of the surfactant concentration in the deposited droplet. Tganext appears
to be independent of the surfactant concentration with an averageofajug¢ = 0.48.
Merely for the highest of the investigated concentrations ef 0.044 mol/l, a slight
decrease in the spreading exponent is noticeable. The SDS solution withntation
of ¢ = 0.044 mol/l became turbid and gel-like, furthermore, its viscosity was increased
as compared to solutions with lower concentration. The correspondingnacaase in
viscosity retarded the spreading dynamics of the deposited solution dsapbtthat the
experiment resembles more the case of solid SDS deposition. Consistentisitioth
tion, a reduction of the measured spreading exponent towards thgyewedae shown
in Fig. 3.12 for solid deposition is observed. Figure 3.16(b) shows theadprg ex-
ponenta measured for different initial film heightls; and deposited droplets with a
surfactant concentration of= 0.044 mol/l, consistent with the results in Fig. 3.12. The
spreading exponent is to good approximation independent of the film #sgskmnithin
the considered range with an average valugof= 0.42.

3.4 Summary

In this chapter a systematic study of surfactant spreading on sub-filnasexhibiting
a confinement-induced surface curvature has been presented. Thesfiist study in
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which chemical surface patterns were experimentally employed to implemeri-a su
phase confinement in the context of surfactant spreading. An inschsbleell as a
soluble surfactant were considered and both were found to spreadia to a power
law relationzim ~ t“. The spreading exponeatfor the insoluble surfactant oleic acid
was determined to be = 0.33. For the soluble surfactant SDS results for two types of
experiments were presented, in the first a solid piece of SDS was depasiad the
later a drop of SDS solution. Exponents were found to lay above the vetaswined for

the insoluble surfactant with = 0.41 anda = 0.48 for solid and solution depaosition,
respectively. An expanding surfactant source area was suggestine origin of the
increased spreading exponents measured for solution deposition.

Besides the spreading rate of the surfactants the sub-phase morpkatdgiion
was evaluated. A pronounced transition in the shape of the rim, propagéoing the
rivulet as a consequence of the spreading, was described for thelilessurfactant. On
the basis of a quantitative comparison of the experimental data with numescdtisr of
Myroslava Hanyak3* it was shown that the transition in the sub-phase morphology is
induced by diminishing lateral surface tension gradients. These stefagien gradients
are a consequence of the laterally non-uniform velocity and surfastafstce concen-
tration profiles resulting form the curved sub-phase interface due tahémaical con-
finement. Besides the quantitative agreement of the morphology evolutioracisop
with numerical results also confirms the experimentally measured value ofréeaapy
exponent34,

Note: The results presented in this chapter have been published in combination with
numerical work by Myroslava HanyakD. K. N. Sinz, M. Hanyak, J. C. H. Zeegers,
and A. A. Darhuber, Insoluble surfactant spreading along thin liquid fibmisfined by
chemical surface patterns, Physical Chemistry Chemical Physics,1\opp. 9768 -
9777, 2011as well adVl. Hanyak, D. K. N. Sinz, and A. A. Darhuber, Soluble surfactant
spreading on spatially confined thin liquid films, Soft matter, Vol. 8 pp. 7&HE,
2012°8%,



Chapter 4

Surfactant spreading at the
Interface of two thin liquid films

4.1 Introduction

In the introduction of chapter 1 a review of the vast body of literature @gelicto sur-
factant spreadirfty®11:15:35.38.46,49,51,52,57,58,61,64,73,91,843143,146,14%; the ajr interface
of liquid layers comprising various configurations was given. The sjimgeof surfac-
tants at the interface between two liquid phases on the other hand, haseiged much
attention yet. Recently, a first systematic study of Marangoni drivemctanfit spread-
ing at the interface between two deep liquid layers has been presentetdsy B this
study Berg used deep layers of decane and water. The spreaditigkofeseveral types
of surfactant at the interface between the two layers were investiggtedmentally. A
scaling relation, derived by balancing the interfacial tension gradi@htianous stresses
in the boundary layers in the two liquid phases, was in quantitative agreevitarthe
experimental data. As already pointed out in chapter 1 for the applicatisurfaictants
in an oil reservoir the spreading at the interface between an oil- and eplese can be
expected to dominate the distribution of introduced surfactants or surfadanions.
When considering surfactant spreading in the context of oil recdkierjquid layers can
be expected to be subjected to both physical and chemical confinemenishyiscal
rock structures as well as varying wettability of these structures.

This chapter addresses surfactant spreading in an experimentajuratitin in-
tended to emulate certain aspects of spreading under reservoir condiBpnsading
is investigated at the interface between two thin liquid layers. As in the previ@aser,
one of the liquids is confined by a chemical surface pattern inducing atcuevof the
liquid interface. For these experiments a thin rivulet of polar liquid is immersadhim
layer of a second, non-polar liquid. The spreading dynamics of actarfa soluble in
the polar/agueous-like phase, are investigated systematically. Details gptreneental
setup are explained below.

45
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4.2 Sample fabrication and experimental setup

Figure 4.1 illustrates the preparation of the initial condition for the experiméstassed

in this chapter. Chemical patterning was used to create hydrophilic stripea \eitiyth

of L = 50 mm and a widtho = 1.5 mm on masked borosilicate glass slides (Gold Seal
coverslips, dimensions 48 mm 60 mm, thickness 150 mm, product number 3334) in
the same fashion as described in chapter 3.

Hydrophilic regions of the chemically patterned glass substrates (bottostratg)
were spin-coated with a thin film of glycerol (rivulet) in which fluoresceidisim salt
(Sigma Aldrich, product number 46960) was dissolved at a concentrafti®n5wt %,
Fig. 4.1 (a). Two spacers (borosilicate glass slides, thicksegsn) were placed on both
sides of the rivulet which kept a second glass slide (top-plate) elevatedell-defined
distance. The length of the top plate is slightly shorter than the rivulet, as itiedtia
Fig. 4.1 (c,d). Using two stainless steel clamps on either side of the rivulemtire
setup was then clamped together. Once the glass construction was fidedade was
deposited at one edge of the top-plate and imbibed into the cavity space heaheee
two glass plates by capillary action, Fig. 4.1 (d). As a consequence ofgheiscosity
contrast, the initial liquid distribution along the length of the glycerol rivulehaegmed
unaltered by the imbibing dodecane. Spacers, top-plate as well as thelatepgs were
thoroughly cleaned before the individual experiments. Prior to the patteemd ex-
periments, the substrates were cleaned by immersion in a solution of hygregeide
(30%, J.T. Baker product number 7047) and sulfuric acid (95%, &ReBproduct num-
ber 6057), mixed at a volume ratio of 1:1.

High purity grade dodecane (purity 99%, Sigma Aldrich product number 221104)
was used in the experiments. However, measurements using a pengatgrdiiometer
showed the interfacial tension of the dodecane against DI-water,nipt® strongly

Figure 4.1: Sketch of the experi-

mental configuration for the spread-

(2) Bottom substrate, ~ (b) Positioning of ing of surfactants at the liquid-liquid

with glycerol rivulet spacers interface of spatially confined thin
fluid layers. (a) A thin film of glyc-

erol, containing fluorescein, is de-

posited on a chemically patterned

(¢) Rivulet partly covered (d) Cavity space filled glass slide. (b,c) Two glass spac-

with top-plate with oil phase

ers, placed parallel to the rivulet, el-
evate a top cover plate at a distance
of ~ 80 um above the bottom sub-
strate. (d) The resulting cavity space
is filled with dodecane.
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Figure 4.2: (a) Interfacial tension

of dodecane against water, measured Lit. Goebel & Lunkenheimer - - - - - - - - ... ..
using a pendant drop tensiometeré H Demo“i&mdner -----------
Shown are values for dodecane a% s Lote fet o3 0
received (black squares), dodecané§ * Dodecane as received

that was purified 5 (red circles) andE o Dodecane fol’;;‘rf‘tfi:t‘:::z;':fes

10 times (blue triangles) as well ass s

literature values (black dashed ano§ .

dotted lines). (b) Liquid-liquid in- E e

terfacial tension of glycerol-SDS so- " (€)) e

lutions against purified dodecane, - 4e - e

measured using a pendant drop teng Time [s]
siometer (black circles, left axis).%

Also shown, air-liquid surface ten- < § 60
sion values of glycerol-SDS solu- § E
tions (red triangles, right axis, see§ )
section 3.3). The solid blue line rep-< 5,: 50
resents a Langmuir isotherm = §

Y + Aln(1 — £5) fitted onto the % S
liquid-liquid interfacial tension data g s, O w0
with the parameterd = 9.9 mN/m, 2. @

B = 0.00915 mol/l and the interfa- 2 *1 )

cial tension for a clean interface of= 1E-3 0.01 0.1 1
Yo = 29 mN/m. SDS concentration [mol/l]

differ from literature values ofi 1y (25°C) ~ 53 mN/m3+54153put also to exhibit a
time dependence as shown in Fig. 4.2(a). This is known to indicate the peesén
surface active impurities in unpurified alkard&s®53.54152 Tg eliminate any influence
on the spreading dynamics during experiments, the dodecane was phyifexiting
basic Aluminum oxide (Sigma Aldrich, product number 199443). After s@Jsours
the Aluminum oxide was removed using a vacuum filtration setup. This cleatépg s
was repeated ten times, the IFT values measured for the dodecane puittisdashion
were within the range of scatter for the different reported literature sednel showed
no time dependence over the course of one hour, as shown in Fig..4.2(a)

In Figure 4.2(b) IFT values for the purified dodecane against gi«&d& solutions
are shown as a function of the SDS content in the glycerol phase. Adsmsire values
for the air-liquid surface tension of glycerol-SDS solutions measuredjasivilhelmy
plate (red triangles, right axis). The experimental data for the liquid-liquierfacial
tension was fitted with a Langmuir isothetm= 4o + A In(1— ) with the parameters
A =9.9mN/m, B = 0.00915 mol/l and the interfacial tension for a clean interface of

Yo = 29 mN/m, shown by the solid blue line in Fig. 4.2(b).
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After preparation of the initial condition as shown in Fig. 4.1 (d), a solid pefiéte
surfactant SDS (Sodium Dodecyl Sulfate, purit¥9%, Sigma Aldrich product number
436143) was deposited onto the glycerol rivulet, between the glass. dé@sthe case
of deposition at the liquid-air interface (chapter 3) the glycerol rivuligirteéd around the
deposited surfactant source and a rim formed and propagated alorigulbe The dy-
namics following the surfactant deposition were monitored by fluoresaeiwescopy
using an Olympus BX71 inverted microscope.

For sample illumination a Thorlabs LED light source (product number M470L2
C1) was combined with a fluorescence filter cube, limiting the wavelength &itagion
Aeze 10 460NM < Aepe < 480nm. The dichroic mirror had a cut off wavelength of
~ 485 nm and the emission filter limited the wavelength of the emitted light reaching
the detector\.,,, to 495 nm < A, < 540 nm. Recorded grayscale values, correspond-
ing to fluorescence intensity, increased with sub-phase film thicknessdén to allow
for quantitative morphology evaluations during the entire course of therempnt, the
illuminating light was pulsed to avoid photo-bleaching. To correlate the meaflue
rescence intensity values to film height of the deposited glycerol layieylatrof known
film height was used to calibrate the relation between measured fluoresoéesity
and film thickness. The known relation between lateral position and film tegkal-
lows for an accurate calibration of the film thickness vs. fluorescencesiyé°.

4.3 Results

Following surfactant deposition, as in the case for spreading at liquiditanfaces, a
pronounced thinning of the sub-phase liquid in the vicinity of the depositddctant
source is observed along with the formation and propagation of a rim or maximu
sub-phase film thickne$33%73.133.134 Figure 4.3 shows the typical experimentally ob-
served evolution of the height of this rim as a function of time. The initial rivcdater
film height in this experiment wag = 7.7 um. In the initial phase of the experiment the

oy -
st ba15s

¥ 265 s ) Figure 4.3: Dimensionless height of
'L%s 995 s ) "'-""""‘""-.._ the propagating rimh,,./ho as a
1524 s 2858 s} function of time. The initial film
thickness in this experiment was
ho = 7.7um. A maximum in the
rim height is reached at ~ 300 s
after surfactant deposition.

max/hO [ ]

Rim height h
'I’

T T T T T
0 500 1000 1500 2000 2500 3000
Time t [s]
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t=86s t=995s

= mm
Xr'\m’ 12 A

t=1524s

A—

—13.8 mm

rim

—g.8 mm
Figure 4.4: 3-D color-coded contour plots of the rim morphology evolutiatial rivulet
center film thicknesé, = 7.7 um and widthw = 1.5 mm. The rim height evolution

of the same experiment is shown in Fig. 4.3. The times corresponding to tbeediff
snapshots are indicated along with the respective rim positions. The béwe labeled

F (plot fort = 265 s) indicates a local plateau region or 'foot’ preceding the advancing
rim.

height of the rim increased rapidly and reached its maximum height,@f /ho ~ 3.3

att ~ 300 s, followed by a gradual decrease. Figure 4.4 shows 3-D colordooatgour
plots of the advancing rim at different times after deposition for the sameriexent as
shown in Fig. 4.3. The morphology maps were obtained by conversion afi¢hsured
2-D fluorescence intensity profiles via the calibration curve describedeall he corre-
sponding rim positions are indicated along with the times at which the snapsbas w
obtained. In the first two imageg & 86 s andt = 265 s) the rim exhibits a steeper
longitudinal slope ahead of its peak than behind it. In the course of theisee this
configuration changes and the longitudinal slope ahead of the peakbsaucreasingly
shallow ¢ = 415 s tot = 2858 s). This decrease in the slope of the film is accompanied
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219 s Figure 4.5: Dimensionless center-
53.5s 1180 s line height profiles illustrating the
s 1844 morphology evolution of a propagat-
ing rim for different times following
surfactant deposition onto a rivulet
of initial heighthy = 11.2um. In
this experiment unpurified dodecane
was used. Compared to experiments
with purified dodecane a drastic de-
crease in the maximum measured
0 4 8 12 16 . . . .
Position x [mm] film height is evident.

26§

Film height h/h, [ |

<
L

by a decrease in maximum film height,... as already shown in Fig. 4.3.

Another feature of the advancing rim is a small preceding plateau regiéooor
ahead of the actual rim. This foot is marked in Fig. 4.4 at 265s with a blue ar-
row labeled F. For SDS spreading at the air-liquid interface of glycevalats this
foot was already described in Chapter 3. As previously mentioned, dsempce of low
concentration of surface active impurities in the glycerol offers an egpian for this
phenomenoft.

This peculiarity in the rim morphology, however, does not originate fronstintace-
active contaminants present in the unpurified dodecane oil-phasé@ekarsection 4.2.
Typical centerline height profiles for spreading experiments with therifigalioil-phase
are shown in Fig. 4.5. The discussed foot ahead of the rim is not priestre shown
profiles. Furthermore, compared to the experiments with purified dodeaadrastic
decrease in the maximum measured film height is evident. With the unpurified oil-
phase, a maximum dimensional rim height of osly2.1h was reached, while for the
case of a purified oil phase was purified (Fig. 4.4 and Fig. 4.3) a maximiue ed

20
E 104 Figure 4.6: Example measurements
" of the rim position as a function

:“ of time for film heights ofhg =

S 24.3 um (red squares) and, =

'% 7 2 um (black squares). T_he rim po-

o sitionsz,;,, (t) are approximated by

é 13 the power-law relationc,;, (t) =

05 ' ' St (solid lines).
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Figure 4.7: Prefactors5 (black
circles) and exponentsy (blue ‘g
squares) for a power-law of the formE.
T (t) = Bt fitted to experimental T
data. Values are given as a functionS
of the initial centerline film height =§
ho. The black solid line indicates &
the scaling behavior for the prefactor

with the film thickness? ~ hJ?. 01 ———— —

Initial film thickness h  [pm]

14

- Exponent o

.2

hmaz/ho =~ 3.3 was reached.

Rim positionse,.;,,, (¢) as a function of time are shown in Fig. 4.6 for film thicknesses
of hg = 7.2 um andhg = 24.3 um, indicated by red and black symbols respectively.
In both cases:,;,,, () is approximated by a power-law of the formy,,, (t) = 5t (solid
lines). Figure 4.7 shows fitted spreading exponentblue squares) and prefactoss
(black circles) as a function of the initial rivulet centerline film heiglgt Spreading
exponents appear to first approximation constant over the investigatgd vath an
average value ok = 0.4. This value is slightly increased for the experiments with an
initial rivulet heighthy < 5 um. The solid black line indicates the scaling behavior for
the prefactor with the film thicknes$~ h3->. The scaling is therefore equivalent to the
one for liquid air spreading. The relation can be derived analogouslyapter 2 and 3
since the viscous friction occurs predominantly in the glycerol and the sityde= 870
mPas) of the dodecane layet (.3 mPas) can be neglected. This is also supported by the
fact that the qualitative spreading dynamics, i.e. the spreading expa@rentsry close
to the ones measured for deposition of solid SDS at the liquid-air interfacgqs 3.3).

Besides a pronounced influence on the morphology of the rim, the usepafiun
fied dodecane in the spreading experiments also resulted in a reductienaifgérved
spreading exponents. A typical graph for the rim position as a functiomra for
spreading in unpurified dodecane is shown in Fig. 4.8, where the expeéaihdata is ap-
proximated byz,;,, ~ t°33. A reasonable explanation for the decrease in the exponent,

10
Figure 4.8: Rim position as a func-g -

tion of time for spreading along a £ ~t
glycerol rivulet by = 15um) im- £ |
mersed in arunpurified dodecane ™ s
layer. 10

3

10° 10 5x10°

Time t [s]
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compared to the case of purified dodecane shown in Fig. 4.7, is aneffdeitrease in
the spreading pressure of the deposited surfadiant~(I' = 0) — v(I' = ') in the
course of the experiments. This hypothesis is supported by the data shéign 4.2,
the interfacial tension of the unpurified dodecane (black squaresisagater gradually
decreased over time. An analoguous behavior can be expected foretiadral tension
against glycerol. In the spreading experiments, therefore, the intdrfansion of the
rivulet ahead of the spreading front decreases in time and with it thetigffespreading
pressure of the surfactant.

In his experiments on spreading between deep layers of decane ard Beatg
used the alkane as received, i.e. without prior purification. This is afkerted in the
reported interfacial tension value between decane and wai&rmoN/m which is below
the value ot~ 52 mN/m in other referenc&8°% However, while the purification of the
oil-phase proofed to have a significant influence on the both the qualitgireading
behavior and the temporal morphology evolution of the thin rivulet desttiiileee, no
such effects are to be expected for the spreading between deep fkiigl [&ihe duration
of the spreading experiments reported here was in the range of sev@dal while the
spreading in Berg’s experiments was completed within s. Based on the interfacial
tension data shown in Fig. 4.2 for the unpurified alkane, changes in thiasigtension
within 1s would be small compared to the spreading pressure of the surfactamt. Th
changes would therefore have an influence on the spreading far tiedaweasurement
accuracy, assuming the nature of the impurities is equivalent to the orwtectpere.

4.4 Summary

The existing literature on surfactant spreading is mainly focused on tleadipg at
liquid-air interfaces. The spreading has been investigated at the i&dhoeen air and
deep8:36:37:47.66,721485 el| as thifl515257.73,133,134.142. 143, i layers. The spread-
ing of surface active substances at the interface of two deep liquidslayaes recently
studied by Berd. As in the case of the liquid-air interface, spreading dynamics change
when the step to thin liquid films is taken. In this chapter the spreading of actamfat
the interface of a thin rivulet of polar liquid under a layer of non-polaritiquas exam-
ined. Both liquid layers were spatially confined, on the one hand by glass$rates and
in the case of the polar liquid by a chemical surface pattern. Both the $pgechamics
as well as the liquid-liquid interface morphology evolution were studied sys$ieatip.
The surfactant used in the presented study was ionic and to good apatiax in-
soluble in the non-polar phase. A change in the spreading dynamics eapéeed for
the application of a surfactant soluble in the non-polar phase or botleghlasthe cur-
rent configuration the surfactant concentration at the liquid-liquid interiginfluenced
by the desorption into the rivulet, i.e. the polar bulk-phase. For a sunfastduble
in both phases, desorption fluxes of the surfactant from the interfexdéath the bulk
phases influence the interfacial concentration. In the current setumtholar bulk
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occupies a significantly larger volume. Depending on partitioning coeftsieiesorp-
tion into the non-polar phase therefore can potentially reduce the intér$acfactant
concentration significantly stronger than the desorption into the polar bulk icutrent
experiments.
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Chapter 5

Marangoni transport of surfactants
along discontinuous liquid-liquid
Interfaces

5.1 Introduction

In the previous chapter the spreading of a surfactant at the interfae® d¢hin liquid

layers was addressed. This study was, as all existing surfactaatispgditerature, lim-
ited to a configuration with a continuous interface between the differerggshalong
which the surfactant spread. Considering conditions in an oil resemtérfaces may
not be continuous over long distances, but either the oil or the watee paasbe in
discrete locations predetermined for example by varying wettability of thewuding

rock pores. As already pointed out in section 1 surfactant inducednigaraflow offers

Figure 5.1: Artists impression of a dea
end pore geometry with a mixed wet por
surface as potentially encountered in
oil reservoir. Grey areas symbolize roc.
blue areas correspond to pore space fill
with water and the red areas depict u
connected oil droplets or films. Pres
sure driven flow from injection to produc-
tion wells would not allow to mobilize oil
in such a pore configuration. Transpo
of functional materials, e.g. wettability
modifiers, by these flows is also limite
to connected pore paths.
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an efficient mechanism to create flow in dead-end pore geometries thaiareessible
to regular pressure driven flow created for example during a water.flBodthe case
of a continuous oil-water-interface the spreading of an injected sunfaatauld pro-

ceed along this interface similar to the configuration discussed in the preshapser.

Specifically, in mixed-wet reservoirs the condition of a continuous interfetween the
aqueous-phase and the oil-phase in the reservoir will not be fulfilledhisnchapter
experimental evidence will be presented that Marangoni driven toanepsurfactants
is not limited to continuous liquid interfaces. This novel phenomenon hagewadbpsly

been described in literature. Besides the transport of surfactant sbeiaed flows
could be employed to deliver functional substances into previously essitite reser-
voir regions. These substances in turn can increase crude oil rgaawes*1%C e.g.

via wettability modification of the rock matrix.

In the experimental model geometry used here, a discontinuous interfexplés
mented experimentally by using chemical surface patterns to confine aouspiease
liquid to discrete locations inside a continuous oil-bulk-phase. In addition tottami-
cal surface patterns, both liquid-phases are confined between pplatis reminiscent
of a Hele-shaw-cell. In the following first the sample fabrication and theexgental
layout will be described. Subsequently experimental results regardingptieading of
a surfactant in this system will be presented.

5.2 Sample fabrication and experimental setup

A top and bottom glass substrate are both chemically patterned with a linegaroarra
hydrophilic circles with diametePp on a hydrophobic background. The individual
circles are separated by a distaneg,, as illustrated in Fig. 5.2(a). Chemical surface
patterns were created via the same photolithography based procedutb@gprevious
chapters. Using a Hamilton micro-syringe, droplets of ethylene glycol (Skjiahach,
product number 324558, purity 99.8% ) are deposited onto each of thegtyilic spots,
Fig. 5.2(b). Two glass spacers of thicknégs are placed on both sides of the bottom
substrate parallel to the droplet array. The distance between the daomgtand the
spacers is approximatelp mm, Fig. 5.2(b). As shown in Fig. 5.2(c), the top substrate
is placed onto the spacers with the droplets facing downwards towardsttioenbsub-
strate. Upon contact the droplets on the two substrates merge and liquid pikars
formed. The final pillar height is determined by the thickness of the afordiomen
glass spacerkp.

The resulting glass construction is clamped together using stainless stees @damp
in the experiments for continuous interfaces, described in section 4.2rentEning
cavity space is filled with dodecane, which has been purified using basicidm ox-
ide as described in section 4.2. The entire setup is placed above a ligte goaviding
homogeneous illumination. The intensity of the light transmitted through the sample is
measured using a camera with a telecentric lens which mounted above the sample.
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(a)
D

P

Figure 5.2: Sample preparation proce-
dure for the study of surfactant trans-
port along discontinuous liquid-liquid
interfaces. (a) Chemical surface pat-
tern on the top and bottom substrate.
Both patterns consist of a linear ar(b)
ray of hydrophilic circles with a diam-
eterDp on a hydrophobic background.

The individual circles are separated b); %....
a distancewgq,. (b) Ethylene gly- h :
col droplets are deposited onto the hy-

drophilic spots on the top and bottom \

substrate. Glass spacers of thickniess (c)
are placed on the bottom substrate on
both sides of the droplet array. (c) The
top substrate is placed onto the spac-
ers, such that the droplet arrays on both
substrates are aligned and the substrates
are kept at a well-defined distance de-
termined by the glass spacers. Upoﬁl)
contact with each other the droplets on
the two patterned glass substrates merg:
and form liquid pillars. (d) The remain-
ing cavity space is filled with dodecane,
purified using aluminum oxide as de-
scribed in Chapter 4. The dodecane is
deposited at the opening of the cavity
space and imbibes due to capillary acte)
tion. (e) Qualitative sketch illustrating

the Marangoni stress induced flow-field

inside a pillar. Also sketched is the pre-
sumed qualitative concentration profile h,
of surfactant along the interface.

hydrophilic circles

i

(77,
0 0’1),
48 mm

Con centrati®®
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A drop of a dyed surfactant solution in dodecane is deposited on onefethe
immersed pillar array into the cavity space. The surfactant solution used @xjiesi-
ments described here was a solutior2aft% Triton™ X-15 (Sigma Aldrich, product
number X15-500ML) in dodecane, dyed with Oil Red O (Sigma Aldrich, pobdium-
ber ©O0625). Using a syringe filter, undissolved dye was removed to abotaiactically
particle free solution. Due to the presence of the dye, the height-adesagéal distri-
bution of the surfactant front can be monitored through light absorptiarransmission
configuration.

When the front of the injected surfactant solution reaches the first ethyglycol
pillar, its interfacial tension is locally reduced and the resulting interfaciaioengra-
dients give rise to flow along and around its interface. In Fig. 5.2(e) btatize sketch
of the flow-field inside a liquid pillar is shown alongside with the presumed auree
tion profile of the surfactant around the pillar. Figure 5.3 shows expetahanages
taken at different stages of this spreading process. The recordgscgle images were
inverted such that regions with a high surfactant (and dye) concemtigpipear bright.
The deposited surfactant solution prior to contact with the first pitlar () is shown in

wn
=
=
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-
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Figure 5.3: Contrast enhanced negative transmission images obtairiferahtistages
during a spreading experiment with parameter values of pillar héight= 450 pm,
nominal pillar footprint diameteDp = 3 mm and gap widthvg., = 1 mm. After
contact of the surfactant solution with the first pillar (indicated by the dhstiate
line in (a)), the leading edge of the front spreads from pillar to pillar. Asléaéing
edge advances from pillar to pillar the concentration at the moving fromressively
decreases along with the surfactant induced interfacial tension gradierthe pillar
interfaces. As a consequence the front propagation slows down ardefbrmation
of newly reached pillars is decreased. The convection around the (Gftpesared to
continue with decreasing intensity in the course of the experiments. A sigratthis
continued convection is the widening of the surfactant distribution aroungitiars in
they—direction.



5.3. Transport rate 59

Fig. 5.3(a). Upon contact with the first pillar the surfactant solution is duisreading
along its interface, Fig. 5.3(b). The Marangoni flow along the interfacees a complex
flow-field in the surrounding oil-bulk-phase. The convected oil phaseral the liquid
pillar transports surfactant to the next liquid pillar with a clean interface, B:g(c).
The flow continues in this fashion and the surfactant is transported thitbegil phase
from one ethylene glycol pillar to the next, Fig. 5.3(d-i). This Marangaivedh trans-
port process is many orders of magnitude faster then if diffusion woutldeogominating
mechanism behind the transport. In the course of this spreading prdwessncentra-
tion of the surfactant front reaching the new pillars decreases andtfaetmnt induced
Marangoni stresses drop correspondingly. In the images of Fig. & 8laitk regions at
the location of the pillars are the smallest diameter along the height of the pillars. |
most cases the lenses had a slightly concave shape, i.e. the pillar volumbosas c
slightly below the volume of a cylinder with equivalent foot-print.

5.3 Transport rate

Figure 5.4(a) shows the position of a propagating surfactant fronfascéion of time

for pillars of heighth p = 450 um, a nominal diameter of the pillar footpribtp = 3 mm
and a gap widthug,, = 1 mm. The step-wise appearance of the propagation data is a
result of the strongly differing propagation rates of the surfactamit fabong the pillar
interfaces and across the gaps between neighboring pillars. Along theimi#egface
the propagation proceeds rapidly compared to the propagation througapgheAcross
the gaps the propagation occurs through convection of surfactaneititiilk-phase
due to the velocity field decaying from the the pillar interface into the oil-phdse.
experimental image of the spreading process-at26s is shown in Fig. 5.4(b) in the
same scale as the ordinate axis in (a). The dashed black lines indicateitlompas the
pillars, the front position at = 26 s is indicated by the red dotted line. Figure 5.5 shows

Figure 5.4: (a) Surfactant front posi-

tion as a function of time, fokp = 25
450 um, Dp = 3 mm andwg,, =

1 mm. The step-wise propagation is
caused by the different propagatiorig 5.
rates along the pillar interfaces andg
across the gaps between neighbor- 2104
ing pillars (b) Experimental image &

(t = 26 s) inthe same scale asthe or-  5-
dinate axis in (a), the pillar positions

are highlighted by the dashed black 00
lines. The red dotted line marks the time t [s]
front position in the image.
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Figure 5.5: (a) Surfactant front posi-
tion as a function of time, foDp =
3 mm andwg., = 1 mm and a vari-
ety of pillar heightshp. Due to the
log-log scale the step-wise nature of
the propagation is less apparent then
in Fig. 5.4(a). The propagation can
initially (t < 20s) be approximated
. . by x front ~ %%, and in a later stage
1 10 100 1000+ > 20'S) by frons ~ 192,

time t [s]

surfactant front positions as a function of time, for a variety of pillar hisigh. The
footprint diameter and the gap width were kept constaiPat= 3 mm andwg,, =
1 mm, respectively. The data suggest that the initial phase of the spreadin@0s,
can be approximated byy,.,: ~ %%, In later stages the spreading appears to decrease
in speed and the data in Fig. 5.5 is well approximated jgy,,,; ~ t%2. The change in
the spreading exponent from68 to 0.2 suggests a qualitative change in the spreading
conditions. We currently speculate that the saturation of the first pillar voluitie
surfactant could be responsible for such a transition. Once the bulkiltdiais saturated
with surfactant, desorption of surfactant from the liquid-liquid interfagizes. This
desorption can, until pillar saturation, support a interfacial tensioredrilow around a
pillar since the interface is depleted of surfactant and interfacial tensaatiegts due to
spatially varying adsorption from the surrounding oil bulk can be maintained.
Considering the data shown in Figure 5.5, the spreading seems to be onlylyninute
influenced by the pillar height for the parameter range investigated.

5.4 Pillar deformation

During the initial stage of the spreading, the interfacial tension gradiediscéu by the
non-uniform surfactant distribution on the pillar interface, are suffitydarge to result
in a strong deformation of the pillar shape. Snapshots of such a deformigacally
observed on the first 3 to 4 pillars, are shown in Fig. 5.6. In the first imageX.29 s)
the surfactant front has just reached the second pillar. The cecsisis of the waist of
the pillar is indicated by the white dashed circle Fig. 5.6(a).

Highlighted in blue in Fig. 5.6(b) is the footprint area of the second pillar, wfgc
clearly visible at = 2.46 s due to the surfactant solution that spread along the entire pil-
lar surface. Furthermore a strong deformation of the pillar shape is ¢viieh= 3.17s
the pillar center section has practically again assumed a circular shape, iagiéhly
strong gradients in the surfactant distribution on the pillar surface hareaked.



5.4. Pillar deformation 61

2" pillar

Figure 5.6: Strong deformation of the second pillar waist section in a Spgeagperi-
ment with a pillar height.p = 450 ;um, nominal pillar footprint diameteDp = 3 mm
and gap widthvg,, = 1 mm. Att = 2.29 s the surfactant front reached the second
pillar. The pillar cross section at its waist is indicated by the white dashed lire).in (
Shortly after contact of the surfactant front with the pillar midsection, tio¢ofint area
of the second pillar is clearly visible in (b), highlighted in blue. Due to the neifetm
distribution of the surfactant on the pillar surface the shape of the pillarasgyr dis-
torted from its equilibrium shape. This is clearly visible by the off-cente@dcircular
cross-section of the pillar waist section as indicated in (b) by the red dasimee. The
initially strong gradients in the surfactant distribution on the pillar surfacekéjuie-
crease and the pillar center section assumes an approximately circulay ¢&ap(f)
Qualitative sketch of the convection pattern in and around the two pillarsegigtd the
surfactant front. The purple points represent stagnation points in thdidlal.

Short after initial contact of the surfactant front with the second pillatreamlebof
surfactant rich oil phase formed at the distant edge of the pillar, as thagkthe green
dashed oval. Thesstireamletf surfactant rich oil are also visible in the experimental
images in Fig. 5.3. They are forming as a consequence of the convectiennpia
and around the pillars (qualitatively sketched in Fig. 5.2(e) and Fig. ».&ff)ch is
convergent near the proximal and extensional near the distal stagpatras.

When thesestreamletsreach adjacent pillars, Marangoni flows are induced in the
latter as a consequence of the locally high surfactant concentratiorre$hiéing flow-
field in the surrounding oil-bulk-phase facilitateself-focussingf the surfactant rich
connection between the pillars. Thislf-focussingonnection is indicated in Fig. 5.6(c).
Considering the flow-field around a pillar pair as sketched in Fig. 5.6(firteehanism
behind theself-focussingan be rationalized as the flow-field behind pillar n converging
towards a single line, the previously descritstgkamlets Once the surfactant rich oil
reaches the pillar-nl the same convection pattern in and around the pillar forms as for
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pillar n. As a consequence, teeamleformation in pillar n is enhanced since the right
side of pillar n, close to pillar #1, is depleted of surfactant. This depletion causes an
ongoing flow around the interface of pillar n. Once the surfactant fiastreached pillar
n+2 the same chain of events follows with the effects reaching back the entnedfrr
pillars.

Figure 5.7: Spreading of TritdM X-45 alongside with wettability modification induced
snap-off of the pillar initially contacted by the surfactant solution. The tragsion
images were inverted, contrast enhanced and background corr@tte¢ame charac-
teristic Streamletformation at the distal stagnation point of the pillars was observed as
for Triton™ X-15 and is highlighted in image (a). Due to higher solubility of Trithn
X-45 and dye entrainment, intern@treamletsare also visible, as indicated in (d). In
image (c) the presumed foot-print area is indicated via the red dashed sreeresult of
wettability modification of the PFOTS-treated region the footprint has signitfican-
larged from theDp = 3 mm, originally imposed by the PFOTS-pattern indicated in (c)
by the green dashed line. The spreading of the pillar liquid onto the formenhwetting
region continued and the liquid on the top- and bottom-substrate eventualbnoect

att ~ 12.7s. The waist diameter of the second pillar appears to have increasedadbetwe
t = 11.9s andt = 21.9s, i.e. from image (e) to (f). This is presumably caused by
absorption of liquid from pillar 1 that has reached pillar 2.
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5.5 Low partitioning coefficient surfactant

In first qualitative experiments a similar spreading behavior as describek avas
observed for experiments conducted with Trit¥nX-45 instead of TritoA™ X-15.
Triton™ X-45 (Sigma Aldrich, product number X45-100ML) is a surfactant ofgame
type as Triton™ X-15 with an increased length of the hydrophilic polyethylene oxide
chain. This increase in the length of the hydrophilic chain can be expeciadraase
the solubility of Tritod™ X-45 in the ethylene glycol compared to Tritdh X-15. Cor-
responding experimental images are shown in Fig. 5.7. In the showniregmiSudan
Black (Sigma Aldrich, product number 199664) was used to stain thecsamntasolu-
tion, furthermore the concentration of the surfactant wast%. This exceeded the
solubility limit and dispersed surfactant droplets were present in the degaurfac-
tant solution. These droplets contained increased quantities of the dyle egused the
grainy appearance and the occurrence of the bright spots in the oheqperimental
transmission images in Fig. 5.7. A qualitative difference in these experimédatisec¢o
Triton™ X-15 shown in Fig. 5.3 was that the flow inside the pillars behind the surfactan
front was more pronounced. A signature of this continued flow aroum@rst pillars in
the array is a recirculatory flow pattern as indicated in Fig. 5.7(f). Weudated that the
higher polarity of the Tritohf¥ X-45 increases its desorption rate into the pillars which
depletes the surfactant concentration at the interface. This depletioa imiténface al-
lows flow from the surfactant rich region to continue for a longer peridighee than in
the case of Tritof X-15. An indication for the increased dissolution of the Trit¥n
X-45 is the entrainment of dye into the pillars which reveals their internal fleld.fi
As a consequence of this entrainment inte@taéamletsvere observed in these experi-
ments, indicated in Fig. 5.7(d). This entrainment phenomenon was compleselytaiy
the Triton™ X-15 experiments, e.g. Fig. 5.6.

An additional effect associated with the use of TritdnX-45 is wettability modi-
fication of the substrate regions that were initially non-wetting for the ethydéyml.
This is observed primarily in regions of high surfactant concentrationin.the region
of initial surfactant deposition. The ethylene glycol of the first pillar agrérom its
originally confining hydrophilic circle onto the PFOTS regions. The footpfrihe first
pillar is indicated in Fig. 5.7(c) by the red dashed line while the hydrophilic circle
the PFOTS-pattern is indicated in green. As a consequence of the ehfaaierint
area the pillar waist diameter decreased and eventually the liquid on the botidm- a
top-substrate disconnectediat 12.7s.

5.6 Discussion and outlook
The existing literature on surfactant spreading considers exclusieelyncious inter-

faces. The spreading of surfactants has been investigated at thadatedtween air
and deep?36:3747.66.72.144g wel| as thin®:51:52,57.73,133,134,142,163id layers. Recently
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Berg?® has presented the first study of surfactant spreading between tydigigid lay-
ers. This work has been extended towards the spreading between tidrfiligs in the
previous chapter.

In this chapter it was shown for the first time that surfactant induced hnai
flows can also transport surfactant alogigcontinuoudiquid-liquid interfaces. This
was demonstrated for spreading of a mainly oil-soluble surfactant along ariay of
pillars of a polar liquid immersed in a continuous oil-phase. The surfactartpgpated
by the Marangoni-stress induced flow field in the continuous phase. ohidiéld is a
consequence of the surfactant induced flows along the interfacesiofiikidual pillars.

This newly discovered phenomenon is directly relevant when considiergpread-
ing of surfactants in an oil reservoir. Under reservoir conditions @imoous interface
between the oil-phase and an aqueous phase in the reservoir is, eependondi-
tions, unlikely to be given over long distances. Although the experimenisrshere
were conducted in systems with ethylene glycol pillars, the same spreadsglwa
served analogously along arrays of water pillars immersed in dodecanzoingb prin-
ciple experiments, i.e. a material combination resembling potential reservdaiitions.
However, ethylene glycol offers the advantage of a low volatility facilitatinggle
preparation.

The variation of the surfactant is a promising way to examine the role ofciarfa
transport from the location of initial deposition towards the leading eddbislfransport
is more pronounced, as in the case of the TrithiX-45, experiments then the propa-
gation rate of the surfactant front is likely to be boosted. The notion treirgdon of
surfactant from the pillar interface into its bulk is necessary for prooedspreading is
supported by the fact that a solution®fvt% of oleic acid in dodecane does not spread
along an array of water pillars with a distanceugf,, = 1 mm. In the experiments with
oleic acid, the surfactant solution spread rapidly around the first pillahbudlow seized
in a fraction of a second without transporting sizable amounts of surfatitaugh the
oil-bulk-phase surrounding the pillar. As a consequence the congeaqiliars were
not reached by the surfactant solution. Oleic acid and water is a modehsj@tan
insoluble surfactant. While Tritd' X-15 is claimed to be insoluble in water by the
manufacturer, we presume it is slightly soluble in ethylene glycol and warltng in
the, to oleic acid, qualitatively different spreading behavior.

In future experiments the role of the spatial dimension of the presented e
should be investigated. It would be of interest to systematically vary the péighhto
lower values than the ones presented up to now, specifically when megagpteading
under reservoir conditions where the encountered film thicknesses bbeigignificantly
lower. To determine the influence of the pillar spacing would also be of iriféeshow
large the extend of the interface discontinuities can be such that sutfaatastill be
transported effectively. A variation in the pillar diameter and hence the pidhme
offers could offer conclusions regarding the importance of surfadsorption into the
pillars.



Chapter 6

Self-sustained drop motion

The physicochemical hydrodynamics underlying the self-sustained motice|f-pro-
pulsion, of droplets and small solid objects have received considertédattian in recent
years. Famous examples include the motion of water droplets on surfddbgieg a
wettability gradient as predicted by Greenspaand first demonstrated by Chaudhury
21 the reactive flow of drops containing a wettability modifying substance detraiad
by Bain® and of course the famous camphor boats, extensively studied amongst oth
by Nakata et &)?:100:102,104,107,108,111,112,11511f1st of the existing literature on self-
sustained droplet motion reviewed in chapter 1 is concerned with the thelgi@p
on solid substrates or deep liquid layers. In this chapter a system will beimd in
which surfactant droplets undergo an autonomous motion on thin liquidlsaegilms.
These sub-phase films are confined by chemical surface patterss;ilpireg the path of
the droplets. As will be shown in the next chapter, this droplet motion alsosoiffiter-
esting applicational aspects with respect to lab-on-a-chip technologg. dHg/stematic
investigation of different propulsion conditions and their influence on tiepamation
of the droplets is presented. Amongst others the ratio of droplet sizeumgdiase
film thickness will be shown to have a pronounced influence on the piiopuiehavior.
The drop dynamics were investigated using interference microscopyteBhtence mi-
croscopy was applied to characterize the sub-phase morphology emafutiee vicinity

of the moving droplets. Experimental initial and boundary conditions wetied/and
various modes of motion were identified.

6.1 Sample preparation

Using photolithography and self-assembling mono-layers of 1H,1H,2Hg&Hupro-
octyltrichlorosilane, as previously descridéf chemically patterned surfaces with hy-
drophilic stripes of different widtha and lengthZ. on a hydrophobic background were
created. Single-side polished Si wafenstype doped with Ph) were used as substrates
in interferometry experiments. When fluorescence microscopy was apeengular
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Figure 6.1: a) Sketch of the sub-
phase film (blue, center thickness
ho), deposited ahead of the droplet,
advancing towards the surfactant
droplet (green) due to capillary pres-
sure and gravity. b) Sketch of a
droplet at positionzp propelling
along the sub-phase rivulet. The
hypothesized surfactant surface con-
centrationT” of the sub-phase is
qualitatively illustrated. Behind the
droplet the surface can be assumed
to be covered by a dense mono-layer
of the surfactantl{ = I"p;). Ahead

of the droplet the surfactant spreads
along the rivulet surface towards re-
gions of low surface concentration.
The consequence is a concentration
gradient ahead of the droplet asso-
ciated with Marangoni flow of the
sub-phase in the direction of droplet
motion. Experimental images of a
droplet, c) prior to, d+e) during mo-
bilization ¢ = 0.1s andt = 0.2s
after contact) as well as f) during
propulsion { = 45s) along the
rivulet.

borosilicate glass microscope cover slidé&old Seal, product number 3334) with a
thickness between 0.13-0.17 mm were used as substrates. Prior to pgttertiexper-
iments the substrates were cleaned using Piranha, a 1:1 mixture of hygregside
(J.T. Baker, product number 7047, 30%) and sulfuric acid (J.T. Bakeduct number
6057, 95%). Droplets (10-60nl) of the surfactant cis-9-octaddeeh(oleyl alcohol,
Sigma 08880, 99% purity) were deposited on one edge of the hydrophifie sts-
ing a thin glass fiber or Blamilton 7000.5SN micro-syringe as a dip-pen. A thin film
(center thicknessg,), or rivulet of the subphase liquid, a solution of 0.55 wt% sodium-
dodecylsulfate (SDS, Aldrich product number 71727, purity 99%) irydrdus glycerol
(Aldrich, product number 49767, purity 99%) was then manually depositethe re-
maining hydrophilic region using a Hamilton 1710RN gastight micro-syringemaAlls
area around the surfactant droplet was excluded, i.e. left dry.

Following the deposition of the droplet and the sub-phase rivulet onto/tirephilic
stripe, capillary pressure and gravity cause the contact line of thelsagefiquid to ad-
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vance towards the surfactant droplet. The corresponding sketatxaadmental image
are shown in Fig. 6.1 a) and c) respectively. Experiments were monitsieglan Olym-
pus BX-51 upright microscope with passband-limited illumination with variousecen
wavelengths. When the advancing rivulet comes in contact with the samtadroplet
(t = 0) at its initial positionz = 0, two main effects are observed, 1) surfactant in-
duced Marangoni flow in the sub-phase and 2) mobilization and selfifziop of the
droplet along the rivulet. The initial propulsion or mobilization of a dropletigven in
the experimental images Fig. 6.1 (d,e) fo= 0.1s andt = 0.2, after initial contact
respectively. A strong deformation from a circular footprint of the tebjs evident
in these images. This deformation reduces over time and the droplet prapaistiae
rivulet assuming an elliptical footprint as shown in Fig. 6.1 f) for the drogié = 45 s.
The droplet width was measured after the initial strong deformation hagettead the
footprint is elliptical. Associated with the propulsion is a strong thinning of thelet
behind the advancing droplet as shown by the interference fringes exgerimental
images in Fig. 6.1 e) and f).

The droplet motion occurs alongside a Marangoni flow in the sub-pteassed by
the high concentration of surfactant at the interface around the drdietinterfacial
concentration is decreasing ahead of the droplet, whereas behindtietdhe rivulet
interface can be assumed to be covered by a dense mono-layer ofaunirfa he gradient
in the surfactant surface concentration induces a gradient in suefasien which gives
rise to the sub-phase fldw#. This flow facilitates the spreading of a sub-mono-layer of
surfactant along the rivulet ahead of the propelling droplet. The predwsurface con-
centration profile is illustrated qualitatively in Fig. 6.1 b) alongside with the mordtore
drop positionzp.
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6.2 Interfacial tension measurements, material parameters

Figure 6.2 shows the dependence of the sub-phase surface tensiua unface con-
centration of oleyl alcohol. A mixture of hexane and oleyl alcohol waodited onto
different bulk amounts of subphase, denoted by the different symbéigir6.2, while

the surface area of the sub-phase was kept constant. Upon evapafathe hexane
only the oleyl alcohol was left on the surface and a constant valuedautface tension
vs— A« Was measured using a Wilhelmy plate. For equal amounts of deposited-surfac
tant, the surface tension was the same for the different amounts of agk-phowing
that the droplet surfactant is insoluble in the sub-phase. An initial stempake in sur-
face tension with increasing surface concentration is followed by a glasiau region.
This quasi plateau region is an indication of a dense mono-layer coveensutiace,
indicated in Fig. 6.2 by',. The difference in surface tensions of a clean interface and
an interface covered by a dense mono-layer is termed the spreadisgrere$the sur-
factantlT = (T = 0) — y(T'as).

An equilibrium value ofyp_g = 3.8%’\‘ was measured for the liquid-liquid interfacial
tension between the sub-phase and the droplet surfactant usingempdrap tensiome-
ter.

At 25°C, the temperature at which most of our experiments were conducted, we mea
sured the viscosity of the pure subphase= 866 Pa s using a Brookfield DV-11+ Pro
viscosimeter. This is in agreement with literature values for pure glycerol axdtmsity

of 1260 kg/m® and a refractive index,, = 1.47. The surface tension of oleyl alcohol
was measured ag_ 4; = 32 %N via pendant drop tensiometry, its density is given in
literature as895 kg/m?, i.e. significantly lower than the density of the sub-phase.

6.3 Drop propagation

The position of the moving droplets, was measured as a function of times shown

in Fig. 6.3 (a). For the experiments shown, the droplet widths viere 767 ym and
850 um for propulsion on sub-phase films of thicknéss= 400 um (blue circles) and
160 um (black squares), respectively with a rivulet widthwot= 1.5 mm. For both cases
shown, a power-law of the formp = St approximates the experimentally measured
dynamics very well. The propulsion exponentsf the two droplets are: = 0.53 and
a=0.7.

The propulsion exponent depends on the ratie between film thickness of the
subphasé, and the droplet widthD as shown in Fig. 6.3 b). Propulsion exponents as
a function ofe, are shown for rivulets of widthw = 0.75 mm (red circles),l.5 mm
(black squares) antlmm (blue triangles). For values ef> 0.25, the exponents appear
to be constant with a value of slightly abowe~ 0.5. For lower values of¢ < 0.25,

i.e. thinner films or larger drops, the propulsion exponents increase santlfi with
the highest measured values aroung 0.9, i.e. motion with almost constant velocity.
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Figure 6.3: a) Drop positionsp
as a function of time for two pro-
pelling droplets. Striking is the dif-
ference in propulsion exponeat=
0.53 and0.7 for the different ratios
e = 18 = 0.52 and0.19 respec-
tively. b) Propulsion exponentsfor
a range ok. The exponents appear
to be constant or independent of
for e > 0.25. For smaller values of 1
€, a Ssteep increase in the measured
exponents is evident, with the high- ,
est values otx ~ 0.9 which rep- (b)
resents motion with an almost con- 091
stant speed. The green dashed line o =
indicates an exponent = 0.5. c) ’ / :
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Interference microscopy image (illu- =z 0.7
mination A\ = 750 nm) of a pro-

pelling droplet withe ~ 0.17. d) 061

Magnified view of the back of the Y S
droplet. The decreasing fringe spac- W= 1500 um = | Scaling .

ing towards the droplet clearly indi- ~ 04+——+=1 ;

cates a steepening of the sub-phase o s=h/D o '

profile towards the droplet.

In Fig. 6.3 c) an interference image (illumination center wavelength 750 nm)
of a droplet withe ~ 0.17 is shown. The fringes give an indication of the sub-phase
topography around the drop. Considering the decreasing fringagptawards the back
end of the drop, shown in a magnified fashion in Fig. 6.3 d), a steepenihg sfib-phase
profile towards the droplet is evident. An analysis of the sub-phaseytwafion around
the droplet using interference microscopy is only feasible in the back adrb@ets,
where the sub-phase film has significantly thinned.

6.4 Sub-phase mapping via fluorescence microscopy

To obtain information about the sub-phase thickness profile around the parime-

ter of the droplet inverted fluorescence microscopy was employed. Ese tbxperi-
ments0.1wt% of flourescein sodium salt was added to the sub-phase and trartsparen
glass substrates used with a pattern widthwot 750 um. The fluorescence intensity
was correlated to film thickness by calibration via a rivulet of sub-phageasknown
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Figure 6.4: (a,b) show color-coded contour plots of the sub-phasgnaplay around
propelling droplets withD = 410 um andD = 530 pm on films of initial film heights
ho = 135um andhy = 70 um, respectively and a pattern width of = 0.75 mm
Iso-height values are color-coded according to the legend on the right.

morphology. The obtained relation between fluorescence intensity anghsisie mor-
phology allows a conversion of the recorded 2-D intensity maps into 3-baoplots.
Figures 6.4 (a,b) show color-coded contour plots of the sub-phasgraggty around
propelling droplets withD = 410 um andD = 530 um on films of initial film heights
ho = 135 um andhy = 70 um, respectively and a pattern widthof= 0.75 mm.

6.5 A scaling argument for the drop propulsion

Under certain assumptions a scaling argument can be given for thelgoopaf the
droplets

Assuming the droplet to move proportional to the Marangoni flow of thephdse
at its position,‘sfg—tD u(x = xp), and the front position of the spreading surfactant layer
ahead of the droplet to propagate With‘ffs”—tF = U|,—n, (z = zp), i.e. with the surface
velocity at its position. Considering only viscous friction and a therefore linelacity
profile in the sub-phase and the surfactant induced surface tensidiegras a driving
force, the front propagation scales as,

5.%'f Hho 1
ot p xf—2xp’

(6.1)

since at the front position the film thickness is always the undisturbed initrattiick-
nesshy. An analogous argument can be applied for the position of the drop acieg

ho with an effective film thickness,. that is the length scale characterizing the viscous
stress at the position of the droplet.

oxp - I1h, 1

6.2
ot f T —2Tp (6.2)
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Herell denotes the spreading pressure of the droplet surfactant. The distaiveeen
droplet and front is then given by subtracting eq.(6.2) from eq.(6.#) saadbsequent
integration consideringe; — xp)(t = 0) = 0.

x;—xp = m(h(’;_Mt (6.3)

inserting 6.3 into 6.2 and integration gives

ITh, 2v/t [JIL he
= =4[2——F—=Vt 6.4
o H 211 (ho—he) 1 ho — he\[ (6-4)
w

The expected propulsion exponent is therefore- 0.5 which coincides well with the
experimentally observed values fer> 0.25. An extend analysis of the sub-phase
configuration elucidating also the influence of the capillary pressure oprtpelling
droplet could potentially lead to a conclusive reason for the increase isptieading
exponent for lower aspect ratios.

6.6 Viscosity modulation

In order to vary the velocity of the self-propelling droplets, the modulatiothefsub-
phase viscosity offers an efficient possibility. The viscosity of both sub-phase and
droplet decreases with increasing temperature. In Fig. 6.5 b) the temrmeedapendence
of the sub-phase viscosity is shown and coincides with literature valugsiferglyc-
erol. Within the studied range of viscosities, no qualitative difference in tbpybsion
behavior was found, i.e. the measured range of exponents for the iditighickness

of hy = 250 um was0.53 < « < 0.6. Figure 6.5 a) shows the effect of the subphase
viscosity on the pre-factas fitted to the experimental data. The red solid line in Fig.
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6.5 a) corresponds to the relatigh~ 1/u%5 as expected from the scaling argument
Eq. (6.4) and is a good approximation of the experimental data.

6.7 Meandering motion

In all the propulsion experiments discussed up to now, the initial conditioms as
shown in Fig. 6.1, i.e. a drop was placed on a hydrophilic stripe, a rivlilailm-phase
material was advancing towards it and upon contact the droplet would ctitethe
rivulet and propel along its length. As a result, the droplets propelledyalmcenter-
line of the sub-phase rivulets. Under different initial conditions the létsgcan exhibit
a meandering motion as shown in Fig. 6.6(d-0). In this experiment a drdjlet msol-
uble surfactant was deposited onto a rivulet of glycerol with initial height: 400 m
and lengthL, = 40 mm at an off-center position approximatélynm from one edge of
the rivulet. The surfactant used in this experiment was oleic acid (Sigma&)99%
purity), which is chemically very similar to the previously used oleyl alcohdlexhibits
the same propulsion behaviour for experimental conditions as descrikedtion 6.3.
Upon deposition of the surfactant onto the rivulet liquid, the droplet sptitare-
sulting daughter droplet initially propelled towards the nearby longitudingé exd the
rivulet. Associated with the deposition of the surfactant onto the rivulst avainitial
Marangoni driven flow of sub-phase bulk liquid away from the locatiodeyosition.
Due to the small distance e 7 mm between the end of the rivulet and the deposition
site and the rather high sub-phase film thicknkgs~ 400 um, the surfactant front,
spreading away from the droplet, can be expected to have reacheutbétbe rivulet
within several seconds. Ones the surfactant front has reachedgbetthe rivulet the
surfactant surface concentration gradi@hy 0x and the associated surface tension gra-
dient(0~/0rI")(0T'/0z) ahead of the droplet decreased due to accumulation of surfactant
between the droplet and the edge of the rivulet. As a consequenceathadbni flow of
sub-phase away from the droplet diminished and was offset by caplfetyydrostatic
pressure driven flow of sub-phase liquid from the rivulet edge revhguid had accumu-
lated as a consequence of Marangoni flow, towards the droplet aatedio Fig. 6.6(e).
Under these conditions, the droplet engaged in a meandering motion at&imsain
direction of the bulk flow which has never been reported in the scientific tlibaxde-
fore. This propulsion behavior can be explained qualitatively consigéhia flow field
of the sub-phase bulk around the droplet. When bulk liquid is flowing pastribplet on
the negative,—coordinate part of the rivulet (Fig. 6.6(d-g)) the sub-phase seiifato-
cally expanding due to spatial velocity gradientsd /A ~ du, /0x At. This expansion
goes along with a local decrease in surfactant surface concentratignt ~ AT'/T.
The droplet propels towards regions of low surfactant surfaceertdration or high bulk
flow rates and associated strong interface expansion. As the droppetipin negative
y—direction, the flow of sub-phase decreases since the presence obfhetdauses a
thinning of the film surrounding it and is associated with sub-phase flow iditaetion
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Splitting droplet

Figure 6.6: Interference microscopy images (illumination center wavelehgth
650 nm) of a droplet undergoing a meandering motion. After off-centered irdgal
position of an oleic acid droplet on a glycerol rivulet, the droplet split andsulting
daughter droplet propelled towards the end of the rivulet in a meanderaigpn as
shown in (d-o). Due to capillary pressure the sub-phase exhibited &lbulkn nega-
tive z-direction, indicated in (e). This sub-phase flow, subject to flow rate tatidao by
the meandering droplet, is associated with a surface expansion, due tibrv@ladients,
that effectively reduces the surfactant surface concentration.



74 Self-sustained drop motion

of drop motion. As the droplet approaches the rivulet border-at—0.75 mm the sub-
phase film ahead of it saturates with surfactant, since the chemical pajtémposes
a no-flux boundary condition on the sub-phase and the surfactagntat-0.75 mm.
However since the droplet moved in negatiyedirection, sub-phase began to flow in
negativer—direction past it on the positivge—half of the rivulet Fig. 6.6(i-m). This in
turn caused a decrease in local surfactant surface concentratitisaivulet section
due to the local surface expansion causing the droplet to change firamstation with
negative velocity iny—directionv, to a positivev,. The described interplay of surfac-
tant surface concentration decreasing sub-phase flow past thetdaog spreading of
surfactant from the droplet alongside its translational motion gives riseetmtander-
ing propulsion characterized by a varying net motion:indirection and an oscillating
velocity component ig—direction with no net translation.

In Fig. 6.7(a) thec— andy— positionsz p andyp of the droplet center as indicated in
Fig. 6.6(e) are shown as a function of time in black and red respectivglis increasing
over time with short periods in whiahz p /0t < 0. In contrastyp is oscillating between
—0.4mm < yp < 0.4mm. The velocities of the droplet im— andy—directionv,,
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2 . ﬂ""". . g g 02 along thex— and y—axes shown
s 037 w P - in Fig. 6.6(d) as a function of
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Figure 6.8: Optical interference images showing the break-up of a singdéedland the
synchronized meandering motion of the two resulting daughter dropletssatfzgrbulk
flow of the sub-phase. Bulk flow was induced by manual supply of si#s® ahead
of the droplet. The addition of sub-phase liquid resulted in the creationrtdcsant
free sub-phase surface ahead of the droplet and a bulk flow dueiltagapressure
towards the droplet. As a consequence of a maximum in the flow rate of hojtysu
the initially single droplet (b) split (c) and the resulting two daughter dropbdtgbéed
a synchronized meandering motion.
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Figure 6.9: (a) Positionsp of the
droplets shown in Fig. 6.8(d-m) in
x—direction . Directly after break-
up of the original droplet, the two
daughter droplets were initially con-
vected with the sub-phase flowing in
negativex—direction. With the on-
set of the meandering motion tats
3.5 s the droplets exhibited a net mo-
tion in x—direction. (b)y—positions
yp Of the droplets as a function of
time. The trajectory ofjp fort >
3.5 s for the two drops resembles the
data presented in Fig. 6.7(a) for a
single droplet, with the difference
that each of the droplet undergoes
an oscillatory motion in its respec-
tive half of the rivulet.

Drop position x  [mm]

Drop position y [mm]

Time t [s]

andv, are shown in Fig. 6.7(b) in black and red, respectively. The periods &f 0
correspond to the times when the droplet is passing the centerline of thet,rivel as
the droplet center position is aroupg = 0.

A pair of droplets engaged in the described meandering propulsion cangand
synchronized motion. Experimental images of such a synchronizedibeba® shown
in Fig. 6.8(f-g). A single droplet was deposited onto a rivulet of glytesith a water
content of 10 wit% and the same sub-phase liquid was manually supplied viasa gla
pipette as shown in Fig. 6.8(a). Upon exceeding a certain threshold otithphase
flow rate, the droplet, previously being practically stationary in the flow ppad sub-
phase, extended in transversal direction and split, Fig. 6.8(b-e). suiting daughter
droplets subsequently engaged in synchronized motion. In refererce tmordinate
system shown in Fig. 6.8(g) the position of both droplets-directionx p is shown in
Fig. 6.9(a) as a function of time. After an initial steep increageslowly decreased, i.e.
the droplets were convected with the sub-phase flow. This was followedfbywvard
motion inz—direction of both droplets that is reminiscent of the afore described motion
of the single meandering droplet shown in Fig. 6.7(a). This forward motiartesi
simultaneously with the oscillating motion inp-direction. The respective position of
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the droplets iny—directionyp are shown in Fig. 6.7(b) in black and blue for the upper
and the lower droplet, respectively. The resemblance of the showa famy> 3 s with

the data presented Fig. 6.7(a) is evident, with the difference that each ofdividual
droplets is exhibiting the meandering motion in their respective half of the tivAle
explained above, the approach of a droplet to the the border of the cidesuitace
pattern aty = +0.75 mm goes along with an accumulation of surfactant ahead of the
droplets due to the no flux boundary condition the border of the chemittatpanposes

on the surfactant and the sub-phase. This causes the droplet tcectiiaection and

to propel with a reversed sign of,. The approach of the droplets with each other
has a similar effect since both droplets are sources of surfactaradspgealong the
sub-phase surface. Therefore, as the two droplets approactoechthe surfactant
surface concentration between them increases. Since the droplets mavdstoegions

of low surface concentration they eventually change the sign of theiectgpv, and
move away from each other towards the edges of the rivulgt-at+0.75 mm, where
sub-phase flow gradients have extended the surface and hencefdite soncentration
has decreased. These regions of high sub-phase flow rates awgeddit Fig. 6.8(j)

by the light blue arrows. Analogously, as the droplets move apart sabephegins to
flow in negativer—direction between the droplets as indicated by the blue arrows in
Fig. 6.8(k,l). This in turn decreases the surfactant concentration in thtercef the
rivulet and the droplets eventually move towards the center again anddleeregtarts.

In summary, the described meandering motion of a single droplet as well as the
synchronized motion of a droplet pair are a result of a complex interplaydactant
spreading from the droplet, the influence of the related surfactaneotmation gradients
on the sub-phase flow and vice versa and the influence of the confihelonemno the
chemical surface patterning.

6.8 Intermittent propulsion

In Section 6.6 the effect of a viscosity reduction by means of a temperaturgsase on
the propulsion speed was presented. Due to the uniform heating of treegarimen-

tal setup in these measurements, the viscosity of the droplets also deciéds=dub-
phase viscosity is reduced by addition of water, the droplet viscosity remathanged
and the viscosity ratio between subphase and droplet is modulated. For maditip

to 15 wt% Dl-water the effect is practically equivalent to the viscosity modulation via
temperature. Al5 wt% Dl-water content and above, the droplets frequently broke up
during mobilization. In this type of system sufficiently small droplets, howeerwith

a footprint of < 100 pm exhibited arin the existing literature undescribedtermittent
mode of self-propulsion. In the measurements described here a ssk-phglycerol
with a 15 wt% DIl-water content and the insoluble surfactant oleic acid (Sigma 01008,
99% purity) were used. As in the experiments described in Section 6.3 actunf
droplet was placed onto one end of a rivulet with lengiiflmm while the sub-phase lig-
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Droplet ¥ = Figure 6.10: (a-c) Droplet in inter-
mittent propulsion mode at= 0s

t = 2.6s andt = 5.16 s respec-
tively. (d) Droplet position at =
9.1s. The green line shows the tra-
jectory of the droplet from its initial
position to the point when the it has
been completely consumed. (e) Pro-
pelled distance over time. The ex-
perimental data (symbols) is well ap-
proximated with a linear velocity of
184 um/s. Even though the drop de-
creases in volume over time its speed
remains constant allowing the con-
clusion that the speed is independent
Time t [s] of its size.

Propelled distance [um]

uid was deposited at the other end. The droplets engaged in self-poopup®n contact
of the sub-phase with the advancing sub-phase. Due to the abrupg oathis intermit-
tent propulsion mode, only sufficiently small droplets (footprinkof 00 xm) engaged
in this type of propulsion. Larger droplets broke up upon contact withuhexhase and
the sub-phase surface was due to this break-up largely saturated rfatttait.
Experimental images of the intermittent propulsion are shown in Fig. 6.10f@-d)
the droplet at time$¢ = 0s,t = 2.6s,t = 5.16s andt = 9.1s respectively. When
the droplet began to propel, it initially moved along the gradient of the heigifilg
and then continued along the rivulet centerline where the sub-phase filkmels is
highest. The trajectory of the droplet is indicated in Fig. 6.10 (d) by thengsekd line.
The initial motion towards the center of the rivulet is followed by a straight mationg
the rivulet centerline. In Fig. 6.10 (d) the sub-phase has alreadydctartiew back onto
the former path of the droplet. For this intermittent mode, the time averagedllecbpe
distance increases linearly with time as shown in Fig. 6.10 e). A constant timegade
speed of< u >= 184 um/s is a good approximation of the experimental data. The
fact that the propelling droplet is depleted in the course of the experinegitisyspeed
remains constant during the experiment allows the conclusion that the tsiz@és not
a determining factor for the speed in this propulsion mode.
Figure 6.11(a-I) shows high resolution images illucidating the mechanism of the
intermittent propulsion. When the droplet is in contact with the sub-pliasé)(ms, (a))
it begins to slide onto the sub-phase layer ahead ot {0 ms, (b)) and moves forward.
At t = 10 ms the triple line of the droplet is not clearly visible. Since the droplet consists
of a surface active substance the rivulet interface around it is immed@teéred by a
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Figure 6.11: Series of interference microscopy images of a micro-drepdetged in an
intermittent mode of propulsion. (b) and (k), droplet in contact with theshdise bulk,

it is impossible in these images to detect the triple line of the surfactant drople}, (c
(h-j) and (1), droplet gradually moving forward on the thin sub-phaselgfitbehind by
the retracting sub-phase bulk. (c,h,l) sub-phase in its most retracted(glateoplet in
the moment of detachment from the sub-phase bulk.
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dense mono-layer of the surfactant, leading to a strong localized redo€iisrsurface
tension. The consequence of this local reduction in surface tensianditbe drop are
strong gradients in surface tension giving rise to sub-phase flow awatfie drop. Due
to the low viscosity of the sub-phases( wt% Dl-water) this retracting flow exceeds
the speed with which the droplet is sliding onto the rivulet such that the drdpks
not engage in a continuous motion as discussed in Section 6.3. This stepvis isho
Fig. 6.11 att = 10 ms,(b),t = 100 ms,(g) and = 180 ms,(k). Instead of the sliding
on as in the continuous propulsion, the sub-phase ahead of the drogitimificantly
leaving behind only a film of thickness 1 ym around the drop. This thin film is clearly
visible by the interference fringes in the experimental images in Fig. 6.11thidlaess
of this film increases towards the drop, where the sub-phase forms acoremigh the
contact line of the droplet elevating it from the substrate. Due to the cuevafuthe
meniscus, capillary pressure causes the droplet to slide forward slowdy20 ms to
70 ms, Fig. 6.11(c-e) antl = 120 ms to160 ms Fig. 6.11(h-i)). The meniscus in the
front of the droplet is clearly visible as well as the absence of such a ousnis the
back of the drop. The high surface concentration of the surfactatiieofilm that had
contact with the droplet quickly redistributes over the entire length of thdatisuch
that the overall surface concentration is diluted towards a low level. Tipkase film
then flows back towards the drop due to the capillary and hydrostaticupeessich
is no longer overcome by the surfactant-induced surface tension gmdi®nce the
sub-phase has reached the droplet again, the process startstivbewantire droplet is
depleted.

The entire process is therefore alternating between relatively fastrdotipn fol-
lowing the contact of the drop with the sub-phase, Fig. 6.11(b,g,k), 10 ms, ¢t =
100 ms andt = 180 ms and a slower motion as the drop is pulled forward by the nega-
tive capillary pressure due to the curved sub-phase meniscus leftldshihe retracting
sub-phase; = 20 ms to70 ms, Fig. 6.11(c-e) antd= 120 ms to160 ms Fig. 6.11(h-i).

6.9 Summary and conclusions

Several newly discovered modes of self-sustained motion exhibited bylmssurfac-
tant droplets on thin liquid sub-phase films have been described in this chajie
sub-phase films were confined by chemical surface patterns.

For the presented continuous mode of straight propulsion, the experlimenéa-
sured drop position was found to follow a powerlayy 5t*. A systematic investigation
of the propulsion conditions on viscous sub-phase films revealed two regiitiediffer-
ent propulsion exponents. When the droplet size exceeded a certgshdhd compared
to the initial sub-phase film thickness a pronounced increase of thelpi@paxponents
a was found, while the exponents appear constant for droplet sizes tiedbthreshold.
Fluorescence microscopy was employed to analyze the sub-phaseaoippground
the droplets. When the sub-phase viscosity is strongly reduced by gelraits com-
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position, leaving the drop viscosity unaltered, an intermittent mode of drop metasn
discovered.

Note: The results presented in this chapter have in parts been presented ilghe 20
Small mattersideo contest by the American Institute of Physics (AIP). The contribution
was selected the contest winner by the Editorial Advisory BoaBiaficrofluidics
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Chapter 7

Self-propelling surfactant droplets
In chemically-confined microfluidics

In the previous chapter it was shown that droplets of certain insolubiecsants can ex-
hibit self-sustained motion on a chemically confined sub-phase, provitkathe asym-
metric initial conditions. The focus of chapter 6 was on the propulsion bheharnd the

different modes of motion depending on the experimental conditions. In liaister,

certain application related aspects in open-surface microfluidic devieasvastigated
for these self-propelling droplets.

Open-surface microfluidic devices offer certain advantages overeotional pres-
sure-driven, channel-based microfluidic systems, such as easysattg also suffer
from draw-backs, e.g. the incompatibility with operation by mechanical pétniss-
tablished liquid actuation techniques in open-surface microfluidic devieespgowet-
ting®?, dielectrophoresis, thermocapillary actuatiold-31:122 and vibratiorf’ as well as
electrowetting 895121 which has recently also been applied in open/closed-surface hy-
brid deviceg. Specifically with respect to cheap, single-use-type devices, a dchwba
of these techniques is the necessity of an external power source aimdeg@tion of
electrodes or electric heating elements into the microfluidic system. A viable alterna
tive for these kind of devices are passive liquid actuation mechanismd) Waie been
demonstrated for closet}88124.14%35 well as open-surface microfluidic deviégs

This chapter illustrates the applicability of surfactant self-propulsion aassiye
driving mechanism for droplets in chemically-confined microfluidics, eliminativey
necessity of an externally powered actuation mechanism. The dropletsstaug of
an insoluble surfactant, exhibit directed motion on thin films of a second liquitietd
sub-phase. These sub-phase layers are spatially confined by cheunfaae patterns,
forming fluidic pathways for the self-propelling droplets. The novel eptof using
passively moving droplets to transport solid cargo particles is preseated The cargo
hereby is of a size comparable to the droplets themselves. Furthermorebi wéimon-
strated that at fluidic junctions in the chemical patterning the droplets can lee st
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Hydrophobl
Hydrophillic
Drop depo-
sition area

Figure 7.1: (a) Sketch of a typical hydrophobic/hydrophilic surfactepa (b+c) II-
lustration of the mobilization of a droplet, (b) the sub-phase liquid spreadsdsvwhe
droplets due to capillary pressure, (c) the droplet is in contact with thgpkase, is mo-
bilized, and propels along the confined sub-phase film. (d-g) Diffetages in a propul-
sion experiment with initial film thickness, = 295 um. (d) Droplet {p =~ 19 nl) prior
to contact with the advancing sub-phase rivulet. (e) Droplét1 s after contact with
the sub-phase, in the process of getting mobilized. (f,g) Droplet in an@atly s) and
later stage of the propulsion € 77 s). The initially nearly half circular shape quickly
relaxes towards a circular one.

or their trajectory can be controlled using thermal routing. The drivingefdor the
droplet motion has its origin in the Marangoni-flows induced by the non-tmigurfac-
tant distribution around the droplets. Related propulsion mechanisms fotrdrtsport
along liquid-air3 as well as liquid-solid interfacé®® have been studied in recent years.

7.1 Experimental details

The chemical patterning procedure, based on photolithography arasselfnbling mo-
no-layers of 1H,1H,2H,2H-perfluorooctyltrichlorosilane was describektail in chap-
ter 3, along with the subsequent cleaning step. Using this procedure clignpiat-
terned surfaces on Si-substrates and borosilicate glass slides (tlsidkbesm), with
hydrophilic stripes of lengti. > 220 mm and widthw = 1.5 mm on a hydrophobic
background were created, as sketched in Fig. 7.1(a).

For experiments without cargo, a droplet of the surfactant cis-9-ectad1-ol (oleyl
alcohol) is deposited on one edge of the hydrophilic region using a glassafita dip-
pen. The droplet volumeEp in the experiments ranged from 4-60nl. After droplet
deposition, the sub-phase liquid (film thickngsg, a 0.55 wt% solution of sodium
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(2)

(c) 100
Cargo position

j(d) = Droplet with Cargo
+a 0 Droplets

860 pm
y

Figure 7.2: (a) Sketch of the surface pattern used for cargo loadiing,tp sub-phase
deposition. A droplet deposited on the tip of the hydrophilic wedge propeigafd
towards the cargo due to the increasing hydrophilic surface areaecbbgrit. (b) Ex-
perimental images of the cargo pick-up, taken with a telecentric lens in a igdezon-
figuration. The initial cargo position is indicated by the black arrows on tHi@imo (c)
Mobilization and propulsion of a particle transporting droplet. The cargtipa in the
micrograph sequence is indicated by the red arrows. (d) Droplet posgienfunction
of time for a droplet and a particle transporting droplet indicated by the loiaclkes and
red squares respectively. Also shown, data for drop propulsionplase liquid with
viscosities reduced by increased temperature (green diamonds) antl, DI-water
addition (blue triangles). (e-g) top-view images of a particle transportinglelt; (e)
prior to mobilization, (f) during mobilization, (g) propelling with the particle.

dodecyl sulfate (SDS) in anhydrous glycerol, is evenly distributed oneiimaining hy-
drophilic region using daamilton 1710RN gastight micro-syringe, excluding a small
area around the surfactant droplet.

Following deposition, the contact line of the sub-phase liquid advancesdsiize
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surfactant droplet due to capillary spreading, as illustrated in Fig. 7.2hen the
advancing sub-phase rivulet comes in contact with the surfactantetifop= 0), the
latter is mobilized and slides onto the rivulet, as shown in Fig. 7.1(c,e). Substy,
the surfactant droplet self-propels along the rivulet, whereby sfiibmghinning behind
the advancing droplet is evident. Optical micrographs of droplet mobilizatahself-
propulsion along a chemically confined sub-phase filign £ 295 pm) are shown in
Fig. 7.1(d,e) and (f,g), respectively. The experiment was monitored) @sirOlympus
BX-51 upright microscope, with the illuminating light passband-limited arounehtec
wavelength o\ = 650 nm with a bandpass @k A ~ 10 nm.

Fig. 7.2(d) shows the positiany of a droplet {/p ~ 23 nl) as a function of time
for propulsion on a sub-phase film of thicknégs= 325 pum (black circles). To very
good approximation the dynamics are described by a power-law of thexfgrea t°-°.

As illustrated in Fig. 7.2(d), the propulsion speed can be adjusted by modulatin
the sub-phase viscosity. Experimental data is shown for an experimgst@t(green
diamonds,Vp = 9 nl) and at25°C with 10 wt% of DI-water added to the sub-phase
(blue triangles,Vp =~ 13 nl), resulting in viscosities o105 mPa-s andl52 mPa-s
respectively (original sub-phase viscosity;,;(25°C) = 870 mPa-s). In both cases the
observed propulsion speed is strongly increased, whijlg) remains well approximated
by a power-law of the forma:p = -5,

7.2 Cargo loading and transport

The self-propelling droplets can be used to transport solid cargo particl¢he exper-
iments described here, poly-methyl-methacrylate (PMMA) beads (Altugliessity =
1.19 kg/m?) were used as a model cargo. In Fig. 7.2(a) a chemical surface pittern
sketched that facilitates controlled pickup of a cargo particle by the drogReter to
sub-phase deposition, the particle is deposited inside a hydrophilic wedgefactant
droplet is deposited on the tip of the hydrophilic wedgg € 0), moves forward and,
provided its voluméd/p, is sufficient, reaches the cargo particle and engulfs it. This short
distance propulsion is based on the increase in hydrophilic surface@reged by the
droplet as it moves forward in the hydrophilic wedgé

Experimental images of a typical pickup process are shown in Fig. 7.2i(b)e
initial cargo position indicated by the black arrows on the bottom. After thexstanfit
droplet detached from the dip-pet}, (= 0 s), it moved into the hydrophilic wedge,
towards the cargo. When the droplet reached the cargo particle, it wiaflyirdrawn
towards the droplet until it was completely engulfeégl £ 0.6 s), after which it moved
with the droplet along the hydrophilic wedge.

Following the pickup of the cargo particle, sub-phase is deposited and the mo
lization of the droplet on the liquid sublayer occurs in the same fashion akdpiets
without cargo. Experimental images of the mobilization and propulsion of tclear
transporting droplet are shown in Fig. 7.2(c,e-g), for an experimendé@nsgew config-
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uration and taken with an up-right microscope, respectively. In FigdytBé position
of a particle conveying droplet is shown as a function of time by the redreguét is
evident that the droplet dynamics are basically equivalent with the omes dooplet
propelling without a cargo particle (black circles). Cargo transporegxpents were
conducted with as-received, hydrophobic beads as well as UV/dreaied (10 min)
beads, hydrophilic, and no difference in the transport behavior ewasdf

7.3 Fluidic junction - splitting and routing

At binary junctions in the fluidic pathways, droplets can either be split octitkin one
of the continuing branches. Experimental images of a splitting drople¢ 11 nl) are
shown in Fig. 7.3(a-c)iy = 250 xm). When the droplet reached the junction £ 0)

it extended orthogonally to its original propulsion direction. After thinning ircéater
region the droplet split up and both daughter droplets propelled indepéndalong
their respective fluidic branches.

By increasing the temperature of one of the junction branches, the dropletse
directed into the opposite branch, without breakup occurring. Twordifteexperimen-
tal implementations will be described here, demonstrating this thermal steesthgob
droplets with and without cargo. The first implementation is depicted in Fig.)7.3(d
small PDMS flow cell is attached to the bottom of the patterned glass substreddydir
underneath one of the branches.

Figure 7.3(e-h) show experimental images of a droplet & 24 nl,) steered at a
junction using this implementatiork{ = 285 um). Short before£ 2 s) the droplets
reached the junction, water with a temperature of aboUE above ambient temperature
(25°C) was pumped through the flow cell at a flow rate of ab@at ml/s. Due to
the thin substrate thicknes$50 ©m), the sub-phase film on top of the heated area
quickly reaches the same temperature as the heating liquid. The dropletitadlg in
stretched orthogonally to its propulsion direction, Fig. 7.3(f), retractecdh fthe sub-
phase liquid in the heated branch, Fig. 7.3(g), and propelled along tleatethbranch,
Fig. 7.3(h). It should be noted, that under standard conditions hundntbmperature
would therefore be sufficient to provide the same temperature diffeiartbe fluidic
branches as this PDMS flow-cell setup.

In the second configuration, heating was performed using a focusededflaser
beam @ = 1470 nm). The beam diameter at its focal point wag xm and the output
power of the laser was measured tolb¥/. To ensure complete absorption of the laser
beam, the patterned glass substrate was placed dBth@tt KG-3infrared-absorbing
glass slide. The entire setup was placed onto an inverted microscope to ntbaitor
droplets. This experimental implementation is sketched in Fig.7.4 (a). Whenopletyr
reached the junction, the laser was triggeredifdr s to illuminate a spot approximately
1 mm ahead of the droplets in one of the branches. As before, the droglietsly
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Figure 7.3: (a-c) Interfer-
ence microscopy images
of a droplet splitting at
a fluidic junction. After
reaching the junction, (a),
the droplet was stretched
orthogonally to the rivulet,
thinned in its center, (b),

1.5 mm and split into two indepen-

dently propelling droplets,

@ CutA-A . (c). (d) Experimental
Liquid < ' . .

[ branches ™ <  configuration for heat in-

“open” “blocked” .—2 duced droplet steering at

¥ Y fluidic junctions using a

PDMS flow cell. (e-h)
Microscopy images of a
droplet steered at a flu-
idic junction. (e) Short
before the droplet reached
the junction att; = 0,
heating liquid was pumped
through the flow cell. The
droplet was stretched or-
thogonally to its propul-
sion direction, (f), de-
tached from the sub-phase
liquid in the heated branch,
(g), and moved into the un-
heated branch, (h).

Patterned
substrate

Heating
liquid

PDMS —

propelled along the unheated branch. Figure 7.4 (b-e) show microscages of a
droplet steered at a fluidic junction using infrared illumination. The brigbt spthe

images on the lower branch is a guide laser, as marked in Fig. 7.4(c). It is ifitingn
an area around the focal point of the infrared laser. While this guide s switched
on during the entire experiment, this was not the case for the infrared illuminatio
should be noted that the droplet in the experiment shown in Fig. 7.4(bsgyavesporting
a cargo bead (indicated in Fig. 7.4(e)).

The temperature asymmetry between the fluidic branches has two main effects.
shown in chapter 6, the viscosity of the sub-phase used in the experinremigs de-
creases as temperature increases. Higher temperatures also lowerfabe gnsion
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* View

.
. 1
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Figure 7.4: (a) Experimental configuration for heat induced dropletisig at fluidic
junctions via infrared laser illumination. The glass substrate with a fluidic patiwa
cluding a junction is placed on an infrared absorbing glass. Inverted seimpy is used

to monitor the drop dynamics. (b-e) Upon approach the droplet reachiniiction
infrared laser illumination (nominal output poweW) of an area slightly ahead of the
drop is triggered (illumination time: 1s). The localized temperature increase in the
illuminated branch directs the droplet into the unheated branch. The bughirsthe
lower branch of the microscope images is illumination by a guide laser, as marf@d
The area illuminated by the infrared laser is in the center of this spot. Théetiophis
experiment was transporting a cargo bead, as indicated in (e).

of most liquids, the temperature coefficient of glycerobig/0T ~ —0.06 mN/(m
K)117. The surface of the sub-phase (glycerol contairirigy wt% of SDS) directly
ahead of the droplet is covered with with an unknown surface condemtia of the
surfactant the droplet consists of. Considering the data shown in Figth&docal
surface tension of the sub-phase is therefore betwgEn= 0) = 49.2mN/m and

YT =Ty) = (' = 0) — Igroplet = 32.3MN/m, with Igropier denoting the spread-
ing pressure of the droplet surfactant dng denoting the surface concentration cor-
responding to a dense mono-layer of this surfactant. To first ordeosipration the
temperature coefficient of the sub-phase can be assumed to be samthapioe glyc-
erol, i.e. 9v/0T ~ —0.06 mN/(m K). In the case of steering via the PDMS flow cell
shown in Fig. 7.3 the temperature of the steering fluid Wds= 10 K above the ex-
perimental conditions. The flow-cell was attached on the bottom of a gléstrate
with a thickness ofs 150 yum. Considering these experimental conditions, assuming a
decay of the temperature increase from the heated area along the flufdavpaa dis-
tance of0.5 mm is justified. The temperature gradient induces a surface tension gradien

which then would b&T 22 ~ —1.2 ™M a55uming a linear temperature profile. When
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considering the surfactant induced surface tension graog%n% in an unmodulated
branch a first order approximation is the assumption of a linear increasefaces ten-
sion fromy(I' =T',,) = (I’ = 0) — Hgroplet= 32.3MN/m to(I" = 0) = 49.2 mN/m.
HereT" = 0 corresponds to the condition of the sub-phase surface ahead of direglea
edge of the droplet surfactanta,,,,., which is spreading in a mono-layer ahead of the
drop. For the surfactant induced surface tension gradient to be eathe order as the
temperature induced gradient estimated before, the leading edge of filaetatrfront

x front Would therefore have to bey,.,, — xp ~ 14 mm. Steering experiments were
conducted between approximatelg s and several minutes after initial droplet mobi-
lization. Considering the data shown in Fig. 3.6 for the spreading of a simittacsant
from a stationary source, these are realistic values. It can theredoceriziuded that
the mechanism underlying the thermal steering is a reduction of the interdacialur-
face tension associated with a thermocapillary stress opposing the sutdiackaced
Marangoni stress in the heated branch. The resulting inequality of thkacamand
contact line forces on the droplet in the different branches facilitatesotitang of the
droplets.

7.4 Summary

It was demonstrated in this chapter that the self-propelling droplets deddritchap-
ter 6 can be applied as a transport mechanism for solid cargo particlkestajdctory of
the droplets was prescribed by a chemically confined liquid substrate. aheout-
ing mechanism was proposed for trajectory control of the droplets atdljuidctions
in the prescribed path. Two experimental implementations of this routing meohanis
were demonstrated, a flow cell with temperature controlled liquid, as well asteamp
ture modulation via infrared laser illumination. The independence from eltpower
sources, integrated electrodes or heating elements to propel the drojakés the con-
cept specifically interesting for applications in inexpensive, singletyjsedevices.
Note: The results presented in this chapter have been publisi2ddnN. Sinz and
A. A. Darhuber, Self-propelling surfactant droplets in chemically-caafimicrofluidics
- cargo transport, drop-splitting and trajectory control, Lab on a Chip120Vol. 12 pp.
705-707and in parts were also presented in the 28irfall Mattersvideo contest by the
American Institute of Physics (AIP). The entry was selected the contesewby the
Editorial Advisory Board oBiomicrofluidics
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Summary and Perspectives

This thesis summarizes addresses experimental work regarding flow in thichfilgns
induced by spatially non-uniform surfactant distributions. The flow dyica as a con-
sequence of the deposition of a droplet of an insoluble surfactant ahto kquid film
covering a solid substrate where discussed as a starting point in Chaftee 2ondi-
tions in the vicinity of the surfactant source, neglected in previous studéers, closely
investigated. Application of interference and fluorescence microsay@aled that the
radially outwards directed displacement of the subphase, induced byrtfaetant in-
duced Marangoni stresses, is strongly influenced by the conditiomgheeaurfactant
source, i.e. the supply rate of surfactant from the source as thedgmygaroceeds. In
this context a novel oscillatory contact line instability of the surfactantldtapas de-
scribed. This instability modulates the flow rate of liquid from under the drapiet
with it indirectly the supply of surfactant from the location of the source tspreading
front.

Considering conditions relevant to surfactant spreading in an oilveisén Chap-
ter 3 the influence of a chemically imposed confinement on the sub-phase, tal®
surface of which a surfactant spreads, was investigated. A preaduransition in the
morphology evolution of the flowing thin film was found to be induced by thdiaba
restriction imposed through chemical surface patterns. The experimestdisrare in
excellent agreement with numerical simulations by Myroslava Hatlys® With re-
spect to conditions in an oil reservoir results the spreading of surtaasong liquid-air
interfaces can only give a first order approximation. The studies opt€h& were
therefore extend to the interface between two thin liquid films in Chapter 4a&artt
spreading was studied here along the liquid-liquid interface of thin liquid filreseR-
bling reservoir conditions, the films were subject to both, physical camizme as well
as confinement imposed by a wettability pattern.

In the context of surfactant spreading, it is a conceptually entirely riseodery,
that surfactant induced Marangoni flows cannot only transpofasiants along fluid
interfaces but can also efficiently transport surfactants along inesrfexhibiting con-
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siderably sized discontinuities. All existing literature in the field of surfactanéad-

ing exclusively regarded continuous fluid interfaces. This novel pimemon was the
topic of Chapter5. The convective surfactant spreading along disconis interfaces is
directly relevant to the spreading of surfactants in an oil reservoir. dsetfporous un-
derground rock formations the oil-water interface is not necessarilyeziad, such that
surfactant spreading through a reservoir involves transport otefae discontinuities.

In future studies it would be of interest to investigate the possibility of utilizing the
described surfactant induced flow phenomena as a transport meunhainianctional
substance$?, e.g. wettability modifiers. This would be specifically interesting for dead-
end pore geometries as they are inaccessible to pressure drivenSlaivedle alteration
of the wettability conditions in such pores might induce oil expulsion, e.g. \agityr
driven mobilization of previously trapped oil volumes.

The implications of surfactant induced flow phenomena in printing and coafing
plications is another field suggesting itself for fruitful future researehfa8tants caus-
ing crater formation and dry spot nucleation in coating layers can induce ngcétid
therefore, in the case of protective coatings as found in automotive afpfis, be a pre-
cursor of wear and corrosiéff. The presence of surfactants in the ink used for inkjet
printing was recently shown to retard the leveling process of printedfin&&nce solidi-
fication prior to leveling should be avoided to ensure high quality prints thisgrhenon
extends the drying time of the inks. Combining qualitatively different surfastae.g.
slow and fast adsorbing types, might reduce the flow retarding suréasion gradi-
ents induced by the surface deformation during leveling. Such a surfactabination
would therefore have a positive effect on the leveling times.

Lubrication of rolling bearings is another technological application in which thin
film fluid flow plays a significant role. The lubrication of the bearings is oftende-
termining factor for their lifetimé>145, provided correct operating conditions. A rolling
bearing is properly lubricated if the rolling element is separated from theaviac sur-
face via low shear separation layer formed by the lubricant (oil or gledduorinated
surfactants could possibly modulate the surface tension of lubricant fuffisiently to
induce flows under suitable conditions. Already minute contributions towthedsef-
ormation of lubrication layers could significantly extend the service life ofexlasller
bearings where lubrication cannot be ensured via regular maintenamtigs context
it could also be of interest to investigate the possibility of fluid management wiacsu
energy modification.

A focus of this thesis besides the spreading of surfactants was on thEcalfision
of surfactant droplets. Experimental results of these studies werenpeelsn Chapter 6
and 7. Self-propulsion dynamics exhibited by insoluble surfactant dsoptethin liquid
films are systematically investigated in Chapter 6. Several modes of motion eere d
scribed. A directed continuous propulsion as well as a meandering modepfigion.
This meandering motion can also be exhibited by a pair of droplets in a syrizhdo
fashion. Finally an intermittent form of droplet propagation was described

The systematic study of the various modes of propulsion is complemented with the
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outline of a potential application in microfluidic devices in Chapter 7. In this ctnte
the novel phenomenon of transporting solid cargo particles using thEgegeelling
droplets is described. Navigation of the droplets across micro-fluidic mietigdemon-
strated by controlling the temperature field around the drop e.g. using aneidfiaser.
The independence from external power sources, integrated elestavcheating ele-
ments to propel the droplets, makes the concept specifically interestingdlications

in inexpensive, single-use-type devices.
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List of symbols

fﬁ,y,Z

r7¢7z

time.
spatial coordinates in a Cartesian coordinate system.

spatial coordinates in a Cylindrical coordinate sys-
tem.

viscosity.

pressure.

capillary pressure.

mass.

surface or interfacial tension.

surface concentration of a surface active substance.

surface tension of a liquid covered by a dense mono-
layer of surfactant.

surface concentration of a surface active substance
on a liquid covered by a dense monolayer of this
surfactant.

surfactant bulk concentration.
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List of symbols

N Substance

I

At

Tmazx
ho
Ry

Vo

WGap

Dp

spreading pressure of a surfactant, the difference in
surface tensions between a liquid surface covered
with a certain surface concentration of a surfactant
and without this surfactant.

wavelength of light, e.g. illuminating light.

refractive index of a substance.

fluorescence intensity.

duration of the global subphase expulsion stage, as
discussed in chapter 2.

rim position in radial spreading experiments.
initial sub-phase film thicknesses.
droplet diameter.

volume of sub-phase initially located under the de-
posited surfactant droplet, as discussed in chapter 2.

volume of sub-phase expelled in the global expul-
sion stage, as discussed in chapter 2.

width of chemical surface patterns.
length of chemical surface patterns.
spinning speed during spin coating.

aspect ratio, film thickness divided by pattern width
or subphase film thickness divided by droplet width.

distance between consecutive pillars in the experi-
ments of chapter 5.

pillar diameter in the experiments as discussed in
chapter 5.
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hp

Tp,YD

Vg, Uy

Vb

pillar height in the experiments as discussed in chap-
ter 5.

x— and y—position of self-propelling droplets,
chapter 6.

velocity components of self-propelling droplets in
x— andy—direction, respectively, chapter 6.

droplet volume, chapter 6.
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Summary

The topic of the experimental work summarized in my thesis is the flow in thin liquid
films induced by non-uniformly distributed surfactants. The flow dynamies @mnse-
guence of the deposition of a droplet of an insoluble surfactant onto didlid film
covering a solid substrate were discussed as a starting point in Chaptstrang focus
in this context was on the effect of the conditions in the vicinity of the sunfacaurce.
It was shown, by application of interference and fluorescence migpysthat the radi-
ally outwards directed displacement of the subphase, induced by tlaetsunt induced
Marangoni stresses, is strongly influenced by the conditions near tfaetsunt source,
i.e. the supply of surfactant from the source as the spreading pmcaetvel oscilla-
tory contact line instability of the surfactant droplet was described whicthutates the
flow rate of liquid from underneath the droplet.

Considering conditions relevant to surfactant spreading in an oilveisén Chap-
ter 3 the influence of a chemically imposed confinement on the sub-phaseg, thl®
surface of which a surfactant spreads, was investigated. A preaduransition in the
morphology evolution of the flowing thin film was found to be induced by theigpa
restriction imposed through chemical surface patterns. The experimestdisrare in
excellent agreement with numerical simulations reported by MyroslavadhaRegard-
ing conditions in an oil reservoir, results for the spreading of surfé&stong liquid-air
interfaces can only give a first order approximation. The studies op€h& were
therefore extended to the interface between two thin liquid films in Chapter 4. thie
spreading of a surfactant, soluble in one phase, is studied along theliguidiinterface
of thin films. Resembling reservoir conditions, the films were subject to botlsiqdd
as well as chemical confinement, the later imposed by a wettability pattern.

In the context of surfactant spreading, it is a conceptually entirely risaodery
that surfactant induced Marangoni flows cannot only transpofasiants along fluid
interfaces but can also efficiently transport surfactants along inesrfexhibiting con-
siderably sized discontinuities. All existing literature in the field of surfactpnéading
exclusively regards continuous fluid interfaces. This novel phenoméenthe topic of
Chapter 5. The convective surfactant spreading along discontirintaréaces is di-
rectly relevant to the Marangoni driven spreading of surfactants ioilaeservoir. In
these porous underground rock formations the oil-water interface isauessarily con-
nected, such that surfactant spreading through a reservoir inviohresport over inter-

113



114 Summary

face discontinuities.

Besides the spreading of surfactants, | also studied the self-propolssomfactant
droplets. The results of my experimental studies were presented in Cléagiet 7.
Self-propulsion dynamics exhibited by insoluble surfactant droplets odithiid films
are systematically investigated in Chapter 6. Several modes of motion wergbeéds
from directed continuous propulsion over a meandering mode of propuliat can
also be exhibited by a pair of droplets in a synchronized fashion, to amiittent form
of droplet propagation.

The systematic study of the various modes of propulsion is complemented with the
outline of a potential application in microfluidic devices in Chapter 7. In this sthtan
describing the novel phenomenon of transporting solid cargo particieg tese self-
propelling droplets which can be routed across micro-fluidic network®biralling the
temperature field around the drop e.g. using an infrared laser. Theeindepce from
external power sources, integrated electrodes or heating elementpéb e droplets,
makes the concept specifically interesting for applications in inexpersivgle-use-
type devices.

In this thesis surfactant induced flows are studied in a wide range ohsystefigu-
rations. Confinement effects on the spreading dynamics are investigatedhatically.
These studies are complemented by the presentation of novel phenoncbnassihe
Marangoni driven convective transport of surfactants along dismeous interfaces.
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