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Abstract

Microfluidic devices are used to manipulate fluids at microscale, with typical
dimensions of the order of teashundred®f micrometersMicrofluidic flows are usually
driven by pressure difference forcing (PD&gctreosmotic flow(EOF)forcing, with the
latter method using electric fields to promote the flowa combination of botiDespite
the manyadvantagesf EOF, the currentknowledgeon the use ofthis techniquas still
limited especiallywith complex fluids.The goal of thighesis is to expand both practical
and fundamental knowledge oelectricallydriven flows, by investigating EOF
experimentally and theoretically, uginviscoelastic fluids in microscale flow
configurations. Newtonian flughre alsaised for comparison purpase

Thethesis stag with areview ofthe conceps of dectrokineticohenomena anitheir
main categorieswith emphasigjiven toEOF. Thegoverning equationthatdescribe EOF
for both Newtonian and neNewtonian fluid, along with the approximation models
required toevaluae the distributionof ions within the electric double layeare also
presentedSubsequently, the working princigléor eachof the EOFoperational modgis
describedincludingdirect currenandalternating current electtasmotic flow A detailed
review of electrecosmoticflow instabilities is also discussed, withcusgiven to éectro-
elastic instabilities which gginate from the coupling aflasticity with electreosmosis.

The firstexperimental results ohis thesisconsist oftwo experimental methods to
measure both thelectreosmoticand the electrophoretic mobilitiesa straight rectangular
microchannelusingmicronsized traceparticles.The first methods based ommposing a
pulsed electric field, wite the seconds based orthe use of ainusoidal electric field.
Newtonian fluids are investigated usingtiomethodswhereas for viscoelastic fluidsly

the pulse method is useds an extension othat work, a detailedparticleto-particle



distribution analysis ipresented, whicimvestigatsthe flow behavioof viscoelastic fluids
in a straight rectangular microchannel, under the influence ofsagelectric field.

An analytical solutionis presentedor oscillatory EOF in a straigmicrochannefor
multi-mode Oldroyd-B fluids. EOF is used to generate smadicillatory deformatios
entitled as small amplitude oscillatory shear by eleet®mosis which canbe used as a
measuring tool to determine the rheological properties of viscoelastic fluids under shear

flow in the linear regime

The lastchapter of results preserds experimental investigation did conditions
that promotehe onset oélectro-elasticinstabilitesin straight microchannelacorporating
eitherhyperbolic shaped contractions followed by abrupt expassowith symmetrical
hyperbolic shapedontractions#xpansionsA Newtonian fluid is usedsaareferenceand
the corresponding flows are examinadeach of theestedgeometrical configurations
whereas viscoelastic flusdare only examined using the fornmeicrochannel in botlhe

forwardand reversélow directiors.

Keywords: Electroosmotic mobility, Electrophoetic mobility, Zetapotential
measurement, Small amplitude oscillatory shear by elestnwosis (SAOSEOXlectro
elastic instabilities, Newtonian fluids, Viscoelastic fluids, Particle tracking velocimetry
Flow visualization.
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Resumo

Os dispositivos de microfluidica, com dimensdes da ordem das dezenas ou centenas
de micrometros, sdo usados para manipular fluidos a microescala. Os escoamentos a
microescala sdo normalmemisomovidospor gradients de pressappor electreosmose
usandocampos eléctricqu por uma combinacdo de amb@épesar das varias vantagens
dos escoament® induzidogpor electreosmose, @ctualconhecimento sobre esta técnica
ainda é limitadpespecialmentasandogluidos complexos. O objectivo desta tesasiste
em expandir o conhecimentpratico e fundamental acerca dos escoameirdsizidos
electricamente, investigandmmvia experimental e t&ica os escoamentos por eleetro
osmose usando fluidos viscoelasticos a escoam@mocanais Fluidos newtonianos sao

também usados paefectuarcomparades

A dissertacda@omeca com uma revisdo dos conceitos associados aos fenbmenos
electrocinéticos e as suas principais categorias, com énfase para o escoamento por electro
osmose. As equacdes governativas que descre\esnoamento por electasmose para
fluidos newtonianos e nawewtonianossdo tambémapresentadaguntamente com o0s
modelos de aproximacao necessarios para avaliar a distribuicéo de iGes no interior da dupla
camada eléctrica. Os principios de funcionampata cada um dos moddsoperaéodo
escoamentpor electreosnose sdo descritos, incluinégscoamentaiduzidopor corrente
continua e escoamentmnduzido corrente alternada. Uma revisdo detalhada das
instabilidadesem escoamentpor electreosmose éambém apresentada, com particular

foco eminstabilidadesnduzidaspela combinacéao da elasticidade e da elextmose.

Os primeiros resultados experiment@sesentados nesiéssertacd@onsistem em
dois métodos experimentaisadospara medir simultarsanente as mobilidades electro
osmatica eelectroforéticanum micrecanalde seccéo rectangular, recorreralonicro

particulas tracadoras. O primeiro método baseisa imposicdo dem campoeléctrico



pulsado, enquanto o segundo baseimo uso de um canopeléctrico sinusoidal. O
escoamento de fluidos newtonianos é investigado usando os dois métodos, enquanto para
fluidos viscoelasticos apenas se usou o métmoampoeléctricopulsado.Como uma
extensdo do trabalho anterior, apresaetauma analise daistribuicdo particula:
particula, na qual se investiga o comportamento dos fluidos viscoelasticos nurmanilro

rectangular a direito, sob a influéncia de um campo eléctrico pulsado.

Uma solucdo analitica € apresentada para escoamento oscilatiirkido por
electrecosmose num microcandé seccao rectangujgara fluidos OldroyeB multimoda
Um escoamento por electosmose € usado para gerar pequenas deformacgdes oscilatorias,
denominado por escoamento de corte oscilatério de pequena ampitedecpreosmose,
as quais podem ser usag@sa medias propriedades reoldgicas de fluidos viscoelasticos

em escoamento dmrte no regime linear.

O dltimo capitulo de resultadosonsiste numa investigagcdo experimental das
condicdes que promovem o apaneento de instabilidades electetasticas quer em
microcanais a direito, quer em microcanais compostos porcomsaccachiperbdlica
seguida de uma expansao abrupta, ou com agntaccacdhiperbdlica seguida de uma
expansao também hiperbdlica. Um fluiewtoniano foi usado como referéncia, o qual foi
investigado em cada uma das configuragcbes geométricas testadas, enquanto os fluidos
viscoelasticos foram apenasalos na primeira configuracgopara osdois sentidos de

escoamento possiveis.

Palavras-chave: Mobilidade electreosmotica, Mobilidade electroforéticd)edicdo do
potencialzeta, Escoamento de corte oscilatério de pequena amplitude por-ekativee,
Instabilidades electrelasticas, Fluidos newtonianos, Fluidos viscoelasticos, Velocimetria
porrastreamento de particulas, Visualizacdo do escoamento.
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Figure 510: wall zetapotential dependence on the imnconcentration (pC)
measured inchannel A€ 174 em). The points represe
data, while the lines are linear fifS........ccoooeiiiiiiiiiiceeee e, 100

Figure 511: Tracer particle displacement (left hagide) and velocityu (right hand
side)at the centerline of channel@€ 178 em), for an appli
duration of 20 ms with amplitudes of 132 V/cm and 220 V/cm, for
payacrylamide aqueous solutions at the following concentrations: (a)
100 ppm; (b) 200 ppm; (c) 400 ppm. The points represent average
experimental values, while the lines are only a guide to the.eye....... 103

Figure 512: Regimes in the TP velocityand displacemerstprofiles, at the channel
centerline, for a viscoelastic fluid, due to an applied electric pulse. In
regimeR:, EP dominatesThis is followed by regim&:, where the EO
component is still developing to become fullgveloped, but before
achieving fullydeveloped flow condition, an overshodf{) occurs and
decays. Afterwards regini starts, which is characterized by a constant
velocity. RegimeRs starts after the pulse ends and is characterized by a
zero EP component and before it decays completely, there is a velocity
undershoot'¥tj) followed by a decay to zero veloCity.......ccccceeeeeenn... 104

Figure 513: Tracer particle velocity components (EO, EP and OBS=EO+EP) as a
function of the applied electric field magnitude,dnannel C (h = 178
em) for PAA solutions with concentrati ot
dashed lines are a guide to the eye. Error bars represent the standard
deviation for the pulse method (at least 20 particles were considered in
LT ol g =V d 0 1= T ] 1= | 0 PP PPPPPUPR 104

Figure 61: Schematic diagram illustrating the experimentalugetind the pulse
METNOM. ... . e e 113

Figure 62: Influence of shear rate on the steady shear viscosity for aqueous solutions
of PEO of a molecular weight ok%0° g mof* (A) and &10° g mol* (B),
both dissolved in a 1 mM borate bufferfass= 295 K..........ccccceeeeeeennnn. 114

Figure 63: Tracer particle displacemesfor nine different peicles (A)7T (1) in a
solution of PAA Mw=18x10° g moll) at a concentration of 200 ppm,
under a pulsed electric field. The imposed pulse included 8 consecutive
cycles (only the last 7 cycles are shown) with 20 ms pulse duration and
an amplitude of 88 Vfo. The particles were tracked within 50% of the
channel width around the centerline of channelhG( 178 & m) . For
reasons of space only 9 particles out of 25 particles are shown (the
remaining particles show a similar behavior). The points represent
experimental values, while the lines are only a guide to the eye (only one
fifth of the points over timare SNOWN).............uuviiiiiiii e 117
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Figure 64: Tracer particle displacemesaiveraged over all cycles, for 25, 13 and 7
particles in a solution dPAA (My, = 18x1(° g mof?) at a concentration
of 200 ppm, tracked respectively within 50% (A), 30% (B) and 15% (C)
of the channel width around the centerline of channh € ( 1 78 €& m) .
The analysis was done over 7 consecutive cycles, with 20 ms pulse
duraton and an amplitude of 88 V/cm. The points represent average
experimental values over all cycles, while the lines are only a guide to the
eye (only one fourth of the points over time are shown)..................... 118

Figure 65: Tracer particle meadisplacements (A) and corresponding mean
velocity u (B) for TP in a solution of PAANlw = 1810° g mol?) at a
concentration of 200 ppm, tracked withh9%, 30% and 15% of the
channel width around the centerline of channelhG:( 178 & m) . The
imposed pulse was analyzed over 7 consecutive cycles, with 20 ms pulse
duration and an amplitude of 88 V/cm. The points represent average
experimental values overdh/ cycles and all particles tracked (global
average values), while the lines are only a guide to the eye (only one third
of the points over time are SNOWIN)...........cooviiiiiiiiiieeneee 118

Figure 66: Individual tracer particle displacementaveraged over all cycles for
particles in a solution of PAAMw = 18x1(° g mof?) at a concentration
of 200 ppm, under a pulsed electric field with amplitudes of 88 VAM
132 V/cm (B), 176 V/cm (C), and 220 V/cm (D), respectively. The
analysis was done for 7 consecutive cycles with 20 ms pulse duration.
Particles were tracked within 30% of the channel width around the
centerline of channel Ch(= 178 e m) . pieseet avpragent s r e
experimental values, while the lines are only a guide to the eye (only one
fourth of the points over time are shown). The number of particles tracked
was 13, 15, 12 and 7, respectively for cases from A tQ.D................... 119

Figure 67: Tracer particle meadisplacements (A) and corresponding mean
velocity u (B) for an applied pulse duration of 20 ms and amplitudes of
88, 132, 176 and 220 V/cm, for TP in a solution of PAA£18x10° g
mol?) at a concentration of 200 ppm. Particles were tracked within 30%
of the channel width around the centerline of chathéi= 178 & m) .
The points represent average experimental values, while the lines are only
a guide to the eye (only half of the points over time are shawn)........ 120

Figure 68: Tracer particle velocity components (EO, EP and OBS=EO+EP) as a
function of the applied electric field magnitude for a pulse duration of 20
ms,inchannelCh(= 178 em), wusi niw=al&Bfgl uti on of
mol) at a concentration of 200 ppm. The dashed lines are a guide to the

Figure 69: Tracer particle displacemesftor nine different particles (A) (I) in a
solution of PEO N = 5x10° g motl?) dissolved in 1 mM borate buffer at
a concentration of 500 ppm, under a pulsed electric field. The imposed
pulse included 6 consecutive cycles, with 150 ms pulse duratioarand
amplitude of 88 V/cm. The particles were tracked within 50% of the
channel width around the centerline of channelhG( 178 & m) . For
reasons of space only 9 particles out of 41 particles are shown (the
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remaining particles show a similar behavior). Tpeints represent
experimental values, while the lines are only a guide to the eye (only one
twentieth of the points over time are shown)..............cccccceeiiiceeeevnnnes 124

Figure 610: Tracer particle displacemestfor different particles (A)i () in a
solution of PEONIw = 5x1(° g mof?) dissolved in 1 mM borate buffer at
a concentration of 1000 ppm, under a pulsed electric field. The imposed
pulse included @onsecutive cycles, with 150 ms pulse duration and an
amplitude of 88 V/cm. The particles were tracked within 50% of the
channel width around the centerline of channelhGc( 178 & m) . For
reasons of space only 9 particles out of 44 particles are shown (the
remaining particles show a similar behavior). The points represent
experimental values, while the lines are only a guide to the eye (only one
twentieth of the points over time are shown)..............cccccceeiiieeeevnnnes 125

Figure 611: Tracer particle displacemestfor different particles (A)i () in a
solution of PEONI = 5x1(° g mof?) dissolved in 1 mM borate buffer at
a concentration of 2000 ppm, undepwdsed electric field. The imposed
pulse included 6 consecutive cycles, with 150 ms pulse duration and an
amplitude of 88 V/cm. The particles were tracked within 50% of the
channel width around the centerline of channelhG-( 178 & m) . For
reasons of spacenly 9 particles out of 60 particles are shown (the
remaining particles show a similar behavior). The points represent
experimental values, while the lines are only a guide to the eye (only one
twentieth of the points over time are shown)...............ccccceeiviceeeennnnns 126

Figure 612: Tracer particle displacemestfor different particles (A)i (I) in a
solution of PEONM = 5x10° g mof?) dissolved in 1 mM bate buffer at
a concentration of 3000 ppm, under a pulsed electric field. The imposed
pulse included 6 consecutive cycles, with 150 ms pulse duration and an
amplitude of 88 V/cm. The particles were tracked within 50% of the
channel width around the ceriiee of channel CH{= 178 & m) . For
reasons of space only 9 particles out of 60 particles are shown (the
remaining particles show a similar behavior). The points represent
experimental values, while the lines are only a guide to the eye (only one
twentiethof the points over time are Shown)..........ccccccevviiiiiiccceeen. 127

Figure 613: Tracer particle displacemeswveraged over all cycles, for 41, 23 and 9
particles in a solution of PEQW(, = 5x10° g mol?) dissolved in 1 mM
borate buffer at a concentration of 500 ppm, tracked respectively within
50% (A), 30% (B) and 15% (C) of the channel width around the
centerline of channel Ch(= 178 & m) . The analysis was
consecutive cycles, with 150 ms pulse duration and giitaiche of 88
V/cm. The points represent average experimental values over all cycles,
while the lines are only a guide to the eye (only one twéfikyof the
points over time are SNOWN)............coooiiiii e, 128

Figure 614: Tracer particle meagisplacements (A) and corresponding mean
velocityu (B) for TP in a solution of PEQMw = 5x10° g mol?) dissolved
in 1 mM borate buffer at a concentratib00 ppm, tracked within 50%,
30% and 15% of the channel width around the centerline of chanhel C (
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= 178 em). The imposed pulse was anal
with 150 ms pulse duration and an amplitude of 88 V/cm. The points

represent averagexperimental values over the 6 cycles and all particles

tracked (global average values), while the lines are only a guide to the

eye (only one twentyfifth of the points over time are shown,)............... 128

Figure 615: Tracer particle displacemenaveraged over all cycles, for 44, 29 and
15 particles in a solution of PE®1¢ = 5x1° g mof?) dissolved in 1 mM
borate buffer at a concentrati of 1000 ppm, tracked respectively within
50% (A), 30% (B) and 15% (C) of the channel width around the
centerline of channel Ch(= 178 & m) . The analysis we
consecutive cycles, with 150 ms pulse duration and an amplitude of 88
V/cm. The poitts represent average experimental values over all cycles,
while the lines are only a guide to the eye (only one twdiitly of the
POINtS OVEr tiIMe are SNOWIL)........uuuiiiiiiiiiiiiii e 129

Figure 616: Tracer particle meagisplacements (A) and corresponding mean
velocityu (B) for TP in a solution of PEQM = 5x10° g mol?) dissolved
in 1 mM borate buffer at a concentration of 1000 ppm, tracked within
50%, 30% and 15% of the channel width around the centerline of channel
Ch= 178 &em). The i mposed pul se was ar
cycles, with 150 ms pulse duration and an amplitude of 88 V/cm. The
points represent average experimental values tnebtcycles and all
particles tracked (global average values), while the lines are only a guide
to the eye (only one twentfifth of the points over time are shown)......129

Figure 617: Tracer particle displacemenaveraged over all cycles, for 60, 35 and
15 particles in a solution of PEM¢ = 5x10° g mol?) dissolved in 1 mM
borate buffer at a concentration of 2000 ppm, trackspleeively within
50% (A), 30% (B) and 15% (C) of the channel width around the
centerline of channel Ch(= 178 & m) . The analysis w:
consecutive cycles, with 150 ms pulse duration and an amplitude of 88
V/cm. The points represent average ekpental values over all cycles,
while the lines are only a guide to the eye (only one twdiitly of the
points over time are SNOWN)..............ovvviiiiiiiceeeee e 130

Figure 618: Tracer particle meagisplacements (A) and corresponding mean
velocityu (B) for TP in a solution of PEQMw = 5x10° g mol?) dissolved
in 1 mM borate buffer at a concentration of of 2000 ppm, tracked within
50%, 30% and 15% of the channel width around the centerline of channel
Ch= 178 &em). The i mposed pul se was ar
cycles, with 150 ms pulse duration and an amplitude of 88 V/cm. The
points represent average experimental values oves theles and all
particles tracked (global average values), while the lines are only a guide
to the eye (only one twentfifth of the points over time are shown)......130

Figure 619: Tracer particle displacemenaveraged over all cycles, for 60, 59 and
29 particles in a solution of PE®I¢ = 5x10° g mol?) dissolved in 1 mM
borate buffer at a concentration of 3000 ppm, tracked régplgowithin
50% (A), 30% (B) and 15% (C) of the channel width around the
centerline of channel Ch(= 178 & m) . The analysis w:
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consecutive cycles, with 150 ms pulse duration and an amplitude of 88
V/cm. The points represent average experialeralues over all cycles,
while the lines are only a guide to the eye (only one twdiitly of the
POINtS OVer time are SNOWN)...........ooooiiiiiireee e 131

Figure 620: Tracer particle meatisplacements (A) and corresponding mean
velocityu (B) for TP in a solution of PEQMw = 5x10° g mol?) dissolved
in 1 mM borate buffer at a concentration of of 3000 ppm, tracked within
50%, 30% and 15% of the channel width around the centerline of channel
Ch= 178 em). The i mposed pul se was ana
cycles, with 150 ms pulse duration and an amplitude of 88 V/cm. The
points represent average experimental values oves theles and all
particles tracked (global average values), while the lines are only a guide
to the eye (only one twentfifth of the points over time are shown).....131

Figure 621: Individual tracer particle displacemenaveraged over all cycles for
particles in a solution of PEQW(, = 5x1C° g mol?) dissolved in 1 mM
borate buffer at a concentration of 500 ppm, under a pulsetiefed
with amplitudes of 88 V/cm (A), 132 V/cm (B), 176 V/cm (C), and 220
V/cm (D), respectively. The analysis was done for 6 consecutive cycles
with 150 ms pulse duration. Particles were tracked within 30% of the
channel width around the centerlineahannel Clf= 178 & m) . The
points represent average experimental values, while the lines are only a
guide to the eye (only one tweriye of the points over time are shown).
The number of particles tracked was 23, 17, 20 and 13, respectively for
CaASES frOM A 10 Do 132

Figure 622: Individual tracer particle displacemenaveraged over all cycles for
particles in a solution of PEQW(, = 5x10° g mol?) dissolved in 1 mM
borate buffer at a concentration of 1000 ppm, under a pulsed electric field
with amplitudes of 88 V/cm (A), 132 V/cm (B), 176 V/cm (C), and 220
V/cm (D), respectively. The analysis was done for 6 consecutive cycles
with 150 ms plse duration. Particles were tracked within 30% of the
channel width around the centerline of channehG-( 178 & m) . The
points represent average experimental values, while the lines are only a
guide to the eye (only one tweriye of the points overmtne are shown).

The number of particles tracked was 29, 26, 15 and 16, respectively for
CASES frOM A 10 D e rrrn e 133

Figure 623: Individual tracer particle displacemestaveraged over all cycles for
particles in a solution of PEQW(, = 5x10° g mol?) dissolved in 1 mM
borate buffer at a concentration of 2000 ppm, under a pulsed electric field
with amplitudes of 88 V/cm (A), 132 V/cm (B),76 V/icm (C), and 220
V/cm (D), respectively. The analysis was done for 6 consecutive cycles
with 150 ms pulse duration. Particles were tracked within 30% of the
channel width around the centerline of channehG-( 178 & m) . The
points represent averagepeximental values, while the lines are only a
guide to the eye (only one tweriye of the points over time are shown).
The number of particles tracked was 35, 50, 36 and 34, respectively for
CaSES frOM A 10 D 134
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Figure 624: Individual tracer particle displacemenaveraged over all cycles for
particles in a solution of PEQW(, = 5x10° g mol?) dissolved in 1 mM
borate buffer ad concentration of 3000 ppm, under a pulsed electric field
with amplitudes of 88 V/cm (A), 132 V/cm (B), 176 V/cm (C), and 220
V/cm (D), respectively. The analysis was done for 6 consecutive cycles
with 150 ms pulse duration. Particles were tracked witito of the
channel width around the centerline of channelhG:( 178 & m) . The
points represent average experimental values, while the lines are only a
guide to the eye (only one tweHiye of the points over time are shown).
The number of particles trae# was 59, 34, 22 and 20, respectively for
CASES fTOM A 0 Dicviiiiiiiiieeeeee e 135

Figure 625: Tracer particle meaglisplacements (A) and correspnding mean
velocity u (B) for an applied pulse duration of 150 ms and amplitudes of
88, 132, 176 and 220 V/cm, for TP in a solution of PERQ € 5x1C° g
mol?) dissolved in 1 mM borate buffer at a concentration of 500 ppm.
Plots (C) and (D) are a zoomei@w of (A) and (B), respectively, at short
times. Particles were tracked within 30% of the channel width around the

centerline of channel Ch(= 178 & m) . The points rep
experimental values, while the lines are only a guide to the eye (only a
fraction of the points over time are Shown).................ovvvviiicccreeeieennnnn, 136

Figure 626: Tracer particle meagisplacements (A) and corresponding mean
velocity u (B) for an applied pulse duration of 150 ms and amplitudes of
88, 132, 176 and 220 V/cm, for TP in a solution of PEA} £ 5x10° g
mol?Y) dissolved in 1 mM borate buffer at a concentration of 1000 ppm.
Plots (C) and (D) are a zoomed view of (A) éBjl respectively, at short
times. Particles were tracked within 30% of the channel width around the

centerline of channel Ch(= 178 & m) . The points rep
experimental values, while the lines are only a guide to the eye (only a
fraction of thepoints over time are ShHOWN)...........ccccooeviiiiiiiicccee, 137

Figure 627: Tracer particle meagisplacements (A) and corresponding mean
velocity u (B) for an applied pulse duration of 150 ms and amplitudes of
88, 132, 176 and 220 V/cm, for TP in a solution of PERQ € 5x1(° g
mol?) dissolved in 1 mM borate buffer at a concentration of 2000 ppm.
Plots (C) and (D) are a zoomed view of (A) and (B$pectively, at short
times. Particles were tracked within 30% of the channel width around the

centerline of channel Ch(= 178 & m) . The points rep
experimental values, while the lines are only a guide to the eye (only a
fraction of the poirg over time are shown)..................oooiiiccciiiiee e, 138

Figure 628: Tracer particle meagisplacements (A) and corresponding mean
velocity u (B) for an appked pulse duration of 150 ms and amplitudes of
88, 132, 176 and 220 V/cm, for TP in a solution of PEQ £ 5x1C° g
mol?) dissolved in 1 mM borate buffer at a concentration of 3000 ppm.
Plots (C) and (D) are a zoomed view of (A) and (B), respectivedhat
times. Particles were tracked within 30% of the channel width around the

centerline of channel Ch(= 178 & m) . The points rep
experimental values, while the lines are only a guide to the eye (only a
fraction of the points over time asoWnN)..............cooevvviviiiiiiiccceeeeeeenens 139
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Figure 629: Flow regimes in the TP velocityand displacemert profiles at the
channel centerline for a viscoelastic fluid (3000 ppm PEO in 1 mM borate
buffer) due to an applied electric pulse. In regiRagEP becomes fully
developed. This is followed by reginf®, where the EO component is
still developing to becom fully-developed in regimeRs, which is
characterized by a constant velocity. Regiastarts after the pulse ends

and is characterized by a zero EP component and EO decaying to zero

[0}V /<) g €10 [T RRRPRRRT 140

Figure 630: Tracer particle velocity components (EO, EP and OBS=EO+EP) as a
function of the applied electric field magnitude for a pulse duration of
150 ms, in channel Q¢ 1 7 8 siagra solution of PEQMw = 5x10°
g mol?) dissolved in 1 mM borate buffer at concentrations of 500, 1000,
2000 and 3000 ppm. The dashed lines are a guide to the eye........... 140

Figure 631: Tracer particle displacemestfor different particles (A)i (1) in a

solution of PEONI = 8x1(° g mof?) dissolved in 1 mM borate buffer at

a mncentration of 500 ppm, under a pulsed electric field. The imposed
pulse included 6 consecutive cycles, with 150 ms pulse duration and an
amplitude of 88 V/cm. The particles were tracked within 50% of the
channel width around the centerline of channelhG-( 178 & m) .
reasons of space only 9 particles out of 52 particles are shown (the
remaining particles show a similar behavior). The points represent
experimental values, while the lines are only a guide to the eye (only one
twenty of the points overrtie are Shown).............cceeeiiiiiiisicecviiien, 143

Figure 632: Tracer particle displacemestfor different particles (A)i (I) in a

solution of PEONIw = 8x1(° g mof?) dissolved in 1 mM borate buffer at

a concentration of 1000 ppm, under a pulsed electric field. The imposed
pulse included 6 consecutive cycles, with 150 ms pulse duration and an
amplitude of 88 V/cm. The particles were tracked within 50% of the
channel width around the centerline of channelhG-( 178 & m) .
reasons of space only 9 particles out of 60 particles are shown (the
remaining particles show a similar behavior). The points represent
experimental values, while the lines are only a gtodée eye (only one
twenty of the points over time are ShOWN)............cccceeeiiieisicecviiiiinnn. 144

Figure 633: Tracer particle displacemestfor different parcles (A) 1 (I) in a

solution of PEONM, = 8x10° g mof?) dissolved in 1 mM borate buffer at

a concentration of 1500 ppm, under a pulsed electric field. The imposed
pulse included 6 consecutive cycles, with 150 ms pulse duration and an
amplitude of 88 V/cmThe particles were tracked within 50% of the
channel width around the centerline of channelhG-( 178 & m) .
reasons of space only 9 particles out of 60 particles are shown (the
remaining particles show a similar behavior). The points represent
expermental values, while the lines are only a guide to the eye (only one
twenty of the points over time are SNOWN).............ueeeiiiiiiiieeciiiiieeeeee. 145

Figure 634: Tracer particle displacemestiveraged over all cycles, for 52, 33 and
23 particles in a solution of PE®I¢ = 8x10° g mol?) dissolved in 1 mM
borate buffer at a concentration of 500 ppm, tracked respectively within
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50% (A), 30% (B) and 15% (C) of thehannel width around the
centerline of channel Ch(= 178 & m) . The analysis we
consecutive cycles, with 150 ms pulse duration and an amplitude of 88

V/cm. The points represent average experimental values over all cycles,

while the lines are dy a guide to the eye (only one twesftye of the

POINtS OVEr tiIME are SNOWIL).......uuuiiiiiiiiiiiiiei et 146

Figure 635: Tracer particle meagisplacements (A) and corresponding mean
velocityu (B) for TP in a solution of PEQM = 8x10° g mol?) dissolved
in 1 mM borate buffer at a concentration of 500 ppm, tracked within 50%,
30% and 15% of the channel width around the centerline of chanhel C (
= 1 7 B The imposed pulse was analyzed over 6 consecutive cycles,
with 150 ms pulse duration and an amplitude of 88 V/cm. The points
represent average experimental values over the 6 cycles and all particles
tracked (global average values), while the lines aig a guide to the
eye (only one twentywo of the points over time are shown)................ 146

Figure 636: Tracer particle displacemenaveraged over all cycles, for 60, 38 and
14 particles in a solution of PEM¢ = 8x10° g mol?) dissolved in 1 mM
borate buffer at a concentration of 1000 ppm, tracked respectively within
50% (A), 30% (B) and 15% (C) of the channel width around the
centetine of channel CH= 178 & m) . The analysis w:
consecutive cycles, with 150 ms pulse duration and an amplitude of 88
V/cm. The points represent average experimental values over all cycles,
while the lines are only a guide to the eye (only tmmenty-five of the
POINtS OVEr tiIMe are SNOWIL)........uuuiiiiiiiiiiiiei et 147

Figure 637: Tracer particle meagisplacements (A) and corresponding mean
velocityu (B) for TP in a solution of PEQMw = 8x1(P g mol?) dissolved
in 1 mM borate buffer at a concentration of 1000 ppm, tracked within
50%, 30% and 15% of the channel width around the centerline of channel
Ch= 178 ¢&em). The i mposed pul se was ar
cycles, with 150 ms pulse duration and an amplitude of 88 V/cm. The
points represent average experimental values over the 6 cycles and all
particles tracked (global average values), while thesliare only a guide
to the eye (only one twentyo of the points over time are shown)......147

Figure 638: Tracer particle displaments averaged over all cycles, for 60, 42 and
18 particles in a solution of PE®1¢ = 8x1(° g mof?) dissolved in 1 mM
borate buffer at a concentration of 1500 ppm, tracked respectively within
50% (A), 30% (B) and 15% (C) of the channel width around the
centerline of channel Ch(= 178 & m) . The analysis w:
consecutive cycles, with 150 ms pulse duration and an amplitude of 88
V/cm. The points represent average experimental values over all cycles,
while the lines are only a guide to the eyalyoone twentyfive of the
points over time are SNOWN).............coiiiiiiiiiiic e 148

Figure 639: Tracer particle meagisplacements (A) and correspondingnean
velocityu (B) for TP in a solution of PEQM = 8x10° g mol?) dissolved
in 1 mM borate buffer at a concentration of 1500 ppm, tracked within
50%, 30% and 15% of the channel width around the centerline of channel
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Ch= 178 &em). The i mposed pul se was ana

cycles, with 150 ms pulse duration and an amplitude of 88 V/cm. The

points represent average experimental values over the 6 cycles and all

particles tracked (global average values), while thesliare only a guide
to the eye (only one twentyo of the points over time are shown)......148

Figure 640: Individual tracer partle displacemens averaged over all cycles for
particles in a solution of PEQW(, = 8x1(° g mol?) dissolved in 1 mM
borate buffer at a concentration of 500 ppm, under a pulsed electric field
with amplitudes of 88 V/cm (A), 132 V/cm (B), 176 V/cm (C), &0
V/cm (D), respectively. The analysis was done for 6 consecutive cycles
with 150 ms pulse duration. Particles were tracked within 30% of the
channel width around the centerline of channelhG( 178 & m) .
points represent average experimental valudsle the lines are only a
guide to the eye (only one tweHiye of the points over time are shown).
The number of particles tracked was 33, 36, 36 and 25, respectively for
CaSES frOM A 1O Do e e 149

Figure 641: Individual tracer particle displacemenaveraged over all cycles for
particles in a solution of PEQW(, = 8x10° g mol?) dissolved in 1 mM
borate buffer at a concentratioh1000 ppm, under a pulsed electric field
with amplitudes of 88 V/cm (A), 132 V/cm (B), 176 V/cm (C), and 220
V/cm (D), respectively. The analysis was done for 6 consecutive cycles
with 150 ms pulse duration. Particles were tracked within 30% of the
chamel width around the centerline of channellC=( 178 & m) .

points represent average experimental values, while the lines are only a

guide to the eye (only one tweriye of the points over time are shown).
The number of particles tracked was 38, 2 afd 39, respectively for
CaSES frOM A 0 Do 150

Figure 642: Individual tracer particle displacemenaveraged over all cycldsr
particles in a solution of PEQW(, = 8x1(° g mol?) dissolved in 1 mM
borate buffer at a concentration of 1500 ppm, under a pulsed electric field
with amplitudes of 88 V/cm (A), 132 V/cm (B), 176 V/cm (C), and 220
V/cm (D), respectively. The analysisas/done for 6 consecutive cycles
with 150 ms pulse duration. Particles were tracked within 30% of the
channel width around the centerline of channelhG:( 178 & m) .

points represent average experimental values, while the lines are only a

guide to the ge (only one twentyfive of the points over time are shown).
The number of particles tracked was 42, 46, 50 and 44, respectively for
CaSES frOM A 1O D 151

Figure 643: Tracer particle meagisplacements (A) and corresponding mean
velocity u (B) for an applied pulse duration of 150 ms and amplitudes of
88, 132, 176 and 220 V/cm, for TP in a solution of PER £ 8x10° g
mol?) dissolved in 1 mM borate buffer at a concentration of 500 ppm.
Plots (C) and (D) are a zoomed view of (A) and (B), respectively, at short
times. Particles were tracked within 30% of the channel width around the
centerline of channel Ch(= 17 8 & mts repfesent ayemge
experimental values, while the lines are only a guide to the eye (only a
fraction of the points over time are ShoOwn)................ceiciiiccmeeeeennnnnns 152
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Figure 644: Tracer particle meagisplacements (A) and corresponding mean
velocity u (B) for an applied pulse duration of 150 ms and amplitudes of
88, 132, 176 and 220 V/cm, for TP in a solution of PEQ € 8x1(° g
mol?) dissolved in 1 mMborate buffer at a concentration of 1000 ppm.
Plots (C) and (D) are a zoomed view of (A) and (B), respectively, at short
times. Particles were tracked within 30% of the channel width around the

centerline of channel Ch(= 178 & m) . The emgei nt s

experimental values, while the lines are only a guide to the eye (only a
fraction of the points over time are Shown).................vvvviviiccceereeeennnn, 153

Figure 645: Tracer particle meagisplacements (A) and corresponding mean
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CHAPTER 1

1 INTRODUCTION

1.1 ResearchMotivation

Microfluidic devices are expected to become new miniaturized laboratory platforms
for suchdiverse areas as biology, chemistry and medidisg. They are used to manipulate
fluids in microscopic geometries, with dimensions of the order of tens of micrometers
therefore educing dramatically the volumes of processed flGidrrently, microfluidics is
a promising field of research with high commercial impactconsidering only the life
sciences anith-vitro diagnostic application areas, the market value 62¢as53.61billion

euros, and is projected to excd&d80billion euros in 2Q1.

About 90% of microfluidic devices operate either using pressuvenflows (PDF)
(through the application of a pressure gradient using a syringe pummiorcgpump), or
electreosnutic flow (EOF) via electrokinetic effectp4]. In many applicationghe use of a
syringe pump (or a micrpump) isneitherpracticalnor effective as for the development of
portable equipment for labn-a-chip applications, such as biological sample analysis, due
to the high operating cost and size. Moreover, for dwadths below 10um forcing by
pressure becomes particularly inefficienedo the significant increase in viscous lo$dgs
since the ratio between surface and volume forces varies in inverse propadtiech@nnel
charactestic length scaleln contrast, electrokinetic effects are particularly useful in this
range of dimensiondn addition electrokinetic flow forcing and flow control becomes a
particularly convenient and efficient way of promoting flow in microfluidizides as it
avoids the need to integrate migrechanical pumps and mechanical valves for flow

control, which increase the complexity and the cosisigasable microfluidic devices.
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Despite the welknown advantages of using electrokinetic effects to ditogs in
microfluidic devices, most studies in the literature are related to predsuea flows. In
many microfluidicsystemssynthetic or biofluids are usea@hichusually condin complex
macranolecules that impart neNewtonian rheological behavior. Only very recently
viscoelastic fluid flows started to be investigated in the context of microfluidics under
conditions of operation by electrokinetic effects. Masirks on electrkinetics involving
nonNewtonian fluidsare theoretical studies of electwemosis in simple flows with the
Generalized Newtonian fluid (GNF) model and only a $émdiesconcern viscoelastic fluids
described by nonlinear constitutive differential equatidtemarkably, experimental studies
as well as numerical simulations of comp&ectreosmoticflows of viscoelastic fluidare
still very limited in the literaturg5-10], and as a consequence the dynamics of viscoelastic
fluid flows driven by electrokinetic effects, atite instabilitiesthat are generatedre still

largely unknown. Thisvork proposesd addresslsothis limitation.

In the next sectionhe specific objectives of this research program are addresskd

the outline of the thesis is presentedectionl.3.
1.2 Objectives

The main objective of thithesisis to provide both useful and vital knowledge on
electrokinetic flowdy investigatingmostly experimentallyfEOFin a variety of microscale
configurations, using complex viscoelastic fluid®or this purposea work planwas
elaboratechimed at more specifichjectivesto developthe methods/techniques needeyl

thiswork, whichinclude
1) To designan EOF experimental setipin the host microfluidics laboratary

2) Todevelop anethodthat carmeasure thelectrecosmoticvelocity, andthat cansolae

the contributionof electrophoresjsvhentracer particlesreused

3) To investigatethe response ofNewtonian and viscoelastic fluisl in a straight
microchannelunder a pulsed electriteld, in addition toanalyzing individuatracer

particles

4) Todevelop a method for micidieometry in EOFthat carallow the determination of

rheological properties of viscoelastic flujds
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5) To investigae electreosmoticinstabilities at the microscaland determinat which

conditionsthey carnoccur.
1.3 Outline of the Thesis
This dissertatioms madeup of three partsorganized in £haptes as follows:

PART lincludesan introductorychapterin addition toa theoretical and review chapter

thathighlight someessential fundamentatis be usedthrougloutthe thesis
Chapterl: Introduction
Chapter2: Theoreticalconcepts
Chapter3: Literaturereview ofelectraosmoticflow

PART IlIstarts with a description of trexperimental techniques usadd isfollowed by
four chaptes, presenting results that fulfilhethesisobjectives Until now, only onechapter
hasalreadybeenpublishedn a peerreviewedscientific journal(Chapters), andthe worls

of the chapter¢s-8) areexpectedo be submittegoonfor publication
Chapterd: Experimental techniques and procedures

Chaptelb: Measurement adlectrcosmoticand electrophoretic velocities using pulsed
and sinusoidal electric fields'his chapter was published ihe journal
ElectrophoresigD0I1:10.1002/elps.20160036&1]).

Chapter6: Particle-to-particle distribution analysis of electrokinetic flows of

viscoelastic fluids under pulsed electric fields
Chapter7: Electro-osmoticoscillatory flow of viscoelastic fluids inraicrochannel

Chaptei8: Electro-elastic flow instabilities of viscoelastic fluids in contracfexpan

sion micregeometries

PART lllcloseshis dissertatioywith afirst parthighlighting the mainconclusionsof

the thesis followed bysuggestions folutureresearch in the area

Chapter9: Conclusions and future wark
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CHAPTER 2

2 THEORETICAL CONCEPTS

2.1 Introduction

Many new applications of the chemical, physical and biological sciences and industrial
processes involve the use of microsystems, which show significant advantages over more
conventional macrscaledevices such as the intensiition of heat and mass transfer, fast
response time, higthroughput and low consumption of samples, among others. Nowadays,
microfluidic technology, defined as the manipulation of fluids at scales of the ortdersof
to hundreds of microns, representsa@or area of development with applications in micro
devices as diverse as miamactors, micrgoumps, micrevalves and micrdeat
exchanges, among others. The operation of these muewices requirethe use omicro-
sensors fothe measurement slich quantities as pressure, temperature, masgdlaor
fluid velocity. Biomedical, energy and environmansectors of activity areamongthe
relevantareas where there $ibeen substantial progress of microfluidic technologies over
the last decadel-11].

Fluid handling at the micrscale often differs from theaditional way of handling
fluids at the macrscale on account of the relative strength between volume and surface
effects. At the macrscale, fluid volume effects dominate over surface effects, and flows
are usually driven by applied pressure gradi@mby gravitational force. In contrast, as the
size of devices ieeduceddown to the micrescalethe volumeo area ratio decreaseurface
effects start to overcome volume effects and consequently thenficghteraction becomes
significant[12]. Therefore different methods become necessary to operate microftuidic

based devices in precise and suitable manner as mawale methods become less
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adequate. Simultaneously, the use of such r@oraponents, as miciealves, micrepumps

or microthrusters may be difficult, because of mifabrication limitations especially
when these deéces require small moving parts. Small complex components are often
difficult to manufacture, hence they are subjected to quick degradation and fabrication
defects[13], and they are also very fragilthus represenhg serious technological and
economical disadvargas for pressuralrivenflows (PDF). Additionally, on the low range

of microfluidics surface effects beconsedominanthatpressure forcingumpingbecomes
increasingly inefficient. Therefore, alternative pumping methods to PDF have been
developed ovethe years to manipulate mieflows, such as: degadriven flow, surface
acoustic wave driven flow, cilia driven flow and eleetremosis flow (EOF). Pumping by
electrecosmosis is a powerful and versatifethod since it can be easily controlled at the
micro-scak, and flow resuls from the quick fluid response to thanposed electric field.
Electrokinetics (EK), the study of fluid motion under the influence of an electric potential,
is briefly introduced inSection2.2, before EOFs discussed in more detail $ection2.3,

2.2 Electrokinetic Phenomena

Electrokinetic (EK) phenomena arise due to the interaction betingmsedelectric
potentials and a fluid containing ions in the vicinity of a dielectric surfsueh as a duct
wall or particles ofa dielectric material. Those iorsgpontaneouslyorm a charged layer
called theelectric double layerHDL), in the vicinity of solidliquid interfaces. The motion
of such ions carthenbe promoted by an imposed poiahdifference. Thevarious EK

phenomena can be broadly classified into four main cateadesd]:

1 Electro-osmosis(EO): movement of dluid containing ionsrelative to a stationary
charged surfacar(icrochanneblall) due toan imposed electric field. To study EOF
under the influence of an applied electric fiakdthout other effectsthe streamwise
pressurggradient between thenicrochannelinlet and outletshould benegligible
Generally speaking, note that flow forcing blectrcosmosis may give rise to the
appearance of pressure differences within the microchannels in which case the flow may

combine characteristics of EOF and PDF

1 Electrophoresis(EP): motion of dispersed charged particles relative to a stationary
liquid inducedby an imposed electric field. These particles are suspdrey in the

electrolyte and they carry an electric charge at their,skklth appears spontaneously

10
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at the particldiquid interface. Thamposedelectricfield generates aelectric force
acting on the particle chgeleading toits motion

1 Streaming potential this phenomenon is observed when a homogeiumized fluid
moves steadily relative to a stationary charged surface driven by an applied pressure
gradient. Under this conditipand in the absence of an electric current socalmagthe
microchannel an induced electric potential differen¢dne streaming potentialls
created between thmicrochannebutletandinlet, that forces fluido moveby EOF in

the opposite directiorotthat created bthe applied pressure gradient;

1 Sedimentation potentialthe motion of disperseduoyantcharged patrticles relative to
a stationary liquidby gravitational or centrifugal fieldforms an induced potential
difference between thparticlesin the downstream andn the upstream positiosn

Sometimes, this phenomenon is also called Dorn effect or migration potential.

In addition,EK canalsobe classified according to the applied electric feeddDC or
AC electrokineticsDC electr&inetic ODCEK) phenomena include DC electosmosis flow
(DCEOF) and electrophoresis (EP), whereas AC electrokindg@&K) phenomena include
AC electreosmosis flow (ACEOF) and dielectrophoresis (DER) 21].

In summary, EOF is an ideal technique for pumping fl@tdshe microscaleither
using DCEOF or ACEOFBoath concepts arelescribedin Sections2.3.2 and 2.3.3
respectively while Section 2.3.4 discusses the advantages of ACEOF over DCEOF.
Neverthelessthis work will focus primarily on DCEOF, unless otherwise stated. Here,
particular attention igjiven to the DCEOF experimental setip in orderto minimize the
effects of streaming potentiand dielectrophoresiswith particular attention given to
electrophoresiso avoid its influencewheneverpossible For more details o&K effects,
the reader is referred [@4-16].

2.3 Electro-Osmotic Flow (EOF)

As previously describedzOF is an EK phenomenpandthe performance of such
EOF devices depends strongly on the electric delalyler (EDL)that spontaneouskprms
next to the channel walls or electrode surfaaad the imposed electric potential difference
betweenthe microchannelnlet andoutlet. This techique has several advantages over the

traditional PDF technique: it does not require any moving parts (thus reducing noise), ease

11
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of fabrication, and highly efficient and versatile fluid flow control. Furthermore, EOF results
in a pluglike velocity profile, hencehe liquid moves as @lug in the microchannelthus
helping to reduce the fluid sample dispersaangthe microchannel Therefore, EOF is
often a suitable method and in many cdkegpreferred method for pumping liquids through

chemical and lm@medical microfluidic lalon-a-chip analytical systen22-24].
2.3.1 Electrical double layer

When an electrolyte liquid is in contact with a dielectric ywhikre is a spontaneous
charge separation in the liquid and wall near the dijidd interface as shown in Fig-1.
This phenomenondads to thetaraction of nearby ions of opposite charge (couites) to
the wall and repulen of ions of samecharge (caons) away from the wallFig. 2-1-(A)
shows a schematic diagram of the free ions distribution adje@negatively charged wall
surface. Immediately next to the charged surface, there is a very thin lagenalilized
counterions (positive ions in the sketchiyt their total charge ikess than the wall charge
because of the random thermal motion of idhs is better known as the Stern layer, but
compact layer or Helmholtz layer are also ugaldjacent to the Stern layghere is a thicker
and more diffuse layer opredominantlymobile counteiions called diffusion layer (also
known as GowChapman layer). These two layers are separated by a shear plane, and the
region including the Stern layer up to the point where the electric potential equals zero is
known as the electric doublayer (EDL) its thickness ise, or H3, and isalso knownas
Debye layethicknesq 25, 26].

(A) B) » A
Bulk é o)
Flud | @ © e © @
S R Ny Wt
Diffuse > © s © * * ©
Layer Counterion® _Pcoion® Shear ED.L
| +®“/@ o @4 > © ’ plane ThicknessA,,
Stern - —— - 5 W e B e B e B g
Layer ,T\ CICICOCICIOCICOICCOCICCICICCCe ‘ W > ¥

Negatively Charge&urface

Figure2-1: lllustration of the ions distributiofA) and the potential distribution field of the
EDL (B) at the region close t@aflat wall surface in contact with a solution containing ions
(adapted fronj20, 25)).
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The variation of theelectricpotential across the EDL is plotted king. 2-1-(B). The
potential is proportional to thdifference in theconcentratios of counterionsand ceions
(assuming they both have identical changkich gradually decreases witlewall distance
and as a result, themducedelectric potential decreases to zero in the direction normal to the
charged surface. The Stern layer is typicalhly a few angstroms in thickness and the
electric potential decreases linearly within it, while outsidéhef Stern layer the electric
potential decreases exponentially. The electric potential at the wall and shear plane are
respectivelydenoted aghe wallpotential yw and the zetapotential . Because ofthe
difficulties faced in measuring or predicting the waditentia] empiricallythezetapotential
is usuallyapproximated to be the measure of the yatiential. The bulk fluid outside the
EDL is electrically neutrdl20, 27].

Most solid surfaces (e.g. glass or silicon substrates) used in the fabrication of
microfluidic devicesspontaneoushacquire a surface electric charge when brought into
contact with an electrolyte, thus these materials can be ugmontwmte EOF. e zeta
potential depends on the fluslid pairand Table 2-1 lists typical values ofzetapotential
for differentfluids in contact with silica coved glass and PDM$28]. The surfacezeta

potential is significantly affected by the pH of buffer solutions

Table2-1: Zetapotentials for different pairs of watluid [28].

. . . Zetapotentialsg (mV)

Working fluid | Solution pH Fused silica covedglass PDMS
Acetate 4.7 135.5+0.7 117.2+ 3.6
HEPES 7.2 157.9+£0.6 159.0£1.4

Borate 9.4 169.5+1.2 174.4+1.2

"HEPES 4-(2-Hydroxyethyl)piperazind.-ethanesulfoniacid

2.3.2 DC electro-osmosis

Thedescriptionprovided in this section is related with the experimental work done in
this dissertationWe considerthe generalcase of astraight rectangular microchanneith
identical walls (equal zetgpotentiaf), unless otherwise statedVe assumea fully-

developed, steady, incompressible, isothermal, p@lelgtreosmotic(EO) driven flow of

13
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a fluid with uniform properties in amicrochannel asshown in Fig.2-2. The boundary
conditionsaredefinedin Fig. 2-3-(A), and themicrochannelllustratedhas lengtt, height
2H andtwo electrodesremounted at thenicrochanneterminals the positive electrodés
shownon the left haneideandthenegaive electrodes on theright handside). The origin
of the coordinate system is locatedthe mid-position between both walls. The front and
back boundaries are assunasgymmetry planes.

The microchannel is filled with an electrolyte fluid and tB&EOF results from
imposing a DC potential differendeetween the electrodes. The impog2@ potential
differencegeneratesn electric body force on the ions within the EDL, which then move
towards theounterelectrode (from left to right ifig. 2-2). It is possible to reverse the flow

direction if either the polarity of the walls or of the electrode®versed.

The moving fluid within the EDLdrags the neutral core fluid outside thBLEby
viscous effectsresulting in a plugdike velocity profile across the channel wid&9, 30] as
schematicallylsown in Fig.2-3-(B). This profile is unlikevhat istypically observedn PDF,
in which the velocity profile is parabolic. Note that the charge ntagaiof the EDL is
governed by the zefaotential of the channel/liquid pair.

Al
Negatively charged wall

LLLLOELLGL QIQAQIQIQIQAQvQIQAQAQIQAQIQIQAQvQIQAQIQIQIQIQvQIQIQIQAQIQJ Flow
CHICHIC ©) @] direction

ﬂ[’—f" CHCHMCNC) HCHCHCH @ OO D] Fow
DO ccpplcsclcpppp'cxccplccpc; direction
Negatively charged wall
Figure2-2: Schematic diagram of the principle of the DCEOF for a negatively charged wall
(adapted fronj30-32)) for a twadimensimal straightmicrochannel
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L (0,0
-~ ,i
Chargedwallu| . =0,y .|  =¢
(B) Charged surfee,6< 0 ©) Charged surfaces< 0
C e —
h E,\' = 7d(1) j dx T aj) g:l;:ebEE;wL;iaw' dy z:‘lg::ebiﬁrhiary §
af| L+ o e 1 Ne
§ X u, = u k. 7 \\\
N H Uagerr =0 Vham =¢ | N
/
L i L i |
Charged surface, <0 Charged surface, <0

Figure 2-3: Schematic diagramillustrating (A) the boundary conditions foa two
dimensionasktraightmicrochannel(B) the flow direction an@ CEOFprinciple ofoperation
(adapted fronj33]), and(C) the boundary conditions at the EDL.

For an imposed potential differendég. 2-3-(A) defines the boundary conditions at

the microchannalipper and lower wadl For no-slip boundary conditionghe velocity and

the zetapotentials atachwall are u|y:° , =0 and ywa"|y:° ., = Z, respectivelyFigure 2-3-

(C) showsin more detaithe boundary conditions at the EDdt the solidliquid interface

for no-slip boundary conditionthe velocityand thewall-potentialare u|atthe eo. =0 and

wall surface

VY lameenL = Z, respectivelyoutside the EDL or at its edge boundahgtransverseelocity

wall surface
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gradients and the electric potential gradients arenull, i.e. (du/dw|attheEDL =
edge boundary

(dy /dy)|atthe eo. =0.

edge boundary

2.3.2.1 Governing equations

The governing equatianfor solving EOF of Newtonian or nosNewtonian fluidsin
the general formare themassconservationmomentum andonstitutive equations. Theass
conservatn equationor continuityequationfor an incompressible fluits:

NORNE (2.1)
and the momentum equatiengiven by:
Du s
r—= - +W ¢ 2.2
S (22)

where r is the fluid densityassumed constant) is the velocity vectort the time,p the

pressure and the body forcger unit volumeGenerally, theviscoelastic extratress tensor,
U can be splitnto the sunmof Newtonianstress tensotomponent} and an elastic stress
tensor():

U= 0+, (2.3
By substitutingeq. (2.3) into (2.2), leads to:

r%: P HUD @ DI (2.4)

since U is given by:

U=2n1 (2.5)
where A, is the constant solvent viscosity coefficientD=( @ ¢ up)/2 is the
deformation rate tensand the divergence &fis given by @ /= 2 i Thepolymeric

cortribution ( can be defined according to the selected constitatjvation(discussedater
in Section3.2.2.

The body forcd- in Eq.(2.4) is given by:
F=rE (2.6)

wherer, is the net electric charge density associated with the spontaneously formed EDL

and E is the electric fieldvhichis associateavith the overall electric potentidt by

16
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E=- DI (2.7
and the electric potential is governed by,

P?F = Ir— 2.8)

wherel is the electrical permittivity of the solution. Two types of electric fields can be
identified in EOF flows: one is thenposedelectric field,f , generated by the electrodes at
the inlet and outlet of the flow geometry; the otiseheinduced electric fieldy , generated

by the net charge distributions in the EDLs (i.e. the charge acquired spontaneously by the
fluid near the walls)Both affect the ions distributions and their sdefinesthe overall

electric field, F . Assuming that these two contributions &éndy ) are independent of each

other, the linear superposition principle applies:

F =f 4 (2.9)

This assumption is only valigrovidedthat (i) the EDL thicknessse, is thin (ii) the
microchannelength L, is longcompared to the widthjii) the gradient of the imposed
electric fiell in the streamwise directigivetween the channel inlet and oytistweak|34,

39], (F /L xx z( } .Under these assumptiorsg. (2.8) can be written as two separate

equations,

P*f =0 (2.10
and

py = lf_ (2.11)

The latter equation is known athe PoissorBoltzmann equation for charge
distribution in the EDL. Finally, Eq(2.4) for mixed electrcosmotiépressuredriven
(EO/PD) flow can be rewritten as:

Du _

r5cc P BuD D O( -r) (212)

Whentheimposed pressure gradiaatnegligible Bp = 0, the flow is only driverby

the applied external electric field and is called a puesdgtroosmoticflow. Setting the
polymer contributior(} to zerq the fluids can either be Newtonian generalizeddurely
inelastig non-Newtonian fluids Thecase ofhi  cOrresponds twiscoelastic fluids.
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2.3.2.2 Electric charge density

This sectionpresentdhe models used to describe the distribution of ions inside the
EDL. This is required to quantify the electric charge der(sity) in Eq.(2.12) in order to
generate a closedrm system of equations. Depending on the required level of physical
approximation, there are three different modgiscally used The PoissoiNernstPlanck
(PNP) governing equation is the mogeneral model ands used for complex ionic
distributions, whereas the PoissBaltzmann (PB) and the Poiss@oltzmannDebye

Huckel (PBDH) models are used to describe simplified conditiordgssibedelow:

1 PoissonNernstPlanck (PNP) modelthis is the mee general modelisedto quantify

r.. Itis based on a convectidiffusive transport equation tescribe thelistribution

of coions and counteions, here assumed thave the same charge valence,

re=eArf -n) (2.13)

wheree is the elementary electric chargéne electric charge density is computed from the
concentrations of the positiye*) and negativén') ionsand each concentration is obtained
from the solution othecorrespondingonvectiordiffusion equation (also known as Nemst

Planck equation):

o

Pivob {®a) DED“@@E(fDJa (2.14)
it & ke T

whereD* andD' arethe diffusion coefficients of the positia®d negative ionsespectively.
The set ofEgs. (2.10), (2.11) and (2.14) are frequently named PoissavernstPlanck
equations (PNP).

1 PoissonBoltzmann (PB) modelThis model derived fromEq. (2.14), is based on the
assumption that significant variationsréfandy occur only in the normal direction to
the channel walland the EDk from each waltlo not overlap, leading tihe following

solution for thaon concentration§16]:

. a ez
N =nexpeg; —V (2.19)
c B

18



Chapter2 Theoretical concepts

This equation can b&ubstituted irEqg. (2.13) to arrive athefollowing electric charge
density distributon [36]:

_.a
r,= -2n0ezsml”% y (2.16)
¢

wheren,, k; and T are the ionicconcentrationdensity, the Boltzmann constant and the

absolutetemperature, respectivelyhe set ofEgs.(2.10), (2.11) and(2.16) arefrequently

named PoisseBoltzmann equations (PB).

1 PoissonBoltzmannDebyeHuckel (PBDH) model this model is a further
simplification of thePB modelWhen (ez/ / k T) is small Eq.(2.16) can be linearized
(sinhx© x) leading to Eq(2.17). Physically, this condition occurs at small ratwf

electrical to thermal energiesnd in such conditionsthe electric barge density

simplifies ta

r.= - 1k | (2.17)

wherek® =(2n,€’ Z/ 1 k T) is known as th®ebyeHiickel parametefDH), related to the
thickness of the EDL by:

o ¢ A
_ ai kT 8
l,= K W 0 (2.18)

Equation(2.17) is known as Debyéllickel equation and isnly valid for thin EDIs.
The set ofEgs.(2.10), (2.11) and(2.17) is frequently named PoisséBoltzmannDebye
Huckel equations (PBDH).

In eachof the models describeBgs.(2.13), (2.16) and(2.17) canquantify theelectric
charge density.

2.3.2.3 Electro-osmotic mobility

Considering thepreviously describecassumptioa (i.e. fully-developed, steady,
incompressible, isothermal and pur@®F)in Eq.(2.4) for the case of &lewtonianfluid
flowing in a straightmicrochannelseeFig. 2-3), the magnitude of the plufike electre
osmotic(EO) velocity can be deducehleoreticallyby substituting Eqg2.6) and(2.11) into
Eq.(2.4), leading to

19



Chapter2 Theoretical concepts

d’u_I E, d¥y
o h dy

Considering theppropriate EDL boundary conditioiisistratedin Fig. 2-3-(B), this

(2.19)

differential equation can be integrated twice with respegtaarrive at:

U= lT(Z 9 (2.20)

Considering a thin EDL, outside the EDL the electrical potentigli§ zerg resulting

the HelmholtzSmoluchowski EO velocityy,,, for the bulk:

[ z
Ueo = —- B (2.21)
From Eq.(2.21) it can be realized that outsidéthe EDL u_, is linearly proportional
to E, and the fluidflows at a rate proportional to the imposed electric potedtfédrence
betweerthemicrochanneterminak, sincel , z andh are constarproperties provided the
fluid is Newtonianand homogenousThis proportionality constarfietweenu,, and E, is

knowns a€£O mobility ( /72,) [19]:

(2.22)

The EO mobility is a useful empirical parametbat can be used compare the EOF
effectiveness among different pairs microchannelmaterial/solution combinations, see

Table2-2, and in predicting the expected EOF velofitya givenimposed electrical field.

Table2-2: Typical EO mobilitiesof 1 mM NaCl aqueous solutioasdifferentvalues ofpH
andfor differentmicrochannematerias [37].

Solution(1 mM NaCl) Material m,x 108 (m?/ s V)
pH=5 Glass 1

Glass 3
pH=7 Silicon 3

PDMS 1.5
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2.3.3 AC €lectro-osmosis

ACEOF is another approathelectreosmosis forcingvhich differs from the DCEOF
not only on the imposed electric potential figfcom DC to AQ, but alsoon the typical
electrodes saip arrangement (i.e. electrodes size and location innticeochanned).
ConsequentlyACEOF is significantly different frorDCEOF

Depending on the sefp used,the flow patterns can be classified as oscillatory,
periodic, unidirectional or circulating EO flovccordingly, for electrcosmosis flowif the
electrodes satp is similar to that shownin Fig. 2-2, and depending on the nemniform
i mposed el ectric yel d ,thiece possiblaflovpdhaviorsndye an d
happen: oscillatory EOF if imposing a nonzero tiamg er aged ¢€38etnmer i ¢ ye
periodic EOF if imposing a zerotireev e r ag e d €30 er®CHOF if imgosgrig dn
electric yeld (WQ)[t4h26lzer o frequency

For AC electreosmosiswhenthe electrodearrangementsi similar to tlat shown in
Figs. 2-4 or 2-5, eachfigure refers toa uniqueflow behavior This section irganized to
showthe difference between DC and AC electasmosis flow, ananly to explainthe
principle of operatiomf ACEOF. Hence by consideringa simple model witlheelectrodes
arrangement as showmFig. 2-4, thissetupis used to demonstrate a unidirectional flow by
means of ar\C electric field.The setup comprises an asymmetrical pair of infityteong,
co-planar, ideally polarizable, eleotites separated by a narrow gap and placed on-a non
conducting surface immersed in an electrolyte solutior.figlre clarifies the principle of
operation during one full cycle of imposing a aamiform electric field. The cycle is divided
into two equalintervak of time, each correspomd) to half of a period: thdirst half-period
is shown inFigs. 2-4-(A-i) and-(A-ii) andthe secondhalf-periodis shown inFigs. 2-4-(B-
i) and-(B-ii).

Due to the periodic nature of the imposelctricpotential let the left electrode have
a positive polarity during thérst half-period. Once an AC potential difference is imposed
at the electrodes surface, a aamform electric fieldE is created wlih sequentially
generates a stable periodic flow immediately after a quick transition Btgt@-4-(A-i)
shows that on top of the electrodes surthesAC electric field establish@spotential with
normal Ey and tangentiaEx components. The normal component polarizes the electrode

surface viaa Coulombic forcd=¢, which is a capacitive chargand it also induces a transient
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current to charge the EDL, while the tangential component produces a force on the induced
nearwall fluid charge thatmoves themand pulsthe surrounding liquid via viscous forces

As long as the electric field is applied, the flow accelerates overléb&rogle surface,
becausdhe developed tangential force within the EDL prastua largeselocity gradient
parallel to the electrodes surfaaehich results in a bulk flow over the electrod@sis
tangential Coulombic force reaches its maximum at thetretde edgesFig. 2-4-(A-ii)

shows the formation of eddies above the electrodes due to the effect of the induced electric
field forces and the movement of the charged particles close to the electrode[80yf4@e

41]. In conclusion, two goalareachieved by using a pair of qdanar electrodes, whereby
imposing a single electric fielcreaessimultaneously a normal force component to induce

charge separation and a tangential force componeiniviethe flow.

Similarly, but by inverting the electrode polarity in thecondhalf-period, as irFigs.
2-4-(B-i) and-(B-ii), it can berealizedthat the net flow rate directiacontinues to bérom
left to right because the induced flow fields above the smaller electrode veatkectthe

net flow towards the larger electrot, 43].

For this sewp, the net flow motion is strongly dependent on several parameters such
as the frequency and amplitude of the imposed oscillating electric field, electrolyte
concentration, and thmicrochannebeometrical design. The frequency of the electric field
should & chosen carefully within an intermediate range, because close to the electrode
surface the electric field creates a potential field which has a tangential component
responsible for partially screening the ions laying within the EDL diffusive layer. &or lo
AC frequencies, the electric field is completely screened out by the equilibrium double layer,
while for very high AC frequencies, the double layer is absent due to the limited ionic

mobility/response time.
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Figure2-4: Schematic diagram of the principle of ACEOF for an asymmetrical paio-of
planar electrodeseparated by a narrow gap during one full cycle, dividénl two equal
intervals of times(A) first intervals of timewhen the left electrode has a positive polarity:
(A-i) electric field on top of a polarized asymmetric electrodeliY ACEOF net bulk flow

field (red dashed line) accompanied by the formation of eddikse &olid line) above the
electrodes surface due to the induced electric field force compor@nhtsedondntervals

of time when the electrode polarity is inverted due to the periodic nature of the imposed
potential, which creates instabilities responsible for the appearance of sdcheashose
shown inFig. 2-4-(B-ii) (adapted fron{30, 42]).

The basic principle of an ACEOF pumping method was previously illustrated using a
simple model, but in actual experimental ACEOFg®$,to obtain aunidirectionalflow,
the microchannel should be fabricated to include not just one pair of electrodes, but a set of
arrays of electrode pairs located and arranged close to each other along the microchannel

lower wall only, or along both loweand upper walls as shown in F&6.
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For mixing purposes another arrangement is useitlustratedin Fig. 2-5. This set
up comprises a symmetric pair of-ptanar electrodes, where the imposed-ooiform
electric fields at the electrode surface induce the fluid streams to be symmetrical over the
left and right electrodes; hence, the fluid stream will start to recircoleethe electrodes
resulting in mixing and not ia netfluid pumping[44-46]. For more details on experimental
and numerical works regarding ACEQFRe reader is referred [d7-52].

(A) (B) Fast, small fluid Net bulk flow
I direction

rolls over edge
[}

Slow, small
fluid rolls

Lines of Electric field

~ -

Figure 2-5: Schematic diagram of the principle of ACEOF. Symmetrical pair gflanar
electrodes, separated by a narrow gap, during ongoiatid when the left electrode has a
positive polarity. Red dashed line shows the flow streamlines (adapte{4idpa6)).

(A) —

— —

L

\ Net Bulk Flow T

<3 PR
0 @ o
’_*—4‘__‘

B) T s

ST

[ Net Bulk Flow >

2

o0 @ §"*)/“I‘ C

Figure2-6: Schematic diagram for an experimental ACEOFugefThe electrode pairare
located and arranged) only along the lower walképroducedvith permission fronj41]),
(B) along tle lower and upper walt¢producedvith permission fronj43)).
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2.3.4 Advantages of ACEOF

It is recognizedthat DCEOF is not a usefapproachto manipulate fluids with
suspended natural or living specfesch as cells, DNA, viruses, gidecause it may require
the use of high voltages, which can damage the living organisms. Furthermore, DCEOF is
usually acompanied by bubble formation at the electrodesthisthffects the pH of the
electrolyte[53]. In contrast, ACEOF has been used with low vokaged at moderate
frequences and found to be a suitable and useful concept to handle and create fluid motion

for fluids containing organism# biological and biomedical systerf#3, 53].

EOF is typically a laminar flovbecause of the small sizes of tiheerochanned and
the low velocities of the fluids involveddence, DCEOF as well as ACEOF working
principles, or their combinationare possible driving force to enhance mixing process
either using active methods, or through passive mechanisms arisingchaatiedelectro
osmoticflow instabilities (EOFI)discussedh Section2.4. The later concept isategorized
into electrokinetic instabilities (EKI) presentedin Section 2.4.1) and electro-elastic
instabilities (EEI) discussedn Section2.4.2. EKI may be possible with any fluidshereas
EEI arerestricted to viscoelastic fluidsjnce it depends on the rheological properties of

polymer additives ensuing from their stretbbending and recoil as they flow.
2.4 Electro-Osmotic Flow Instabilities

Efficient mixing is essential to enhance the performarfomany devicesand micre
scale devices are no exception. As reported in the literature, many pharmacological, clinical
and other diagnostic analyses are carried out with small samples and this requires a device
that can perform fast and with a full raaat thus agood and efficient mixing is a pre
requisite. In microchanned, mixing is usually a difficult processbecause at their
characteristical lowReynoldsnumbes, typical of laminar flow it is usually limited to the
slow molecular diffusion mecham. Recently, EO driven flows have been used for
enhancing mixing if the flow is characterized by deeurrencef flow instabilities. These
can be the more commagectrokinetic instabilities (EKI) but also theelectro-elastic
instabilities (EEI). Classical EKdccus when fluids with significantlydifferent electrical
conductivities [54-58] are involved in the same flgwwhereas EElcan appear for
viscoelasticfluids and are thus able tdevelop elastic instabilities in the presence of
electrokinetic forcing33, 59-65].
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2.4.1 Electrokinetic instabilities

Describing in detaiEKIs is beyond the scope of thercent work In sumnary, the
EKI working mechanism depends on the existence of electrical conductivity gradim@s in
fluid in amicrochannelndthe application o& high intensity external electrical field. Such
flow instabilities can stir the flow streams along thierochannelto result in a rapid and
quick flow mixing. Effective mixing inmicrochanned is a big challenge since the flow is
frequently laminar andlominated by the slownolecular diffusion process (i.e. atee
dimensions, the molecular diffusion mechanism dominates the species mixing rather than
convection or turbulengeso typical at macrgcales). Thus, to enhance mixing at micro
scale requireshe induction of flow instabilities such as EK flow instability, which can be
used with any fluid, including Newtonian fluidas long there are significant conductivity

gradients.

Oddy et al.[54] wereamongthe firstto observeEKI in a microfluidic system and
subsequentlya series ofwvorks motivated the whole class of recent contributions. In fact,
micro-mixing enhancement through EKik a recent techniquestill under intense
investigation Winjet et al[55] numerically investigated EKI in aflype glassnicrochannel
using two aqueous electrolyte solutions having a conductivity @ti®.5:1, driven
electrokinetically by imposing a DC electrical field witih without alternating electrical
field perturbationsThe esults showed that, once the electrical field intensity exceeds a
critical threshold value, an unstable disturbasheedopsand waveforms start to appear. The
perturbations start at the channel entrance and propagate downstream to mix the two flowing
electrolytes within thenicrochannel Adding an electrical intensity perturbation to the DC
electrical field significantly blps to enhance the mixing efficiency, even when the DC
electrical field intensity is below the critical threshold vaka. furtherdetailsthe reader is
referred tqd54-59].

2.4.2 Electro-elastic instabilities

At the microscale, EO driven flows can lead to EKI and in addition we can promote
efficient mixing by EElusing viscoelastic fluiddMiniaturisation reduces the characteristic
time scale of the flow andnhanceshe effect of fluid elasticity, whiclincrease ashe
characteristitength scalelecreased-low nonlinearities cabe used to promote mixing, as
with turbulence at the macszale but it is aclassical difficultyto achievan microfluidic

26



Chapter2 Theoretical concepts

devices.However,elasticfluids are characterizeoly a nonlinearheologicalbehavior and
therefore elastimstabilitiesare enhanced when the characteristic length scale decrease, and
ariseoftenin PDF of viscoelastic fluidg59, 60, 63-65]. We expect similar instabilities to
occurin EO driven flowsof complex fluidsas inpressuredrivenflows [33, 61, 62], provided

the flow velocities achieved are sufficiently high for the specific fluid elasticity to drive
elastic instabilities

Pressuralrivenflows are accompanied Istrong shear effegtmore intense nedhe
channel wallswhich complicates the dataalysis. In contrast, we expect EQo present
shear effectsnly within the thinEDL [66] and this can be an advantagesituations where
micro-mixing is undesirable, as in micrbeology chips tomeasurethe rheological
propertiesof polymer solutios. Likewise depending orthe geometrical configuratiofi.e.

a microchannel with curved flow streamline8dw condition Reynoldsand Weissenberg
number$ andtype of viscoelastic fluid, EO driven flows may exhibit special and unique
features of flow transitionsas observed inPDF, including eithera direct transition from
steady symmetric to timdependent flow, omlternativelythe production of two purely
elastic flow instabilities including the transition from a steady symmetric to a steady
asymmetric flow and the subsequent transition to tirdependent flowat higher
WeissenbergumbersThis latter phenomenomvasfirstly reportedexperimentallyfor PDF

by Arratia et al[59] andsubsequentlypredicted numerically by Poole et 0], usinga
crossslot flow geometry(i.e. a configurationwith two orthogonalflow inlets and two
outles) anda viscoelastic fluiddescribed by the uppeonvected Maxwell modelynder
creeping flonconditions.In common both workfound a criticaDeborah numbeiDe) that
characterizethe first transitionafter which ifincreasing the flow rate until a second critical
De the flow eventually becomes tintkependentSimilar observationwvas also reporteth
[63-65] in aflow-focusing devicgi.e. a configuration with three flow inlets and one outlet

Here, our main concern is to investigdt&EI also arise in viscoelastic, EO driven flow

From the literature, it is notorious that limited efforts have been directed towards
examining flow mixing induced by EEI. Bryce and Freerf@h 62] wereamongthe first
to work on this topicln [61] they found that forcing polymesffree solution using EO
through a 2:Imicrochanel constriction lead t@a stableaminar creeping flow, while by
adding asmallamount of presolvated polymeric mixtures of high molecular weight to the
working fluid, which impartedelasticity to the solutigrresulted on the appearancdafye

flow instabilities ancenhanceanixing. Additionally, for EOF shear isnainly limited to the
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EDL and instabilities which occwalong the microchannel streamwise directamadue to
thepresence of polymerimoleculedn the bulk flow, wherenacromoécules startio stretch

and bendto create hoostreses that cross the flow stream lines, and thereby break the
stability of laminar flow, hence flownstabilities areenhanced in contrast to polyrdeee
solutions which continuously displagtableflow under the range of electric potentials
investigated67].

Bryce and Freemaf6l] usedthe same flow configuratiohut the focus wasro
understandinghe underlyingxtensional flows. Agairntheyarrived athe same conclusien
but theyalsoconcludedhat extensional instabilities appeared wherflthe rate reached a
critical valueand as the polymeric concentratimecrease but still well below the overlap
concentrationthe measured fluctuatisrof flow instabilities quickly increased to a peak
value andstabilized Also, micregel formation was observedhenapplying a high voltage
difference betweethe electrodes. In addition, the authors also fatad polymer addition
was accompanied byn increase otthe sheawiscosity, which later resdd in a slight
decrasein theflow mixing, butthatreductionwasrecovered by means of a further increase

in the flow viscoelasticitywhichconsequentlgeneratd elasticdriven instabilitie§61, 62].

After validating their viscoelastiaoumericalEOF code for straight channel flow,
Afonso et al.[33] were able topredict an elastic instabiliy from steady symmetric to
unsteady flowin EOF in a crosslot, which occurredabovea critical Wi, and thatby
reducing tle EDL thicknesslso leads to a decreasettod critical\li number The absece
of the first transitiorbetween two steady flow patterns (symmetric to asymmeioigd be
due to the fact that for purely EOketshear flow is limited to theall/corner EDL thickness,
hence the flow becomes less $&ato support steady asymmetric flow in the creks

geometry.
2.5 Electrophoresis (EP)and Dielectrophoresis (DEP)

Electrophoresis (EF¥ a basic electrokinetic transport phenomerefarringto the
motion of polarizableharged ions, particles, maanolecules, bacteria, or cells suspended
in an electrolytewhensubjected to a uniform electrield. Once the electric fielt set a
potential differencegeneratesa forcing on the charged parties to move relative to the
surrounding stationary liquid, and theached particles statb movetoward the anode or
cathode depending on theolarity. Duringtheir motion some otheliquid surrounding the
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charged partickecan be draggedrigure 2-7 illustrates the charge distribution around a
single electrophoretic particle and gerespondindgDL, by assuming a positively charged
surfacg 14]. TheEP velocitycan be expressead a similar wayto the EO velocity (see, Eq.

(2.21)) by (note the opposite sign)

Zp 2.23
7 E, (223

U, =
whereg, is the tracer particlevall zetapotential.Likewise, theEP mobility (/72,) is given
by:

u, Iz
“h

el

m, = P (2.29)

|

A major difference between Eq2.21) and(2.23) relies on the velocity direction: for
the same applied electrical fiedahly if 6 andg, have opposite sigi{e < 0 andg, > O, or the
oppositg, boththe EP and EO velocities hatlee same signSeveral author$28, 68, 69|
have also reportetthat usually EO is accompaniegd BPwhen particles are used to measure
the velocity field,becausetypically the used particles aneot electrically neutral This
subjectis investigatedn this dissertationprimarily in chapteb.
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Figure2-7: lllustrationof electrophoretic transport phenomenon (adapted fain25, 70]).

Dielectrophoresis (DEP) refers to the motion of polarizable charged ofjsgisnded

in an electrolytewhen subjected to a neaniform electric field[25, 37]. For a better
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understandingf electrophoresis and dielectrophoresis transport phermmefarencef’1,
72] are suggested

2.6 Summary

This chapter presesdian overview oflectrokinetic forcing, with particular attention
given toelectrecosmoticflows (EOF).Specifically, the relevant concepts of DCEOFan
straight microchannel, and the governing equations needed to describe thefEOF
Newtonianand non-Newtonian fluig were briefly discussedThe typicalapproximation
models usetb evaluae the distribution of ions in the electric double layer (EDL) wése a
presentedThis chaptealsodiscussed electrokinetic instabilities gmésentd a review of
the literature on instabilities which originate from the coupling of elasticity with electro
osmosis, denoted by electetastic instabilities (EEIinally, abrief overviewof the basic

conceps of electrophoresis (EP) and dielectrophoresis (D&&3 also presented.
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CHAPTER 3

3 LITERATURE REVIEW ON ELECTRO-OSMOTIC FLOW

3.1 Introduction

Electroosmotic flows of Newtonian fluids hee been the subject of extensive
analytical, numerical and experimental studigsr the yearsin contrastmuch less work
was carried out using neiNewtonianfluids, for which interesting differences relative to
EOF operating with Newtonian fluidsave been reportedrhis chapteris targeted at
reviewing andliscussinghe work done so far with neNdewtonian fluidsand in particular
with viscoelastic fluids, bt the corresponding Newtonian flow investigations are also
discussed as they aabvaysthe reference cas&his chapteis organized in four sections,
with the first sectiorpresentingsome relevant conceptsgarding the mre common fluid
models,and tte last three sectismaimed at reviemg EOFfor the threetypes offluids

considered
3.2 GeneralizedNewtonian andViscoelasticFluid Models

This section discusse®smecommonly usedheologicalmodels for bothgeneralized

Newtonianand viscoelastic fluids.
3.2.1 Inelastic non-Newtonian fluid models

An inelastic noANewtonian fluid is a purely viscous fluwmf variable viscosityalso
known asa generalized Newtoniaduid (GNF). For this type ofmodek, the extrastress
does not depend on the fluid deformatiostdiyand is only dependent on the instantaneous
and local deformation rat&NF models include thimiting case ofNewtonianfluids and
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their shear stressesponsén a steady Couette flow sgketched in Fig3-1 as function of the
shear rateGeneralized Newtoniafiuids obey an explicirelationship between th&tress

tensorU and the rate of deformatidansord, described by:
U=#(8,) 248 )(D b (3.2)

Whereh(8 3) is theshearviscositythat usually depends on the second invariant of the rate

of deformation tenso(ﬁ j), andu is the velocity field The relationship between the shear

stress andhe shear raten an ideal Couette flow fgourely viscous noiNewtonian fluids
can beclassified as shown in Fig3-1, as shearthinning in which the shear viscosity
decreases as the shear rate increasebsshearthickening in which the shear viscosity
increases with sheaate. TheNewtoniarbehaviorstands iFbetween these two groypeth
ashearviscositythat isindependent of thehear rateAnother type oimaterialsare known
as yield stresmaterialsin which theyare solidlike below the yield streds, andbehaveas

fluids for Qly > (§ (the particular case of a Binghdhaid is illustrated in Fig3-1).

The shearviscosity can beapproximated byne of many empirical equatien(or
mathematical models), suchtagpowerlaw, Carreatand Bingham fluidnodek[1, 2], see
Table 3-1. Thesemodelsvary in their mathematical complexity and limitations, and for

further information theeader is referred 1@, 4].

Sheatrthinning fluid

Binghamfluid

" ™~ Newtonianfluid

Shear Stress}y (Pa)

- Shearthickening fluid

Y

Shear Ratey (1/s)

Figure 3-1: Shear stresg), as a function of the sheeate 5 for various purely viscous
fluidsand materials in steady Couette flow
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Table3-1: Viscosity functiondor somepurely viscous noiNewtonianfluid models

Model Apparent viscosityunction Characteristic behavior

K and n are the flow consistency index and t
powerlaw exponentrespectively.

Powekrlaw h=K & The value oh controls the fluid behavior

fluid 1 n<1, sheathinningfluid.

1 n=1, Newtoniarfluid.

1 n> 1, shearthickeningfluid.

-y | flo and A, are the lowandhigh shear ratémiting

Carreaufluid | p= p « p -JRL (+ )fgg values of the fluid viscosity, respectively, ahdis
a fluid parameter.

Bingham fluid | / = 5 +h t, is the yield stress ankl, is thehigh shearate
B viscosity aymptote

Viscoelastic fluids arersther type of noiNewtonian fluic (describedn the next
Section, which exhibit combined characteristics a¥iscous liquid andan elastic solid
Typical viscoelastic fluidgnclude polymer melts and solutions, synovial fluid, saliva and

blood among others
3.2.2 Viscoelastic fluids

Viscoelastic fluids exhibit complex, nonlinear, tkdependent characteristics which
arise due to the fluiganishing memory, such &seir ability tostore energy angdartially
recoverfrom previous deformationnce the applied force or stress is remoehending
on the leveof flow complexityand required level of accuracy of thhew description the
use ofcomplex constitutive equations differential orintegralform is required5-7]. For
polymer solutionsthe equationsisedareusuallyof differential type The OldroydB fluid

is one of suclmodek, wherethe polymericextrastresscontribution Up termin Eq. (2.12)

takes the following form:

P Dr/
U+/, Y224 (3.2
where/, and /1, are respectively, the relaxation time and polymer viscostgfficient

2
both constan@nd U, is the upperconvected time derivative of tietrastress tensor, given

by:
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o uq, e T
=i +u OB {0 )Ow) - (33
The solvent viscosity coefficientratio, 6, accounts for the ratio of the solvent

viscosity to the total viscosityandis definedby:

h
h=—"s (3.4)
h+ f
andvariesin the rang® b®@ Hor.theOldroyd-B fluid model,b can take any value e

range bi 10, 1 [,for b= 1the fluid isNewtonian(/, =0), andif b= 0 andey | tile UCM

fluid modelis recoveredFor other more complex constitutiveodels, theeader is referred
to[3, 8].

3.3 Electro-Osmotic Flow of Newtonian Fluids

Electrokinetic flows of Newtonian fluidbiave attractedthe attention ofseveral
authors as reviewed in[9-11], with particular emphasis on EOF due to its simple
applicability over a wide range of applications, including miggamping[12] and micre
mixing [13].

Severaktudies have been undertaken on EOF involving Newtonian fluids. In the 19th
century, Reusfgl4] was the first to demonstrate the principle of elecsmosis, followed
by subsequent extensive studiespecially over the past 30 yearsluding analytical[15
17], numerical[18-21], or experimenta[22, 23] studies, or any combination of those
approaches for validatiof24-26]. Some of the important investigationsf EOF of

Newtonian fluidsare discussed next.

In the literature severalparametersare analyzedusing a variety of methods and
techniques Dutta and Beskol15] investigated analytically the velocity distribution,
pressure gradientnass flow rate, vorticityand wall shear stresfor combinedelectre
osmotidpressure differenceEQ/PD driven flows in a twedimensional straight channel.
Using afinite-difference methodyang et al.18] studied numerically the EOF between two
parallel plates and in a 9Bend microchannel, and discussed the effeicthe EDL and of
the applied electrostatic fieloh the velocity profiles, volumetric flowate, pressure drop,
friction factor, and convective heat transfer. Arnold ef24d]. carried out a numerical

investigation (based on the modified Nav&ipkes equationsogether with the Poissen

40



Chapter3 Literature eview of EOF

Boltzmannapproach, as well as an experimental study of the EOF in straight microchannels,
in order to obtain the flow rate experimentally and congaregainst the numericagsults
observing agood agreement. Kim et [#5] also used the same methodologies for solving
numerically the EOF and validated experimentally the velocity distributiminsg amicro-
particle image velocimetry system-P1V), for a straight channel with a grogwwend a F
junction with rectangular crgssectionand theresultsobtainedmatched well. Wang et al.

[26] used the same methodologibst for estimating thevall zeta potential and the average
EOF velocity by means of measuring the time requiredharelectrolyte tobe displaced
through a microchannel by asther similar éectrolyte of different concentratioand
observed that theesults are in good agreemdéim theoretical model

Park et al[21] comparedEOF modekd bythe NernstPlanck (NP) equations ary
the simplified Poissooltzmann (PB) modefor steady and unsteady EOF through a
straight microchannel with homogeneous and inhomogeneoupaetatials, andilsofor
the flow through irregular microchannels with a sudden expamsidrsudderontractiaon.
The esultsinvolving a very thin EDL in a straight microchanpahdevenfor an irregular
microchannelshowed similarity in the velocity pfites for both models, while fothicker

EDL, the results showed significant differences.

Other interesting faics investigated in the pashclude the study of EOF of two
immiscible fluidsflowing through microchannelgl6, 17, 19|, studying the behavior of
mixed EO/PD flowsin microchannels subjected to thermal effg@6], and measuring
experimentally the neawall EO velocity field, by means o& nanegPIV technique[23)].
Gaudioso and Craighe#?] investigated lso experimentally the EOF in borosilicate glass
capillaries and zeonor plastic microfluidic deviceggseswhich surfacecan support EOF

and which surfactant coatings on the walls can yield stable and reproducible measurements.

In summary for Newtonian fluids a wide range of effects and flow conditions have
been investigateoh the pastand thiscontrasts with the less extensive literatimenlving

non-Newtonian and viscoelastiltids in EOF, as will be showrin thenextsections
3.4 Electro-Osmotic Flow of GeneralizedNewtonian Fluids

Some research groups haakso investigatd flows of generalized Newtonian fluids
driven by electreosmosis Most of tltosestudiesreferto theoretical and analytical solutions

[6, 27-33], due to the ability tabtain exacisolutiors in simple geometriesvhile other
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numerical work havelso been reported34-38]. In contrast, experimental work less
frequent thus indicating aelevanttopic forfutureresearch.

Analytical solutionstypically usesimple GNF modelssuch as the powdaw fluid
model,underfully-developed flonconditions Das and Chakraborf] and Chakraborty
[30] were among the firgb use thigheologicalmodel in EOFTheir work is limited to the
use of thepowerlaw modelto descrile the fluid rheologyof a blood sample. Das and
Chakraborty 6] derived explicit analytical solutions for GNF flgyincludingheat and mass
transfer, in a rectangular microchannel under the influence of EOF, to evhkenatéocity,
temperature and concentration distributions within the channel, as a function of the various

relevantrheological parameters.

Chakraborty[30] presengéd a theoretical nadel to describe thecapillary filling
dynamics in rectangular microchannels, g@neralized Newtoniariuid flows driven by
electrcosmosis This research has important applicasiam lab-on-a-chip microsystems
and micredevices, because d¢anhelp toimprove and optimize solutions associated with
the potential of capillary fillingsuch ashe airbubble formation and microchannel blockage,
through improvement of the fabrication process, enhantimy arrangement of the
componerg, and facilitating peicle transportation in labn-a-chip micresystems and

micro-devices.

Note, however, that assuming that a-#gwtonian fluid behawgeas a purely viscous
fluid may be an ovesimplification of reality andmore than with any other type of fluids,
the need of comparing with experimental dataugialfor these fluidsThereforejt remains
to be seen whether many of these theoretical investigations stand the test of reality. An
exception to these typeswbrk are some of #works reviewed next, in which the authors
compared experimental data with theoretical arguments based ootledof generalized

Newtonianfluids.

Olivares et al.[3]] investigatedanalytically the effect of nofNewtonian fluid
properties and polymer concentration near a dajid interface on EOF characteristics.
At interfaces, polymersam behave differently, if compared with their behavior in the bulk
of the microchannel. The polymer concentration may be uniform, euniborm, depending
on the appearance of a layer of variable polymer concentration next tbcpalidnterfaces.
This northomogeneoudayer maybe dueto wall adsorption or depletion of polymer
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moleculesdepending on the interaatiforcesbetween the walthe solvent anthepolymer
molecules at the interfac@his nearwall layer isusuallyknown as the skimming laye
Olivares et alf31] analyed in more detail the polymer depletion at the slidjdid interface,

besides presenting some experimental refultgalidation

In the same trend, Beand Olivareq32] presented a theoretical study on the effect
of wall depletion for a flow driven simultaneously by EO and pressure gradient of non
Newtonian fluidsdescribed by the powdaw model,in slit and cylindrical microchannels.
The depetion layer is characterized by a thickne8swhere the locaVviscosityis usually
lower than the viscositgf the fluid in the bulkBy combining the effects resulting from the
depletion layer and EQEBNd considerinthat the depletion layer thickng@s is much wider
than the electric double layer thickness)( see Fig.3-2, (which meansthat EK effects
essentiallytake place in a region of pure solvent, in which the fluid behasadNewtonian
fluid under the effect of pressure gradient and EOirigravhereasthe region outside the
depletion layer can be considered electrically neutral and behaving like-ldemgonian
fluid), Berli and Olivares derived analytical solutions for the illustrated flow conditions, for
the velocityprofile, flow rate and electritield. In contrast, if there is aradsorption layer at
the solidliquid interface, EOF decreassignificantly due to the fact that netiwe wall the

fluid is more viscais thanin the bulkdue to the higher polymer concentrat[@4d].

[l

Figure3-2: Schematic diagram of a microchannel wall with a depletion layer and EDL of
thicknesses$i andee, respectively (adapted frof82]).

Zhao et al[27] presented a mathematical modd$o using the powdaw model.to
analyze the EOF in a slit microchannel, aztainedexact analytical solutia) for the
velocity field, but only forspecific values of the powéaw index @), under theDebye

Huckel approximation.For arbitrary values of the powdaw index only approximate
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solutionswere obtainedwhich compared well witlthe corresponding numealksolutions

for thesame specific values of

Zhao and Yang[33] extended theprevious analytical work [27] for mixed
electrokinetigpressuradriven flows and their computational results showed tBiiteffects
have a more significant influence on sheéamning fluids in comparison to sheimckening
fluids. Further workwith the powetflaw fluid model was carried out by Tang et[84] who
computed the electric flow field potential distribution using the lattice Boltznrardeland
results showd the variation inEO velocity patterns with regasdo thepowerlaw index.
Vasu and D¢35] investigatechumericallyEOF of powetlaw fluids to examine the ability
to increase the flow rate, when operating with stieigning fluids, by characterizing the
flow as a function of the powdaw and consistency indices, zgtatentid, andnormalized
Debye layer thicknesZhao and Yang29] investigated also the EOF of powawv fluids
over a surface withrhitrary small zetgotentials, to obtain a general nonlinear expression
for the Smoluchowski velocity relating ndfewtonian fluid and electric field

characteristics.

Again, hese arethercases in whiclsimilar conclusions were reached with@uy
comparison with experimentdadigol et al[36] useda two-dimensionahumericalscheme
based on the finite volunmaethodo analyze both pulg EO and mixed EO/PD driven flow.
They showed that increasing the wall zptdential or decreasing the EDL thickness
increased more the volumetric flow rate and the pressure variation fortkimedang fluids
than for sheathickening fluids. Similar conclusions weaitsoreached by Babaie et &7],
who investigated numerically mixed EO/PD flow without invoking the DH approximat
Later, Babaie et al.[38] extended theirprevious work [37], by invoking the DH
approximationand investigated the influencetefnperature on the EO/PD systdmowing

that temperature effecare relevanonly at very high values dhe DH pararater.

On the other hand, Zhao and Ydm§] derived a closeform exact solution for the
EO velocity profile and the average velocity the poweilaw model,and their results
gualitatively confirm previous findings about the effecthed powerlaw index on the flow
dynamics. In summary, decreasing the peola@rindex (increasing sheahinning), or
increasing the EK paramet@orresponahg to a thinner Debytayer), leads to a more plug

like velocity profile.
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3.5 Electro-Osmotic Flow ofViscoelasticFluids

The literature on EOF of viscoelastic fluids is scarcer thanNewtonian or
generalized Newtonian fluid§inceearly 2008, analytical studi¢gsmvebeen reprted by
various research group89-47], whereas numerical studiase scarcef48, 49. Park and
Lee [39, 40 were among the first to extend previous studies for purely viscous non
Newtonian fluidsto incorporate viscoelasticity. In theirork on pure EOFof viscoelastic
fluids, Parkand Lee[39 derived an analytical equation toevaluate the Helmhokz
Smoluchowski velocity, by a simple cubic algebraic equatidnch can be useds a wall
boundary conditiorfinstead of the nslip condtion), in order to avoidhe need to resolve
the thin EDL, to obtain the volumetric flow rateonsideringsix different constitutive
models: Newtonianupperconvected Maxwell (UCM), Oldroy®, simplified PhanThien
Tanner (SPTT), full PTT, and modified PTT model Their results showed thatthe
volumetric flow rateobtainedased on the concept of the Helmhetmoluchowski velocity
at the wallis almost the same as those obtainedhericallybased on the full computation

with the finite volumemethodresolvingaccuratelythe EDLflow field.

Later, using the computational power, Park and [46} extended theipreviousstudy
to investigate the EOF of viscoelastic fluidsing the finite volume method to compute
numericallythe flow of UCM, PTT, and Oldroy® fluids. The flow was invesgatedin a
rectangular duct with arvithout an imposed axigbressure gradient.he numerical eésults
showed the appearance of significant secondary flows when imposing an eateahal
pressure gradienMoreover, under the same conditions of EOF aBdF Rorcings, the
computed volumetric flow rates for Newtonian and viscoelastidglware significantly

different.No comparison with experimental data was presemteahy of these works.

Afonso et al.[41] obtained the analytical solution for mixed EO/PD flow between
parallel plates of vismelastic fluids described by the simplifiedT Pmodel(zero second
normal stress differenasjth linear kernel for the stress coefficient function dodthe
Finitely Extensible Nodinear Elastic (FENEP) model, with a Peterlin approximatifs]
for the average spring force. Théneoreticalanalysis was restricted to the casésmall
EDL thickness whenthe distance between the walls of a microfluidic device is at least one
order of magnitude larger than the E@idth [15], and the fluicconcentrations uniformly
distributed across the channel. Thaathors showed that when the viscoelastic flioa is

induced by a combination of both electric and pressure potentials, there is an extra term in
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the velocity profile, which comes out from the simultaneous combination of both forcing
mechanisms. Thisx&ra term is absent for Newtonian fluids, where the linearity of both the
fluid rheology and EO allows the use of tha@perpositiorprinciple. This extra term can
contribute significantly to the total flow rate, and appears only when the rheological
consttutive equation is nofinear(i.e. it is absent for the UCM and Oldroyglequations
which are quasiinear models

Afonso et al[42] extended theipreviousanalyticalstudy[41] to the flow between
two parallel plates of viscoelastic fluider microchannelswith asymmetric wall zeta
potentials under the mixed influence of EO and pressure gradient facifige fluid
viscoelasticity was modelled by tsBTT and FENEP models. This work4?2] discussed
the combined effestof fluid rheology, EDL thickness, ratio of the wall zptatentials, and
ratio between the applied streamwise gradients of electrostatic potential and pressure, on the

fluid velocity andshear and normakress distributions

Dhinakaran et al44] furtherextended the work of Afonso et §l1], and presented
an analyticakolution of pureEOF of a viscoelstic fluid between two parallel plates using
thefull PTT mode] including tre GordorSchowalter convected derivativAn analytical
expressiorwas presentetbr the critical shear rate amlitical Deborah numbefDe) that
can be applied to maintasteady fullydeveloped flow Beyondsuch critical conditionsa
flow instability occurs due to the nanonotonicity of the sheatressunctionasobserved
in shear bandinfp]].

Sousa et al[43] obtained aalytical solutiors for the combined EO and pressure
gradient flow forcing osimplified PTT fluids by considering the presence of a Newtonian
skimming layer near the microchannel wall. The formation of this skimming layer depends
on interactions at the interface between the Walbwing on theideasof Olivares[31]].

When the skimming layer is wider than the EDL thicknéise fluid within the EDL is
Newtonian(essentially the solvengnd even thouglkhe fluid is viscoelastic outsidine

EDL, the fluid dynamis is identical to that for a Newtonian fluid except if the strength of
the pressure forcing is large. Since the flow is dominated by this characteristic Newtonian
fluid wall layer, there is an enhancement in the flow rate compared to the correspasding

of uniform polymer concentratian
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Misra et al.[45] also studiedanalytically theEOF of viscoelastic fluidsaimed at
developing biomedical labna-chip microsystems for blood, saliva and DNA solutions.
Blood rheology can be considered as a useful clinical parameter for identifyamge
disease$52]. These authors used a viscoelastic blood analogue represented by a second
grade fluid modeto investigate theffectsof EO parameters on the kinematics of blood
like flows in terms of the velocitgtistribution the volumetric flow rategandthe distribution
of the electric potential field for flown a channeWith stretching wallsNote, however, that
the second gradmodel is not armccurateconstitutive equation to describe this flow since
close to the walls the velocity gradients in EOF are very high. The interested reader is
referred to Bird et a[5] for an assessment of the conditions of validity of order expansion

constitutive equations.

Liu et al.[46] presented an analytical solution for the time periodicdineensional
EOF of linear viscoelastic fluid flas between micrparallel platesusing the method of
variable separation. The constitutive equatisedwas the singlanode Maxwell model.
Analytical nondimensional expressigtior velocity profile and volumetric flow raterere
obtainedas a fundbn of the oscillating Reynoldsumber(Re, electradynamic width, and
normalized relaxation times, which can help understand the flow characteristic for this flow

configuration.

Choi et al.[47] used the PTT modeb carry out a theoretical study basedfafty-
developed twalimensional steady EOF of viscoelastic flyidadreported novel velocity

profilesfor varying zetapotentias between the top and the bottom bouretar

More recently Afonso et al[48] usedthe finite volume method (FVMp numerically
investigatetwo-dimensional purely EO viscoelastic Woin a straight microchannevith
symmetric and asymmetric Wazetapotentiab. The FVM was employed to solve the
coupled governing equations, namely the continuity equation, the Camohmentum
equation with the applie@lectric body forcetogether with a variety of constitutive
equations namely the upperconveded Maxwell and the PhafhienTanner models.
Afonso et al.[48 comparedthree different levels of approximation to describe the
distribution of the electric charge density, namely the PoidsanstPlanck (PNP)
equations and thEeB distributionwith or without the DH approximation. Their numerical
code was initiallyverified against the analytical results for fultieveloped EOF through
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straight microchannelgnd was also used to simulate viscoelastic fluid flows in a-stoss
device, up to the onset of electastic instabilities under creeping flow conditions.

Afonso et al.[49 carried out furtheranalytical work with viscoelastic EOF to
investigateheviability of an EOF pumping techniqu&heyderived an analytical model for
a twofluid EOF pump, consistg of two parallel immiscible viscoelastic fluid streams,
wherea conducting fluid stream driven by EQ#scouslydragsa nonrconducting fluid
stream Flow rate enhancement was observed for rtbe-conducting Newtonian fluid

whenevetheelasticity of theshea-thinningconducting fluid increases

Very recently, Pimenta and Alvg53] developed an opesource viscoelastic flow
solver for EKdriven flow of viscoelastic fluids, which can be used in the OpenFO&AM

environment, allowing for egswumericasimulaion of EOF of complex viscoelastic fluids

In summarythis review shows a lack of experimental work for investigating EOF of
viscoelastic fluids, with most of the work dohmiited only to analytical and numerical
investigatiors.

3.6 Summary

This chaptempresensg areview of the literaturen EK flows and illustratethe lack of
expegimental evidence regarding EO& non-Newtonian fluids, and in particular for
viscoelastic fluidsThis clearly justifies the objectives and the outline presented in Chapter
1, addressing specifically the followingresearch activities in this thesis:
investigating/developing a technique doectly measure thelectrophoretic anelectre
osmoticvelocitiesusingtracermarticles byaddressinghe coupling between electosmosis
and electrophoresis; investigating the possibility of using elednosis as a toolto
measure rheologicgbropertiesof viscoelasticfluids; investigating electr@lastic flow

instabilitiesof complex fluidsin different flow configurations.
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CHAPTER 4

4 EXPERIMENTAL T ECHNIQUES AND PROCEDURES

4.1 Introduction

This chaptedescribesthe experimental sep and fluids used in hdissertationalong

with the experimental techniques and procedures used.
4.2 EOF Experimental Setup

The experimental investigation of E@&quired thedesign anctonstruction o new
setup in the host microfluidics laborataryrheexperimentaketup shownin Fig 4-1, and

schematicallyllustrated in Fig4-2, consiss of four main parts:

- Microchannelsetup assemblyincludesthe componentplaced on thestage of an
inverted epkfluorescence microscope This assembly comprises PDMS
microchannelsyworkingsolution, fluorescemnmnicro-particles silicone tubesplastic
connectors and metallic wirdglectrodes) The system iglesignedas a closed
systemby externally connectingothends of themicrochannelWith this assembly
the fluid level ateachreservoiris kept ata constantlevel, becausethe fluid
displaced by E@s externally replenished’hereforeit is possible to run the device
for a long time without generating external pressure effeetgt{ere isno build

up of ax adverseressure gradient).

- Systentontrol and flonmonitoring: TheEOF data is visualizeahd recorded using
a desktop computer, arttie data are acquire@ither by a high-speed camera
(Photron FASTCAM Mini UX100Y)o recordimages af000 or 4000 frames per
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second (fps)or by a sensitivesCMOScamera (Andor, Neo 5.5hich acquies
imageswith high quantum efficiency even undewrerylow light intensity.

- Inverted microscopeconsists ofan inverted epiluorescence microscopggeica
Microsystems GmbH, DMI 5000M)equipped witha continuouslight source
(100W mercury lamp) filter cube(Semrock CY24040C)and objective of 20X
(Leica Microsystems GmbH, numerical aperture NAO0.4) or 10X (Leica

Microsystems GmbHjumerical aperture NA =8).

- Electric equipmentand electric connectorstheir function is to generate the
requiredAC or DC electric field andmaycompriseone or moreof the following
equimentsfunction generatgiigh voltage power supply sequendagh voltage

amplifier andoscilloscope.

Microchannel Desktop computer Oscilloscope
setup assembly for monitoringe OF

— )

\ -\: -

7

High speed Microscope High voltage Function
camera amplifier generator

Figure4-1: The EOFsetupused in the experiments
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Mercury |
lamp

High-speed |
camera

Figure4-2: Schematic diagrarof the EOF experimental setup.

4.3 Fabrication of PDMS Microchannels

The microchannels used in this work were fabricéi@skedon photolithography and
softlithography [1-7]. The photolithographytechnique is use@nceto create a set of
microchanneimolds. For this purpose, thmicrochannel CAD drawirgyare printed on a
high-resolution chronum mask, whichs usedo fabricatethe SU-8 moldin a substrate of
silicon wafer see Fig4-3-(A). TheSU-8 is a negative photoredist material that creasa
positiverelief on the mold surfacethen exposed to UMight, see Fig.4-3-(B). Both the
chromium mask and the S8 moldwereproduced in an external laboratory (MicroLIQUID,

Spain,http://www.microliquid.con. The softlithographytechniqueuses the SU8 moldto
replicate the PDMS microchipseveraltimes prepared in a sequence folur successive
steps asshown in Fig. 4-3-(B) to (F). The protocol followed irthe hostlaboratoryto
fabricate PDMS microchannels isapted to match ouexperimenal requirement to have a
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microchannel with equal zefaotentialat all the wallsin contact with fluid asexplained

next

1 Thesurface of th&U-8 moldis treatedwith a few(2-3) drops ofasilanizing agent
for 20 minutes(we usetridecofluorel,l,2,2tetrahydrooctyl-trichlorosilane
also known as trichlorosilan&nited Chemical Technologiesgee Fig4-3-(B).
This process isssentiaprior to the fabrication proceds facilitatethe removal of
the PDMS fromthe moldafter curingwithout causing aypdamage tdhe SU8
photoresist material. Silanizationust be repeated the removal of the PDMS

substrate from the moldecomes mordifficult.

1 An homogeneousolution of5:1 (wt/wt) PDMS:curing agentSylgard 184, Dow
Corning Inc) is preparedsinga vortex mixer andthen the solution is degassed
for severaminutesto removetheair bubblesNext, the PDMS solution ipoured
overthe SU-8 mold anddegassedgain, see Fig4-3-(C). Afterwards, the PDMS
solution is cured by placing the makd the overat a constant temperature of 80
°C for 20 minutes.After curing, the mold is removed from the oven to cool down
andthePDMS substrate is cut and peeled off from the mold, sed-BigD). Then
using a propempuncher Cembre, KIB16-ST uninsulated end sleey8.5 mm
diameterand15 mm heightthe PDMS substrate is puncheédrpendicular tats
surfaceat two definite locations to create thmicrochannelnlet and the outlet
ports The puncher tighouldbe sharpo achievegood resultsLater, he substrate

is cleanectarefully with air to remove any fine dust or PDMS that may stdk

1 The PDMS solution is also poured over one of the clean sides of a glass substrate
to form a uniform thin layer using a spin coafeaurell WS650S6NPP). The
layer thickness is kepiniform by setting thespin spee@t 5000 rpm for 50 ssee
Fig. 4-3-(E). Afterwards, the PDMS layer is cured by placing glasssubstrate in

the oven aa constant temperature of 80,9Gr 2 minutes.

1 After thethin layerof PDMSis cured,the glass substi@is immediatelyremoved
from the overand sealed tthe PDMS substratendlaterplacedback in the oven
for at least 12 hours at 80°C.
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UV light Chromium nask printedin a

i WAy i vy l/ glass substrate

I N N S I OO A thin Iayer of a negative
T T T T e photaesistivematerial (SU8)

(A

L=

\ Substrate of silicon wafer

A N L RN A R Sl el it E SeRine
~_

relief on its surface, treated
by vapor of ssilanizing agent

(B)

©

PDMS solution 5:1 pourec
over the SU8 mold to cure in
the oven

PDMS substratepunched tc
(D) create the  microchann
inlet/outlet ports

E
) A thin layerof PDMS solution

\ 5:1 cured over a glass substrs
(F)J PDMS L A cleansubstratef glass

| | | | | | ~~—— Sealed®DMSmicrochannel
Figure 4-3: PDMS microchannel fabrication procedui®U-8 mold fabricatd using a
chromium mask (A)the SU-8 moldhastheinverse structure of the designmétrochannels
(B), treated by silanizing agerd PDMS solutionwith 5:1 ratio of PDMS:curing agens
poured over the SU8 mold to cureat 80 °C for 20 minutelC); the curedPDMS substrate
is cut and peeled off from the mold, then punctedreate the microchannel inlet/outlet
ports(D); a thin layer of PDMS 5:1 solution is pred over a glass substrate and cured at 80
°C for 2 minutegE); to obtainthe final microchannethe PDMS substratis sealed tdhe

glass sidevhich hasathin layerof PDMS (F); finally, the microchannel is kept in the oven
at 80°C for at least 12 haur

4.4 Preparation of Fluids

Newtonianand viscoelastic fluid were investigatedin experiments withdifferent
geometrical configuratiors. The experiments were conduct&ld a microchannebwith

Newtonian fluid, andtwo differenttypes ofviscoelastidluids.
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4.4.1 Newtonian fluid

Newtonian fluid areusedas reference casdms order totest the experimental
proceduresndin understanding the flo behaviorprior to the use of complex fluidshich

maydevelopflow instabilities under certain flow conditian

Borate buffer(SigmaAldrich) with a pH of 9was selectedver distilled watelas a
Newtonian fluid because it hag highly stable pH and ionic conductivjtywhichis key to
controling preciselythe system chemistry arabtaining goodrepeatabilityof the entire
experimentBorate buffer waprepared based on boric acid dratax(sodium tetraborate
decahydrate The concentration df mM was used as the standard working solytibr in
someexperiments 5 mM and 10 mM borate buffers were also. used

In the flow visualizations and particle trackingxkperimentsthat will require the
addition offluorescent tracer particlesodiumdodecylsulfate (SDS, Sigrmddrich) was
added at a concentration of 0.05 % (wtAetininimize the adhesion of the fluoresceater

particles to the PDMS channel wallsiless otherwise stated.
4.4.2 Viscoelasticfluid s

Two polymers were used this workto prepareseveral types ofiscoelastic fluids
polyacrylamide (PAA, Polysciences) of two molecular weighMs £ 5x10° g mol! and
18x10° g mol?) in water at concentrations df0o0, 300, 100@nd10000 ppm \t/wt) for the
lowest Mw, and at concentrations 400 200 and 400 ppm {wvt/wt) for the highst My, ;
polyethylene oxide (PEO, Signassdrich) of two molecular weightsMw = 5x10° g mol?
and &10° g mof?) in water at concentrations of 500, 1000, 2000 and 3000 bt} for
the lowest My and at concentrations of 500, 1000 and 1500 ppifv) for the highst M.
All PAA solutionswereprepared bylirectly dissolving the polyrar in distilled wateand
no buffer was used, since this would decrease significantly the relaxation time, and
consequently the elasticity of the flJig]. In contrastall the PEOsolutions werealissolved
in 1 mM borate buffermainly because without the bufférwas found thaPEOsolutions
staynearlystill andbehaving strangelynder the déct of the imposeclectric field The
dissolution process was done by agitagithe polymer ima glass bottle using mmagnetic
stirrer rotatingat low speedsto avoid rupture of the polymermolecular chains and
consequentlyo avoid mechanicadegradatioraccompanied bgignificant changgin the

rheological propertiesThe pepared polymesolutions were storedin the refrigeratotto
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minimize biological degradatioio minimize photaenduced degradatidior PEOsolutions
[9], thebottles werecoveredfrom light.

No surfactant was added to reduce particle adhesion to the walls, since the higher

viscosity of the PAfor PEO solutions leads to negligible particle adhesion or sedimentation.
4.5 PhysicalCharacterization of the Solutions

This section focus on the theoretical considerations of the niegisechniqus used
to characterig the electric and rheological properties of thewtonian and viscoelastic
fluids.

4.5.1 Electric properties

Boratebuffer is selected as the standard Newtonian working.flthé characteristics
of the prepared aqueous buffer solutionsd@eatified by measurgthe solution pH anthe

ionic conductivity Themeasuremestarerepeated for &h fresh solution.

lonic conductivityis related withthe amount of ions in an aqueous solutiang
measureshe solutiomability to carry electric currenfThe conductivitywasmeasured with
a conductivity metefCDB-387, Omega),andits working principlerequires puttingtwo flat
electrodeswithin a sampldiquid solution with a potential difference between théhthe
solutionis conductve, anions(negativéy chargel ions) migrate towards the anogm§itive
electrode) while cations (positivdy chargel ions) move towards thecathode(negative
electrode)generating a flupf electrongletected by an ammetdheprobe used to measure
the conductivity hagwo electrodes mounted on its tip, separated by a distahead with
surfacearea p). The pobe sensitivity depends on a factoalledthe cell constant(K)
definedby:

K=d/A (4.1)

wherelower K valuesrefer to aprobe withhigh sensitivity[10]. The ionicconductivityis
defined by

k=K/R=K/(VI/I) (4.2)
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whereR is theresistance of theolution,V is theappliedvoltage and is the currentFor
example, theypical ionic conductivity forultrapure water, distilled water, and deionized
water are O0.055, 1 [&lhd 80 €S/ cm, respectivel

Solution Electrode surface are)(
D o .
Anions Distance betweealectrods (d)
-
A (23] _9 A Cell constant K=d/A)
cations
D /o) Solution resistanceR)
L ol
< >! Solution conductivity k=K/R)
Anode Cathode

Figure4-4: Schematic diagrarof the conductivity meter

The ®lution pH corresponds to tlwencentratiorof hydrogen ios (H*) in an aqueous
solution, thataneitherbemeasured with a pH indicator papemnaore precisely using pH
meter It is mathematicallydefined by:

pH= -log,, gH (4.3)

where [H] is the molar concentration of'H

In this work the solution pH is measured with a pH meter (pH 1000L, pHenofhenal
VWR probe/devicetoupled to gprobe calledthecombinatiorelectrodewhich consists of
two differentsystems separated by a solid glass partiboe, concentrically surrounddéxy
the other Each systemhas one electrode,the reference electae, and the measuring
electrodeThe reference electrode is immersed and surroundedtaydard buffesolution
of known pH,which provides a stable and constant voltagetii&tontrary the measuring
electrode is surrounded by a pH sensitive glass bulb in contaghegblution of unknown
pHto be measureddn | on e x c h a rlgps at theglasstbulboto credte aspotential

difference between the reference electrode and the measuring el¢icatodiepends on the
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pH of both solutions, one of which is known. This potential difference i®féte pH meter
through a connecting ckebto display the pH valug1].

4.5.2 Rheological properties

The rheologyof all fluids needs to be charactedzdut whereas for the Newtonian
fluids only the behavior in steady shear is needed, the proper characterization of the

viscoelastic solutions requires both measurements in shear and in extensiahal flow
4.5.2.1 Shear rheology

Shear rheologyefers tothe study of the €lid deformation andthe corresponding
stressesunder conditions ofdeal shearflow, wherea fluid sample isshearedetween two
surfacesseparated by fixed distance andanoving relative to each oth¢t2]. The most
commongeometriesisedin a rotational rheometare the paralleblates, the conplate and
the concentric cylinderdn the present investigatioshear measurements were performed
on a stressontrolled rotational rheometéPhysica MCR301, Antondar) with a 75mm
coneplate system witlangled = 1°,used to measure the viscosity of the solutions in steady
shear flow Thesystemis schematially shown in Fig.4-5 with alower platefixed and an
upperconethatrotateswith an angular velocityq . Suchsystemallowsthe measurment of
the nonlinear fluid properties atlifferent rates of deformation For the system showma
uniform sheairate is applied throughout the whole sample, given by:

9= (4.4)
q

The shear streddis calculated from the resisting torgMeon the coneas follows

3M

= 4.5
DR (4.5)
andthecorrespondinghearviscosityd is [13]:
L _3gM (4.6)
g 2RW

whereR is the cone radius. For accurate measuremed} tfe rotational rheometer has
lower and upper boundary limitd operatiorthat should be considered. The lower boundary

limit, called the minimum torque line, is determined from the torque resoludenof the
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rheometer. We consider that accurate measurements require the measured torque to be at
least 20 times th®rqueresolution (alternatively the resolution must be less thawSe
measuring torque), i.e.,
3(20M
hmin :(—30)1 (47)
2oR" ¢

For the shearheometeused the torque resolution lo= 1.0x107 N m. The upper
boundary limit, also called the secondary flow line, is determined from the onset of flow
instabilities due to inertia,that change the flow kinematics from the simple circular

streamline$14], and is given by:

_RWa?r

4,
sef 12R ( 8)

In Eq.(4.8) R is a rheometer parameter for the onset of secondary @oasénR =
0.5 and r is the fluid density.

Fixed plate i

Figure4-5: lllustration ofa rotational rheometer withaneplate system

4.5.2.2 Extensional rheology

Extensional rheologyefers tothe study offluid deformation, and the corresponding
resistance, under conditions ektensional flow[12]. In the present investigation, a
capillary-breakup exnsional rheometer (Haake CaBERThermo Haake GmbH) is used
to measure the extensional relaxation tever viscoelastic aqueous solutions undergoing

extensional flow. Figur&-6 shows asketch ofa CaBERdevice equipped withcircular
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parallel plategwe use 6nm diameteplateg separated by an initiileightLo and filled with

the liquid sample, see Fig:6-(A). A laser micrometer monitethe variatiorof the filament
diameterD(t), starting after a step axial strain is imposed at the upper plate for a very short
time (typically 50 ms) untind afteithe upper plate reaches its final heightsee Fig4-6-

(B), whereas the lower plate is kept immovabBler Newtonian solution&ntov and Hhch

[15 obtained dinear decay rate fothe filament diametemprovidedinertial effects are

absentgiven by:

Dt)_ s
D, “omp, ¥ 9

whereDo, Y, 0, tc are respectivelthe filament initial diameter, the solution she@cosity,

the surface tension and the critical time for the filament to breakup.

(A)

Upper plae -
_______ Ls

Lower plae | |

Figure4-6: lllustration of a viscoelastic sample undergogx¢gensional flow: (A) the sample
at the initial statet€0, L=Lo) ; (B) the samptl=e¢i tdlias ®stretckdddo n g at
uniaxial cylindrical filament.

For viscoelastic solutions thenalysigs more complex, but for sufficidgtiong break
uptimesthere is a tim@eriod inwhich the capillarghinningis resistedprimarily by elastic
forces and in thiscasethe followingexponential decay rats obtained15, 16]:

o U3 -t
?:39% oe” (4.10)
0 g S -
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whereG and a-are the elastic modulus antthe relaxation timeof the viscoelastic fluid,

respectively

Applying logarithms tdEq. (4.10) results in a lineavariation ofIn[D(t)] with time,

asshownin Eq.(4.11), and fromthe slopg -t/ 3/ ) the relaxatiortime can be computed by

fitting the experimental data in the linear regionnpbi(t)/Do] as function of time

N Ao 13

e g
e & L & (4.1
éb, o 3 € S =

4.6 Flow Characterization

The flow characterization inhe experimeral setupof Fig. 4-2 employs two imaging
techniquesflow visualizationusing streak photography characterize the flow patterns
particle tracking velocimetryPTV) to quantify the velocity fieldy tracking he pathlines
of individual tracer particlesBoth are particldasedtechniques but otherwisenon
intrusive, ad thetracer particlesisedshouldsatisfy andulfill the following requirements

1 Particles should be fluorescemith sphericakhape
Light should illuminate the entire flofield andthe particles should bdetectable by
theexperimental setip, where attention should be considered to select particles with
adequateabrption and emission wavelength

1 Particle size shoulde adequatd¢o ensue theyemitenough light tde detectable by
the highspeed camera

1 Particles should have the abilityremainsuspenddfor enough time in the solution,
without tending tosedimentor float in the microchannelideally beingneutrally
buoyant;

1 Smallamouns of tracer particles should be usedorder to minimizedisturbances
to the flow as well as particle interactions aparticleagglomeraion;

1 Particleadhesion to the microchannel walls should be adidue to surface charge

in the microchannelnd particles walls.

The particles used in this work were eithe
(FluoSpheres® Carboxylatdodified Microspheres, Nile Reg,= 1055 kg/mi, Molecular
ProbesE), t hat have a surface m dndsiorhei e d wi t
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experiments0.05 % t/wt) sodiumdodecylsulfate (SDS, Sigmdrich) was added to

minimize particle adhesion to the microchannel walls.

For accurate flow measuremgntthe microscope objective is focued on the
microchannel migplane {.e. consideredasthe measuring plane in all experimenisless
otherwise statgdto track infocus particles However,since the whole volume of the
microchannel is illuminatedherewill be in-focus and oubf-focus particles, thahaylead
to acquired images with a high background naise tothe outof-focus particlesSuch
noise carbe minimized by using a light filteradequate tahe light intensity or by using

objectives withhigher numerical aperture
4.6.1 Flow visualization

Streak photographyis a flow visualizationtechniquethat allows the experimental
visualization ofthe patlinestraveled by tracer particles overcartainexposure timgthat
shouldbe long enough tolearlyshow the patimes of suspendeddividual infocus tracer
particlesonthemicrochannel migplan. Thiswas achieve using asensitivesCMOScamera
(Andor, Neo 5.5CMOS) which wascontrolledusinge-Manager softwarév.1.4.19) The
sCMOS cameraensoroffers a variableexposure timecquisitionwith an extremely low
noise,a high resolutionawide dynamic rangea large field of viewand ahigh frame rate
Detailed informatioronthe acquired images tescribedn more detail ifater chapters.

4.6.2 Particle tracking velocimetry

Particle tracking velocimetry (PTVis an optical techniqueusedto identify and
measure the displacement aimirespondingelocity ofindividual infocus tracer particles
along timethroughthe analysis of auccessin of continuous frame@mage$. To detectthe
smoothparticlemovement frononeframe to anotheit is essential to acquire the recorded
images ata high enoughframe rate.A high-speedcamera (Photron FASTCAM Mini
UX100)wasused taacquireimages a2000 or a4000 frames per second (fpBleedless to
say, if the frequency is too high the displacement between two consecutive images will be
small and in addition the particles will be difficult to detect because of the reduced exposure.

Thealgorithm usd to compute the displacemerithe particlesindthecorresponding
velocity comprises twaconsecutivesteps one foridentifying and trackingan individual

particle and anothefor data posprocessingncluding particlesdisplacemenandvelocity
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computation.n this work,one of two PTV algorithmsexplained belowgan be used to
procesgshe acquired image3hey slightly differbut essentiallygive the sameesults

1 Thefirst algorithm (used in Chapteb) requires a singlesoftware applicatiorto
handle the particle tracking and data pegstocessing.Here, tle analysiswas
performedusing Matlab® (MathWorks, version R2012a commercial software
package The analysis startsby identifying individual tracer particles bad on a
particle intensity thresholdor in-focus particles and thepositionswith subpixel
resolution Since the frame rate was high and the flow was smooth, particle tracking
simply relied on particle matching between frames, based on a minimal distance
criterion. Then, tlesedataare postprocesed to excludethe particles ofshorer

pathlines in orderto only analyze longer pathlines

1 Thesecondalgorithm(used in Chapte) requires two softwareapplications oneto
handle particle trackingnd anothefor data posprocessingThe analysis starts by
identifying each individual particlein the flow using ImageJ software
(www.imagej.nef), an open source image processing program, and the MOSAIC
plugin (http://mosaic.mptcbhg.de/?q=downloadsfiage), a singleparticle tracking
tool used to track bright spots in a successive number of frames over the camera
recording timg 17]. Then, all recorded pathlinésr all identified particlegarepost
processed using a Matlab® code (MathWonkarsion R2012a), to exclude

particles ofshort pathlinesin orderto only analyzdongerpathlines.

It should be noted thain somehigh flow rate experimentsa tiny amount of
fluorescent dye was addemlenhance contrast anditeprove thdight intensity for each in

focus tracer particle.
4.7 Electrokinetics: Electrical Equipment

As shownin Fig.4-2,r e g a r dHleotgc edquipmerit and eleatriconnectors, the
electricalequipment is an essential part of the experimentaligéor the investigabn of
electrokinetic phenomenéts mainfunctionis to generate the requiredectric fieldand to
trigger the highspeed camera hetriggerfunction is only needeth some experiments to

guarantee that the imaging system is synchronized witimihesedelectrica field.
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The required electric field cdre a pulsed, a sinusoidal or &Blectric field.Pulsed
and sinusoidal electric fielslare generated using mnction generator (AFG3000 Series,
Tektronix) connected to a higloltage power amplifiewith gain of 200 V/V(Trek, Model
2220) see Fig4-7. DC electric fields aregenerated usingl@2C Power SupplyEA-PS 5200
02 A, EAElektro-AutomatikGmbH), see Fig4-8.

Theelectricsignal generated atieen transmitte¢hroughcables (Red BNC Test Lead,
RS Components Ltd.) angires (BNC patchcord male/male, RS Components Ltth)a
platinum electrode imersed at each reservoir to imposedesirecelectrical field, see Fig
4-9. To accurately monitor and calibrate thaputvoltagesent to theplatinum electrodg
adigital multimeter (179 True RMS, FLUKEyas usedFigure4-10 showsthe calibration

curveof the equipmenshown in Fig. 4-7 and4-8, respectively

(A) (B)
Figure4-7: Picture of(A) thefunction generator (AFG3000 Series, Tektrorary (B) the
high-voltage power amplifiewith voltage gain of 200 V/\(Trek, Model 2220) used to
generated pulsed and sinusoidal electric field

Figure 4-8: Image of the DC Power Suppl{EA-PS 520602 A, EA-Elektro-Automatik
GmbH)used to generated DC electric figld
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(A) (B)
Figure4-9: Picture of (A)the cables and (B) the wire used to connect the platinum electrode
with the electrical equipment shown in &ig-7 and4-8.
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Figure4-10: Calibration curvefor an electric field generated usir{g) a function generator
(AFG3000 SeriesTektronix) connected to a higloltage power amplifier (Trek, Model
2220) (B) a DC Power Suppl(EA-PS 520002 A, EA-Elektro-Automatik-GmbH)

4.8 Outline of the Experimental and Theoretical Work

According to the objectives of thidissertation the experimental workplan is
summarizd in Table4-1. This work plancomprisesinique goad pereach chaptethatcan
be achievedby varying the workindluid solution,geometricaconfiguration electric field

andmeasuringechnique
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Table 4-1: Working solution, geometrical configurationelectric field andmeasuring
techniques used in each chapter.

Chapter Objective Fluid Mlcrpchan_nel Imp_osgd Techniques Rgsults gnd
configuration | electric field | and ouputs discussion
- Borate buffer with
Measurement .
of electro concentrations of 1,
. 5and 10 mM
osmotic and
electrophoretic| . - Straight - Pulse - PTV .
5 . - PAA solutions Mw . velocity Page9l
velocities _ 1 microchannel . . ]
. =18x10° g mot) - Sinusoidal field
using pulsed ith .
and sinusoidal with concentrations
S of 100, 200 and 40(
electric fields
ppm
- PAA solutiong(Mw
=18x10°f g mol?)
with concentrations
of 100, 200 and 40(
ppm
- PEO solutionsNlw
=5x10° g mol?)
Flow behavior | with concentrations
of viscoelastic | of 500, 1000, 2000 | _ g, i - PTV
6 fluids under and 3000 ppm, micr(?channel - Pulse velocity Pagell4
pulsed electric| dissolved in 1 mM field
fields borate buffer
- PEO solutionsNlw
=8x1(Ff g mol?)
with concentrations
of 500, 100and
1500 ppm,
dissolved in 1 mM
borate buffer
Electrt_} - Theoretical
osmotic . oo .
oscillatory investigation using ' _
7 flow of the multimode - St_ralght - AC voltage | Analy_tlcal Pagel76
. . upperconvected microchannel technique
viscoelastic
o Maxwell (UCM)
fluids in a
) model
microchannel
Electroelastic |- Borate buffer with a
flow concentration of 1 - Flow
instabilities of | mM - Straight . -
. ; : visualization
viscoelastic microchannel
8 fluids in a - PAA solutions with a - DC voltage | PTV Page202
microchannel | (Mw=5x10f g mot) | hyperbolic .
) . . . velocity
with a with concentrations| contraction field
hyperbolic of 100, 300, 1000
contraction and 10000 ppm
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CHAPTER 5

5 MEASUREMENT OF ELECTRO-OSMOTIC AND ELECTROPHORETIC
VELOCITIES USING PULSED AND SINUSOIDAL ELECTRIC FIELDS ™

In this chaptey two methodsare exploredo simultaneously measure tleéectro
osmoticmobility in microchannels and the electrophoretic mobilityraéron-sized tracer
particles. The first method is based on imposing a pulsed electric field, which allows to
isolate electrophoresis and eleetremosis at the startup and shutdown of the pulse,
respectively. In the second method, a sinusoidal eleatittiB generated and the mobilities
are found by minimizing the difference between the measured velocity of tracer particles
and the velocity computed from an analytical expression. Both methods produced consistent
results using polydimethylsiloxane mick@nnels and polystyrene mieparticles, provided
that the temporal resolution of the particle tracking velocimetry technique used to compute
the velocity of the tracer particles is fast enough to resolve the diffusiorstiale based on
the characterigti channel length scale. Additionally, we present results with the pulse
method for viscoelastic fluids, which show a more complex transient response with
significant velocity overshoots and undershoots after the start and the end of the applie
electric puse, respectively.
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5.1 Introduction

Tracer particles (TP) are often used in microfluidics, including fluid flow visualization
and velocimetry techniques. In pressdrazen flows only one main driving force is usually
present, while in electrokinetic flows several forces can simultaneocisbnahe TP and

quantifying each contribution can be challendihjy

Chemical equilibrium between channel walls,Té? surface, and surrounding fluid
leads to spontaneous charge separation both at the solid and liquid near their interface. On
the liquid side, a thin layer of ions forms near the wallg/THe electric double layer (EDL)

i whereas the fluid elsewheremains essentially neutral. Applying an external electric field
between the inlet and outlet of the channel results in transport by edsati@sis (EO). The
motion of the ions in the diffuse layer of the channel walls EDLs, under the action of the
electricfield, and the subsequent dragging of the bulk of the fluid by shear forces, generates
a pluglike flow provided there are no pressure gradient effects as in an open channel without
streamwise gradients of electrokinetic properties. The misized partiles dispersed in the

fluid will be dragged by the moving fluid, but simultaneously the applied electric field results
in a force acting on the particle leading to an additional velocity component known as
electrophoresis (EP). Hence, the velocity of TH e the result of both EO and EP

contributions.

Both the direction and the intensity of EO and EP velocities depend on an important
surface property known as the zetatential. The zetpotential of a given material depends
on the properties of the etealyte which is in contact with the surface, such as its ionic
species, the ionic strength, or the medium pH.

Several methods are available to measure thepodéantial, and a brief review will be
presented in what follows. From early times the rectarguicrochannel, often called the
micro-electrophoresis ce[l2-5], has been the geometry of choice to determine the zeta
potential from the direct measurement of the EP velocity in Newtonian fluid flows. Initially
it has been used in the cagdration of a closed celb-7] under the forcing imposed by a
direct current (DC) electric field, which causes the sofutim recirculate: the positively
charged solution close to the wall moves toward the cathode by EO and the solution near the
cell center moves towards the anode to maintain conservation of mass, i.e., the closed cell

induces a backressure gradient. Wheime flow reaches steadyate, the velocity profile is
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obtained through tracking the velocity of tracer particles at several depths, and the zeta
potentials of channel walls and tracer particles are obtained by minimization of the error

between the measuteelocities and the analytical velocity profiles.

Thesec al | ecda it wol e ¢ o r[8 asesawoitypes of inacdr padicles
with different zetapotentials and electric properties (different surfaces), but identical size,
in order to measure the EO velocity from correlation functions. The correlation functions are
initially obtained for thesame patrticles in controlled channel flow experiments under the
action of DC electric fields that measure independently the velocity of TPs and the EO
velocity. A good agreement between this method and the results from experiments using a
fluorescent dyeand numerical simulations, were observed in channels of different materials
and shapes. The fluorescent dye method is an alternative tecf8liqaalirectly measure
the EO velocity of a solution in a channel under the action of a DC electric field. Only the
fluid in the upstream reservoir contains the fluorescent dye and tracking the velocity of the
fluid interface at the center of the open channel provides the EO velocity.

Another method to determine experimentally the channel walpmdtntial is based
on imposing a timgoeriodic electric field in a Thannel9]: at a suitable frequency range,
the oscillation amplitude of the confluent streams, one of which contains a fluorescent dye,
is a monotonic function of theetapotential. It is an elaborate indirect method to estimate
the zetgpotential, based on an experimental measurement with the aidD afuBnerical

simulation to convert the amplitude of oscillation into a geitential.

The electric current monitoringmethod[10-12] is a commonly used technique to
determine theslectreosmoticvelocity through the measured slope of the electric current
versus time, which togethewith the Smoluchowski equatiofll, 12] allows the
guantification of the zetpotential at the channel walls. This method is based on the
measurement of the variation with time of the electric current in a capillary flow as one EO
flowing electrolyte is completely displaced by a second elgt&dlaving a slightly different
electric conductivity. (this slight difference is enough to change the current intensity while
keeping theslectrecosmoticvelocity and zetgotential unchanged). Thus, it is an indirect
measuring method, requires at leasd Eelectrolytes and the complete replacement of one
electrolyte by another can be lengthy, causing Jbe#ting effects, which can negatively
affect the results.
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Micro-particle image velocimetry (mictBIV) is often used to measure the velocity of
suspendd tracer particles in microfluidics and it is no surprise that it has also been used to
determine electrokinetic flow propertigs3-17]. In the highresolution (in space and time)
transient micrePlV method, Yan et al13, 14] used two pulsed lasers to illuminate the
tracer particles at the same frequency, but with a fixed small time detepween them.

Each pair of images, captured by a standard CCD camera, or an SCMOS sensor, over that
time delay are then croserrelatedo obtain the displacement and corresponding velocities

of the tracer particles. With a standard camera and given the fast time responses of EP and
EO velocities, discriminating between these two electrokinetic velocities requires a precise
synchronizationof voltage switching, laser illumination and camera triggering. This
approach measures the particle velocity during the flow startup, when EP is already fully
developed and EO is only starting to propagate by diffusion from the walls towards the
channel enterline. The EO velocity is computed from the difference between the steady
state particle velocity and the EP velocity measured at short times, anmbisgitial values

are then computed from the corresponding mobilities, following the appropriatébiem
Smoluchowski theor18, 19]. Based on the same principle, but now relying on a-sjpged
camera, Sureda et l.6] used also the timeesolved nicro-PIV technique to determine the
zetapotential of both the TP and the channel walls.

The micrePIV technique was again used by Yan et[hf to determine the zeta
potentials of TPs and channel wall from velocity profiles measured on both steady flows in
open and closed channeldiet latter imposing a pressure gradi¢at enforce mass
conservation. In this elaborate method they used a-deastres fitting procedure to
determine the bedit values for the particle velocity and the channel wall pettential,
through minimization bthe sum of the square of the errors between the experimental data

and predicted values (from analytical expressions).

Miller et al. [17] derived an analytical expression for the transient startup EO flow
with pressure gradient effects, from which five different periods of flow were identified until
the flow reached steaeltate. Their 2D analytic solution was validated with experimental
data obtained by a tirr@solved micrePIV relying on a higkspeed camra, for which the
effect of electrophoresis on the tracer particles had to be taken into consideration ¢he high
speed camera allowed the measurement of the tracer particle velocity by EP while the flow

was still at rest), and good agreement was found.
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An alternative optical method to quantify the electrophoretic @edtrecosmotic
mobilities is based on the Particle Tracking Velocimetry (PTV) techrigdle Oddy and
Santiagd 20] imposed forcings through alternating current (AC) and DC electric fields; the
resulting particle displacement, when those flows are-kdhablished, were measured and
used to determine the EO and EP mobilities from the solution of two second ordeaialgeb
equations. Their method requires the use of two custom programs, one associated with AC
and another with DC, to determine, respectively, the streak lengths and the particle
displacements. A statistical analyzes was also used to obtain the mohilibutiens based

on the measured patrticle displacements of several particles.

The aim of the present study is to further explore the different time responses of TP to
EO and EP induced motion, either under constant (DC) or periodic (AC) imposed electric
fields, and to present two different methods to quantify the channel walls and TP zeta
potentials. The two methods are here coined as the pulse method and-thavsimeethod,
andtheyextend existing techniques, which invariably have been developed faoiNaw
fluids. In the pulse method here described, in the same experiment both the EP and EO
velocities can be measured directly in one single run (electric pulse startup measures EP
velocity and pulse shutdown measures EO velocity), contrasting witkreaithodg13,
14] in which the EP velocity is directly measured, but then the EO velocity is obtained
indirectly as the difference between the particle velocity and the EP velocity after the EO
flow is established. Additionally, we use the pulse method to test the complarmidyn
response of viscoelastic fluids in the flow startup and shutdown. Regarding tiheas®e
method, it shares some similarities with other published method§1®.80]), in the sense
that they share some optical techniques, equations or general underlying principles, but they
differ in the way the physical parameters are measured and consequently they are different
methods, each having distinct advantages and drawbaskeferred to above, Oddy and
Santiagd 20] also used PTV but relied on a combination of two complementary DC and AC
forcing experiments, whereas here only a single AC experiment is required to obtain both
the EP and EO mobilities. In addition, our determination of both mobilities in thevewve
method also relies on a minimization of error between experimental data anddicanal
solution, but otherwise the optical technique and the flow is quite different from the steady
flow used by Yan et a[15].

In this work, the experimental velocities are measured using the PTV technique, due

to its high temporal resolution capability.
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The pulse and sin@ave metlods are described in the next section, together with the
theoretical background and the experimentalupetised. IrSection5.3, the two methods
are compared using Newtonian fluids. For the pulse method, the flow behavior using non
Newtonian (viscoelastic) fluids is also analyzed, to show the applicability of this method to

complex fluids. Thehapterends with the main conclusions from this work.
5.2 Materials and Methods
5.2.1 Theory and governing equations

Consider a straight microchannel filled with an electrolyte containing neutrally
buoyant tracer particles, where an electric field is applied without any external pressure
gradient imposed. In steadyat conditions, the TP velocity (observed veloaikyg) results

from multiple contributions:

=u,, H_ b,

obs eo ep

(5.1)

118

whereueo, Uep andusm are the EO, EP and Brownian motion velocities, respectively. In the
present work, Brownian motion can be neglected relative to the other two terms (after

averaging the values among selgrarticles the random motion component cancels out).

A simple, yet realistic, expression fae, can be derived from the Helmholtz
Smoluchowski theory for Newtonian fluidi$6, 20]:

u,= SEE (5.2)
m

eo

wheregy is the wall zetgpotential E is the applied electric field, atdandy are respectively
the electric permittivity and shear viscosity of the solution. Equgi@) is valid forep <<
L, whereap is the Debye length (quantifying the EDL width) ahdis the channel

characteristic length scale.

The EP velocity can be expressed in a
[16, 20]), valid for Newtonian fluids:

u=SFfE (5.3)
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whereg, is the TP zetgotential. A major difference between E¢s2) and(5.3) relies on

the velocity direction: for the same applied electrical field and if bpéimdg, have the same

sign, the EP and the EO velocities have opposite signs. From a dynamic perspective, EP and
EO typically have very different timgcaks, when considering TP at the central region of

the channel. For EO, the diffusion tiraeale,lJ,, is of the ordef21]:

Qo
N
[

S

=N

(5.4)

eo

where} is the electrolyte density amg=wh/(w+h) is the channel hydraulic radius, which is

the characteristic length scale of viscous diffusion, witmdh representing the width and
depthof the microchannel, respectively. On the other hand, for EP the characteristic inertial
time-scale,y, is of he ordef20, 21]:

r a’
t, =0g" (5.5)

ep

Qo

")
3

where} p anda are the particle density and radius, respectively. Comparing(4sand

(5.5), we concludehat for typical microfluidic devices and tracer particles, EP can be orders
of magnitude faster than EO to become fulveloped. For example, for water with micro
particles ofa = O(10® m) placed in a microchannel with = O(10“ m), time-scaledd, and

Wpare of the order of 10 ms and 1 ps, respectively.

In addition to the two previous tirszales, two other values should be considered, which
are related to the double layer polarizatom concentration polarization. Both events refer
to the ionic equilibrium that should be recovered in the bulk after the ions migration to the

channel/TP EDL. The characteristic tiraeales for such phenomena E26, 21]:

Qo

2 2 42
/5 aa

t, =0 and,z,, =0 (5.6)
oD

i

where, J; is the doubldayer polarization timecale,l, is the concentration polarization
time-scale andD is the diffusion coefficient of the ions. Considering an electric delalyier
with as = O(10® m) and a typical ion diffusivity in wated = O(10° m%s), thenl and Wy

are of order 0.1 ps and 1 ms, respectively.
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5.2.1.1 Pulse method

The pulse method considehe flow startup and flow shutdown when an electric pulse
of constant amplitude is applied and subsequently removed. Due to the differestaies
of EP and EO, in the flow startup the particles will almost instantaneously start moving by
EP, while he EO contribution at the center of the channel will increase progressively with
time, until the steadgtate velocity is reached over a tiseale of the order dio. Similarly,
once the electric field is switched off, the EP velocity component vanigimesst
instantaneously (withitdy), while the EO velocity component at the center of the channel
will decay slowly, over the channel diffusion tirseale,ldo These different startup and
shutdown behaviors can be captured with aisigled camera syncimiaed with the applied
electric field. Using this approach, the characteristic velocities of electrophoresis and electro

osmosis can be measured independently in a single realization of one experiment.

The distinguishing points of our method relative teyoous works (e.d13, 16]) are: (1)
in this work the TP velocity is measured by the PTV technique, instead of the commonly
used micrePIV; (2) a pulsed electric field is imposed, instead of a step signal, which allows
exploring also the flow shutdowfieatures (where we can again isolate EO from EP). It is
worth noting that the PTV technique used here allows the analyzes of each individual tracer
particle, which can be advantageous, for example, when a mixture of different TPs is being
analyzed in a sigle experiment, or a significant number of particles is analyzed to determine
the distribution of their EP mobilities, as also donélgy and Santiagf®0].

5.2.1.2 Sinewave method

In the pulse method, EO and EP mobilities (and the correspondingatetaials) can
be directly computed from the experimental tracking of the pathlines of individual tracer
particles, whereas the secondethod presented in this work strongly relies on the

manipulation of more complex analytical expressions, as will be described in what follows.

The sinewave method is based on the delay that occurs between an imposed
sinusoidal electric field and the EOlweity response at the center of a straight channel, as
well as on the delay between EO and EP velocity components. When an oscillatory electric
signal is applied, the EO response of the fluid within the EDL is nearly instantaneous, but
outside this regiorthe EO velocity will lag the imposed signal by the finite diffusion time

scale corresponding to the distance between the actual position and the wall. In addition, the
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maximum value of the EO velocity at the channel centerline will depend on the signal
frequency[22]. When the periodf the applied sinusoidal signdl)(is significantly higher
than the characteristic tirszales associated with the partidl, (4, and(@), then it can be
assumed that the EP velocity component is in phase with the imposed signal and its
magnitude igndependent of the imposed electric field frequency. In such conditions, the
observed TP velocityugny) results from the summation of one -@ftphase component (EO)
with one inphase component (EP). In a mathematical form, for an imposed electriE field
sin(¥ 3}, with amplitudeE and angular frequency =2° fthe observed TP velocitydys) is
given by:

Uyps = Ugpsin(mt) g 4 f)sin( w +(a)) (5.7)
whereb(f) is a known frequeneglependent coefficient ranging from 0 to 1 for Newtonian
fluids, Uf) is a known frequeneglependent delay of the EO velocity component relative to
the imposed signal angt, anduep are the steadgtateelectreosmoticand electrophoretic
velocities for a constant electrical fidiglwhich for Newtonian fluids are given by E¢5.2)

and(5.3), respectively.

Marcos et al[22] derived an analytical expsion for the EO velocity of Newtonian
fluids in a straight rectangular channel subjected to an oscillatory electric field, under the
DebyeHiuckel approximation (see Appendi5). This dimensionless velocity profile
corresponds to the second term on the +#igihtd side of Eq(5.7) after division byueo
(consideringueo from Eq.(5.2)) and it is independent of the zqiatential, which is usually
unknown. In practice, the diemsionless velocity profile is dependent on fluid properties
(density, viscosity, dielectric permittivity and ionic concentration), on geometric factors
(channel depth and width), on the applied signal properties (electric field magnitude and
frequency) ad on ambient variables (temperature). Therefore, only two unknowns remain

in Eq.(5.7), the velocitiesleo anduep.

The procedure used in this work to estiena. anduepis based on minimizing the sum
of the square ofhe difference between the observed TP velociiyg and the values
computed from E(5.7), for different frequencies. The following cost functiah\{as used

with uec anduepas design variables:

c=87,8 &\ 8uu(t) -usin(wt) wf f)sin( w ) g (5.8)
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Note that Eq.(5.8) has a double summation. In the inner summatimm each
experimental velocity at timeis subtracted the theoretical velocity expected at this same
time, wherd:= 0 andtm = T; (mis the number of acquired images in one signal period). This
subtraction is performed over one signal period, for a given (fixed) signal frequency. The
outer smmationi varies over all tha tested frequencie$), since thealeo anduep variables

are independent of the applied signal frequency.

The optimal solution to the minimization problem defined by(B®) is found using
the Matlal? (MathWorks,www.mathworks.combuilt-in fminsearch function, which is an

implementation of the Neldévlead simplex algorithmi23].

The method robustness was assessed with artificial signals: the EO component was
computed from the anaigal expression in Appendi%.5 and the EP component was
assumed to be a sine functibrthe first term on the right hand side of £§.7), in phase
with the applied electric potential. A Gaussian noise component was added to the artificial
signals and severalud, U pairs were tested (each valweas multiplied by the
corresponding component), with EP and EO having either the same or opposite signs. The
algorithm was able to yield back the original valuesug () with an error that depended
on the noise amplitude relative to the velocity miagles, but which was always below 5
% for a noise component as high as 50 % of may,(lep|). The optimal solution found by
the algorithm was nearly insensitive to the initial guessu&f (kp), over a wide range of
values. Even though we used sealifferent frequencies in our tests, we observed that
using a single frequency in the summation of (G@) was enough to extract accurate values
of Ueoand uep provided the delallf) in Eq.(5.7) was high enough to avoid multiple solutions
to the problem (inthe limitdi(ff) Y 0, t he t wehantsdebesomeasinglehe r i g

one and multiple solutions ofid, Uep) are possible).

The proposed method differs from previous methods [#520]) in the following
ways: (1) both the EP and EO mobilities (or zetéential values) can be determined in the
same experiment in one slagun, while previous methods usually required two different
experimental conditions (one per each unknown); (2) instead of solving a direct algebraic

system of equations, we solaesingle minimization problem.
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5.2.2 Microchannel fabrication

The microchannslused in this work were fabricated using standard photolithography
techniques. The S8 molds were used for casting in polydimethylsiloxane (PDMS; Sylgard
184, Dow Corning Inc). A 5:Iwt/wt) PDMS:curing agent ratio was used in the fabrication
process anthe channels were left to cure overnight in an oven at tempefabdre353 K.
In order to ensure the same zptaential at all walls of the microchannel, all the four walls
were made of PDMS. For that purpose, the glass slide used to seal the PDbthamicels
was covered with a thin PDMS layer, prior to sealing. The channels, schematically shown in
Fig. 5-1, are 8 mm (channels A and B) and 16 mm (channel C) long (Iéphgtith a
rectangular crossection (v x h) of X994 emm (channxelld 8A),m 40 -
(channel Bxl7@ndm40dhamnel C) .

In order to avoid the possible builp of a streamse pressure gradient, the two
reservoirs located at each end of the microchannel were externally connected. With this
system, the fluid displaced by EO is externally replenished and it is possible to run the device
for a long time, without generating extal pressure effects (nevertheless, Joule heating and
electrode polarization can become an issue of concern in such case). A platinum electrode is

immersed at each reservoir to impose the pulse or the sinusoidal electrical field.

To clean the surface ofthe microchannel walls before each experiment, the
microchannel was sequentially washed with 10 mL of distilled water, followed by 10 mL of
sodium hydroxide (10 mM), 10 mL of distilled water and finally 10 mL of the working

solution.

Figure5-1: Schematic representation of the rectangular microchannel, its orientation relative
to the imposed electric field and coordinate system.
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5.2.3 Working fluids

A 1 mM borate buffer (Sigm&ldrich) was used as the standard working solution in
this work. To test the concentration effect on the-petantial, 5 mM and 10 mM borate
buffers were also used. In order to minimize the adhesion of particles to the walls, 0.05 %
(wt/wt) of sodiumdodecglulfate (SDS, Sigmaldrich) was added to the buffer solutions,
unless otherwise stated. The conductivity (measured with a83JB-onductivity meter)
and the pH (measured with a pH 1000L, pHenonfenAlVR probe/device) of the working
solutions were measured after surfactant additionTabke5-1). In addition, the remaining
properties of the sofion are: density and viscosity,= 998 kg/nt andp = 0.955 mPa.s,
respectively, both at the temperature of the experimé&gts; 295 K; dielectric permittivity,

U= 7.0%10° C/V.m; ionic concentrations = 1, 5 and 10 mM.

The working solutions wers eeded with 2 em fluorescent
(FluoSphere% CarboxylateModified Microspheres, Nile Regq,= 1055 kg/m, Molecular
Probe$) at a weight concentration of 80 ppmwtfwnt). The surface of the particles is
modi fi ed with ¢ @H)bwhicly ht thg warking gH, drel dépotonated,
presenting a negative charge.

Viscoelastic solutions were also used to examine the flow behavior by means of the
pulse method, for neNewtonian fluids. Aqueous solutions with 100, 200 and 400 ppm
(wt/wt) of polyacrylamide (PAA, Polysciences) with high molecular weilyhiz18x10° g
mol!were used. The polymer was directly dissolved in distilled water and no buffer was
used, since this would decrease significantly the relaxation time, and consequently the
elasticity of the fluid[24]. No surfactant was added to reduce particle adhesion to the walls,
since thehigher viscosity of the PAA solutions leads to negligible particle sedimentation. A
rotational rheometer (Physica MCR301, Anton Paar) with a 75Smm gate system with
1° angle was used to measure the stteéaning viscosity of the solutions in steadyeah
flow, which is plotted in Fig5-2. The fluid relaxation time-was also measured using a
capillary-breakup extensional rheometer (Haake CaBERhermo Haake GmbH) and the
values obtained wer@= 0.018, 0.060 and 0.115 s for the 100, 200 and 400 ppm aqueous
PAA solutions respectively, all measuredat= 295 K. The pH and conductivity were also

measured for the solutions and are listedlable5-1.
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Figure 5-2: Influence of shear rate on the steady shear viscosity of the aqueous

polyacrylamide solutions dtps= 295 K.
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Table 5-1: Electrical conductivity and pH of the working solutions (measuretla@t=
298K).

Borate buffer Polyacrylamide solution
. 100 ppm| 200 ppm| 400 ppm
Concentration 10mM | 5.0mM | 10.0 mM (Wtwt) | (wiiwt) | (wiwt)
pH 8.89 9.08 9.10 7.91 8.19 8.26
Electrical conductivity
196 448 737 325 57.4 102.9
(e€S/ cm)

5.2.4 Experimental setup and PTV

The experimental setip is represented schematically in FBe3. The electric field is
imposed using a function generator (AFG3000 Series, Tektronix) connected to-a high
voltage power amplifier (Trek, Model 2220). The function generator is simultanamesly
to trigger the higkspeed camera (Photron FASTCAM Mini UX100), in order to guarantee
that the imaging system is synchronized with the electrical system. Thegegd camera
captures the images from an inverted-fgypprescence microscope (Leica Misystems
GmbH, DMI 5000M) equipped with a XOobjective lens (Leica Microsystems GmbH,
numerical apertur®lA = 0.4), a filter cube (Semrock CYA40C) and a continuous light

source (100 W mercury lamp). In these conditions and using the cameesaiilton (1280
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x1024 pixels), earkh. P9 & ed mwaldnl0Oe AL Botehmer wi s e

acquired the images at 4000 frames per second (fps).

The PTV algorithm starts with an initial image processing step, where the tracer
particles are identife by standard blob analyzes. Briefly, particles are recognized based on
intensity thresholding and their positions are computed with subpixel resolution. Since the
number of particles tracked in each image was low, the frame rate was high and the flow
wassmooth, particle tracking simply relied on particle matching between frames, based on

a minimal distance criterion. This image processing step can be either performed on

commercial software packages, such as Mé&t(amathWorks,www.mathworks.con)/ or

in opensource packages, such as Blendéttps://www.blender.ory/ or Imaged

(www.imagej.net). For the sake of simplicity, Matl&§version R2012a) was used in all the

image processing and numerical calculations reported here.

Function generator Microchannel setp
oees D> mm—  BRRLELTELECECELECEEPELELETTCECPEREY :
Amplifier Anode i I( Cathode
o2t R Micro-
i MMChannel
0 > Objective lens
Y 20X
: Mercury
lamp

Excitation filter

o ngh-speed
‘ ‘ : camera

Figure5-3: Diagram of the experimental sap.

Inverted microscope
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5.3 Results andDiscussion
5.3.1 Time-scale analyes

The validity of using the two methods is dependent on the relation between the
different timescales previously discussedSection5.2.1 For theexperimental conditions
of this work, we havél, = O(10° s), o= O(102 s), Jp = O(10° s) andly = O(10” s). For
the pulse method to work adequately, mdy Uy, @ andl, should be clearly apart from
each other, preferably by orders of magnitude. From the group ofstaies which will
dictate a steady electrophoretic mot{td, Uy, @), we observe thaf, is only one order of
magnitude lower thall, and this shouldbe taken into account when further analyzing the
results. Indeedgt 4000 frames per second, the first frame is takers 8t5x10“* ms, which
is lower tharld,, so that EP eventually is not yet futieveloped in the first few frameSor
the sinewave method, the smallest period of oscillation was &(&0which is of the order
of W, but higher than the remaining tirseales (those events can be assumed in equilibrium
for oscillatory flow). As the signal period approackksthedelay between the EO velocity
component and the signal increases, a behavior that is well captured y.FEdsee
appendix5.5), thus not being problematic for the analyzes (only care has to be taken with

the first cycles which are not yet in the periodic regime and should be excluded).
5.3.2 Pulse mehod evaluation

Figure5-4 presents the results obtained for an imposed electric field pulse from 0O to
440 V/cm using channel A€ 1 7 4 & mRpging pumasesaavcantinuous sequence of
pulses was generated over all the camera recording time. Three pulse lengths were tested: 2,
8 and 40 ms, in individual runs in the same experiment. The time interval between
consecutive pulses of the sequence wagimes larger, i.e. 20, 80 and 400 ms, respectively,
to allow complete velocity decay between applied pulses. For data analyzes, we take the
average of the velocity among all the pulses for the same particle and then average over all
the particles trackek(the results presented include an average of at least 20 particles). Only
particles near the centerline were considered (within a deviation of £ 5 % of the channel
width in the planar spanwise direction; in depth, we are conditioned by the objectikie dept
of field).

From Eq.(5.4), we estimate the diffusion tirrszale of channel A ddo 15 ms for the

buffer solutions, thus only the pulse duration of 40 ms allows the full development of EO,
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as can be confirmed in Fi§-4. For this reaon, the discussion presented next refers only to

this longer pulse.

Four different regimes can be identified in the profiles of Bi4). which arallustrated
in Fig. 5-5. The first regimeRy) is dominated by EP, since the EO velocity boundary layer
propagating from the channel walls still didtmeach the channel centerline. This regime
has a short duration and it is difficult to capture without a negligible EO contribution unless
a very high acquisition rate is used. Furthermore, if we assume that EP idefudiipped
and there is still no sigficant contribution from EO, a constant velocity would kpected,
as illustrated in Figs-5. However, we observe experimentally (F3ef) that the velocity in
the first 23 captured frames is still decreasing, which can be a consequence of the non
negligible Y, time-scale. In the second regin&), the EO component is developing, until
it reaches its steaeltate (fort > W) in regimeRs. Since both the particles and the channel
walls have a negative charge, EP and EO act on opposite directiongeghdérard ue>0),
such that the TP invert their motion direction during regin@his happens becausgd >
luepl). When the applied electric field pulse is stopped, the EP compimiséanitaneously
vanishes (within a timecalell, 10°s) and the EO componiinecomes evident by a sharp
increasan the velocity profile of Fig5-4 a (beginning of regimB4). The peak velocity will
then decay to zero within a tirsealeld, similar to that observed for regimBs + Rz, since
no electric field is applied and because ¢hiemo pressure buHdp in the channel. A natural
consequence of this interpretation should be that the sum of the observed peak velocity in
regimeR: (i 2.9 mm/s), with the peak velocity in regirRe (4.1 mm/s) should be equal to
the observed velocity iregimeRs (1.0 mm/s). A difference of 20 % is found between both
valuesThe error can be attributed to a limited tinesolution to capture, both tledectro
osmoticfree velocity (lep) at the beginning of the experimentg), as well as the sharp
velocity peak due to electm@smosis inR4, noting that both values result from an
approximate finitedifferences derivative computed at a single point. Nevertheless, further
increasing the frame rate would lead to a light intensity reduction and thid vemuire a
change of the light source in our experiments. In addition, the TP displacement between
frames would decrease and the noise in the computation of the velocity from the derivative
of the particle position as a function of time would increaskeoagh these effects could be
compensated using a higher magnification objective. A better strategy would be a fitting
procedure, similar to the sikveave method, using the analytical expression given in

Appendix5.5for a continuous signal. Also, the potential rolélgfn determininguep cannot
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be disregarded (this source of error cambeimized using smaller particles, which will
reducelly).
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Figure5-4: Tracer particle displacemesfa) and velocityu (b) at the centerline of channel

Ath= 174 em), for three applied electric pul
of 440 V/cm. Plots (c) and (d) are a zoomed view of (a) and (b), respectively, at short times.
The points represent average experimental values, while the linedyaseguide to the eye.
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Figure 5-5: Regimes in the TP velocity and displacemens profiles, at the channel
centerline, for an electric pulse with a duration significantly higher thaor channel/TP

walls with equal polarity zetpotential ( ged > pepl). In regimeRy, EP is fullydeveloped,

while the EO boundary layer still hastireached the channel centerline. This is followed by
regimeR., where the EO component is developing and the overall velocity is consequently
increasing with time. After the EO velocity component becomes-fidixeloped, regimBs

starts, which is chargerized by a constant velocity. The last regiRg §tarts after the pulse

ends and it is characterized by the EO velocity decay, since it is assumed that the EP
component vanishes very quickly. It is also for this reason that an abrupt increase in the TP
velocity is observed at the beginningRfi the peak velocity increase corresponds to the
EO velocity component. Adding the velocity in regiRe(uep) to the peak velocity oRs

(Ueo) provides the combined velocity in regifRe(Ueo + Uep). The pulse lectric field is active

in the period & t <tz andt, & W

The same met hod was repeat ed 56)swhiohdhast he 108
a lower diffusion timescale (o 8 ms). The same four regimes were observed, with the only
difference that EO now takes less time to develop and to decay. As can be seeb-8) Fig.
both the pulse lengths of 8 ms and 40 ms allow the full development of the EO velocity
component. The measured velocitieRinR4 (at the begining) andRs arei 2.3 mm/s, 3.7

mm/s, and 0.9 mm/s, respectively.
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In conclusion, our results suggest no significant variation in the determination of EP
and EO velocities with the change in the channel dimensions, with small differences between

the measurement in different channels arising from experimental error.
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Figure5-6: Tracer particle displacemesfa) and velocityu (b) at the centerline of channel

Bh= 108 em), for three applied pulse durat:.
V/cm. Plots (c) and (d) are a zoomed view of (a) and (b), respectively, at short times. The
points represent average experimental values, while the lines are only a guide to the eye.

5.3.3 Sinewave method evaluation

In the sinewave method, a sinusoidal electric field with zero offset and peak amplitude

of 440 V/cm was imposed in the same experiment for three different frequen@€s 40
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and 80 Hz. Similarly to the pulse method, the applied electric field wasakgpe during

all the recording time of the higépeed camera. For each patrticle in the vicinity of the
channel centerline, the first 5 cycles were neglected to avoid transient effects and the
remaining cycles were averaged. Then, an average was perfonntigel velocities between
different particles (at least 20 particles), in order to obtain a single average velocity profile
for each frequency (however, the method can also be applied directly to the velocity profile
of each particle). Note that using iaefd frame rate for all the frequencies results on a
different number of points within one signal period for each frequency (lower frequencies
will have a higher number of points per period). Since the inner summation (8.8qs

taken over all the points within one period, this would overweight the frequencies with a
higher number of points. To avoid this issue, a sinusoid was fitted to the (veletite)
experimental profiles of each frequency and the resulting fit was always evaluated with the
same number of points (typically 200 points within one period) regardless of the frequency.
However, we should note that this fitting procedure is not dasémtthe process, since the

weighting issue can be avoided in many different ways.

The results for channels A and B are presented in3-1g.The delay between the
imposed electric signal and the TP velocity increases with the electric signal frequency due
to the nonnegligible delay of the development of the EO velocity component. Furthermore,
this delay increases with the increase of the charephdsince the momentum generated
near the walls takes longer to diffuse toward the channel centerline. The best fit found by
the applied algorithm iS1eo = 4.3 mm/s andiep = 7 3.5 mm/s in channel A ana, = 4.1
mm/s andlep =1 3.2 mm/s in channel B. Thishows that the method yields similar results,

with a difference below 10 %, in channels with different dimensions.

In order to further validate the theory behind the method used, the analytical solution
was evaluated over one period of time in the gfisadirection, using the best fit parameters.
Although the optimized solution was obtained based on the dynamic velocity profiles at a
fixed position (the centerline), the method is also able to predict the experimentally observed
particle velocities intte spanwise direction at any time within a full period cycle. This is
shown in Fig5-8 for different instants of time within a cycle (animations are provided as
supplementary materials), and good agreement is always observed between experimental
data and the analytic solutionhese results also suggest an alternative implementation of

the sinewave methodinstead of using the velocity measured over time at a fixed position,
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the velocity profile measured at different spanwise coordinates and at a fixed time can be

used.
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Figure5-7: Tracer particle velocity at the centerline of (a) channel®hf 174 e m) and
channelBlf= 108 em) wunder a sinusoidal electric

for three differat frequenciesf = 20, 40 and 80 Hz. The dashed line represents the
dimensionless imposed electric signal, while the full lines represent the fitting (5.Bq.

The symbols are the average (over cycles and over particles) of experimental data. The best
fit found by the algorithm for those conditions gives= 4.3 mm/s andep=13.5 mm/s for

channel A andieo= 4.1 mm/s andep =1 3.2 mm/s for channel B.
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Figure5-8: Spanwise profiles of TP velocity at four different instants of time within a cycle
of periodT for channel Blf= 108 & m) under forcing by a si

peak amplitude of 440X¢m, atf = 40 Hz. The points represent experimental averaged values
over several cycles, while the lines represent the analytical prediction @ ®qising the
bestfit parameters. The channel walls are locateg(at2) = + 1.
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5.3.4 Quantification of the zetapotential of tracer particles and channel walls

In the previous section, the EO and EP velocities measured using the pulse and sine

wave methods werpresented. In this section, those velocities are converted to values of

wall zetapotential.

The wall zetgpotentials can be computed using H&§2) and(5.3), from the slopes

of u-E curves, which are commonly known as the EP and EO mobilities. Those curves were

obtained for both methods, in channels A and B, by changing the applied electric field

magnitude, Fig5-9.

A first glance on Fig5-9 shows a good agreement between both methods, but better

for the deeper channel, due the temporal resolution constraint of the pulse method in

channel B given its lower value t, as previously discussed. Moreover, bothd&@ EP

velocities are linear functions of the electric field magnitude, as expected theoretically for

Newtonian fuids.
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Figure5-9: Tracer particle velocity components (EO, EP and OBS=EO+EP) as a function
of the applied electric field magnitude, in (a) channehA( 1 7 4
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corresponding points (dashed and full lines in the plot). Error bars represent the standard
deviation for the pulse method (at least 20 particles were considered in pacimext).

Uobs,puisdlS the combined (EO +EP) velocity i of Fig. 5-5, whereasiops sinefepresents the
sum of the besdfit parametersueo + Uep).
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The estimated zefaotentials are summarized Tiable5-2. Both the PDMS walls and
tracer particles display negative values, as expected. However, our results are higher than
other published values. For instance, Sze dtld].found zetapotential values for PDMS
surfaces varying betweéri10 and 68 mV for 10 “M KCI, 10' M KCl and 10 ™ LaCls
electrolytes, and Ichiyanagi et gb] reported a PDMS wall zefaotential ofi 74.4 + 1.2 mV
for 5 mM borate buffer (pH 9.4). Both these works report the use of buffers without addition
of a surfactant. A plausible hypothesis for the observed differences could be the use of
surfactant in our buffer solutions, which was seen to iserélae EO mobility in previous
studieq 25, 26]. Also, a slight increase in the temperature (Joule heating, radiation heating
by the mercury lamp, among others sources) would lead to a lower buffer visatbsaty,

was not taken into account in the calculations.

The results shown ihable5-2 show good agreement between both techniques and for
channels Aand B, except for the lower value of the zptdential of the micrgparticles
measured in channel B. This discrepancy is a result of the smaller diffusiesctitetloin
channel B, thus the EP velocity measured in the first frames already includes some influence
of EO, leading to a decrease (in magnitude) of the estimated EP velocity. To minimize this

discrepancy a highercquisition ratevould benecessary.

To assesshe influence of surfactant addition in the measured-petentials, an
additional test was performed without the addition of surfactant to the buffer solutions. The
values obtained for the wall zepatentials of TP and PDMS, using the simave method
in channel A, werd85 £ 2mV andi103 + 2 mV, respectively for a borate buffer
concentration of 1.0 mM. As expected, those values are lower (in magnitude) than the

estimated zetpotentials presented ifiable5-2, andin agreemento previous workg25,

26].

Table5-2: Wall zetapotentials of TP and PDMS microchannels for the 1.0mM borate buffer
with 0.05% SDS. The standard deviation is obtained from the 95 % confidence interval for
the slope of the linear fits in Fi§-9.

Zetapotential of PDMS walls (mV) Zetapotential of TP (mV)

Sinewave method Pulse method Sinewave method | Pulse method
Channel A 1133+ 3 1140+ 11 1107+ 3 195+ 6
Channel B 1123 +£22 1129+ 15 194 +21 1752
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5.3.5 lonic concentration effect on the zetgotential

The sinewave method was also used to assess the conductivity effect on the wall zeta

potentials, using channel A. For the three ionic concentrations tested,-dimpasiecrease
(in a loglinear scale) of the zefaotential is shown in Figh-10, when increasing the buffer

concentration (conductivity). The slope tiis linear relation for the PDMS wall$ 24

mV/pC) is close to the published valuei@0.75 mV/pC in Ref[26].

-80 T

-90 —

=100 —

-110 —

£ [mV]

<

-120 —H
=130 —

-140 —

1.5

2.0

2.5

3.0 3.5
pC=-log, [C/M]

Figure 5-10: wall zetapotential dependence on the ionic concentration (pC) measured in
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5.3.6 Advantages anddisadvantages of the pulse and sin@ave methods

exper.i

The two methods illustrated in this work rely on the PTV technique to track the

position of tracer particles and compute the corresponding velocity as function of time.

The pulse method shows a stronger edwjence on the time resolution of the

measurement system than the sivee method. In fact, it should be guaranteed that the

first frame captured has a negligible contribution from EO in order to consider that it

corresponds to the pure EP velocity (aermlative is to use E@5.9) to estimate the EO

contribution at the first frame and include this correction in the calculation, or usi(lg%®q.

to fit the velocity profile in regimes 1 andl. Zor wider channels this criterion can be easily

met with a low frame rate camera, but as the channel size decreaiggssgeed camera is
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required and may even be insufficient. On the other hand, thevavemethod requires the
occurrence of a delay between the applied electric signal and the EO response, which
requires increasing the applied electric signal frequasdiie channel dimensions decrease.
Increasing the frequency further increases the required frame rate of the camera, which must
be high enough to process an adequate number of data points within each periodic cycle.
However, this dependence on the frarateris not as strong as in the pulse method. For
instance, the sinave method was tested with a frame rate of 400 fps, which is 10 times
lower than the frame rate typically used in this work and the veloaitiesnduep) found by

the error minimizatio algorithm remained almost unchanged (in this test, the velocity
profile had only 5 points in one periodic cycld at80 Hz). Such low frame rate would give
unacceptable results in the pulse method, since the first frame would correspond already to
35 %of the diffusion timescale of channel B. Concluding, in respect to the time resolution
requirements, the singave method is more robust and less demanding in terms of the
required acquisition rate. However, in channels with a high diffusion-doake (arge

dimensions), both methods should perform acceptably.

From a practical perspective, the simave method can be advantageous due to its
weaker tendency to form bubbles at the electrodes (this only happens at low frequencies),
even though both methodse the same electrodes. The test/processing time is also similar
in both methods, but implementation of the siveere method can be more time consuming
than for the pulse method. Actually, for the latter, a minimum effort is required if the particle
tracking is performed with a software already prepared to automatically execute this task,
such as the open source Blender, or ImageJ programs.

5.3.7 Response of viscoelastic fluids to an electric pulse

The previous sections described and assessed the transient response of Newtonian
fluids to an electric field pulse during startup and shutdown. Due to the fading memory of
viscoelastic fluids, which can be quantified by their relaxation time, it is releaaoh
interesting to investigate the response of a viscoelastic fluid to an applied electric pulse, since
it is also desirable to measure its mobilities in theupetWe tested polyacrylamide aqueous
solutions at 100, 200 and 400 ppm weight concentratobpected to a pulse length of 20
ms, which is longer than the estimatéf or channel C (178 e&m deep
results for step amplitudes of 132 V/cm and 220 V/cm are presented i Figln this

case, six different regimes can be identified and outlined, as shown i FAgComparing
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with the Newtonian fluid response in Fg5, the overall behavior for viscoelastic fluid is
similar, but additional velocity oveland undershoots are present. Specifically, there are

two additional regimes in the TP displacement and corresponding velocity profiles:
overshoot'Y ) and undershodtY ) regimes, where fluid elasticity combined with the startup

and shutdown transient was the key to the appearance of such two new regimes. Such
overshoot/undershoot after positive/negative step variations of the applied electric field are
a consequence of tmeemory of the fluid and the exponential decays observed in regimes
'Y and'¥Y can be used to estimate the relaxation time of the fluid. Accordingly, due to that

transient response, the pulse method will require future investigations.

Figure5-13shows the tracer particle velocity components (EO, EP and OBS=EO+EP)
as a function of the applied electric field magnitude for the three aqueous polyadeylami
solutions, obtained from the velocity measurements illustrated irbHigy., and other not
shown at different electric field strengths. The threlcities plotted were independently
measured: the EP velocity is obtained from the minimum velocity at short times, the EO
velocity corresponds to the peak velocity observed right after the electric field shutdown,
and the combined velocity correspondsthe velocity plateau observed approximately
between 5 and 20 ms. The results shown in3-i8 are similar to those obtained with the
buffer solutia, despite the significantly higher shear viscosities of the viscoelastic solutions.
This observation should be a result of the shear thinning nature of the viscoelastic solutions,
with the shear viscosity plateau at high shear rates approaching thgisbesity of water
(the local shear rates in the EDL are very large due to the locally high velocity gradients), or
due to the formation of a neamll layer depleted of macromolecules (see R&7] for a
theoretical analyzes), which also explains the gliasar increase of the EO and EP
velocities with the applied electric field strength. Future studielsb&ildone with other

polymer solutions to assess these hypotheses.
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5.4 Concluding Remarks

In the present work, we explored two methods that allow the simultaneous
determination of the zefaotential of tracer particles and channel walls in straight
rectangular microchannels the pulse method, a pulse electric field is generated and the
EP and EO velocities are determined based on the measurement of the variation with time
of the particle velocity just after the pulse is turned on and off, respectively. This is possible
due b the different characteristic tingeales of EO and EP. In the siwave method, a
sinusoidal electric field with zero mean is imposed and the difference between the
experimentally measured velocity of TP and the computed velocity using the analytical
expression is minimized via an optimization procedure, where EO and EP velocities are the
design variables. This method is based on the frequeepgndent delay between the EO
and EP (or signal) velocity component responses. Both methods rely on the padiciey
velocimetry technique to measure the velocity of tracer particles. The pulse method is shown
to be more dependent on a high tinegolution setip than the singvave method, although
it is of easier implementation. However, in channels with k Hiffusion timescale (large
dimensions), both methods provide consistent results. In addition, the pulse method is easily
extended to deal with neNewtonian fluids, but that is not the case for the -swage
method, unless the corresponding analytictsmh is known, a notrivial limitation for

complex fluid rheology.

In the pulse method, Newtonian fluids show four regimes in the TP displacement and
velocity profiles, while for viscoelastic fluids two additional regimes can appear, exhibiting
an oversbot and an undershoot in the particle velocity response, which arise due to the
fading memory of the viscoelastic fluid in combination to their response to electrical pulse

startup and shutdown events.
5.5 Appendix

Under the Debydickel approximation, Marcost al.[22] derived the followig

analytic expression for the EO velocity,(y,z ) (the overbars denote dimensionless

values), in a straight rectangular channel subjected to an oscillatory electric field of the form

E(t) = Eé":
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with h and w representing the microchannel depth and width, respectively. The non

dimensional variables a@=u / un, T =g t ¥, P= y/Dn, Z= z/Dn, E= EDiRe w5 G =

2zerenl () 49, z_W: ze W@(koTabg, K = B, and the Reynolds numbeRe =} Rusi|,
wheret is the time,Taps is the absolute temperatuile, is Boltzmann constank is the
Debyé Hiickel parameteDn=2hwi/(h+w) is the hydraulic diameteg = O/ ig the fluid
kinematic viscositygy is the microchannel wall zefgotential,usnis the Smoluchowski EO
velocity, E is the electric fieldz, is the electrolyte valence,is the elementary charge, is

the concentration number of ions, ands the anglar frequency.

Note that Eq(5.9) is general for a Newtonian fluid and can be applied to different
cases: the real part is the response to a cosinevtiryimg applied electric fieldik i 0, or
to a DC electric field iff = 0, and the imaginary part is the response to a sinusoidal time

varying electric field¢ i 0) .

In the analyzes considered in this work, we are interested in the velocity field response

to a sinewave input of the fornE(t) = Esin(wt), thus at large times the imaginary part of

Eq.(5.9) gives the required velocity field :
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CHAPTER 6

6 PARTICLE -TO-PARTICLE DISTRIBUTION ANALYSIS OF
ELECTROKINETIC FLOWS OF VISCOELASTIC FLUIDS UNDER PULSED
ELECTRIC FIELDS

In this chapterparticleto-particle (PTP) distribution analysisis usedto investigate
electrokinetic flowof viscoelastic fluidsin a straight rectangular microchannty an
imposedpulsed electric fieldThree types of viscoelastic fluidg different concentrations
were used tcassesghe flow behavior including polyacrylamide (PAAMw=18x10° g
mol?!) andtwo different molecular weights gblyethylene oxide (PEQw=5x10° g mol*
and &10° g mol?) aqueous solutian Fluorescent polystyrengacerp ar t i cl es wi t h
diameterwere added tall fluids to perform thevelocity measurementdt is observed
experimentally,for some test cases that the variation among individual particles
significant, @enthoughunder the pulsed electric field each fluid bamique flow response
whentheaverage oseveral particles is considered,aiservedn the previous chapter
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6.1 Introduction

In the previous chapter, two methods welescribed to measuthe electreosmotic
and electrophoretic mobilities in a straight rectangular microchaBo#t methodsrelied
on theuse ofaparticle tracking velocimetry (PTV) technique to track the posalong time
of individual tracer particles (TP) and to comptite corresponding velocity asfunction
of time. In bothmethods it was assumed th#te mobility valuesof all particlesfollow a
normal distribution, so thdty simple averaging over a significamamberof particles will
allow the determination of thmean value of that distributioin this chapterindividual
tracer m@rticles are analyzedusing particleto-particle (PTP) distribution analysisagain
usingthe PTV technique

Three types gbolymersolutionswere prepared angereinvestigated under the action
of an imposed pulsed electric field using the RiRAlysis including: aqueous saokions of
polyacrylamide (PAAM.=18x1C° g mol!, Polysciences) at concentratswf 100, 200 and
400 ppm Wt/wt); agueous solutions gfolyethylene oxide (PEO, Sigr#drich), of two
molecular weight (Mw=5x10° g mol! and8x10° g motl?) at concentratios of 500, 1000,
2000 and 3000 ppnwt/wt) for thelower My and & concentratios of 500, 1000 and 1500
ppm t/wt) for thehighe Mw. Foral PEO solutionsthe polymer wasdirectly dissolved in

al mM borate buffer and no surfactant was added.
6.2 Experimental Setup
6.2.1 Experimental methods and pocedures

The same experimental agh describedn Section5.2.4 and schematically shown in
Fig. 6-1, wasalsousedhere The flow behaviorof a total of eightsolutionsis examined
usingthe pulse methodescribedn Section5.2.1.1 In this methogda continuous sequence
of electricpulsesis generated during th&hole recording time of the higepeed camera,
whichacquires imagesat 2000 frames per second (fpb) all the presented experimenket
first cycle waseliminatedto avoidany errordue topossibletransient effectsvithin thatfirst

cycleof the experimentandonly theremainingcycles wereonsideredn theanalysis

The flow behaviorof the fluids was examined ina microchannel with rectangular
crosssection [ x w x h), channelC (16 mmx 4 0 4 x4 ih 8 is usgdNotethat we use

the same nomenclature for thicrochannelsas used in the previous chapter.
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Figure6-1: Schematic diagramiustratingthe experimental setip and the pulse method.

The PTV algorithm useth this chaptediffers slightly from the algorithnused in
Sectiond.2.4 In this analysiseach individual particlerasidentified using Imagesoftware

(www.imagej.nef), an open source image processing program,t@ad1OSAIC plugin

(http://mosaic.mpcbg.de/?q=downloads/imagei¥ used to trackthe bright smts in a

successivemumber of frame§l]. Then, all recorde@athlineswere posfprocesedusinga
Matlab® code (MathWorks version R2012sww.mathworks.com/ to exclude short

pathlines an@nly analyzeheparticles which are tracked since thegginningof the imposed

electric field, and thatontaina multiple number of cycles
6.2.2 Rheological characterzation of the fluids

The sheawiscositycurvesin steady shear flowf the PEOsolutions(Mw=5x1° and
8x10° g molt) in a 1ImM borate buffer solution at different concentratiansplotted in Fig.
6-2. The shearviscosity was measured using a rotational rheometer (Physica MCR301,
Anton Paar) with a 78nm coneplate system with 1° angl&he pH, electrical conductivity

and fluidextensionatelaxation timeg(s) were also measurgdeeTable6-1. The relaxation
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time was measured using a capillabyeakup extensional rheometer (Haake CaBER
Thermo Haake GibH). The rheological characterizationtbé PAAsolutions(My,= 18x10°
g mof?) at different concentratimtan be foundh Fig. 5-2 andTable5-1 (seeSections.2.3.
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Figure 6-2: Influence of shear rate on the steady shear visctmitgqueous solutiaof
PEO of amolecular weighof 5x10° g mol! (A) and8x10° g mot! (B), bothdissolved ina
1 mM borate buffeat Tans= 295 K.

Table6-1: Electrical conductivity, pH anextensionafelaxation time foaqueous solutian
of PEO(Mw=5x10° and8x10° g mof?) dissolved inl mM borate buffemeasured afaps=
298 K.

PEQ in a InM borate buffer Mw=5x10° g mof? Mw=8x10° g mol*
Concentration in ppriwt/wt) 500 | 1000 | 2000 | 3000| 500 | 1000 | 1500
pH 8.42 | 845 | 864 | 8.75] 8.11| 8.02 | 7.81
El ectrical co| 744|794 | 925 | 975| 70.2 | 755 | 80.4
Relaxation timea(s) 0.031| 0.047| 0.070| 0.085| 0.043| 0.045| 0.117

6.3 Results and Discussion

This sectionpresents and discusdbe analysis of thparticleto-particle distributios
for the different vscoelastic fluidsused,in orderto assess the different typef transient
behavior during the flow stattp and shutlown in a straight microchannefor the

Newtonian fluid a similar analysis was done, but the variability between diffpegticles
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and cycles was smalas reported next for the PAA solutiofherefore for conciseness
thoseresults are not shown here

6.3.1 PAA solutions

This section presents the PTP analysis foagueous solution of PA&ith molecular
weight My = 1810° g mol? at concentration 0200 ppm usingchannel Ch= 178 & m) .
Thehigh-speedcamera was set at an acquisition rate of 200@arid¢he pulsed electric field
was set with a pulsgurationof 20 msandatime interval between consecutive pulses of 200
ms. Thesesetting allow both thefull development of EO and the complete decajof
velocity after the pulsis shutdown Thehigh-speeccamera recortla continuous sequence

of 8 cycles over the full recording timeoutonly the last7 cycles were anatgd.

Starting with theindividual responseof TPs, Fig. 6-3 presens the displacemenbf
individual tracerparticles for each of the electric pulse cycles analyZlue imposed pulse
has an electric fielthtensityvariationfrom O to 88 V/cm, andhe trackedparticleswere
located within 50% of the channel widtharound the centerline ofchannel C This
arrangement corresponded to a total number of 25 tracer paogihestrackedThegeneral
behavior of most of the THs similar, with only a slight variation in displacemeatmong
successive cycles, whidorresponds teimilar mobilitiescomputedor all particles.

Figures 6-4 and 6-5 examine the influence of varyinthe size of the window of
observatioron themeandisplacement andnthe correspondinmeanvelocity. Around the
centerline of the microchannehgwindow sizewasreduced from 50% of the channel width
to 30%and alsdo 15% Accordingly,the number of T®in the samplingegion(50%, 30%
and 15%)decrease from 25 to 13and therto 7 particles The displacemergipresented in
Fig. 6-4 arefor eachindividual TP within thesampling areafter averagingverthe7 cycles
while Fig 6-5 presend the meardisplacement anthe correspondingneanvelocity for the
three samplingegions(50%, 30% and 15%after averagingver all cyclesandover all
tracked particlesvhich obviouslyieads to a singlgypical curve In conclusion, the number
of TP seemdo not influencethe mean value and asesult thesamplingregionof 30% is
selected as the default size in text experimerd, unless otherwise statetihe analysis
conducted for the PAA solutions with mentrations of 100 and 400 ppshow similar
results as far as particko-particlevariability is concernedand consequentgrenot shown

herefor concisenessHowever, it needs to be said that the magnitudes of the velocities
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decrease with polymer concentration in a manner similar to what was reported in Bhapter
(Section5.3.7, Fig.5-13).

The effect of pulse amplitude ghownin Figs. 6-6 to 6-8 for the same 200 ppm
aqueous solution of PAAFigure 6-6 presens the variation in TP displacemenamong
individual particlesfor amplitudes of 88, 132, 176 and 220 V/criithe number of tracked
particlesfor each of the foupulseamplitudesvas13, 15, 12and7 particles respectively.

The esults shovonly minor dispersioramongdifferentTP.

The meardisplacement and theorrespondingmeanvelocity dter averaging all
averagecycles over all tracked particlesre plotted in Fig6-7. As can beseenboth
quantities increase with themagnitude of the electric field.Figure 6-8 shows the
corresponding P velocity componentUep, Ueo aNdUobs=UestUep). Eachvelocity componast
wasmeasured independently and obtained from the velocity measurephatesin Fig.
6-7 following the method described in the previous chajter otherPAA concentrations,
thereis aconcentratioreffect on the EO andthe EP velocity componentshat somewhat
cancels out leading teimilar observed velocitywalues(Uossg as shown in the previous
chapterAdditionally, Fig. 6-7 shows thaEP andeO velocity components walinearly with

the magnitude of the imposed electric field.
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Figure6-3: Tracer particle displacemesfor ninedifferent particles (A)y (I) in asolution

of PAA (Mw=18x1C° g mol') at a concentration &f00 ppm, under a pulsed electric field.
The imposed pulsicluded8 consecutive cycle®@nly the last7 cyclesareshown)with 20

ms pulsedurationand an amplitude of 88 V/cm. The particles were tracked within 50% of
the channel widtlaroundthe centerline othannel Ch= 1 7 8 Foereayons ofmace

only 9 particles out of 2particles are showifthe remaining particlesshow a similar
behavior) The points represent experimental values, while the lines are only a guide to the
eye(only one fifth of the pointsver timeare showin
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Figure6-4: Tracer particle displacemesaveraged over all cycles, f@b, 13 and 7 particles

in a solution of PAA K = 18x10° g mot?) at a concentration o200 ppm, tracked
respectively within 50% (A), 30% (B) and 15% (C) of the channel waitbundthe
centerlire ofchannel Gh= 1 7 8 cama)ysis wastdene ovérconsecutive cyclewjith

20 ms pulseduration and an amplitude of 88 V/cm. The points represent average
experimental valuesver all cycleswhile the lines are only a guide to the €galy one
fourth of the pointover timeare showh
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Figure6-5: Tracer particle meadisplacemens (A) and corresponding measlocity u (B)
for TPin a solution of PAA Il = 1810° g mof?) at a concentration &00 ppm, tracked
within 50%, 30% and 15% of the channel widtibundthe centerline othannel Qh= 178
em) . T h epulsewgs anglgzedver7 consecutive cyclesyith 20 ms pulseluration
and an amplitude of 88 V/cm. The ptEnepresent average experimental vames the 7
cycles and all particles trackédlobal average valugsyhile the lines are only a guide to
the eygonly onethird of the pointover timeare showin

118



Chapter6

Particleto-particle distributioranalysis

0.0080

0.0060

0.0040

s (mm)

0.0020

0.0000

-0.0020

0.0100
0.0080

0.0060

(mm)

0.0040

)

0.0020

0.0000

0

-0.0020

0.0150

0.0120

0.0090

0.0060

s (mm)

0.0030

0.0000

-0.0030

0.0180
0.0150

2 0.0090
£
= 0.0060

0.0000

(©)

20
f (ms)

-0.0030
30 40

0.0120

0.0030

(D)

20
t (ms)

30 40

Figure6-6: Individual tracer particle displacemesdverageaver all cycledor particles in
a solution of PAA il = 1810° g mol') at a concentration ¢&f00 ppm, under a pulsed
electric fieldwith amplitudes of 88 V/cm (A)132 V/cm (B) 176 V/cm (C) and 220 V/cm
(D), respectively. Thanalysis was done fa@rconsecutive cyclesith 20 ms pulseluration
Particles were tracked within 30% of the channel watthundthe centerline o€hannel C

(h=178

em) .

The

points

represent

average

guide to the eyéonly onefourth of the pointsover timeare showh The number of particles

tracked was 13, 15, 12 and 7, respectively for cases from A to D.
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Figure6-7: Tracer particle meadisplacemens (A) and corresponding measlocity u (B)
for an applied pulsdurationof 20 msandamplitudes o088, 132, 176 and 220 V/cm, for TP

in a solution ofPAA (Mw=18x10° g mof?) at a concentration f00 ppm. Particles were
tracked within 30% of the channel widinoundthe centerline o€hannel Qh =

178 &em).

The points represent average experimental values, while the lines are only a guide to the eye
(only half of the pointsover timeare showin
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Figure6-8: Tracer particle velocity components (EO, EP and OBS=EO+EP) as a function
of the applied electric field magnitude for a pulkgationof 20 ms, inchannel Gh =178

em),

dashd lines are a guide to the eye.
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6.3.2 PEO solutions with Mw= 5x10° g mof?!

In this section we perform for PEGsolutionsthe same type of analysis we did in the
previous section for PAA. Foaqueous solutiaof polyethylene oxideREQ, My=5x10° g
mol?) dissolved inl mM borate buffer ahassconcentratiosof 500, 1000, 2000 and 3000
ppmwere considered he investigation is doregainin channel Qh= 1 7 8as wamthe
case for PAAusing the PTP analysik these experimestinew setting is uset allowthe
full development of EGQlow andto allow the complete decay of velocity after the pulse
shutdownthe camera was setatacquisition rate of 2000 fpas beforewhereashe pulsed
electric field was set with a pulderationof 150 ms and a time interval between consecutive
pulses of 350 ms. &ordingto these settings the camera recoedl a continuous sequence

of 7 cycles over the full recording timbutonly the last cycles were analyzed

Figures6-9, 6-10, 6-11 and6-12 plot the TP displacemermf individual particles for
eachconcentratiorused The imposed pulse has an electric fi#dt variesfrom 0 to 88
V/cm, andthe particlesweretrackedwithin 50% of the channel width around the centerline
of channel CUnder these conditions theneere 41, 44, 60 and G@acer particlegor the
four mentioned concentrationsespectivelyln contrast to what was previously observed for
Newtonian and PAA solutionshé generalbehavioramong all TPfor the examinedPEO
concentratios looks unusual among successive cyclasd evenamong the particles
themselvedor all testedPEOconcentrationsThe plotted displacemefdr each individual
TP has a different response under the same eldietidc which meansvariable mobility
values amondgifferentparticles.

Figures6-13, 6-15, 6-17 and6-19 examine the influence of varying thdndow of
observatioron the meafdisplacementf each particléor PEOconcentrations of 500, 1000,
2000 and 3000 ppm respectivelyhereasFigs. 6-14, 6-16, 6-18 and 6-20 display the
correspondingmeandisplacement andneanvelocites for all particles Around the
centerline of the microchannehg window size was reduced from 50% of the channel width
to 30%andto 15%. Accordingly, the number of TP in the sampling area (50%, 30% and
15%) for thefour concentrations decreabas(41, 23 and Particles for 500 ppin (44, 29
and 15particlesfor 1000 ppn), (60, 35 and 1particlesfor 2000 ppm and (60, 59 and 29
particlesfor 3000 ppn), respectivelyThedisplacemenpresented in Fig6-13, 6-15, 6-17
and6-19istheaveragecycle per each individual TP within the sampling area after averaging

overthe 6 cycleswhile Figs.6-14, 6-16, 6-18 and6-20 present the meadisplacement and
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the correspondingneanvelocites after averaging allaveragecycles over all tracked
particles andeach of the three curvesrresponds$o one of the follaving sampling regions
50%, 30% and 15%-igures6-14-(B), 6-16-(B), 6-18-(B) and6-20-(B) show that there is a
reduction of the velocities due to the increase in the polymer conbemti@s observed for
PAA solutions (see Sectidn3.7, Fig. 5-13).

In conclusionFigs.6-13, 6-15, 6-17 and6-19 showthat different tracer particles have
a wide range of mobilities, bgtichvariability does not influence th&veragebehaviorand
leads to a singleypical meancurveevenfor differentregionsof analyss, as confirmed in
the global averaged data plottedFigs. 6-14, 6-16, 6-18 and 6-20. Hence the sampling
window of 30% is selected as the default size inrdmaining analyses of thiliid, unless
otherwise statedHowever, this consistent behavior is only observed for different
observation windowsizes, all other things by equal. As we shall see below, such
consistency is lostvhen the influence of the electric pulse amplitude is assessed, for

instance.

The influence of pulse amplitude upon the average displacement of individual tracer
particles is shown irFigs. 6-21, 6-22, 6-23 and6-24 for differentPEOconcentrationsPars
A, B, C and D of each figure pertain to taeplitudes of 88, 132, 176 and 220 V/cm
respectively The number of tracked particléx each of the four amplitudes (88, 132,
176 and 220 V/cm) wer@3, 17, 20 and 13 patrticles), (29, 26, 15 and 16 particles), (35, 50,
36 and 34 particles) and (59, 34, 22 and 20 partidasthe500, 1000, 2000 and 3000 ppm
respectivelyA similar behavioris observedor thedifferent pulseamplitudes again witha
significant variability inparticle mobilities but in a clear ontrast to what was previously

observed for the PAA solutiormmd forthe Newtonian solvengnot shown for concisenéss

The global average over all cycled all particlesfor the meardisplacement and
corresponding meawvelocities are plotted iigs. 6-25, 6-26, 6-27 and 6-28 for the four
differentPEO concentratia Each part of the figures contaifwair curves, one for each of
thetested pulsamplitudes of 88, 132, 176 and 220 V/cm. Abserved inthesefiguresthere
seems to be two differebehaviorsoccurringwith variation of thepolymer concentration.
At low concentratios (Figs. 6-25, 6-26 and6-27 for 500, 1000 and 2000 pprtf)e plotted
meandisplacemenandcorrespondingneanvelocity curvesdo notincreag monotonically
with the magnitude of the imposed electric fieild contrast with th&8000 ppmpolymer

solution plotted in Fig. 6-28, which shove monotonic increase in both the mean
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displacement and tledrresponding meawelocity with the imposed electric field intensity
In addition, theséour figures shovelearlythat not even thglobal average over all particles

and all cycleseads to a welbehaved statistical behavior.

Besides the reliable behawer observed in Figs-28 for the 3000 ppm PEO solution, it
also allows to observée full development of the Effow atthe pulse startup arabmplete
velocity decay at the pulse shutdovim.Chapter5 the flow behavioof boratebuffer and
PAA solutiors under a pulsed electric fieitere described in detailand different flow
regimeswereidentified for each fluid seeSections5.3.2and5.3.7respectively. Herave
performasimilar analysigor the 3000 ppniPEOsolution which exhibits a similar behavior
to the Newtonian fluidexcept that the time to fullgevelopeclectrecosmosis is longer, and
the intensity of electresmosis is smaller thahe intensity oklectrophoresisAs shown in
Fig. 6-29, in regime Ry, EP dominats and becomesfully-developedvery quickly,
corresponohg hereto theinitially acquired frames (limitetly the setting used by the high
speed camera), wherethe effectof EO is still negligible. This is followed by regini®,
whereEP is fully-developed and EO is developitoyeactits steadystate In the subsequent
regimeRs both EP and EO are fullgeveloped and anstant velocitgexists Note that with
this fluid EP and EO aadn oppositedirections but since|uep| > Ued (Uep<O andues>0) then
the particle flow direction dssnot change while the electric field is dfinally, regimeRs
starts after the pulse ends and is characterized binstantaneousdecay of the EP
componentieading toa sharp increase ithe total observed velocity that switches sign
because EO is essentially unchanged winjggoes immediately to zeron switchirg-off
the electric field. Tien that is followed by a decay of EO to zero

Finally, Hg. 6-30 plots themagnitude of thdull-developedl' P velocity components
(Uep, Ueo @NdUobs=UegtUep) asafunction of the imposed electric field magnituzkesed on the
all-cycle and all-particles gltval average Each velocity componentvas measured
independently and obtained from the velodgtain Figs 6-25, 6-26, 6-27 and 6-28. As
observed in Fig6-30, thereis a concentration effecin the three velocity components@,
EP andOBS), which differsfrom what was observed earlier in Fég8 for the PAA solution,
that may requirduture investigationto understandhe maincauss of this difference The
variation with the polymer concentration ako is monotonic, foruep also seemsto be
monotonic but tending to a saturation witle concentrationncreaseandas a consequence

the obsergdvelocity shows a neamonotonic behavior
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Figure6-9: Tracer particle displacemesfor nine differentparticles (A)i (I) in a solution

of PEO Mw = 5x10° g mof?) dissolved inl mM borate buffer at a concentration of 500 ppm,
under a pulsed electric field. The imposed pistided6 consecutive cyclesyith 150 ms
pulsedurationand an amplitude of 88 V/cm. The particles were tracked within 50% of the
channel widtharoundthe centerline othannel Qh= 1 7 8 Forerem3ons of space only 9
particles out of 4particles arshown(theremaining particles show a similar behavidfie
points represent experimental values, while the lines are only a guide to tfomkyyene
twenieth of the pointsover timeare showhn
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Figure6-10: Tracer particle displacemesfor different particles (A) (I) in a solution of
PEO (Mw= 5x10° g mof?) dissolved inl mM borate buffer at a concentration of 1000 ppm,
under a pulsed electric field. The imposed pistided6 consecutive cyclesyith 150 ms
pulsedurationand an amplitude of 88 V/cm. The particles were tracked within 50% of the

channel width around theenterline othannel Qh =

1 7 8 Forremgons offsce only 9

particles out of 44articles are showftheremaining particles show a similar behavidfie
points represent experimental values, while the lines are only a guide to tfomlgyene
twentiethof the pointsover timeare showhn
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Figure6-11: Tracer particle displacemesfor different particles (A) (I) in a solution of
PEO(Mw = 5x10° g mof?) dissolved inl mM borate buffer at a concentration of 2000 ppm,
under a pulsed electric field. The imposed pistided6 consecutive cyclesyith 150 ms
pulsedurationand an amplitude of 88 VV/cm. The particles were tracked wi0® of the
channel width around the centerlinecbiannel QGh= 1 7 8 Forereagons of space only 9
particles out of 6@articles are showftheremaining particles show a similar behavidfie

points represent experimental values, while the linesmiiyea guide to the eyonly one
twentiethof the pointsover timeare showh
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Figure6-12: Tracer particle displacemesfor differentparticles (A)i (I) in a solution of
PEO Mw= 5x10° g mol?) dissolved inl mM borate buffer at a concentration of 3000 ppm,
under a pulsed electric field. The imposed pistided6 consecutive cyclesyith 150 ms
pulsedurationand an amplitude of 88 V/cm. The particles were tracked within 50% of the
channel width around the centerlinecbannel Qh= 1 7 8 Forerem3ons of space only 9
particles out of 6@articles are showftheremaining particles show a similar behavide
points represent experimental values, while the lines are only a guide to tfonkyene
twentiethof the pointsover timeare showhn
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Figure 6-13. Tracer particle displacemestaveraged over all cycles, ferl, 23 and 9
particles in a solution of PEQW, = 5x10° g mol?) dissolved in1 mM borate buffer at a
concentration 0600 ppm, tracked respectively within 50% (A), 30% (B) and 15% (C) of
the channel width around the centerlinecbédnnel Qh= 1 7 8 camglysis washdene
over6 consecutive cyclesyith 150 ms pulselurationand an amplitude of 88 V/cm. The
points repesent average experimental valaesr all cycleswhile the lines are only a guide
to the eygonly onetwentyfifth of the pointsover timeare showin
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Figure6-14: Tracer particle meadisplacemens (A) and corresponding mearlocity u

(B) for TPin a solution oPEO (Mw = 5x10° g mof?) dissolved inl mM borate buffer at a
concentration 0600 ppm, tracked within 50%, 30% and 15% of the channel width around
the ceaterline ofchannel C(h= 178 € m) . plleeewas angyaes @\
consecutive cyclesyith 150 ms pulsedurationand an amplitude of 88 V/cm. The points
represent average experimental valoesr the 6 cycles and all particles tracKgtbbal
avergye values)while the lines are only a guide to the dgaly onetwenty- fifth of the
pointsover timeare showh
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Figure 6-15. Tracer particle displacemestaveraged over all cyclesor 44, 29 and 15
particles in a solution of PEQW, = 5x10° g mol?) dissolved in1 mM borate buffer at a
concentration ofl000 ppm, tracked respectively within 50% (A), 30% (B) and 15% (C) of
the channel width around the centerlinecbnnel Qh = 178¢ m) . anaélysis was done
over6 consecutive cyclesyith 150 ms pulselurationand an amplitude of 88 V/cm. The
points represent average experimental vabwes all cycleswhile the lines are only a guide
to the eygonly onetwenty- fifth of the pointsover timeare showh

T | . T 0.2 T T T T T T
- Width 50%
- Width 30% 1
v Width 15%
0.0 ~
£ ]
£
. Y02 -
-0.030 r %~ Width 50%
J 1 -+ Width 30%
H 0
-0.040 T T T I T T -0.4 T T T 'I W}dth 115/0
0 100 200 300 0 100 200 300
t (ms) [ (ms)
(A) (B)

Figure 6-16: Tracer particle meadisplacemens (A) and corresponding mearlocity u

(B) for TPin a solution of PEOMw = 5x10° g mof?) dissolved inl mM borate buffer at a
concentration 01000 ppm, tracked within 50%, 30% and 15% of the channel width around
the centerline ofchannel C(h= 178 & m) . plleeewas angyaes @&
consecutive cyclesyith 150 ms pulselurationand an amplitudefd8 V/cm. The points
represent average experimental valaoesr the 6 cycles and all particles tracKgtbbal
average valueswhile the lines are only a guide to the dgaly onetwenty fifth of the
pointsover timeare showh
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Figure 6-17: Tracer particle displacemestaveraged over all cycles, f@&0, 35 and 15
particlesin a solution of PEOMw = 5x10° g mol?) dissolved in1 mM borate buffer at a
concentration 02000 ppm, tracked respectively within 50% (A), 30% (B) and 15% (C) of
the channel width around the centerlinecbnnel Qh= 1 7 8 camglysis whshdene
over6 consecutive cyclesyith 150 ms pulselurationand an amplitude of 88 V/cm. The
points represent average experimental vabwes all cycleswhile the lines are only a guide
to the eygonly onetwenty- fifth of the pointsover timeare showh
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Figure 6-18: Tracer particle meadisplacemens (A) and corresponding measlocity u
(B) for TP in a solution of PEQMw = 5x10° g mof?) dissolved inl mM borate buffer at a
concentration obf 2000 ppm, tracked within 50%, 30% and 15%dhe channel width
around the centerline @hannelGh= 178 & m) . pUise was analyzedsoedd
consecutive cyclesyith 150 ms pulselurationand an amplitude of 88 V/cm. The points
represent average experimental valaoesr the 6 cycles andlgbarticles trackedglobal
average valueswhile the lines are only a guide to the dgaly onetwenty- fifth of the
pointsover timeare showh
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Figure 6-19: Tracer particle displacemestaveraged over all cycles, f@&0, 59 and 29
particlesin a solution of PEOMw = 5x10° g mol?) dissolved in1 mM borate buffer at a
concentration 08000 ppm, tracked respectively within 50% (A), 30% (B) and 15% (C) of
the dannel width around the centerlineatfannel Qh= 1 7 8 camglysis whshdene
over6 consecutive cyclesyith 150 ms pulselurationand an amplitude of 88 V/cm. The
points represent average experimental vabwes all cycleswhile the lines arenly a guide
to the eygonly onetwenty- fifth of the pointsover timeare showh
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Figure 6-20: Tracer particle meadisplacemens (A) and corresponding mearlocity u

(B) for TPin asolution of PEO Nl = 5x10° g mof?) dissolved inl mM borate buffer at a
concentration obf 3000 ppm, tracked within 50%, 30% and 15% of the channel width
around the centerline @hannelGh= 178 & m) . pUise was analyedsoesd
consecutivecycles,with 150 ms pulselurationand an amplitude of 88 V/cm. The points
represent average experimental valaoesr the 6 cycles and all particles tracKgtbbal
average valueswhile the lines are only a guide to the dgaly onetwenty- fifth of the
pointsover timeare showh
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Figure6-21: Individual tracer particle displacemesdiveragedver all cycledor particles
in a solution of PEOMw = 5x10° g mol?) dissolved inl. mM borate buffer at a concentration
of 500 ppm, under a pulsed electric fisith amplitudes of 88 V/icm (A)132 V/cm (B)
176 V/cm (C) and 220 V/cm (D)respectively. Theanalysis was done fd& consecutive
cycleswith 150 ms pulse&uraton. Particles were tracked within 30% of the channel width
around the centerline ghannelGh= 178 em). The points represe
values, while the lines are only a guide to the @ygy onetwentyfive of the pointsover
time areshowr). The number of particles tracked was 23, 17, 20 and 13, respectively for
cases from A to D.
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Figure6-22: Individual tracer particle displacemesveragedver all cycledor particles

in a solution of PEOMw = 5x10° g mol?) dissolved il mM borate buffer at a concentration

of 1000 ppm, under a pulsed electric figldh amplitudes of 88 V/cm (A)132 V/cm (B)

176 V/cm (C) and 220 V/cm (D)respectively. Theanalysiswas done fo6 consecutive

cycleswith 150 ms pulse&luration Particles were tracked within 30% of the channel width

around the centerline ghannelGh= 178 em). The points repres
values, while the lines are only a guide to the @ygy onetwentyfive of the pointsover

time are showh The number of particles tracked was 29, 26, 15 and 16, respectively for
casedrom A to D.
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Figure6-23: Individual tracer particle displacemeswveragedver all cycledor particles

in a solution of PEOMw = 5x10° g mol?) dissolved il mM borate buffer at a concentration

of 2000 ppm, under a pulsed electric figldh amplitudes of 88 V/cm (A)132 V/cm (B)

176 V/cm (C) and 220 V/cm (D)respectively. Theanalysis was done fd consecutive

cycleswith 150 ms pulse&luration Particles were tracked within 30% of the channel width

around the centerline ghannelGh= 178 em). The points represe
values, while the lines are only a guide to the @ygy onetwentyfive of the pointsover

time are showip The number of particles tracked wa5s, 50, 36 and 34espectively for

casedrom A to D.

134



Chapter6

Particleto-particle distributioranalysis

0.000

-0.010

~
g
g

~—
%)

-0.030 .

100 200

t (ms)

300

0.000

-0.060 .

@

I ! !

0000000000000000|

0

I ! I ! I
100 200 300
t (ms)

©

0.000

-0.010

(mm)

0.020

el

-0.030

-0.040

0

100 200

t (ms)

300

0.000

-0.020

(mm)

S

“.0.040

-0.060

0

100 200
1 (ms)

(D)

300

Figure6-24: Individual tracer particle displacemesaveragedver all cycledor particles
in a solution of PEOMw = 5x10° g mol?) dissolved inl. mM borate buffer at a concentration

of 3000 ppm, under a pulsed electric figldh amplitudes of 88 V/cm (A)132 V/cm (B)

176 V/cm (C) and 220 V/cm (D)respectively. Theanalysis was done fd& consecutive
cycleswith 150 ms pulse&uration Particles were tracked within 30% of the channel width

around the centerline ghannel Qh =
values, while the lines are only a geitb the eydonly onetwentyfive of the pointsover

178

em) .

The points

repres

time are showip The number of particles tracked wa8, 34, 22 and 20espectively for

casedrom A to D.
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Figure 6-25: Tracer particle meadisplacemens (A) and corresponding mearlocity u

(B) for an applied pulsdurationof 150 msandamplitudes 088, 132, 176 and 220 V/cm,

for TP in a solution of PEOMw = 5x10° g mof?) dissolved in1 mM borate buffer at a
concentration 0500 ppmPlots (C) and (D) are a zoomed view of (A) and (B), respectively,
at short timesParticles were tracked within 30% of the channel width around the centerline
ofchannel@h= 178 & m) . T h averpge éxpetinsental ealues,avkile thet lines
are only a guide to the eyenly a fractionof the pointsover timeare showih
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Figure 6-26: Tracer particle meadisplacemens (A) and corresponding mearlocity u

(B) for an applied pulsdurationof 150 msandamplitudes 088, 132, 176 and 220 V/cm,

for TP in a solution of PEOMw = 5x10° g mot?) dissolved in1 mM borate buffer at a
concentration 0£000 ppmPlots (C) and (D) are a zoomed view of (A) and (B), respectively,

at short timesParticles were tracked within 30% of the channel width around the centerline
ofchannelGh= 178 em). The points represent avera
areonly a guide to the ey@nly a fractionof the pointsover timeare showin
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Figure 6-27: Tracer particle meadisplacemens (A) and corresponding mearlocity u

(B) for an applied pulsdurationof 150 msandamplitudes 088, 132, 176 and 220 V/cm,

for TP in a solution of PEOMw = 5x10° g mof?) dissolved in1 mM borate buffer at a
concentration 02000 ppmPlots (C) and (D) are a zoomed view of (A) and (B$pectively,

at short timesParticles were tracked within 30% of the channel width around the centerline
ofchannelGh= 178 em). The points represent averag
are only a guide to the eyenly a fractionof the poins over timeare showin
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Figure 6-28: Tracer particle meadisplacemens (A) and corresponding mearlocity u

(B) for an applied pulsdurationof 150 msandamplitudes 088, 132, 176 and 220 V/cm,

for TP in a solution of PEOMw = 5x10° g mot?) dissolved in1 mM borate buffer at a
concentration 08000 ppmPlots (C) and (D) are a zoomed view of (A) and (B), respectively,

at short timesParticles were tracked within 3086 the channel width around the centerline
ofchannelGh= 178 em). The points represent avera
are only a guide to the eyenly a fractionof the pointover timeare showin
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Figure6-29: Flow regimes in the TP velocity and displacemert profiles at the channel
centerline for a viscoelastic flu{@000 ppmPEOIn 1 mM borate bufférdue to an applied
electric pulse. In regimB;, EP becomedully-developed This is followed by regim®,
where the EO component is still developing to become-tiglyelopedn regimeRs, which

is characterized by a constant velocity. RegiRestarts after the pulse ends and is
characterized by a zeEP component anflO decayng to zeroover time
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Figure6-30: Tracer particle velocity components (EO, EP and OBS=EO+EP) as a function
of the applied electric field magnitude for a pullsgationof 150 ms, irchannel Gh =178
em), using a MEid g mail) dsdolve® BIOMM borate buffer at
concentratiosof 500, 1000, 2000 and 3000 ppm. The dddhees are a guide to the eye.
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6.3.3 PEO solutionswith Mw= 8x1C° g mof?!

In this section, the PTP analysis performedfor the PEO solutionswith the higher
molecular weightMw=8x10° g mol!. Three solutions of PE@issolved in1 mM borate
bufferwereprepared at concentrati®af 500, 1000 and 1500 ppffhe main ainhere isto
assessvhether the highly variable behavior of PEQliso observetbr a highermolecular
weight and what is its effect in terms of tjlebal averagecomputedover all particles and
electric pulsecycles.The experimental settisgused hereare the sameasthose usedn
Section6.3.2 andtheresultsobtainedare presented Figs.6-31to 6-46.

Firstly, the individual TP behavids presenédin Figs.6-31, 6-32 and6-33 for the 6
analyzedpulse cyclesThe particlestracked wereall visualized using a window having a
width 0f50% of the channel width around the centerlineh@innel Cand he imposed pulse
hada magnitudehat variel from 0 to 88 V/cmUnder these conditions theneere52, 60
and 60 tracer particldsackedfor the polymerconcentrationef 500, 1000 and 1500 ppm,
respectivelyThe results show thahe PEOwith higherMy, behavedikewise the PEQvith
lower My, and theresults confirmagaina significant variability of thenobilities over all
TPs, or evenamongsuccessiv@ulsecyclesfor each particle

Figures6-34, 6-36 and 6-38 pertain toconcentratios of 500, 1000 and 1500 ppm
respectivelyand examine the influence of th@ze of thewindow of observation oPTP
analysis The PTP variability is large, as was sgeaviouslyfor the solutionsvith lower
molecular weight, butthe meandisplacement andhe meanvelocity resulting from
averaging all particles for each of the three concentrations show remarkable consistency and
independence of the window sjzes shown in Fig6-35, 6-37 and6-39. The window sizes
used, around the centerline of the channel, wes®@#f 30%and15%of the channel width
respectivelyThe number of T®in the samplingegion(50%, 30% and 15%) for thtaree
mentionedconcentrations decreakérom (52, 33, and 23 particlesd (60, 38, and 14
particles) ando (60, 42, and 18 particlesespectivelyas the window width decreasdse
displacemerst presented inFigs. 6-34, 6-36 and 6-38 correspond tahe averagecycle
(averaging of 6 cycledpr each individual TP within the sampling area, wtkigs. 6-35,
6-37 and6-39 presenthe meardisplacement and the corresponding meglocity for the
three sampling areg50%, 30% and 15%) aftgrerforming the global average over all
cycles of all particlesSincetheglobalaveragsare consistent, agairsampling area of 30%

is selected as the default size in thowing analysis,unless otherwise state8imilar

141



Chapter6 Particleto-particle distributioranalysis

behavior was observédr the influence of the polymeoncentratioras isclearlyillustrated
in Figs.6-35-(B), 6-37-(B) and6-39-(B), with the plottedvelocity decreasingignificantly
with the increase in the polymer concentrat@mmwas observed before for all other pody

solutions

Figures6-40, 6-41 and6-42 present the TP displacemdaot individual tracerparticles
using thePEO dissolvedin a 1 mM borate buffersolution at three concentratisnfor
imposedpulsed electric fieldwith amplitudes of 88, 132, 176 and 220 V/cm. The number
of tracked particle$or each of the four amplitudes were (33, 36, 36 and 25 particles), (38,
21, 29 and 39 particles) and (42, 46, 50 and 44 particles) for the tdsteepolymer
concentrations, respectiveljhese results confirmsimilar behavioras observed witthe
lower My PEO solutionagainwith a significantvariability between the tracketP, at all

electric field intensitiesested

Figures6-43, 6-44 and 6-45 present the meadisplacement rad the corresponding
meanvelocity based on the global average valaesrall cyclesandparticles, forthethree
polymerconcentrations, respectivelfxgain, a polymerconcentration effeds observed:ta
higher concentratiane.g.1500 ppmthevariation with the imposed electric field amplitude
IS monotoni¢ showing arincrease in the meattisplacement and the corresponding mean
velociteswith the intensity of the imposed electric fig¢kke Fig6-45), in contrast with the

response for the lower concentration shown in &i¢3.

Figure6-46 shows the TP velocity componentsy Ueo and Uohs=UestUep) @s function
of the imposed electric field magnituder the three testedPEO concentrations. Each
velocity componentvas measured independently and obtained fromateragevelocity
measurements illustrated in Figs43, 6-44 and6-45. As observed irfrig. 6-46, there is a
significanteffect of polymer corentration in EP and OBS velocitieshereas for the EO
velocity componenthe effectof polymer cogentrationis lessimportant Future workis
requiredto clarify the main reasofor this kind of behavioy which @uld be relatedo the

formation of a skimming layer depleted of polymesleculesnear themicrochannelalls.

In conclusionthePEOsolutions with both molecular weights tesbethavesimilarly,
with the individual tracer particles suspended exhibiting large variability of behavior as

madeclearfrom thefigurespresented
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Figure6-31: Tracer particle displacemesfor different particles (A) (I) in a solution of
PEO Mw= 8x1(P g mol?) dissolved inl mM borate buffer at a concentration of 500 ppm,
under a pulsed electric field. The imposed puisikided6 consecutive cyclesyith 150 ms
pulsedurationand an amplitude of 88 V/cm. The patrticles were tracked within 50% of the
channel width around theenterline othannel Qh= 1 7 8 Forreadons of space only 9
particles out of 5particles are showftheremaining particles show a similar behavidfe
points represent experimental values, while the lines are only a guide to tfumlgyene
twenty of the pointsover timeare showh
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Figure6-32 Tracer particle displacemesfor different particles (A) (I) in a solution of
PEO Mw = 8x10° g mol?) dissolved inl mM borate buffer at a concentration of 1000 ppm,
under a pulsed electric field. The imposed piistided6 consecutive cyclesyith 150 ms
pulsedurationand an amplitude of 88 V/cm. The particles were tracked within 50¥%eof
channel width around the centerlinecbiannel QGh= 1 7 8 Forerea3ons ofmace only 9
particles out of 6@articles are showftheremaining particles show a similar behavidfie
points represent experimental values, while the lines are ajlyde to the ey¢only one
twentyof the pointsover timeare showin
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Figure6-33: Tracer particle displacemesfor different particles (A) (I) in asolution of
PEO Mw= 8x10° g mol?) dissolved inl mM borate buffer at a concentration of 1500 ppm,
under a pulsed electric field. The imposed pistided6 consecutive cyclesyith 150 ms
pulsedurationand an amplitude of 88 V/cm. The particles were tracked within 50% of the
channel width around the centerlinecbannel Qh= 1 7 8 Forerem3ons of space only 9
particles out of 6@articles are showftheremaining particles show a similar behavide
points represent experimental values, while the lines are only a guide to tfoakyene
twentyof the pointsover timeare showin
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Figure 6-34: Tracer particle displacemestaveraged over all cycles, f&2, 33 and 23
particles in a solution of PEQW, = 8x10° g mol?) dissolved in1 mM borate buffer at a
concentration 0600 ppm, tracked respectively within 50% (A), 30% (B) and 15% (C) of
the channel width around the centegliofchannel Qh= 17 8 ¢camglysis washdene
over6 consecutive cyclesyith 150 ms pulselurationand an amplitude of 88 V/cm. The
points represent average experimental vatwes all cycleswhile the lines are only a guide
to the eygonly onetwenty-five of the pointsover timeare showin
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Figure 6-35: Tracer particle meadisplacemens (A) and corresponding mearlocity u

(B) for TP in a solution of PEQMw = 8x10° g mof?) dissolved inl mM borate buffer at a
concentration of 500 ppm, tracked within 50%, 30% and 15% of the channel width around
the centerline ofchannel C(h= 178 € m) . plleeewas angyaes @\
consecutive cyclesyith 150 ms pulsalurationand anamplitude of 88 V/cm. The points
represent average experimental valoesr the 6 cycles and all particles tracKgtbbal
average valuesyvhile the lines are only a guide to the éyealy onetwenty-two of the points

over timeare showh
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Figure 6-36. Tracer particle displacemestaveraged over all cycles, f&0, 38 and 14
particles in a solution of PEQW, = 8x10° g mol?) dissolved in1 mM borate buffer at a
concentration o000 ppm, tracked respectively within 50% (A), 30% (B) and 15% (C) of
the channel width around the centerlinecbénnel Qh= 1 7 8 camglysis washdene
over6 consecutive cyclesyith 150 ms pulselurationand an amplitude of 88 V/cm. The
points repesent average experimental valaesr all cycleswhile the lines are only a guide
to the eygonly onetwentyfive of the pointsover timeare showin
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Figure 6-37: Tracer particle meadisplacemens (A) and corresponding mearlocity u

(B) for TP in a solution of PEQMw = 8x10° g mof?) dissolved inl mM borate buffer at a
concentration of 1000 ppm, tracked within 50%, 30% and 15% of the channel width around
the centerline ofchannel C(h= 178 € m) . plleeewas angyaes @\
consecutive cyclesyith 150 ms pulsalurationand an amplitudefd8 V/cm. The points
represent average experimental valaoesr the 6 cycles and all particles tracKetbbal
average valuesyvhile the lines are only a guide to the éyaly onetwenty-two of the points

over timeare showh
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Figure 6-38. Tracer patrticle displacemestaveraged over all cycles, f@&0, 42 and 18
particles in a solution of PEQWy = 8x10° g mol?) dissolved in1 mM borate buffer at a
concentration ofl.500 ppm, tracked respectively within 50% (A), 30% (B) and 15% (C) of
the channel width around the centerlinecbnnel Qh= 1 7 8 camglysis whshdene
over6 consecutive cyclesyith 150 ms pulselurationand an amplitude of 88 V/cm. The
points repesent average experimental valoger all cycleswhile the lines are only a guide
to the eygonly onetwenty-five of the pointsover timeare showin
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Figure 6-39: Tracer particle meadisplacemens (A) and corresponding measlocity u

(B) for TP in a solution of PEQMw = 8x10° g mof?) dissolved inl mM borate buffer at a
concentration of 1500 ppm, tracked within 50%, 30% and 15% of the channel width around
the centerline ofchannel C(h= 178 € m) . plleeewas angyaes @\
consecutive cyclesyith 150 ms pulsalurationand an amplitudefd8 V/cm. The points
represent average experimental valaoesr the 6 cycles and all particles tracKetbbal
average valuesyvhile the lines are only a guide to the éyely onetwenty-two of the points

over timeare showh
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Figure6-40: Individual tracer particle displacemesaveragedver all cycledor particles

in a solution of PEOMw = 8x10° g mol?) dissolved inl. mM borate buffer at a concentration

of 500 ppm, under a pulsed electric fi@hith amplitudes of 88 V/icm (A)132 V/cm (B)

176 V/cm (C) and 220 V/cm (D)respectively. Theanalysis was done fd& consecutive

cycleswith 150 ms pulse&luration Particlesvere tracked within 30% of the channel width

around the centerline ghannelGh= 178 em). The points repres
values, while the lines are only a guide to the @ygy onetwenty-five of the pointsover

time are showh The numbe of particles tracked wa33, 36, 36 and 25espectively for

casedrom A to D.
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Figure6-41: Individual tracer particle displacemesiveragedver all cycledor particles
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in a solution of PEONw = 8x10° g mol?) dissolved inl. mM borate buffer at a concentration
of 1000 ppm, under a pulsed electric figldh amplitudes of 88 V/cm (A)132 V/cm (B)
176 V/cm (C) and 220 V/cm (D)respectively. Thenalysis was done fd& cansecutive

cycleswith 150 ms pulse&uration Particles were tracked within 30% of the channel width

around the centerline ghannel Qh =
values, while the lines are only a guide to the @ygy onetwenty-five of the pointsover

178

em) .

The points

represe

time are showh The number of particles tracked wa8, 21, 29 and 3%espectively for

casedrom A to D.
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Figure6-42: Individual tracer particle displacemeswveragedver all cycledor particles

in a solution of PEOMw = 8x10° g mol?) dissolved il mM borate buffer at a concentration

of 1500 ppm, under a pulsed electric figldh amplitudes of 88 V/cm (A)132 V/cm (B)

176 V/cm (C) and 220 V/cm (D)respectively. Theanalysis was done fd& consecutive
cycleswith 150 ms pulse&luration Particles were tracked within 30% of the channel width
around the centerline channelGh= 178 & m) . TBdntavepageiexpérimentale pr e
values, while the lines are only a guide to the @ygy onetwentyfive of the pointsover

time are showip The number of particles tracked w43, 46, 50 and 44espectively for
casedrom A to D.
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