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Abstract

Experiments on oil droplets made of silicone oil and sodium-fluorohectorite (Na-Fh) clay parti-
cles suspended in castor oil were performed. The electric field (E-field)-induced structuring of
clay particles placed inside the droplet was studied using two optical microscopes with optical
paths normal to one another. This configuration allowed for simultaneous observation of the
droplet behavior from both a front view (optical path perpendicular to E-field lines) and a side
view (optical path parallel to E-field lines). Prior to the application of the electric field, the
Na-Fh particles were randomly dispersed inside and on the surface of the silicone oil droplet.
The isotropic distribution in zero field was confirmed by adjusting the focus on the microscope
and examining the intersection between the clay particles and focus plane.

The application of direct current (DC) electric fields initiated clay particle movement inside the
drop and the formation of a ribbon pattern consisting of short particle chains oriented parallel
to the E-field direction. The ribbon formation rate displayed a linear E-field dependence and
viscous flow inside the droplet seemed to govern the particle structuring. The viscous flow in-
side the drop was briefly studied together with the phenomenon of droplet rotation appearing
at strong DC E-fields.

The clay particles behaved differently when an alternating current (AC) E-field was applied.
AC E-fields (with frequency equal to 200 Hz) produced chain patterns throughout the drop and
parallel to the E-field direction. In both the AC and DC E-field, the particle alignment was
time-dependent, and after the application of the E-fields, clay particles slowly spread out and
clustered in the bottom of the drop. Settling experiments were also performed and revealed
that the stress exerted by the surrounding castor oil on the settling silicone oil droplet was
reduced by a factor approximately equal to 1.8 when 1% Na-Fh clay particles were added.

The stability and length of oil-water droplets with smectite clay1 particles formed in an oval mi-
crofuidic T-junction and by using the cross-flow shear method have also been studied. Clay par-
ticles were found to affect the length of the formed droplets when the flow rate ratio Qd/Qc > 12,
but large variations in droplet length and measurement errors make it difficult to conclude
whether the effect is systematic or not. The variation in droplet length was generally observed
to increase when clay particles were added to the continuous phase (dist. water) and when
Qd/Qc was increased.

Surface tension measurements performed with the Du Noüy ring method revealed that the
distilled water had some impurities that may have interacted with the clay particles. The
pendant drop method was later used to perform surface tension measurement of pure dist.
water with or without clays exposed to air or oil. Adding clay particles to the water did not
change the surface tension considerably. However, droplet lengths measured at the end of the
microfluidic chip showed that clay particles might need more time to affect droplet properties.

1Laponite, bentonite and sodium fluorohectorite (Na-Fh).
2Qd and Qc are the flow rate of the dispersed (oil) and continuous phase (dist. water with or without clay),

respectively.
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5.1 Du Noüy ring method: Measured SST and density values . . . . . . . . . . . . . 66
5.2 Measured SST and IST exposed to air and hexane oil, respectively . . . . . . . . 68
5.3 Measured IST- and calculated IST-decrease-rate of pendant drop in hexane oil . 71
5.4 Flow systems and their properties . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.5 Linear fit between the scaling model and the different systems . . . . . . . . . . 78
5.6 La/D for different systems measured at the microchip T-junction and exit . . . 82

ix



x



Chapter 1

Introduction

Smectite clays are of great scientific interest because of their plethora of unique physiochemical
properties, e.g. extremely small crystal size (a few nanometers), large cation exchange capacity,
variations in surface charge and types of exchangeable ions, large and chemically active surface
area and interactions with inorganic and organic liquids (Odom, 1984). Industrial applica-
tions for clays range from petroleum-relevant areas (rheology modification, oil well-drilling and
-stability) to food and cosmetics (Velde, 1992). Clay particles are also known to change and/or
improve physical properties (i.e. mechanical strength, thermal stability, conductivity, etc.) of
the medium they are suspended in (Walls et al., 2003; Kim et al., 2008; Ratna et al., 2006).
Being abundant, inexpensive, and environment friendly, clays are by some authors recognized
as ”the materials of the 21st century”(Bergaya et al., 2006). Research and studies of liquid
suspensions of clays have increased significantly the recent years (see figure C.5). However,
understanding the complex physical phenomena in clay systems and their applications is far
from complete.

Microfluidics, dealing with devices, the behavior, precise control and manipulation of fluids
at the micrometer length scale, is an area that has received considerable attention in recent
years (Thorsen et al., 2001; Kobayashi et al., 2001; Sugiura et al., 2004; Stone et al., 2004;
Garstecki et al., 2006; Zhao and Middelberg, 2011). The force balance in microfluidic systems
is totally different from normal decimetric systems. The surface to volume ratio is much higher
(by several orders of magnitude), capillary forces dominate viscous shear forces and gravity is
usually neglected. Certain laboratories have tried to use the dominant capillary forces in a
constructive manner, and this has given rise to the microfluidics of drops, called digital mi-
crofluidics. The object of this field is to transport and transform fluid samples in a controlled
manner, not in canals, but in drops (Tabeling, 2005).

The first commercialized product produced on a large scale using microfluidic technology was
the ink jet printer head. With the technology commercially established, the path from ink jet
printer heads to highly controlled micro droplet dispensers was a short one. Instead of con-
trolling small drops on paper, plates containing wells for chemical or biological analyzes were
used. The small size of microfluidic devices has many advantages over that of normal sized
systems. Small sample volumes can quickly be analyzed at low cost, and with high resolution
and sensitivity. Short molecular diffusion distances and the capability for precise control and
manipulation of flows are other important microfluidic device characteristics.

1



Chapter 1: Introduction

Microfluidic chips produced by the millions allow for a massive number of tests and experiments
to be run in parallel. These parallel experiments save time and greatly widen the experimental
scopes. The ultimate goal is to build a large system of chips, a so-called lab on a chip, used to
detect, mix and transport biological molecules, characterize raw samples and control chemical
reactions, all with one small device. Functional microfluidic devices, such as mixers, heaters,
pumps, sensors and separators have already been developed (Stone et al., 2004), but there is
still an enormous amount of progress to be made in this domain. Chemical engineering and the
miniaturization of factories are other fields for microfluidics. Better control of endothermic- or
exothermic reactions and reduction of transport- and chemical-contamination risks are the main
advantages. The appeal of microsystems for chemical engineering has been present since 1996
and is is a field being actively explored and developed today (Ehrfeld et al., 1996; Srinivasan
et al., 1997). Much is expected from the microfluidic field in the future. In 2001 microfluidics
was declared to be one of ten technologies capable of “changing the world”(Weigl and Hedine,
2002).

Electric fields (E-fields) have the ability to induce fluid motion in liquids, and conversely,
fluid flow can give rise to an E-field (Melcher and Taylor, 1969). When affected by an E-field,
liquid drops have several responses, like deformation, rotation, coalescence or breakup. The
drop behavior is governed by a force balance between electrical forces caused by free charges in
the interior and exterior of the drop, interfacial surface tension and drag forces from induced
viscous flows. Fluid motion that can be controlled by an E-field has a wide range of appli-
cations, i.e. electro-sprays, ink-jet printing, electrohydrodynamic pumps, etc. (Salipante and
Vlahovska, 2010).

Adding smectite clays in various concentrations to droplets makes the droplet behavior more
complex and may be an interesting way to align and/or organize the clay particles and while
simultaneously controlling droplet properties. Soft displays, lab-on-a-chip for accurate chem-
ical reactions, biological processes or even boolean logic (for simple microfluidic computing)
are suggested uses for such ”smart” droplets (Niu et al., 2009). Studies of dielectric droplet
deformation can also be useful for understanding deformation of biological cells subject to E-
field. Clay particles in oil suspensions are known as electrorheological fluids (ERFs) since the
internal ordering of the clay particles often leads to dramatic changes in the rheological prop-
erties (viscosity, yield stress, shear modulus, etc.) of the suspensions (Wen et al., 2003). If an
E-field is applied and strong enough (usually 1 kV/mm), the clay particles become polarized.
The particles consequently orient in the E-field and aggregate, which results in the formation
of chain-like structures parallel to the electric field direction (Fossum et al., 2006; Wang et al.,
2009; Rozynek et al., 2010).

While pure liquid droplets affected by E-field are well documented in the literature and their
behavior mostly understood, research on E-field-controlled liquid droplets with clays is almost
nonexistent. Initial studies on E-field controlled deformation of silicone oil drops containing
laponite clay particles was recently performed by our research group member Hersvik (2010).
His experiments showed that laponite particles affected the time scale of the deformation pro-
cesses and also formed chain patterns inside the droplet. Motivated by these results, the first
part of this study examines silicone oil droplets with different smectite clay particle concentra-
tions and the behavior of droplet and clay particles in various E-fields.

2



Two phase microfluidic flows are formed when two immiscible (or partially misicble) fluids
are brought into contact in microfluidic devices. The applications for such flows are numerous,
involving reaction (Song et al., 2006), mixing (Tice et al., 2003; Wang et al., 2009), emulsions
(Kobayashi and Nakajima, 2002), biomedicine (Jakeway and de Mello, 2000) and material syn-
thesis (Wang et al., 2004; Nisisako and Torii, 2007). Manipulating and controlling droplet
size, size distribution, flow behavior and flow pattern is crucial in all these applications. These
demands are met by the microfluidic technology and monodispersed droplets formed in microflu-
idic devices. One of the most frequently used microfluidic geometries to produce monodispersed
droplets is a T-junction by using the cross-flow shear method (Thorsen et al., 2001; Tice et al.,
2003; Zheng and Ismagilov, 2005; Xu et al., 2008). This method generates droplets that are
highly monodispersed with an equal spacing between drops. In spite of the popularity of the
T-junction geometry, no cross-flow experiments containing smectite clay particles have been
performed. The smectite clay particles are expected to be surface active and thus alter the
capillary force and droplet properties in the two phase flow.

The use of clay particles is also expected to influence the stability of emulsions. Several tech-
niques for producing monodisperse emulsions have been developed in the last decade, including
shear breakage of polydisperse viscous droplets in viscoelastic complex fluids (Mason and Bi-
bette, 1997), membrane emulsification (Nakashima et al., 1991), emulsification of micro-channel
(Kawakatsu et al., 1997) and co-continuous phase flow through capillary devices (Umbanhowar
et al., 2000). A number of groups have also tried to create emulsions in microfluidic systems
(Umbanhowar et al., 2000; Sugiura et al., 2001). The experiment of Thorsen et al. (2001)
proved that interesting structures, such as intertwined droplets, can be the basis for forming
an emulsion. Emulsions are generally stabilized by the use of surfactants, but solid particles
dissolved in one phase can also stabilize emulsions (Binks, 2002). This is known as pickering
emulsion. The solid particles adsorbs at the interface of the two liquids, thereby creating a
physical barrier that hinders coalescence. Clay minerals are known to produce very stable pick-
ering emulsions (Binks, 2002; Ashby and Binks, 2000). Experimenting with clay particles and
pickering emulsion in microfluidic geometries constitutes a departure point for the development
of systems that may, in the future, allow for the creation of ”tailor-made” emulsions. (Tabeling,
2005)

Formations of water-oil emulsions in porous media in oil reservoirs is a common phenomenon
in the oil extraction industry. Pumping water down to the porous media produces a two phase
flow involving complex dynamics of coalescence and breaking up of droplets, resulting in a wide
distribution of droplet sizes. The oil-water interfaces are difficult to stabilize and separate, and
the difficulties result in residual oil in the pores and increased extracting expenses (Kokal, 2005;
Raikar et al., 2009). Pumping water with clay particles in it through oil in porous media re-
sembles the stirring of oil-water mixtures, and could produce a kind of pickering emulsion that
would stabilize the oil-water interfaces. Depending on the solubility of the particles, an oil-in-
water emulsion can be transformed into a water-in-oil emulsion depending on whether the solid
particles are hydrophobic or hydrophilic (Yan et al., 2001). The relative effect of viscous forces
to interfacial tension forces is given by the Capillary number (Ca), an important parameter in
microfluidics: Ca = µu/σ, where µ is the dynamic viscosity, u is the characteristic velocity of
the injected fluid and σ is the interfacial tension between the two fluids. Literature data show

3



Chapter 1: Introduction

that the percentage of oil recovery in porous media, considering the residual oil saturation, is
essentially zero when the capillary number is less than 10−6 and essentially 100% when higher
than 10−3 (Baviere, 1991). Thus, if we could increase the number of capillary action in three or
four orders of magnitude, we could also achieve a recovery of almost 100% of oil in the swept
area.

There are many mechanisms for emulsion formation in porous media. One mechanism is ex-
ternal pumped water pressing oil out of pores and into the water flow. This two phased flow is
well-modeled by the flow in microchannels meeting at a T-junction. Campos (2011) studied the
flow of different oil-water systems, their properties and their behavior in an oval microfluidic
T-junction by using the cross-flow shear method. His experiments showed that fluid param-
eters like viscosity, flow rates and interfacial tension all affected the formed droplet lengths.
Using this as a starting point, the second part of this study examines two phase oil-water flows
with smectite clay particles and how the clay particles affect the stability and length of formed
droplets in a microfluidic T-junction.

The layout of this thesis report is as follows. Firstly, the thesis report introduces fundamental
theory, models and relevant work from literature in chapter 2. The experimental set ups and
methods are then explained in chapter 3 and 4, respectively. In chapter 5, the experimental
results are presented and discussed in detail. As mentioned earlier, the study is divided in
two main works with experiments investigating (1) oil droplet and clay behavior in applied
E-fields, and (2) oil-water two phase flow with clay particles. The two works will be described,
presented and discussed in sequence in each of the previously mentioned chapters starting with
(1). Finally, conclusions, suggestions for further work and a summary of the main results are
presented in chapter 6.

4



Chapter 2

Theory

Some basic theory and concepts are necessary to understand and describe the later experimental
results. These topics include, among others; clay and its properties, electrorheology, surface
tension, wetting, surfactants, mechanism for droplet creation in T-junctions and some models.
Important previous results and work found in the literature will also be presented and utilized.

2.1 Smectite clays and their properties

Smectite clays are of great scientific interest because of their unique and varied physiochemical
properties like extremely small crystal size, variations in internal chemical composition, struc-
tural characteristics caused by chemical factors, large cation exchange capacity, large surface
area that is chemically active, variations in types of exchangeable ions and surface charge, and
interactions with inorganic and organic liquids (Odom, 1984). The most relevant properties for
this work will be described in more detail in this section.

Smectite clays are build up by layers of negatively charged oxygen atoms together with different
types of positively charged cations placed in fixed and specific positions. A two-dimensional
schematic diagram of the structure is presented in figure 2.1. Oxygen and Silicon atoms (and
sometimes A3+ and Fe3+) together form tetrahedral sheets (layer 1 and 3 in figure 2.1) with
the tetrahedral apexes pointing toward each other. Between the two tetrahedral layers there
is a octahedral sheet that may contain cations like Al3+, Fe3+, Fe2+ Mg2+ or Li+. Smectite
structures are classified as 2:1 phyllosilicates based on the presence of the two tetrahedral sheets
and the one octahedral sheet (Odom, 1984).

An interlayer consisting of loosely held hydrated cations separates the smectite structural units
(layer 1-3). The presence of these cations is necessary to balance the negatively charged struc-
ture caused by internal substitution of ions in the tetrahedral and octahedral sheet. Interlayer
surface and cation hydration between smectite structural units is a unique property of smectite
clays (Odom, 1984). Type and location of cations in the tetrahedral and octahedral framework
distinguish different clays in the smectite group. The charge on the smectite layers is interme-
diate and varies from 0.4 to 1.2 e−1 per unit cell (Si8O20) (Beson et al., 1974). Fluorohectorite,
montmorillonite (bentonite) and laponite are the most relevant silicate clay members for our
experiments. Some of their physical properties are summarized in table 2.1.
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Table 2.1: Physical properties of laponite, montmorillonite and fluorohec-
torite. CEC is the cation exchange capacity, BET is the particle surface area
calculated with BET theory and ρ is the particle charge density. The table
is adapted from (Kaviratna et al., 1996).

Clay Part. size (Å) CEC (meq/100 g) BET (m2g−1) ρ (e−1/u. cell)

Laponite 200 48 300 0.4
Montmorillonite 2000 90 80 0.6
Fluorohectorite 20 000 122 3 1.2

Figure 2.1: Two dimensional shematic diagram of the smectite clay structure.
The figure is adapted from (Odom, 1984).
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Bentonite is an absorbent aluminum phyllosilicate. It is an impure clay consisting mostly
of montmorillonite which has its structural charge originating from substitution of Mg2+ for
A13+ in the octahedral sheet. Both fluorohectorite and laponite are synthetic hectorites and
display two extremes in particle charge and layer size within the smectite group. Fluorohec-
torite (Fh) has the biggest layer charge per unit cell (1.2 e−1) of the three listed clay types.
It’s layer charge results from the substitution of Li+ for Mg2+ in the octahedral sheet. Flu-
orohectorites differ from natural hectorites in that the OH groups have been replaced by F.
Laponite has its charge from the same ion substitution as Fh, but as opposed to fluorohec-
torite, none of the OH groups have been replaced by F. Alkaline earth ions like Ca and Mg
and/or the alkali metal Na are typical hydrated cations in the interlayer used to balance the
negative surface charge. Sodium fluorohectorite (Na-Fh) has the nominal chemical formula
Na0.6[(Mg2.4Li0.6)Si4O10F2] per half unit cell (da Silva et al., 2002), while the chemical formula
for laponite is Na0.7[(Mg5.5Li0.3)Si8O20(OH)4] per unit cell (Ashby and Binks, 2000).

In dry form, clay can be seen as small grains (figure 2.2 a) made of crystalline platelets (figure
2.2 b). For some clays, like Na-Fh, the stack of platelets can be quite thick compared to their
diameter. Na-Fh clay contains 80 - 150 platelets on average with thickness in the 30 - 150
nm range, while the diameter varies from around 100 nm - 20 µm (DiMasi et al., 2001). The
polydispersity in particle size allows Na-Fh suspensions to be sort by size, which may result in
layers of gels, sols and/or sediments. The thickness of the platelet stack makes the clays stiff
and rigid against transverse layer distortion. Scanning electron microscopy (SEM) pictures of
Na-Fh clay are presented in figure 2.3. The SEM pictures display the high particle aggregate
polydispersity in terms of both size and shape. In the right picture (figure 2.3), it is even
possible to see an individual particle consisting of a multi-layer stacking of silicate sheets.

Each platelet is made of unit cells (figure 2.2 d) repeated in two directions, resulting in a disc
shape (figure 2.2 c). The height of each unit cell is approximately 1 nm. It has been estimated
that a typical laponite crystal (platelet) contains up to 2000 of these unit cells (Rockwood,
2010). For laponite dispersed in water, the disc shaped platelet diameter is approximately 30
nm (Ashby and Binks, 2000).

As mentioned earlier, clays have the ability to absorb water and organic compounds in the
interlayers between the platelets. This ability makes clays attractive and important within the
context of ”nanosandwiches” as a basis for nanotechnologies (Oriakhi, 1998). The distance
between the platelets and thereby the volume of the clay particles increase when water is inter-
calated between the platelets. The arrangements and number of water molecules intercalated
between the platelets can be controlled by temperature and relative humidity (da Silva et al.,
2002, 2003). For Na-Fh there can only exist three stable hydration states, with zero, one or two
intercalated water layers. Na-Fh clay in solution does not have the ability to hydrate further or
exfoliate. The large layer charge of Na-Fh may be the cause that prevents further separation
of the platelets.

As distinct from Na-Fh, laponite platelets do not remain in stacks when dispersed in wa-
ter. The sodium ions in the interlayer hydrate, the structure swells and the plates separate,
resulting in nanometer thick platelets. This distinct ”nano-size” allows laponite to form clear
gels and films. Addition of polar compounds like salt and surfactants to the laponite disper-
sion will reduce the osmotic pressure holding the sodium ions away from the particle surface.
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Figure 2.2: Smectite clay from (a) macro scale grains to (d) nano scale atom
structure.

This allows the weaker positive charge on the edge of the crystals to interact with the negative
surfaces of adjacent crystals (Rockwood, 2010).
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Figure 2.3: SEM images of Na-Fh clay particles with magnifications of 1000
(left) and 10 000 (right), respectively. Images and caption from (Rozynek
et al., 2010).

2.2 Dielectric sphere in electric field

Some of the experiments presented later in this thesis report involve studies of silicone oil
droplets with clay particles placed in electrical fields (E-fields). We start by calculating the
resulting E-field for a solid dielectric sphere embedded in a dielectric medium with a homo-
geneous E-field applied. A solid dielectric sphere is a simplified model of the droplet and a
good starting point to understand the physics behind the experiments. The derivation mainly
follows (Griffiths, 1999). In the static case, the potential is related the the applied E-field as:

~E = −∇V. (2.1)

Gauss’s law relates the distribution of electric charge to the resulting electric field:

∇ · ~E =
ρ

ε0
, (2.2)

where ρ is the charge density and ε0 is the vacuum permitivity. With no free charges on the
surface of the sphere and by operating with ∇ on the combination of equation 2.1 and 2.2, we
get:

∇2V = 0. (2.3)

The boundary conditions for a sphere made of homogeneous linear dielectric material and with
radius a are given by:

Vin = Vout, for r = a, (2.4)

εin
∂Vin
∂r

= εout
∂Vout
∂r

, for r = a, (2.5)

Vout → −E0 r cosθ, for r � a, (2.6)
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where E0 is the applied uniform electric field, r is the distance from the center of the sphere and
θ is the angle from the direction of the electric field through the center of the sphere. εin is the
permittivity inside the sphere, while εout is the permittivity of the surrounding material. The
solution of eq. 2.3 with the boundary conditions is derived in appendix A. With εr = εin/εout
and r cosθ = z, the field inside the sphere is:

E =
3E0

εr + 2
, (2.7)

which shows that the E-field inside the sphere is uniform. The electric field inside and outside
the sphere is illustrated in figure 2.4. From appendix A, the potential outside the sphere is:

Figure 2.4: Electric field inside and outside a dielectric sphere when a ho-
mogeneous uniform electric field E0 is applied. Illustration from Griffiths
(1999).
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V =
B1cosθ

r2
, (2.8)

while the potential of a general dipole field is:

V =
p cosθ

4πε0r2
. (2.9)

Using the expression for B1 (eq. A.18) and combining eq. 2.8 and 2.9, the total dipole moment
is given by:

~p = 4πε0
εin − εout
εin + 2εout

a3 ~E0. (2.10)

Like the E-field, the polarization ~P inside the sphere is constant. The total dipole is equal to
the volume integral of the polarization ~P which is expressed by:

~P =
p

4
3
πa3

= 3ε0
εin − εout
εin + 2εout

~E0. (2.11)

Since ~P is parallel to ~E0, the polarization charge on the surface of the sphere can be expressed
as:

qσ = ~P · n̂ = P cosθ, (2.12)

where n̂ is the unit vector normal to the sphere surface and ~P is given by eq. 2.11. We see
that the sphere is a dipole since positive surface charges are induced on one pole (side) of the
sphere while negative surface charges are induced on the other pole.
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2.3 The perfect dielectric model

In a study of aerosol droplet distortion, Konski and Tacher Jr. (1953) developed a model for
droplet deformation in a constant electric field . The deformation of insulated droplets was
described by minimizing the sum of surface energy and electric potential energy of the droplet
ellipsoid. By balancing interfacial surface tension and electrical forces, Allan and Mason (1962)
described the same deformation. The applied E-field acts on the polarized surface charges
(given in eq. 2.12) and deforms the droplet by stretching it along the E-field direction. For
small deformations of conducting drops in a dielectric medium, both methods predict:

D =
9

16

aεoutε0E
2
∞

σ
, (2.13)

where D is the deformation of the drop, a is the droplet radius, εout is the relative permittivity
of the surrounding fluids, ε0 the vacuum permittivity, E∞ is the applied field strength and σ is
the interfacial surface tension. The droplet deformation is defined as:

D =
d‖ − d⊥
d‖ + d⊥

, (2.14)

where d‖ is the length or diameter of the drop in the direction parallel to the electric field and
d⊥ is the diameter in the direction perpendicular to the electric field. A droplet with D > 0
(d‖ > d⊥) has a prolate shape, while a droplet with D < 0 (d‖ < d⊥) is defined as an oblate
drop. For a conducting droplet in equilibrium, the pressure inside and outside the drop is uni-
form. The electric stresses on the droplet are balanced by the interfacial tension at the droplet
surface. The applied E-field induces a dipole proportional to cos θ, where θ is the angle from
the direction of the E-field. An E-field normal to the droplet surface will thus create stress that
varies as cos2θ which will stretch the droplet along the direction of the applied field, resulting
in a prolate deformation.

For a dielectric drop with a dielectric medium outside, the deformation is more complicated
than eq. 2.13:

D =
9

16

aεoutε0E
2
∞

σ

(εin − εin)2

(εin + 2εin)2
. (2.15)

As seen in eq. 2.12, the induced dipole charges are proportional to cos θ. The applied E-
field will pull the charges at each droplet pole in opposite directions, resulting in a prolate
deformation. For both a conductive and dielectric droplet, the deformation is proportional
to E2. A reversal of the E-field will therefore give the same prolate deformation. However,
Allan and Mason (1962) observed oblate deformations for dielectric droplets which cannot be
predicted by the perfect dielectric model. The surrounding carrying fluid could no longer be
viewed as an insulator. Based on this, the leaky dielectric model was developed.
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2.4 The leaky dielectric model

Taylor (1966) realized that no matter how small the conductivity of the surrounding liquid,
charges will always be able to reach the drop interface, i.e., the fluids are not perfect dielectrics
as assumed before. He discovered that electric stress caused by the free mobile charges built up
at the drop interface had to be balanced by variable pressure difference between the inside and
outside of the drop. The fluids are dragged into motion and viscous flows inside and outside
of the drop create the needed pressure difference. The electrostatic approximation can safely
be utilized in this model since the characteristic time for electric processes, tC ≡ ε/σ, is much
greater than the typical time for magnetic processes, tM ≡ µσl2 (Saville, 1997).

Taylor based his model on the assumption that the potential in and outside the droplet can
be approximated by the potential in and outside a static conducting sphere submerged in a
conducting fluid. The assumption is fair since the electric charge conduction is relative fast
compared to the fluid motion that convects charge. In most cases, the effects of charge convec-
tion are likely to be negligible. The potential inside Vin and outside Vout is given by (Taylor,
1966):

Vin =
3

2 +R
E0r cos θ, (2.16)

Vout = (r +
1−R
2 +R

a3

r2
)E0cos θ, (2.17)

where R ≡ σin/σout is the ratio of conductivity between the fluid inside and outside the drop.
The fluids are assumed to exhibit ohmic resistance. The resulting electrical field therefore ex-
hibits a similar shape as the dielectric sphere illustrated in fig. 2.4. Compared to the dielectric
sphere potentials (eq. A.19 and A.20), the potentials for the leaky dielectric model are quite
similar.

The component of the electric field tangential to the drop interface must be continuous across
the boundary. The electrical stress caused by the applied E-field acts both normally and tan-
gentially at the interface, while the surface tension only acts normally to the drop surface.
Taylor therefore found viscous flows necessary to balance the tangential component of the elec-
tric stress. Viscosity in the fluid flow produces a drag in the opposite direction which becomes
the balancing force along the surface. Taylor developed a discrimination function that predicts
whether the deformation will be prolate or oblate (Taylor, 1966):

φ(S,R, λ) = S(R2 + 1)− 2 + 3(SR− 1)(
2λ+ 3

5λ+ 5
), (2.18)

where S ≡ εout/εin is the permittivity ratio, λ ≡ µin/µout is the viscosity ratio, R the con-
ductivity ratio σin/σout and the subscripts in and out denote the values for the fluid inside
and outside the drop, respectively. Prolate deformation is predicted when φ > 1, and oblate
deformation when φ < 1. Understanding that both a difference in relative permittivity εi and
conductivity σi over the drop boundary contribute to shape deformation, the combined effect
on drop deformation D is summarized by the following equation (Salipante and Vlahovska,
2010):
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D =
9

16

aεoutE
2

γS(2 +R)2
× φ, (2.19)

where φ is given in eq. 2.18. From the equations above one realizes that the drop response
depends on the mismatch of fluid properties between the interior and exterior drop fluid, rep-
resented by R, S and λ. The conduction response of a fluid is given by:

SR =
tc,out
tc,in

, where tc,in =
εin
σin

tc,out =
εout
σout

. (2.20)

The charge relaxation time tc measures how fast charges are supplied to restore equilibrium.
Let us look at the buildup of surface charge on the drop. Firstly, assume that the system (fluid
inside and outside drop) has no net charge (E0 = 0, i.e. everything is electrically neutral). If
the conductivity inside the drop is higher than the surrounding fluid outside (tc,out > tc,in and
SR > 1), applying an E-field will allow charges inside the drop to reach the interface faster
than the charges in the surrounding fluid. The interface charge distribution is then dominated
by charges brought from the interior fluid. This result in a dipole moment aligned with the
E-field and a reduced E-field inside the drop. The charges at the drop poles are thus attracted
toward the electrodes and the drop is pulled in a prolate shape.

In the opposite case, if the conductivity inside the drop is lower than that of the surrounding
phase (tc,out < tc,in and SR < 1), the charging of the interface is dominated by charges from
the fluid outside the drop. The E-field inside the drop is then enhanced and the drop dipole is
reversed and oriented opposite to the applied E-field direction. Either oblate or prolate defor-
mation is possible in this charge configuration. The two charge configurations are illustrated
in figure 2.5.

Figure 2.5: Surface charge distribution and direction of surface electric trac-
tions for a drop with (a) SR < 1 and (b) SR > 1. Picture and caption from
(Salipante and Vlahovska, 2010).

The fluid flow along the drop surface has a direction from the drop pole to equator when SR <
1 and the other way around when SR > 1 (Taylor, 1966). However, deformation does not need
to correlate with the flow direction. The viscosity ratio is also observed to have a small effect
on the discrimination function (eq. 2.18) as well (Salipante and Vlahovska, 2010). Figure 2.6
displays the viscous flow and direction in more detail when the charge relaxation time tc is
largest inside the droplet.
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Figure 2.6: Streamlines of viscous flow in dielectric drop when SR < 1. The
density of fieldlines indicates flow speed. Parallel electrodes run at the sides
of the figure creating a uniform electric field indicated by E. Free surface
charge accumulation that induce the fluid flow is indicated with + and - signs
around the drop surface. Illustration adapted from (Taylor, 1966).

Taylor’s leaky dielectric model has been supported by experimental photographs taken by McE-
wan and de Jong presented in Taylor (1966), and the model is in qualitative agreement with
nine of the thirteen cases studied by Allan and Mason (1962). Studies by Torza et al. (1971)
showed qualitative agreement with experiments as well, but the results were not consistent
with the quantitative aspects of the theory. As predicted, the deformation was proportional to
aE2
∞, but the proportionality factor exceeded the theoretical value in almost all cases. Later,

corrections of the leaky dielectric model were developed due to charge convection (Feng, 1999),
corrections for larger deformations (Saville, 1997; Baygents et al., 1998) and due to corrections
for small conductivities (Zholkovskij et al., 2002), among other reasons.

The leaky dielectric model seems to be accurate for small deformations, but it does not fully
capture all phenomena observed in experiments. Nonaxisymmetric drop shapes have been dis-
covered (Krause and Chandratreya, 1998; Ha and Yang, 2000; Sato et al., 2006) where the drop
major axis is tilted with respect to the E-field and the fluids undergo rotational flow. This
is found only for drops satisfying SR < 1 and above a threshold E-field. The observations
resemble the Quincke rotation (Quincke, 1896) of a rigid sphere which will be described in the
next section.
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2.5 Quincke rotation

The spinning of a rigid sphere in a uniform E-field has been known since Quincke (1896)
first developed the theory in 1896. For rotation to occur, the induced dipole moment of the
sphere has to be oriented opposite to the direction of the applied field (see figure 2.7). As we
remember, this is the case when the exterior fluid has a larger conductivity than the interior
fluid, i.e. SR > 1. This configuration becomes unstable above a critical E-field strength EQ
and a small perturbation is enough to displace the dipole which and make the E-field rotate the
sphere. The rotational axis is always perpendicular to ~E. As the sphere and its induced surface
charge rotate, the exterior fluid recharges the interface. The balance between the electric and
hydrodynamic torque gives the rotation rate w (Salipante and Vlahovska, 2010):

w = ± 1

tmw

√
E2

0

E2
Q

− 1, (2.21)

where

tmw =
εin + 2εout
σin + 2σout

(2.22)

and

E2
Q =

2σoutµout(R + 2)2

3εoutεin(1− SR)
. (2.23)

The charge distribution is given by:

Q = εoutE0
SR− 1

S(R + 2)
√

1 + t2mvw
2
cos(ϕ+ β), (2.24)

where

β = arctan(
1

tmww
) = arctan[(

E2
0

E2
Q

− 1)−1/2] (2.25)

is the dipole ”tilt” angle (see figure 2.7). The equation above shows that β increases with an
increasing E-field strength E0. By examining eq. 2.21, one sees that a rotation is only possible
when the electric field E0 exceeds a critical value given by EQ.

A droplet cannot be assumed similar to a rigid sphere. As we know, a droplet in a uniform
E-field will deform at any field strength. Below the critical field for drop electrorotation Ec,
the deformation will be symmetric and can be described by the leaky dielectric model. The
flow inside and around the drop gets more complicated when E0 > Ec and the drop starts to
rotate. As the drop rotates, the fluids will be dragged with the drop and acquire a rotational
component. The charge convection is affected by the straining flow, and the critical field for
drop electrorotation Ec, is different from the critical field for the Quincke rotation EQ.
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Figure 2.7: Charge distribution in unstable equilibrium for a sphere with
SR < 1. Above a critical field strength, constant rotation around an axis
perpendicular to the electric field is induced by the misaligned dipole moment
of the particle (right). The rotation can be either clock- or counterclockwise.
Illustration and caption from (Salipante and Vlahovska, 2010).

2.6 Electrorheology

In the previous sections we have examined how a uniform E-field affects a droplet by deforming
and rotating it. The next step is to introduce smectite clay particles and investigate how they
behave in an applied E-field. We will look at smectite clay particles suspended in silicone oil.
Such suspensions are known as electrorheological fluids (ERFs). ERFs are complex fluids that
solidify or become very viscous when submitted to an applied electric field. When an external
E-field is applied and strong enough (usualy 1 kV/mm), the clay particles become polarized.
This phenomenon of polarization has been known since Winslow (1947) first discovered it in
1947. The particles consequently orient in the field and aggregate, which results in the forma-
tion of a chain-like structure parallel to the electric field direction (Fossum et al., 2006; Wang
et al., 2009; Rozynek et al., 2010). The structuring occurs within seconds, and disappears al-
most instantly when the field is removed. A microscopic image of the induced chain formation
is displayed in figure 2.8.

The internal ordering of the clay particles often leads to dramatic changes in the rheoolog-
ical properties (viscosity, yield stress, shear modulus, etc.) of the suspensions (Wen et al.,
2003). Fossum et al. (2006) investigated silicone oil suspensions with smectite clay particles
placed between two copper electrodes. They observed chains parallel to the applied E-field and
found a critical electric field necessary to trigger the electrorheological behavior to be Ec ∼
400 V/mm. X-ray studies were also performed during, which they noticed a change in particle
platelet separation and where they revealed that the particles align along silica sheets. This
former result may indicate that intercalated ions and water molecules play a role in the elec-
tric polarization. Using wide angle x-ray (WAX) scattering techniques, Rozynek et al. (2010)
observed that the particle orientation occurs very fast with respect to chain formation and
aggregation. They also found that the time needed to create columns of aggregated particles
decreases as the electric field increases.
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Figure 2.8: Microscope image of electrorheological chain formation in oil
suspension of smectite clay particles caused by an applied E-field. Picture
from (Fossum et al., 2006).

2.7 Surface tension

How can a razor blade rest on the water surface even when it has a density larger than water?
Or why is the water surface in a glass filled completely with water spherical-shaped and above
the brink when one instead expects the water to overflow at that point? The answer is a special
force on the boundary surface between fluids, namely, the surface tension. Liquids consist of
molecules, each of which is surrounded by other molecules with a distance close to the molecule
diameter (Lien and Løvhøiden, 2001). Strong, short-ranged and attractive cohesive forces (van
Der Waals forces) act between the molecules. The intermolecular forces are illustrated in figure
2.9 a). To remove a molecule from the other molecules, work against these forces has to occur.
In the bulk of a liquid (with distance to the surface), the force of cohesion between the molecules
is the same in all directions. This is not the case for molecules on the surface. These molecules
experience a net force of attraction that pulls them back into the body of the liquid. This is
due to the fact that there are more molecules below than above and outside the surface.
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Because each of the molecules inside the liquid is bound by the other molecules, these molecules
possess a (negative) potential energy. The potential energy increases when one tries to move
the molecule outside the liquid, so molecules on the surface have higher potential energy than
molecules in the bulk of the liquid. Every system seeks the state with the lowest potential
energy. To achieve this, the liquid tries to take the shape that has the biggest possible surface
area/volume ratio, namely, the shape of a sphere.

In equilibrium, the surface area of a fluid volume reaches its minimum value. To increase
the surface area, work against the molecule forces has to be performed. The surface tension γ
is defined as the work per unit required to increase the surface:

γ =
dW

dA
. (2.26)

This is under the assumption that the temperature is held constant during the work. γ could
also be defined as the surface energy of the liquid. Surface tension is typically measured in
J/m2 or N/m.

Imagine a spherical oil drop with radius R surrounded by water. These two fluids are im-
miscible and the hydrostatic pressure in water pw and oil po are different. The surface tension
of the oil drop will minimize the surface area by exerting an inward force on the drop. To
prevent the oil drop to collapse, pw must be lower than po. We want to find the relationship
between the pressures and the surface tension γ. The surface area of the oil drop is A = 4πR2.
The force on the oil/water surface due to the pressure difference is then:

F = (po − pw)A = (po − pw)4πR2. (2.27)

This force is balanced by the surface tension force. If the drop radius increase with an infinites-
imal length dR, the surface area of the drop will increase with dA = 8πRdR. The pressure
forces will then exert work against this expansion given by;

dW = FdR = (po − pw)4πR2. (2.28)

By using equation 2.26 we get:

γ =
dW

dA
=

(po − pw)4πR2

8πRdR
=

(po − pw)R

2
(2.29)

Arriving at this equation we assumed a spherical shape. A more general curved shape can be
described with two radius of curvature R1 and R2. The pressure difference between the two
sides of the interface can then be expressed with the Laplace equation:

pc = ∆p = γ(
1

R1

+
1

R2

). (2.30)

The pressure pc is known as the capillary pressure. The derivation of the equations followed
Lien and Løvhøiden (2001).
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2.8 Wetting and contact angle

Liquids on a surface will act differently depending on their wettabilities. For instance, an oil
and a water drop placed on a horizontal glass plate will not spread equally. The oil drop tends
to avoid contact with the glass by contracting, while the water drop ”likes” to have more con-
tact and greases itself on the surface. In this sense, water is a wetting liquid regarding glass
surface, while the oil is non-wetting. The contact angle is the angle between the tangent to
the drop’s profile and the surface at the intersection of the solid, liquid or vapor. This angle
is used to define and compare the liquid wettabilities on different surfaces. A liquid is wet-
ting if the contact angle is below 90◦ and non-wetting if it is above 90◦ (Lien and Løvhøiden,
2001). The contact angle for a wetting and non wetting liquid is displayed in figure 2.9 b) and c).

Figure 2.9: Illustration of a) the intermolecular forces in a liquid, b) the
contact angle of a non-wetting liquid and c) the contact angle of a wetting
liquid. Illustrations from Attension.
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2.9 Surfactants

A surfactant is an amphiphilic molecule consisting of a hydrophilic and a hydrophobic part. For
most surfactants, the hydrophilic part is an ion forming the ”polar head”, while the hydrophobic
tail is formed by one (or several) aliphatic chains CH3(CH2)n. The aliphatic chains try to force
water molecules to organize themselves in a entropically unfavorable way. The hydrophobic tail
of the surfactant will therefore try to avoid water, while the polar head tries to stay in contact
with water (see figure 2.10 A).

Figure 2.10: Illustration of A) an amphiphilic molecule with a hydrophilic and
a hydrophobic part, B) surface active molecules and C) a spherical micelle.
The illustrations are adapted from Attension.

By adding a water-soluble surfactant to an aqueous environment, the interfacial tension of the
system can be significantly reduced. The hydrophilic head will stay in the water, while the
hydrophobic tail of the surfactant stays out of the water at the surface (illustrated in figure
2.10 B). One may think that the surfactant is found primarily at the interfaces, but thermal
agitation tends to homogenize the surfactant concentrations and prevent zero bulk concentra-
tion. When the surfactant concentration is high enough, the system forms micelles, aggregates
typically made up of several hundred surfactant molecules. The structure is formed due to its
energetic advantage: the aliphatic tails are protected from the aqueous environment, while only
the polar heads are exposed to water (figure 2.10 C).

CMC is the critical micellar concentration. For surfactant concentrations Cs below the CMC,
molecules are individually present in the bulk, while for Cs above the CMC, micelles are formed
and are in equilibrium with both molecules in the solution and at the interface. The typical
influence of a surfactant on the interfacial tension is displayed in figure 2.11. As the surfactant
concentration increases, the interfacial tension decreases. This is due to the covering of the
interface by a larger number of amphiphilic molecules. This trend continues until the surface
is saturated when CS = Csat. The interfacial tension continues to decrease after this, but much
more slowly. When the concentration reaches CMC, the interfacial tension saturates at its
lowest level. An increase of surfactant concentration will only increase the number of micelles
and will not alter the energy of the system.
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Adding surfactants will also affect the contact angle. By adding the right type and suffi-
cient amount of surfactant, a system might go from a partial wetting regime to a total wetting
regime (as showed in figure 2.9 b and c). For the water-oil system, adding a surfactant con-
siderably diminishes the water/oil γWO and solid/oil γSO interfacial tensions. The solid/water
γSW interfacial tension will also decrease, but proportionally less if the used surfactant is less
soluble in water. Increasing the surfactant concentration will then decrease the contact angle
between the solid and liquid towards zero and detachment. This and other effects are exploited
by laundry detergents for washing clothes. Stains adsorbed onto clothings are transformed to
drops and detached by detergents and hydrodynamic currents of the washing machine.

Figure 2.11: A typical graph displaying surface tension (γ) versus log of
surfactant concentration added (Cs). The graph shows three phases: 1) at
very low Cs, only a slight change in γ is detected. 2) Adding more surfactant
decreases γ till 3) surface becomes fully loaded and there is no further change
in γ. Graph and captions are adapted from Attension.

When a liquid-liquid system like water-oil is miniaturized, a scaling effect tends to reduce the
action of surfactants. Let us look at such a system with a given surfactant concentration C0. We
assume that the surfactant is only found in the water phase (insoluble in oil). The surfactant
concentration is given by:

C0 = CV + CS
S

V
, (2.31)

where CV and CS are the bulk and surface surfactant concentrations, respectively, S is the
surface area exposed to water, and V is the water volume. We then have, by order of magnitude;
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CS ≈ l(C0 − CV ), (2.32)

where l is the scale of the system. This relation implies:

CS < lC0. (2.33)

We see that by decreasing the scale at a fixed C0, the surfactant surface concentration CS tends
to diminish. The number of surfactant molecules at the interface is less and less, and their
action is thus reduced. This effect is not negligible since miniaturization can reduce l by several
orders of magnitude (Tabeling, 2005).

2.10 Emulsions

An emulsion is a dispersion of droplets of one liquid (dispersed phase) in another liquid (con-
tinuous phase). A mixture of oil droplets in water is known as an oil-in-water emulsion (e.g.
milk), while the opposite is a water-in-oil emulsion (butter). For small droplets to form, weak
interfacial tensions are necessary. This is because capillary effects favor large drops and will
destabilize the emulsion by causing droplets to coalesce. Emulsions are generally stabilized
by the use of surfactants. The emulsions can be distinguished by the size of the droplets:
emulsion systems with droplets larger than a micrometer are called macro-emulsions, while
micro-emulsions are made from submicrometric micelles. Macro-emulsions are in a metastable
state since phase separation (for example milk to cream) is energetically favorable. Because
micelles do not gain energy by coalescing, micro-emulsions are stable (Tabeling, 2005).

Solid particles dissolved in one phase can also stabilize emulsions (Binks, 2002). This is known
as pickering emulsion. The solid particles adsorbs at the oil water interface, thereby creating
a physical barrier that hinders coalescence. Clay minerals are known to produce very stable
pickering emulsions (Binks, 2002; Ashby and Binks, 2000). The droplets have to be covered by
at least one mono layer of clay, otherwise they coalesce (Yan and Masliyah, 1994).
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2.11 Flow in oil reservoirs

To extract oil and gas from oil reservoirs in an efficient manner, a basic understanding of the
dynamic liquid flow is crucial. In these reservoirs, oil and gas are stored in small pores with
diameters ranging from 10 to 100 µm. The volume flow qV through a surface A in such a porous
medium is expressed with Darcy’s equation

qV = −k · A∆p

η
, (2.34)

where k is the permeability of the rock type, ∆p is the pressure difference in the flow direction
and η is the viscosity coefficient. This equation describes the average flow through pores with
different sizes. The equation is only valid for one phase flow. For two immiscible fluids flowing
through the pores at the same time, like water and oil, the equation has to be adjusted. The
water tends to wet the pore walls, while the oil stays away in the middle. Capillary pressure
occurs due to surface tension forces, and the presence of one fluid will affect the other. The
relative permeability kr is an empirical function describing how well a liquid is flowing in pores
with the presence of another liquid as compared to the flow if it was alone. Darcy’s equation
for oil and water is then:

qi = −k · kri · A∆p

ηi
, (2.35)

where i = 1,2 for water and oil, respectively. Typical relative permeabilities are presented in
figure 2.12.

Figure 2.12: Typical relative permeabilities for oil kro and water krw against
liquid saturation Sw. Figure adapted from Lien and Løvhøiden (2001).
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S is the liquid saturation. Kri equals zero when Si is below approximately 20%1. This is
since small pockets of liquids form at small liquid saturations and are separated from the rest.
In other words, it is not possible to empty an oil reservoir below 20% of the remaining oil
saturation2. Water with high pressure is used to extract oil from the reservoirs. The number
of possible ways for the water to move through the pores is infinite. Oil in the biggest pores
will be pushed out first since the capillary pressure increases with a decrease in droplet radius
(equation 2.30).

To extract as much oil from the reservoirs as possible, a balance between the capillary forces
and external forces has to be found. The oil flow can also be improved by decreasing the vis-
cosity of the oil or increasing the viscosity of water. Other methods include changing the oil
drop sizes and surface tension. The T-junction we will use in the flow experiments is a good
model for the water and oil drop formation in the pores. Finding a way to control the droplet
volume/length can increase the oil extraction and increase profits by millions of dollars (Lien
and Løvhøiden, 2001).

Figure 2.13: Illustration of an oil drop trapped in a pore in the presence
of a pressure gradient generated by the water flow in the porous medium.
Illustration adapted from Baviere (1991).

Figure 2.13 illustrates a situation that could happen in an oil reservoir wetted by water. There
are two parallel pores where one of the pores contains trapped oil. One sees that the 1-2
interface is larger than the 3-4 interface. By using equation 2.30 and by asuming equal water
pressure on both sides of the oil, the capillary pressure pc12 < pc34 and the oil drop moves to
the left and stays trapped. To drive the oil drop to the right and out of the pore, a water
pressure gradient ∆p must exist and satisfy: ∆p/2σ > (1/R34) − (1/R12). As mentioned in
the paragraphs above, the size of the water pressure gradient is controlled by adjusting the
parameters in equation 2.35.

1This value depends on parameters like the fluids and wettabilities of the rock type.
2However, if water and oil can be mixed and flow together as one liquid, all the oil can be extracted. This

is possible if the surface tension between water and oil is removed by adding surfactants. These surfactants are
in most cases too expensive for the method to be profitable.
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2.12 Two phase microfluidic flow

Three categories of parameters control the properties of two-phase flow in microchannels; the
channel geometry, flow conditions and the properties of the two fluids. Important dimensionless
numbers are used to describe these factors. The first dimensionless number worth mentioning
is the Reynolds number (Re). It describes the importance of inertial forces relative to viscous
forces and is given by:

Re =
ρdu

µ
, (2.36)

where ρ is fluid density (kg/m3), d is a characteristic length scale (m), u is the characteristic
velocity (m/s) and µ is the dynamic viscosity (Pa · s). When considering micro scales, the
Reynolds number is much smaller than 1. The small number indicates that for microchannel
flows, the inertial force is dominated by the viscous force. The Bond number (Bo) is another
dimensionless number. It compares the importance of gravitational forces relative to interracial
forces:

Bo =
∆ρgd2

σ
, (2.37)

where ∆ρ is the fluid density difference (kg/m3), g is the gravitational acceleration (m/s2) and
σ is the interfacial tension between the two fluids in contact (N/m). As the Reynolds number,
the Bond number is much smaller than 1 at micro scales. Gravitational forces are thus domi-
nated and insignificant relative to surface forces.

The relative effect of viscous forces to interfacial tension forces is given by the Capillary number
(Ca), an important parameter in microfluidics;

Ca =
µu

σ
. (2.38)

Other dimensionless numbers worth mentioning are the Ohnesorge number (Oh) and the Weber
number (We). The Oh number compares viscous force to inertial and interfacial tension forces,
while the We relates inertial effects to surface tension (Zhao and Middelberg, 2011):

Oh = (
Ca

Re
)1/2 =

µ

(ρdσ)1/2
, (2.39)

We = Re · Ca =
ρu2d

σ
. (2.40)
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2.12.1 Droplet formation regimes in T-junction

The flow experiments presented later in the experimental and method chapters are performed
in a microfluidic T-junction. Cross-flowing mode is used with the continuous phase (dist. water
with or without clays) introduced from the vertical channel of the T-junction while the disperse
phase (oil) flows through the perpendicular channel (see figure 2.14). Short spherical droplets
and longer ”plug” droplets are two kinds of patterns produced in the T-junction. As will be
discussed in more detail later, the plug length is found to decrease with the flow rate ratio of
the continuous phase to the dispersed phase (Qc/Qd), together with the total flow rate.

Tice et al. (2004) observed three droplet formation regimes when changing the flow rate. With
low flow rates and capillary number Ca between 7.0 × 10−4 and 7.6 × 10−2, droplet plugs are
sheared off right at the T-junction. The sharp breakup is due to the domination of the interfa-
cial tension force pronounced at low flow rates. By increasing the flow rates and Ca number (to
between 1.9 × 10−3 and 8.2 × 10−2), the disperse phase flows a bit into the horizontal channel
and forms a long neck before plugs are sheared off. Even longer necks are formed, but the plug
size becomes smaller when the flow rates and Ca increase further (2.2 × 10−2 ≤ Ca ≤ 1.1 ×
10−1). The relative viscous force becomes more dominant when the flow rate increases and the
interfacial tension force is no longer sufficient for sharp plug breakups. This allows a laminar
flow of the disperse phase in the horizontal channel before the shear-off takes place (Tice et al.,
2004). The three regimes presented are named as squeezing, dripping and jetting. They have
also been confirmed by a numerically study of droplet formation in T-junction microchannels
(De Menech et al., 2008).

2.13 Droplet formation mechanism

Understanding the droplet formation mechanism is crucial to control and adjust the behavior
of the flow pattern. One approach, taken by Thorsen et al. (2001) and Tan et al. (2004),
analyzed the forces involved in the droplet formation process. Channel geometry, structure
and properties (channel type, dimension and hydrophobicity), fluid properties (density, viscos-
ity, interfacial tension and contact angle) and operating parameters (pressure, flow rate ratio,
temperature, electric fields, etc.) are all variables affecting the dynamics of droplet formation.
Several dimensionless parameters are used to express these variables. As already mentioned,
depending on the parameters, some variables are more dominant than others. Working on a
micrometer scale, the effect of gravity and inertia can typically be ignored. Thus, for our ex-
periments, the capillary number Ca becomes the most important dimensionless parameter. Ca
distinguishes the three droplet formation regimes that have been defined: squeezing, dripping
and jetting. Our experiments have been performed with low Ca numbers, so only the squeezing
regime will be relevant in this context.

In the squeezing regime, the capillary number is typically less than 0.01. When this is ful-
filled, the interfacial force dominates the shear stress and droplet breakup is governed by the
hydrostatic pressure drop across the emerging droplet in the T-junction. As the dispersed fluid
fills the main channel (figure 2.14 a and b), a growing interface between the phases occurs. As
this interface grows and deforms, it will expel the continuous fluid around itself and induce
extra pressure (Laplace pressure).
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Li et al. (2012) observed local velocity and pressure fluctuations during a droplet formation pe-
riod and found that the fluctuations decrease in amplitude when the continuous phase velocity
increases. They also observed inner droplet circulation motion caused by shearing on the inter-
face and Laplace pressure. This motion verifies that the pressure inside a droplet is dynamic.
The local pressure near the T-junction inlet increases as the droplet forms. It reaches a summit
right before the drop reaches the wall (figure 2.14 b). The pressure in the continuous flow is
then higher than the resistance pressure (in the dispersed phase, Laplace pressure). As found
in equation 2.30, the Laplace pressure decreases when the curvature of the drop increases. The
droplet travels downstream and the droplet neck decreases until it breaks (figure 2.14 c - g).
The tip of the neck recoils to the inlet channel of the dispersed phase and the pressure in the
continuous phase drops to its unperturbed value. This droplet formation mechanism is known
as ”rate-of-flow-controlled” breakup (Garstecki et al., 2005, 2006). Garstecki et al. (2006) pro-
posed a scaling law to model the squeezing regime. This scaling law was later modified by Xu
et al. (2008) and verified numerically by De Menech et al. (2008). The scaling law indicates
that in the squeezing regime, the droplet size decreases with an increase in Ca and is almost
independent of fluids properties:

L/w = ε+ δ
Qd

Qc

, (2.41)

where L is the droplet length, w is the width of the channel, ε and δ are fitting parameters
depending on the geometry of the T-junction, while Qd and Qc are the flow rate of the dispersed
and continuous phase, respectively.

2.13.1 Interfacial effects on flow patterns

There are two interfaces in microfluidic two phase flows: fluid - fluid and fluid - wall. As seen in
section 2.12, interfacial effects become dominant and important when working with micrometer
scales. In determining whether ordered or disordered flow patterns occur, the wetting properties
of the fluid-wall interface is crucial (Dreyfus et al., 2003). The hydrophobicity or hydrophilicity
property of a solid surface is also found to be important. The wall properties can me expressed
quantitatively by contact angles. It is found that ordered flow patterns can only be observed for
fluids making contact angles larger than 90◦ (Xu et al., 2006c) with the channel wall. For contact
angles beneath this, only disordered flow patterns can be observed. However, the contact angle
can be changed by adding surfactants at different concentrations (Xu et al., 2006a).

2.13.2 Viscosity effect on droplet formation

Tice et al. (2004) studied both low(µ = 2.0 mPa·s) and high (µ = 18 mPa·s) viscous continuous
and dispersed phases. They found that all the four combinations of low and high viscosity
for the dispersed and continuous phases produced regular plugs in T-junction microchannels.
The manner in which viscosity affects the droplet size is not straightforward. It depends on
channel geometries and properties, among other factors. Kobayashi et al. (2005) found that in
straight-through microchannels, the dispersed phase viscosity ηd and not the oil type had an
influence on the droplet size. A viscosity threshold value exists which governs the viscosity and
droplet size relationship. Under the threshold value, the droplet size decreases with increasing
viscosity, while when the viscosity ηd is above the threshold value, the droplet size slightly
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increase with ηd. It is generally easier to compare the interactions between different properties
with dimensionless numbers than look at each property alone. The influence of viscosities on
droplet formation can thus be read from the capillary number.

2.13.3 Surfactant effect

When working with flows at the micrometer scale, the large surface area to volume ratio makes
surface effects more salient. However, at the same time, the action of the surfactants are reduced
due to the scaling effect (eq. 2.33). Adding surfactants to the dispersed or continuous phase
is often needed to stabilize the droplet formation (with regards to droplet size and spacing).
Studies show that use of surfactants in the dispersed phase in T-junction droplet formation
experiments decreases the interfacial tension between the liquids and thus the droplet diameter
compared to systems without surfactants (van der Graaf et al., 2005; Campos, 2011). When the
interfacial tension between the disperse and continuous phase is decreased, the flow resistant
pressure in the droplet is smaller and its ability to withstand the pressure from the continuous
phase is impaired. The drop neck will thus break faster and less disperse phase will flow into
the main channel before the droplet form and flow downstream.

It is also found that increasing the surfactant concentration in the continuous phase results
in smaller droplet sizes. The influence of surfactants in droplet formation is complex. Surfac-
tants can reduce the equilibrium interfacial tension, but they may also exert dynamic effects by
altering interfacial rheology and introduce dynamic interfacial tension effects (Schroder et al.,
1998; van der Graaf et al., 2004). The mentioned effects affect droplet formation in a complex
way that is not yet fully understood. It is observed that dynamic interfacial tension between
two liquid phases is neither constant nor uniform and becomes more significant at low surfactant
concentrations (Sugiura et al., 2004).

2.13.4 Geometry effect

The scaling law presented in section 2.13 is based on a T-junction having microchannels with
rectangular cross sections. For this geometry, there will be four ”open” gutters and a thin
film above the droplet where continuous fluid flows around the moving droplet (see figure
2.15). Micro particle image velocimetry (µ-PIV) experiments show that for a quadratic cross
section microchannel, at least 25% of the continuous fluid volume leaks through the four gutters
before droplet detachment (van Steijn et al., 2007). In the squeezing regime, such leakage
leads to a flow reversal that dominates the droplet detachment process. For oval cross section
microchannels, as used in our experiments, this leakage is minimal. This results in an increase
in the pressure exerted by the continuous phase on the drop and less time for the disperse
phase to fill the microchannel. A T-junction having microchannels with circular geometry is
thus expected to produce shorter droplets than a T-junction with rectangular microchannels.
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Figure 2.15: The difference between a) a rectangular- and b) an oval mi-
crofluid T-junction. The spheric shape of the formed droplet in a rectangular
microfluid T-junction allows some of the continuous fluid to flow around the
droplet through four open gutters. This is not the case for the oval microfluid
T-junction where there is practically no available space around the formed
droplet. Illustrations adapted from Campos (2011).
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Experimental set up

3.1 E-field induced clay pattern in droplet

Figure 3.1 displays the experimental setup for the E-field induced clay pattern in droplet ex-
periments. The setup consists of three systems: The electric, the sample cell and the image
acquisition system.

Figure 3.1: Experimental setup: Droplets with clay in E-field.

3.1.1 Electric system

With a MATLAB (a numerical computing environment) script and a DAQ (data acquisition)
card, a computer is used to generate a signal between -10 and 10 V, at a specific frequency. This
signal can be either a direct current (DC) signal or an alternating current (AC) square wave.
The generated signal is monitored by an oscilloscope in addition to being amplified 300 times
by an amplifier. From the high voltage amplifier, the signal continues to the sample cell via
cables and conducting tape. Measurements of the amplification is made possible by connecting
the amplifier monitor output to the oscilloscope (figure 3.1).
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3.1.2 Sample cell

The custom-made sample cell (with measurements) is presented in figure 3.2. It consists of
three glass sides and two transparent conducting sides made of ITO (Indium Tin Oxide). The
sample cell has a cubic-cuvette form where the top part is open for samples to be poured in.
The conducting sides are placed on the outside of the cell and separated by a gap equal to 12
mm. Conducting tape and crocodile clips are used to conduct the current from the amplifier to
the cell. An adjustable stage is used to adjust the height of the sample cell, while movements
in other directions are controlled by moving the whole stage.

Figure 3.2: The custom-made sample cell.

3.1.3 Acquisition

To view the small clay particles inside the sample cell, two microscopes together with two light
sources are used. A Sony video camera and a Canon photo camera are attached to the micro-
scopes with optical paths normal to one another. This configuration allows for simultaneous
observations of the droplet behavior from both a front view (optical path perpendicular to
E-field direction) and a side view (optical path parallel to E-field direction). The focus is set to
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manual on the cameras and white balance together with exposure can be adjusted to enhance
the light and detail in captured images. Both for security reasons and also to help visualize
when the applied electric field is turned on or off, a red LED is used (figure 3.1). It is connected
to the DAQ, programmed in MATLAB and placed in the corner of the sample cell to shine a
red light on the droplets when the electrical field is turned on.

3.1.4 Oils

Silicone oil (100 cSt from Dow Corning 200) with different Na-Fh clay concentrations was used
to make droplets, while castor oil (Fluka 93912 delivered by Sigma-Aldrich Norway AS) was
used as the suspending liquid. Both oils are immiscible with each other, relatively non-polar
and have similar densities. Castor oil has approximately 10 times higher conductivity than
silicone oil. This feature is favorable since it makes it easier to fullfill the requirements for
Quincke rotation (section 2.5), which with clay particles may be interesting to study.

The castor oil is well suited as a suspending liquid with its high viscosity, which results in
a low silicone droplet settling velocity. This is important since the fluid motion caused by grav-
ity is then negligible compared to the electrically induced fluid flow. The decrease in droplet
settling velocity also eases the image capturing and allows the droplet to fill a larger part the
image. Table 3.1 presents the density, viscosity, conductivity and dielectric constant values for
the oils.

Table 3.1: Manufactured density (ρ) and dynamic viscosity (µ) values at 25
◦C and measured conductivity (σ) and dielectric constant (ε) values for the
silicone and castor oil. * The conductivity value of 100 cSt silicone oil has
been estimated.

Oil ρ (kg/l) µ (Pa·s) σ (pS/m) ε

100 cSt Silicone Oil 0.965 0.965 ∼ 3-5* 2.13
Castor Oil 0.961 0.65 45 3.37

Conductivity and dielectric constant values have been measured by Hersvik (2010). Hersvik
was not able to measure the conductivity for the 100 cSt silicone oil, but it is reasonable to
assume that its value lies in the 10 cSt silicone oil conductivity regime. The viscosity is the only
property that parts the two oils and the 10 cSt silicone oil conductivity scales with the applied
E-field (displaying a non-ohmic nature). The conductivity measures for the 10 cSt silicone oil
were 3 and 5 pS/m for an applied E-field equal to 150 and 300 V/mm, respectively.1

1In their experiments, Salipante and Vlahovska (2010) measured the conductivity value of 100 cSt silicone
oil to be 1.23 pS/m.
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3.2 Microfluidic flow system

The experimental set up for the microfluidic flow experiments consists of an injection system,
micro capillary and acquisition devices. The set up is displayed in figure 3.3.

Figure 3.3: Experimental setup: Microfluidic flow system.

3.2.1 Injection system

The injection system consists of two syringes, two syringe pumps, a micro-capillary and acces-
sories used for mounting the circuit. The fluids are injected with two COLEPALMER 78-0100C
syringe pumps. The pumps have stepper motors where the gears can be controlled by a mi-
croprocessor, which provides volumetric injection rates with ± 0.5% accuracy and ± 0.2%
reproducibility of measurements (Colepalmer). The minimum flow injection supplied by the
pumps is 0.01 ml/hr.

Two glass syringes (figure 3.4a) containing 10 ml are connected to the micro-capillary via
a three-way Embramed plastic tap and plastic/rubber tubes (figure 3.4b). The syringes have
a metal plunger tip coated with teflon which ensures dimensional stability and does not allow
leakage of liquid or gas even at high pressures (up to 200 psi). A ”luer lock” connection gives a
tight connection between the three-way Embramed plastic tap and syringes/pipes. The connec-
tions and tubes between the syringes and micro-capillary are designed to contain the smallest
number of elements and volume. With this design, the work done by the pumps is accelerated
and the system is as strict as as possible to minimize the risk of leaks and transition effects due
to deformation of the tubes.
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(a) Hamilton Gastight 1000 syringe. (b) Embramed plastic tap with tubes and connections.

Figure 3.4: Syringe and plastic tap.

3.2.2 Micro capillary

The capillary used for the flow experiments is a microfluidic T-junction (The Dolomite Centre
Ltd, UK). The T-junction microchannel geometry is well suitable and often used to make and
control droplets/plugs with high precision (Nissiako et al., 2002; van der Graaf et al., 2005;
Xu et al., 2006b; Garstecki et al., 2006). It is made of glass and designed for a wide range of
applications, including fluid mixing, micro-droplet formation and reactions. The capillary has
high visibility and excellent chemical compatibility. Its surface is extremely smooth and it can
function in a wide temperature and pressure range. According to the information sheet from
the manufacturer (The Dolomite Centre), the device has been made by hydrofluoric acid (HF)
etching and thermal bonding. The geometry of the channels presents an oval cross-section with
the same size throughout the whole length of the channels. Figure 3.5 shows the microfluidic
device and some of its features.

3.2.3 Acquisition system

The acquisition system consist of a Axiovert 40MAT (Carl Zeiss) optical microscope with
adjustable light. The microscope has five different lenses (2.5×, 5×, 10×, 20× and 50×) that
can be used. A PixeLink PL-A662 camera is connected to the microscope and a computer.
This setup allows a live view on the computer so that one can observe exactly the same on
the computer screen as through the microscope. For the analysis, the AxioVision software
developed by Carl Zeiss is used. This software is well suited for capturing and processing
pictures and videos. It also has tools for manual and automatic measurements of parameters
like distances, diameters and areas.
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Figure 3.5: Image of a) Microfluidic T-junction, b) connector and seal, c)
microfluidic chip mounted with tubes, d) channel cross-section profile and e)
3D image of T-junction. Images are adapted from The Dolomite Centre.

3.2.4 Fluids and clay

OP3 mineral oil and distilled water with and without clay particles are used in the flow exper-
iments. The OP3 mineral oil was chosen because it has low viscosity at room temperature, is
insoluble in water, is well known as a standard for calibrating instruments and also because
Campos (2011) used this oil for similar experiments. In addition, the oil is colorless, odorless
and soluble in most organic solvents. At room temperature (23 ◦C), the viscosity of the oil and
water equals 3.40 and 0.94 mPa·s, respectively, while the superficial surface tension against air
equals 22.0 and 72.3 mN/m (Campos, 2011). For this experiment, three different clay types are
used: sodium fluorohectorite (Na-Fh), bentonite and laponite. The clay particles are described
in more detail in section 2.1.
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Methods

4.1 E-field induced clay pattern in droplet experiments

Initially silicone oil with different Na-Fh clay concentrations was weighted and mixed together.
The samples were then ultrasonicated between five and ten minutes to prevent clay particle
aggregation and formation at the sample container bottom. Castor oil was poured inside the
sample cell with a pipette. The samples were well shaken before a small drop was made using a
high performance pipettor (accuracy ± 0.1 µL) and applied in the center and top of the sample
cell (figure 4.1). To minimize measurement errors, it is important to make the drop without
air bubbles and away from the sample cell walls.

Figure 4.1: High performance pipettor used to make droplets.

Further, the sample cell and microscopes were adjusted to improve the contrast and to place
the drop in the center and top of the image. Both focus and magnification were set to let
the drop fill about 1/4 of the viewed image. Exposure and white balance were also adjusted
before an optimized image of the drop was seen in both cameras. Depending on the experiment,
the cameras (photo and video) were set to either photo or movie mode before recording was
initiated. After a few seconds and by using the MATLAB script, an electric field was applied
across the electrodes.

During the experiments, the generated signal before and after amplification was measured
with an oscilloscope. The electric field (E-field) was applied for a certain time and the focus
and sample cell position were adjusted continually. These adjustments were necessary to keep
the drop in focus and inside the captured image. Affected by the E-field and gravity, the drop
moved both sideways and down. After the applied E-field was turned off, the cameras captured
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4.2. SAMPLE PREPARATION

images for some additional seconds. The instruments were then readjusted and a new droplet
was made for the next experiment. Several experiments were performed in the same fashion
and with different clay concentrations and/or E-fields. The time after the drop is made and to
the E-field is applied is critical. A long break will result in clay aggregation in the bottom of
the drop and the drop will slowly sink towards the bottom of the sample cell.

Some of the captured video files were imported in the video editing program Adobe Premiere
Pro CS5 where selected frames were saved. The frames were then edited in Adobe Photoshop
Lightroom 3 (photo editing program) where the contrast, sharpness and exposure were adjusted
to enhance the clay particle details. A before and after picture comparison is shown in figure
4.2.

Figure 4.2: Comparison of image before and after editing.

4.2 Sample preparation

If the clay grains were big and lumpy, pestle and mortar were used to pulverize the clay. The
weight of the liquid (oil or water) and clay were then measured separately before they were
stirred together by a magnetic stirrer between half an hour to half a day depending on the clay,
liquid and clay concentration. To prevent aggregation and big clay particles in the samples,
the samples were ultrasonicated for at least 5 minutes. Ultrasonicating or shaking/stirring the
samples is especially important to do right before using the samples since the clay particles
sinks towards the bottom of the container and result in a non-uniform clay distribution.
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4.3 Ring method

The Du Noüy ring method was used to measure superficial surface tension (SST) for different
samples. In this method, a ring is immersed into the liquid and slowly lifted out through the
surface. A lamella is formed (figure 4.5 b) and stretched to its maximum as the ring rises (figure
4.4, image 5-8). The maximum force is measured right before the lamella breaks and used to
calculate the surface tension. The ring immersion depth and level to which it is raised right
before the lamella breaks are irrelevant to this technique.

Figure 4.3: (1) The ring is above the surface and the force is zero before
(2) it hits the surface. There is a slight positive force due to the adhesive
force between ring and surface. (3) The force is negative since the ring must
be pushed through the surface.(4) The ring breaks through the surface and
a small positive force is measured due to the supporting wires of the ring.
(5) The ring is lifted through the surface and the the measured force starts
to increase. (6) The force keeps increasing until (7) the maximum force is
reached. (8) After the maximum is reached, there is a small force decrease
until the lamella breaks. Illustrations and caption adapted from Attension.

SST measurements of the samples were performed with a LAUDA VO 2001 tensiometer (figure
4.5 a) at 20 ◦C in the characterization of fluids lab (LCF) at Pontif́ıcia Universidade Católica
(PUC) - Rio. The tensiometer measures the voltage which is related to the force and surface
tension through a standard excel sheet made by the manufacturer. The result is corrected with
respect to temperature and geometric factors. Before measuring the samples, the tensiometer
was controlled and calibrated by measuring the surface tension between air and ethanol, γe.
At 20 ◦C, γe was measured to 22.9 mN/m. The tabulated values for γe differs, but are close to
22.3 mN/m (DDBST).

At least five voltage measurements were performed on each sample, but only the three medium
voltages were averaged and used for the SST calculations. The samples attained their desired
temperature by standing in a temperature controlled bath for at least half an hour. It was
important to ensure an isotropic distribution of the clay particles in the samples before initi-
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4.3. RING METHOD

Figure 4.4: Ring positions. The numbers in this figure correspond to the
numbers in figure 4.3. Illustrations adapted from Attension.

ating the measurements. The samples were therefore always shaken properly before they were
poured inside the tensiometer container. The temperature during the measurements was con-
trolled with a circulating oil system (figure 4.5 a) and measured with a digital thermometer.
Figure 4.3 and 4.4 illustrate the ring positions and show the corresponding force felt on the
ring during the measurements. After each measurement, the ring was cleaned by dipping it in
distilled water and heating it over fire (figure 4.5 c).

Figure 4.5: a) LAUDA VO 2001 tensiometer, b) formation of lamella as the
ring rises, c) burning of the ring as part of the cleaning procedure.
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Generally, the maximum voltage and thereby the SST did not change noticeably with time.
However, the maximum voltage for some of the samples varied too much to be considered casual
and explained by measurement errors or temperature changes. The SSTs of these samples were
therefore measured against time ranging between a few seconds and half an hour. A dynamic
behavior was discovered.

The Du Noüy ring method can only be used to measure the superficial surface tension be-
tween air/gas and a liquid. To find the interfacial surface tension (IST) between two liquids,
one has to apply Antonoff’s rule. In 1907, Antonoff found a relationship between the interfa-
cial - and superficial surface tension. His rule states that the surface tension at the interface
between two saturated liquid layers A and B in equilibrium is equal to the difference between
the individual surface tensions of similar layers when exposed to air (Cardarelli, 2008):

γAB = γB/air − γA/air (4.1)
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4.4. PENDANT DROP METHOD

4.4 Pendant drop method

The pendant drop method was also used to measure the superficial surface tension. This
method has advantages in that it is able to use very small volumes of liquid, measure very
low interfacial tensions and as opposed to the Du Noüy ring method, it can also measure the
interfacial surface tension between two liquids. An image of the OCA pendant drop tensiometer
is shown in figure 4.6 a).

Figure 4.6: Picture of a) the pendant drop tensiometer and b) a water pen-
dant drop with clay particles hanging from the syringe tip submerged in
hexane oil.

Firstly the sample was well mixed and shaken/ultrasonicated. The syringe was then filled with
the sample and mounted in the dosing unit. The outer diameter of the syringe needle was 0.5
mm, while the inner diameter was 0.31 mm. It is favorable to use needle diameters that are as
large as possible, because then the drop will not form too spherically. However, one must be
able to observe the whole drop to calculate the drop volume and surface tension. A scaling of
the window part is therefore necessary, and this puts a limitation on the needle size. Density
and dimension data were defined in the SCA20 computer software (from Dataphysics) for later
use in the volume and surface tension calculations.

The maximum image size of the camera is 768 x 576 square pixels and a pendant drop is
more thin than high. The drop shape detection by the software is better the greater the drop,
so to utilize the whole image, the camera was tilted 90 degrees. The syringe tip was positioned
in the left and center of the tilted picture. Before initiating the measurements, the image was
optimized by adjusting the illumination, contrast, focus and magnification. Droplets were then
made as big as possible with the software controlled dosing unit. Depending on the sample,
the camera captured pictures and/or videos with various frequencies and duration (dynamic
tracking).

The pendant droplet shape is determined by the balance between gravity and surface forces.
Gravity elongates the drop while the surface tension is endeavoring to hold the drop in spher-
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ical form and minimize the surface. The drop shape will automatically be detected out of the
contrast (bright-dark difference) of the drop image with the software. The surface/interfacial
tension at the liquid interface can be related to the drop shape through the following equation:

γ = ∆ρgR2
0/β (4.2)

where γ is the surface tension, ∆ρ is the difference in density between fluids at interface, g is
the gravitational constant, R0 is the radius of drop curvature at drop apex and β is the shape
factor. The shape factor can be defined through the Young-Laplace equation expressed as 3
dimensionless first order equations as shown in figure 4.7.

Figure 4.7: Young-Laplace equation and sketch of a droplet hanging from a
syringe tip. Image from Attension.

The SCA20 software calculates solutions of the Young-Laplace equation and thus β. With the
densities of the two fluids in contact and the dimension of the droplet known, the surface tension
can be calculated. The surface tension measurement data was saved as a list and later plotted
in Origin 7. For interfacial surface tension measurements, the procedure is the same, but the
syringe tip has to be submerged in the other liquid. Figure 4.6 b) shows a droplet made in
hexane oil. It is important that the liquid container is square and highly transparent, otherwise
it can be difficult to observe the pendant droplet. It is also crucial that the liquid in the syringe
has a higher density than the liquid in the container. If not, the droplet will not be able to sink.

Dynamic measurements with samples containing clay particles were not possible. As time
passed, more and more clay particles sank from the syringe and down to the pendant drop.
The clay particle sedimentation increased the drop density and volume until it broke loose from
the syringe tip. Figure 4.8 shows pictures of a pendant water drop exposed to air and hexane
oil.
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Figure 4.8: Pendant water drop exposed to a) water and b) hexane oil. The
camera was tilted 90 degrees counterclockwise.

4.5 Density measurements

The specific mass (density) ρ for the different samples was measured by a Olhaus Explorer
balance (figure 4.9 a) with an accuracy equal to ± 0.0001 g, together with a Gay-Lussac
pycnometer (figure 4.9 b). The pycnometer was first weighed empty before a specific sample
was poured inside. A temperature-controlled bath was used to control the temperature of the
pycnometer and sample. When the desired temperature was reached, the pycnometer with the
sample inside was weighed and the weight difference was calculated. With the sample volume,
temperature and weight all known, calculating the density is straight forward.

Figure 4.9: a) Olhaus Explorer balance and b) Gay-Lussac pycnometer. Pic-
ture b) is adapted from Scientific.

45



Chapter 4: Methods

4.6 Viscosity measurements

The dynamic viscosity µ of the samples was calculated by multiplying the kinematic viscosity
ν with the density ρ of the sample;

µ = ν · ρ (4.3)

A Cannon-Fenske viscometer immersed in a thermostatic bath (figure 4.10) was used to measure
the kinematic viscosity. The technique evolves measuring the time a certain volume of the
sample uses to flow through a known distance inside the capillary in the viscometer. One can
then use the following equation to calculate the kinematic viscosity:

µ =
πD4

128V
g(cosθ)t = Ct (4.4)

where t is the measured time, g the gravity and C is a viscometer constant. C depends on the
diameter of the capillary (D), the angle of the capillary (θ) and the volume of the sample (V )
flowing in the viscometer. All measurements was performed at 20 ◦C.

Figure 4.10: a) Thermostatic bath and b) a Cannon-Fenske viscometer im-
mersed in the bath. Pictures from Campos (2011).
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4.7 Droplet length measurements

Firstly, the samples were properly shaken and/or ultrasonicated before they were drawn in the
syringe from the sample container center. The pipe and syringe were then connected. Avoiding
air bubbles in the syringe and pipes is essential since they can alter the result. The syringe
with pipe was therefore held vertically while around 2 ml of fluid was pushed out of the syringe.
With no air bubbles left in the syringe and pipe, the syringe was fastened to the syringe pump
and the pipe was connected to the micro capillary. To prevent leakage, it is important that the
connection is tight. The flow rate will not be accurate when the system is leaking. The same
procedure was performed on the oil syringe and repeated after each experiment.

With the connection well established, the syringe pump with the continuous phase1 was turned
on. When the continuous phase filled the microchannel, the disperse phase was pumped in (see
figure 4.11). The initial flow rate on both pumps was set to 0.10 ml/h and with this rate, the
system needed sim 5-10 minutes to stabilize. In this context, stable signifies continuous flow
at both channels and that droplets were formed in the T-junction with more or less the same
length L and interval. The microchannel was then adjusted and moved till the T-junction was
placed in the microscope picture center. A proper lens was selected before the micro channel
was set in focus. With the AxioVision software running on the computer, the exposure, gamma,
intensity and scale settings were optimized. With a 2.5 × lens, the scaling was equal to 2.262
µm/pixel.

Figure 4.11: Image of droplet formation in T-junction. The continuous phase
flows in the horizontal channel with flow rate Qc, while the disperse/discontin-
uous phase flows in the vertical channel with flow rate Qd. L is the measured
droplet length and D is the microchannel diameter.

With all adjustments optimized, the continuous and disperse phase flow rate was set to the
desired values. When the system was stable (after approximately five minutes), images were
captured during five minutes and with a 30 seconds interval between each shot. 11 pictures

1Cross flowing mode is used with the continuous phase (water with or without clays) introduced from the hor-
izontal channel of the T-junction and the disperse/discontinuous phase (oil) flowing through the perpendicular
channel.
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were captured for each flow rate. For high flow rates, the distance between formed droplets
increased. This resulted in some blank captured images without formed droplets. The interval
between each picture was therefore decreased to 15 seconds for the high flow rate measure-
ments. The flow ratio between the two phases in the measurements (Qd/Qc ranged from 0.04
to 3. Flow ratio range and number of flow rates to use was based on previous work and ex-
periences done with the same setup (Campos, 2011). This includes limitations of the injection
system (minimum flow rate), limitations of the image acquisition (exposure) and the size of the
droplets.

The droplet length (L) from all of the captured pictures was measured in AxioVision (see
figure 4.11). The shortest and longest L was removed and an average of the nine remaining
lengths (La) was calculated for each specific flow ratio. Eventually, the standard deviation and
the standard error of the mean (SEM) were calculated and used as error bars in the generated
graphs. A time effect was investigated for some of the samples. The droplets formed right
after the T-junction were measured and their La was compared with La for droplets near the
microchannel exit. For these measurements, a picture was captured every fifth second during
one minute.

When changing samples, the microchip, syringes and tubes were thorough cleaned. The cleaning
is especially important when samples contain clay particles that may block the microchannels.
The cleaning procedure is as follows: empty the syringes, microchannels and tubes before wash-
ing them with hot water and soap. The parts are then ultrasonicated in hot water and soap
for at least five minutes and usually multiple times. The parts are then washed with distilled
water and dried.
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Results and discussion

5.1 Drag force

An experiment was set up to examine the frictional/drag force on a sinking silicone oil droplet
with and without 1% (w/w) Na-Fh clay particles inside. A 25 cm long tube was filled with
castor oil, and silicone oil droplets (with or without clay) were placed in the top and center
of the tube. The time t for each droplet to sink a given distance x and droplet radius r were
measured. The settling velocity of the droplets vs could then be calculated and be used to find
the frictional force given by Stoke’s law:

Fd = 6πµrvs, (5.1)

where Fd is the frictional/drag force acting on the interface between the submerged silicone
drop and the surrounding castor oil, µ the dynamic castor oil viscosity, r the drop radius and
vs the drop settling velocity. The settling velocity of the droplets are reached when the fric-
tional force Fd combined with the buoyant force exactly balance the gravitational force. Figure
5.1 shows the set up with measurements.

Over the measured distance X0 - Xf = 21.3 cm, the silicone drop without clay particles used
tsil = 239 min, while the silicone oil with clay particles used tclay = 100 min. The settling
velocity for the two drops is then calculated to be vclay ∼ 3.5 · 10−5 m/s and vsil ∼ 1.5 · 10−5

m/s. The radius of the two drops was measured to be rclay ∼ 1.5 mm and rsil ∼ 1.3rclay.

Stoke’s law for settling velocity can be used to control the calculated settling velocity values
and to give an estimate of the gravity effect on the droplets. The law is given by:

w =
2(ρd − ρf )gr2

9µ
, (5.2)

where w is the settling velocity, ρ is the density (the subscripts d and f indicate droplet and
surrounding fluid, respectively), g is the acceleration due to gravity, r is the particle radius and
µ is the dynamic viscosity of the fluid. Inserting numbers, the theoretical settling velocity is:

wclay =
2 · (965− 961)kg/m3 · (1.5 · 10−3m)2

9 · 0.65 kg/m · s
∼ 3 · 10−5 m/s (5.3)
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Figure 5.1: Experimental set up with measurements: Settling drop.

wsil = wclay · (1.3)2 ∼ 1.7 wclay ∼ 5 · 10−5 m/s. (5.4)

Stoke’s law applies when the Reynold number (Re) of the particle is less than 0.1. Experi-
mentally, Stokes’ law hold within 1% for Re ≤ 0.1 (Rhodes, 2008). Reynolds number for the
settling drop is given by:

Re =
ρvL

µ
=

961kg/m3 · 3.5 · 10−5m/s · 0.2m
0.65kg/m · s

∼ 0.01, (5.5)

where v is the mean velocity of the droplet relative to the surrounding fluid, L is a charac-
teristic linear dimension (m), µ is the dynamic viscosity of the fluid and ρ is the density of
the surrounding fluid. The measured settling velocity for the silicone droplet with Na-Fh clay
vclay ∼ 3.5 · 10−2 mm/s is close to the theoretical value wclay ∼ 3.0 · 10−2 mm/s. The difference
between vsil ∼ 1.5 · 10−2 mm/s and wsil ∼ 5.0 · 10−2 mm/s is larger. Pursuant to equation
5.2 and since rsil = 1.3 rclay, the silicone oil drop without clay particles is expected to sink 1.7
times faster than the drop with clay particles. The expectation does not fit with the measure-
ments where vclay > vsil. The distinction may be explained by measurement errors, Na-Fh clay
particles changing the density of the drop, the fact that droplets are not spherical as assumed
in Stoke’s law and most important, that there is a difference in the drag force Fd acting on the
droplets.

Using equation 5.1, the drag force acting on the droplets is calculated to be: Fsil ∼ 1.8 Fclay.
The result indicates that the stress exerted by the surrounding castor oil on the silicone oil
droplet in the tube is reduced by a factor approximately equal to 1.8 when 1% Na-Fh clay
particles are added.
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5.2 Zero field clay distribution

Before any electric field (E-field) was applied, the initial clay distribution in zero E-field was
studied. 1% Na-Fh (w/w%) clay was mixed well with silicone oil until the clay particles were
isotropically distributed in the sample. A droplet was then made and placed in the top center of
the sample cell (filled with castor oil). The E-field was turned off during the whole experiment.
Since the drop was surrounded by castor oil, it was difficult with only bare eyes to observe and
predict how the clay distribution inside the drop developed. After a few minutes, the only thing
one could observe with certainty was that a large part of the clay particles sank and aggregated
at the bottom of the droplet. A camera and microscope were used to study the interior of the
drop in more detail. The microscope was focused on the nearest drop surface and slowly shifted
towards the other end of the drop while images were captured continuously (see figure 5.2).

As the focus plane of the microscope (inset in the images in figure 5.2) shifts from the nearest
drop surface to the middle of the drop (figure 5.2 a - e, a larger portion of the clay particles
inside the drop comes in focus and sharpens. To decide whether the clay distribution inside
the drop is still isotropic or not, let us examine what particles are brought in focus and what
particles stays blurred. If the particles are non-isotropically distributed along the drop surface,
one would expect sharp focused particles to form rings as the focus plane intersects with the
drop surface. No such sharp particle rings are observed on the images. Instead of observing
focused particles in ring patterns, one finds focused particles in circles enclosed by the intersec-
tion ring. The result suggests that clay particles are isotropically distributed throughout the
droplet before any E-field is applied.

One might question why no particles are focused in image 5.2 g. Not even inside the circle
enclosed by the intersection ring. The explanation might be that (unfocused) blurred parti-
cles between the microscope and the focus plane conceal the focused particles that one should
observe in the circle. This is not a considerable problem when the focus plane is positioned
closer to the camera since the amount of blurred particles between the camera and focus plane
is then much smaller. Nor would this be a problem if the particles were distributed along the
drop surface.

5.3 AC E-field

As mentioned earlier in this paper, it has been shown that the viscous flow processes in a
droplet are slow compared to the the dielectric polarization of the fluid (Vizika and Saville,
1992). It is therefore expected that a deformation of the droplet will be strongly dependent on
the alternating current (AC) frequency f when an AC E-field is applied. When f is low, the
time between changes in E-field direction is big and there is sufficient time for viscous flows in
and around the drop to be induced and to affect the drop.

51



Chapter 5: Results and discussion

F
ig

u
re

5
.2

:
Im

a
g
e
s

o
f

d
ro

p
le

ts
w

h
e
re

th
e

m
ic

ro
sc

o
p

e
is

fo
c
u

se
d

fr
o
m

th
e

n
e
a
re

st
to

th
e

fa
rt

h
e
st

d
ro

p
su

rf
a
c
e
.

T
h

e
in

se
t

in
e
a
ch

im
a
g
e

il
lu

st
ra

te
s

th
e

p
o
si

ti
o
n

o
f

th
e

fo
c
u

s
p

la
n

e
o
n

th
e

d
ro

p
le

t
a
n

d
is

v
ie

w
e
d

p
e
rp

e
n

d
ic

u
la

r
to

th
e

v
is

u
a
l

a
n

g
le

in
th

e
b

ig
im

a
g
e
s.

T
h

e
re

d
tr

a
n

sp
a
re

n
t

c
ir

c
le

in
e
a
ch

im
a
g
e

d
is

p
la

y
s

th
e

in
te

rs
e
c
ti

o
n

o
f

th
e

fo
c
u

s
p

la
n

e
a
n

d
d

ro
p

su
rf

a
c
e
.

52



5.3. AC E-FIELD

For higher f , the E-field changes too fast for viscous flows to arise. In that case, interfacial
tension is the only force to balance the drop deformation caused by induced dipole charges
on the drop surface. This has been confirmed by earlier work in our research group where
oscillated deformations were observed for AC fields with f = 1 Hz, but was no longer present
when f ≥ 10 Hz. The result indicates that for our silicone/castor oil system, ∼ 1 second is
needed for viscous flow processes to affect the deformation. Such flow processes were avoided
in our experiments by generating E-fields with AC frequencies above 200 Hz.

Silicone oil droplets with different clay concentrations (0.25 - 2%) were made in various sizes (1
- 4 mm in diameter) and studied with an applied AC E-field. The field strength was set to 600
V/mm peak to peak and applied for 90 seconds. Cameras recorded the experiment with views
both perpendicular and parallel to the E-field direction. Video snapshots of a 2 mm silicone
drop with 1% Na-Fh clay at times t = 0, 20, 40, 60 and 90 seconds after the E-field was applied
are presented in figure 5.3.

A small and expected prolate deformation was observed immediately after the field was turned
on (t > 0 s). As time evolves, the clay particles inside the drop move and align in weak chains
parallel to the E-field direction. The chain pattern becomes more apparent with time and is
most evident right before the field is turned off (t = 90 s). When viewed parallel to the E-field
direction, the chains appear as dots. The position of the dots indicates that the chains are
spread isotropically throughout the drop. Viscous flows inside and around the drop were not
the detected during the experiment. After the field is turned off (t > 90 seconds), particles
slowly spread out and sink to the bottom of the drop.

The droplet size did not seem to affect anything other than the drop settling velocity (as
in accordance with eq. 5.2). Higher clay concentrations did not have any effect on the forma-
tion rate, but the visibility of the chains was slightly lowered. However, the strength of the
E-field did affect the chain formation rate. Larger field strengths reduced the time for the chain
patterns to form. No lower limit for the chain formation time was observed, but the time can
be quite long (minutes) when the field strength is low (∼ 100 V/mm peak to peak).
The prolate drop deformation observed in the experiment was expected and in accordance with
the perfect dielectric model. The dipole charges at the drop surface are pulled towards their
respective electrodes and the drop is thus stretched towards the electrodes. As stated in equa-
tion 2.15, the drop deformation depends on the squared E-field, so the field direction should
not alter the prolate deformation.

The clay particle aggregation and the occurrence of chain patterns oriented along the E-field
direction inside the drop is not surprising. As confirmed by (among others) Fossum et al.
(2006), the clay particles become polarized and attach to each other when the E-field strength
is larger than a critical value Ec. The initial isotropic clay distribution ensures that the chains
spread evenly throughout the drop. As time evolves, more particles become attached to each
other (forming chains). The particle attraction is too strong and the frequency of the field is
too large for the particles to rotate with the changing field and break free from the chains.
When there additionally is no viscous flow to break the chains, the pattern stays stable.
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5.4 DC E-field

The same experiment as described in the section above was performed, but this time with a
200 V/mm direct current (DC) E-field applied for 60 seconds. Video snapshots of a ∼ 2 mm
silicone drop with 1% Na-Fh clay at times t = 0, 5, 10, 20 and 60 seconds after the E-field was
applied are displayed in figure 5.5. Before the field is applied (t = 0 s), the clay particles are
isotropically distributed throughout the drop (as found in section 5.2).

Figure 5.4: Clay particles forming a ribbon viewed from an angle ∼ 60 degrees
from the E-field direction. The clay particles form small chains in the ribbon
that are aligned with the E-field direction.

The particle distribution changes swiftly after the field is turned on (t > 0 s). From the view
perpendicular to the field direction, clay particles form a ribbon in the middle of the drop
composed of short chains oriented along the E-field. This pattern is recognizable already t =
10 seconds after the field is applied and is most evident right before the field is turned off (t
= 60 s). Seen from the other view, parallel to the E-field, the clay particles move towards the
surface of the drop and form a ring. The particles spread and sink slowly to the bottom of the
drop after the field is turned off (t > 60 s). The combination of the two views suggests that the
clay particles form a ribbon at the surface of the drop. This is confirmed and easier to see by
viewing the droplet from an angle between the perpendicular and parallel view (see figure 5.4).
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5.4. DC E-FIELD

As opposed to drops affected by AC fields, the drop moved slowly and horizontally towards
the positive electrode when the DC field was applied. Why the drop is negatively charged is
not yet understood. As the drop moved horizontally, the formed ribbon was slightly displaced
in the opposite direction of the drop movement. This is likely an effect caused by drag. In
addition to horizontal drop movement right after the field was applied, viscous flow inside the
drop was observed. The induced flow inside the drop was expected by Taylor (1966) in his leaky
dielectric model (section 2.4). The flow inside the drop is studied and discussed in section 5.5.

The ribbon formation rate was studied in more detail by making silicone droplets with 0.5%
Na-Fh clay and by varying the drop volume (∼ 0.5 - 3.0 µL) and field strengths (75 - 250
V/mm). Overview pictures showing the drop and electrodes were used to measure the drop
radius. The ribbon completion can be defined by examining the formation in more detail: After
the field is turned on and the view is perpendicular to the E-field direction, the ribbon starts
to form in the bottom of the drop and the initial clay pattern looks like the letter ”V”. The
clay concentration is now higher in the bottom than near the top of the drop. As time goes
on, the concentration evens out and the ”V” shape turns into a ”Y” shape. The clay particles
close up before the clay concentration is evenly distributed in the drop and the ribbon achieves
a ”I” shape. The ”V” → ”Y” → ”I” transition is displayed in figure 5.6.

Figure 5.6: Clay particles are gradually forming a ribbon by making a ”V”
→ ”Y” → ”I” transition. The view is perpendicular to the E-field direction.
The images were captured by Knut Kjerstad.

The ”I” shape is defined as the completion of the ribbon, and the time t for the clay particles
to form this shape was measured. The ”V”→ ”Y”→ ”I” transition is probably present due to
the settling velocity of the drop and gravity effects. Xu et al. (2006b) discovered that settling
displaces the charge distribution on the drop surface. To compensate for the displaced charge
distribution, the settling causes flowlines in the lower hemisphere of the drop to increase in
size. The viscous flow speed inside the drop increases and eventually brings the particles to the
surface faster. The flowlines for a settling drop and a deformed drop are illustrated in figure
5.7. Changes in the flowlines between a drop with and without clay particles are not expected
to be large since the drop settling velocity is very slow compared to the viscous flow inside the
drop. However, the effect should be investigated in future work.
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Chapter 5: Results and discussion

Figure 5.7: Illustration of streamlines inside (a) a spherical drop and (b) a
deformed drop. Illustrations from (Xu et al., 2006b).

Figure 5.8: The percentage of droplets completing ribbon pattern in time t
against different E-field strengths. The color ranges indicate measured time
for clay particles to form ribbon. Darker color indicates less time. The chart
is made by Knut Kjerstad.

The sample cell height and the settling of the droplets limited the measuring time to ∼ 4
minutes. This time was not sufficient for ribbon formation when the field strength was below
100 V/mm. The time for ribbon completion t was measured for at least five droplets with the
same size and being affected by the same E-field. The percentage of ribbons formed in time
t against different E-field strengths is presented in figure 5.8. The measurements show that
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5.4. DC E-FIELD

for increasing field strength, less time to form ribbons is needed. For instance, one see that
for E = 200 V/mm, half (50%) of the measured droplets formed the ribbon pattern after 30
seconds (0.5 min.), while 2.5 minutes were needed for the same number of droplets to form a
ribbon when E = 125 V/mm. A logaritmic plot of the average measured time for a ribbon
to form in droplets against different field strengths is presented in figure 5.9. The data points
in the plot are well fitted with a slope having a value close to -2.4. The fit indicates that the
time for ribbon completion is proportional to cE−2.4, where c is a constant. This seems to be a
reasonable result since the drop deformation and viscous flow inside the drop are proportional
to aE2 (section 2.4). I.e., we suppose that the ribbon formation is highly dependent on the
viscous flow velocity inside the drop.

Figure 5.9: Log-log plot: Average time for ribbon completion against different
E-field strengths. The graph is made by Knut Kjerstad.

In this experiment, pictures of the droplets were captured every 15 seconds. A higher cap-
ture frequency would have decreased the measurement uncertainties, especially for the stronger
E-fields where the ribbon forms swiftly. It was also hard to define the ”I” shape and the com-
pletion of the ribbon pattern. The definition problem makes this experiment hard to compare
with potential future experiments since the ribbon completion definition may change a bit from
person to person and from measured drop to drop. It is therefore possible that the measured
proportional factor cE−2.4 is closer to cE−2 and in better accordance with the leaky dielectric
model.

We did not have sufficient time to perform time measurements for different clay concentrations
and types. It was weakly observed and is also expected that an increase in clay concentration
increases the ribbon width and the formation rate. This would be an interesting study for
future work. Additional plots of the fraction of droplets to form ribbon in 1 min. for different
drop sizes against E are presented in the appendix B chapter. For three different drop sizes,
one see that the number of drops to complete a ribbon in 1 min. has a aE2 linear dependence.
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Chapter 5: Results and discussion

This result supports our suggestion that ribbon formation strongly depends on the induced
viscous flow inside the drop.

Similarly to the previous AC field experiment, the clay particles inside the droplet form chains
when the E-field is applied. The particles become polarized and attach to other dipoles. Viscous
flow inside the drop is the factor that distinguishes the particle behavior in the two experiments.
The induced viscous flow limits the size of the aligned chains in the DC field and thus prevents
the chains from forming throughout the whole drop. The clay particles follow the flow pattern
before they gradually attach to other particles at the drop surface and form a ribbon. It is
not completely understood why the particles move to the drop surface. The centrifugal force
arising from the circular flow may be one reason. We remember from section 2.4 and figure
2.6 that the tangential electric stress and thus the viscous flow at the droplet equator is zero
since no free charges exist there. This explains why a ribbon is allowed to form and stay at the
droplet equator without being destroyed.

5.5 Flow pattern

The flow inside the droplet was traced by capturing video clips and by observing the movement
of clay particles when an E-field was applied. The flow seemed to have the same characteristic
pattern that Taylor described in his leaky dielectric model (see figure 2.6). The flow outside
the drop was traced by adding clay particles to the surrounding castor oil. The flow pattern
around the drop resembled the Taylor flowlines as well.

Figure 5.10: Illustration of the induced flow pattern around a drop when
a DC E-field is applied. The image is created by assembling several video
frames so that the tracer particles appear as flowlines. The illustration is
made by Knut Kjerstad.
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5.5. FLOW PATTERN

To investigate whether or not the polarized clay particles affect the viscous flow, the clay par-
ticles were substituted with dielectric latex beads (∼ 10 µm in diameter). Latex beads were
added to both the silicone and castor oil and used to trace the flow. Low concentrations (<
1%) were used to ensure a high visibility. The flow pattern appeared exactly the same as the
flow pattern observed by tracing clay particles. The result strongly indicates that the induced
viscous flow inside and outside the drop is unaffected by the clay particles and their interac-
tions. An illustration of the flow pattern around the drop is presented in figure 5.10.

The flowlines resembles those described by Taylor (1966). Due to focus and contrast prob-
lems, an illustration of the flow pattern inside the drop was hard to make. The flow pattern
was however possible to observe in some of the video clips. New measurements could be im-
proved by using a better light source (e.g. a laser sheet) and a dark background. As predicted
by the theory, the latex beads formed a narrow ribbon without chains when the E-field was
applied. The result is simply explained by the main difference between latex beads and clay
particles, namely their ability to polarize or not. Latex beads are dielectric particles which will
not polarize in an E-field and make electric interactions with other particles.
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Chapter 5: Results and discussion

5.6 Rotation

When we performed the flow visualization experiments and applied E-fields with strengths
above ∼ 300 V/mm, a new and unexpected phenomena appeared. The droplet deformation
was no longer symmetric (axes perpendicular and parallel to the E-field direction) and the drop
started to rotate. The deformation axes were tilted and the tilt angle β increased proportionally
with the E-field strength. This phenomenon resembles the Quincke rotation. The tilt angle was
difficult to measure since the drop never rotated solely in the plane normal to the camera view.
In section 2.5 we found that the tilt angle β increases when the applied E-field E0 increases and
is larger than a critical value EQ (equation 2.25), which is in accordance with our observations.
It is hard to say for sure, but it appears that the direction of the drop rotation is perpendicular
to the E-field direction.

Figure 5.11: a) The E-field is zero and the droplet sinks towards the bottom
of the sample cell. b) A 500 V/mm DC field is turned on. The droplet
rotates counterclockwise, deforms and moves towards the positive electrode.
Stronger E-field strength results in larger tilt angle β, oblate drop deforma-
tion, larger induced flow velocities and drop movement.

Figure 5.11 shows two video frames of the drop before and after a 500 V/mm DC field is
applied. The particles in the surrounding castor oil are latex beads used to trace the flow.
The latex beads in the castor oil showed that the flow around the drop rotated and increased
in velocity when the E-field increased. The drop did not only move horizontally against the
positive electrode after the field was turned on, it also moved in the camera view direction.
The drop rotation and movement made it hard for us to track the drop and focus the image.
These movements increased when the E-field became stronger. We did not study this rotation
phenomenon in more detail due to limited time and problems with tracking the drop. It would
be interesting to study the critical field strength Ec for droplet rotation, to track the flow
inside the drop during rotation, measure tilt angle and confirm that the drop always rotate in
a direction perpendicular to the electric field.
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5.7. SURFACE TENSION: RING METHOD

5.7 Surface tension: Ring method

As described in the method chapter, the Du Noüy ring method was used to measure the
superficial surface tension (SST) γ between air and distilled water with different clay types and
concentrations Φ. The measurements were necessary and important to choose clay types and
concentrations for the later microchannel flow experiments.

Figure 5.12: Superficial surface tension between air and distilled water with
different laponite and bentonite clay concentrations. All measurements are
performed at T = 20 ◦C.

The SST γ between air and water with different laponite and bentonite clay concentrations Φ
is presented in figure 5.12. For low clay concentrations, the SST for water with both laponite
γa,l

1 (triangle) and bentonite γa,b (rectangle) approaches the measured SST for distilled water
without clay γa,w (63.7 mN/m), as expected. γa,l appear to have a minimum for Φl equal to
0.25%. Φl higher than 1.0% were not measured since laponite starts to gel around this concen-
tration (Gabriel et al., 1996). Local minimum values for γa,b was found for Φb equal to 2 and 4%.

The fluctuating behavior of γa,b against Φb may be explained by big bentonite grains in the
sample and errors in the measurements. Large clay particles will sediment fast and lower the
clay concentration near the air/water surface. Bentonite grains in contact with the measuring
De Noüy ring may as well alter γa,b considerably. SST measurements were repeated for some
of the bentonite concentrations, but with no change in the results. Figure 5.12 shows that

1The subscripts a, l, b, w, n and o will hereafter be used to denote air, laponite, bentonite, distilled water,
sodium-fluorohectorite (Na-Fh) and OP3 mineral oil, respectively.

63



Chapter 5: Results and discussion

both laponite and bentonite clay particles (in distilled water) have a heavy influence on the
SST. For some bentonite concentrations, γa,b even exceeds γa,w. However, the measured SST
for distilled water γa,w was unusually low2 and some of these values should not be fully trusted
until confirmed by other measurements.

Figure 5.13: Superficial surface tension between air and distilled water with
different Na-Fh clay concentrations. * Signifies that the sample has been
preheated to 70 ◦C. γ∗20 exhibited time dependence for the preheated samples.
High and low denotes the highest and lowest observed γ∗20 values.

Similar measurements were performed for distilled water with different Na-Fh clay concentra-
tions and temperatures (figure 5.13). For 0.5% ≤ Φn ≤ 2.0%, the measured SSTs at both 20
◦C γ20

3 (star) and 70 ◦C γ70 (rectangle) are lower than the measured γa,w value (63.7 mN/m).
The difference between γ20 and γ70 for Φn ≤ 1.5% is significant. By heating the sample (water
with Na-Fh), γ seems to increase. The minimum SST values are measured for dist. water with
low Na-Fh concentrations Φn, exept for the preheated samples where γ∗min occur when Φn =
1.5%. Figure 5.13 shows that Na-Fh clay alter γ considerably. γ20 ranges between 42 and 57
mN/m, while γ70 varies between 48 and 55 mN/n for 0.5% ≤ Φn ≤ 2.0%.

Samples measured at 70 ◦C were cooled down before new SST measurements were performed at
20 ◦C. Unlike previous samples, γ∗20 decreased with time during the measurements. The dashed
(pink) line in figure 5.13 shows the initial measured SST values, while the dotted (red) line

2γa,w was measured to 63.7 mN/m at the lab with the ring method. The tabulated SST value for pure
distilled water exposed to air and measured at room temperature is 72.8 mN/m.

3The numbers in subscripts denote the sample temperature in celsius degrees, while * indicate that the
sample has been preheated to 70 ◦C.
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5.7. SURFACE TENSION: RING METHOD

shows the measured equilibrium SST values after a certain time t. New measurements were
performed where the time dependence was studies more in detail. The main result from these
measurements is presented in figure 5.14. No apparent time dependency was observed for the
samples with other clay types: only variations small enough to be explained by measurement
errors were evident.

Figure 5.14: Dynamic superficial surface tension between air and distilled
water with different Na-Fh clay concentrations.

As seen in the figure above, the decrease in γ∗20 with time t is greatest for the sample with Φn=
2.0% (star). During 30 minutes, γ∗20 decreases with approximately 10 mN/m (67 to 57 mn/m).
The decrease in γ∗20 for the samples with Φn equal to 1.5% (triangle) and 1.0% (circle) is small
(∼ 3 mN/m) and less time t is required to reach stable states. For Φn = 0.5% (rectangle),
the time dependence is too small to be more than measurement errors. The result suggests
that Na-Fh concentration Φn and time t have a strong influence on γa,n. For the preheated
samples measured at 20 ◦C, the difference between the highest(Φn = 2.0%) and lowest (Φn =
1.5%) measured γ∗20 value is 33 mN/m (67 - 34 mN/m). Such a big difference in γa,n should
be sufficient to affect the droplet formation in a microchannel T-junction, as we will study
later(section 5.9). The measured SST and density values for dist. water with different clays
and concentrations are summarized in table 5.1.
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Table 5.1: Measured superficial surface tension (SST) and density values.
Samples marked with * are preheated to 70 ◦C before cooled down and mea-
sured at room temperature. Samples that are not specifically marked are
measured at room temperature (23 ◦C).

Liquid Clay concn. (w/w%) Density (g/ml) SST (mN/m)

Dist. water w. bentonite 0.5 0.9989 63.5
1 1.0038 61.2

1.5 1.0040 47.9
2 1.0073 42.6

2.5 1.0047 68.4
3 1.0167 73.0

3.5 1.0173 74.3
4 1.0220 48.6
5 1.0294 70.7

Dist. water w. laponite 0.1 0.9985 59.6
0.2 0.9990 54.6
0.25 0.9993 51.1
0.5 1.0012 53.9
1 1.0026 63.1

Dist. water w. Na-Fh (20 ◦C) 0.5 1.0045 42.1
1 1.0047 44.8

1.5 1.0029 42.5
2 1.0104 56.9

Dist. water w. Na-Fh (70 ◦C) 0.5 0.9816 48.4
1 0.9790 52.9

1.5 0.9822 48.9
2 0.9930 54.9

Dist. water w. Na-Fh (20 ◦C)* 0.5 1.0045 46.7
1 1.0047 47.6

1.5 1.0029
2 1.0104

Dist. water 0 0.9980 63.7
Tab. value dist. water 0 0.9980 72.8

Ethanol 0 0.8075 22.9
Tab. value ethanol 0 0.7895 22.4
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5.8 Surface tension: Pendant drop method

To confirm and better explain some of the superficial surface tension (SST) results obtained
with the Du Noüy ring method (section 5.7), new surface tension measurements were per-
formed, this time with the pendant drop method at the Ångström laboratory in Uppsala. The
measured SST and interfacial surface tension (IST) against air and hexane oil, respectively, are
presented in table 5.2. The tabulated SST values are averages of the 10 first SST measurements
(during ∼ 2-4 minutes), while the tabulated IST values are single measurements taken right af-
ter (∼ 0-30 seconds) the pendant drop was made. Average of the IST values was not calculated
since the IST decreased with time and since only a few measurements were performed for each
sample. Generally, the pendant drop (surrounded by hexane oil) broke lose from the syringe
tip before the IST steadied. The dynamic surface tension measurements will be discussed more
thoroughly later in this section.

The SSTs measured with the pendant drop method (table 5.2) differ considerably from the
SSTs measured with the Du Noüy ring method (table 5.1). First, let us compare the measured
SST value for pure distilled water, γa,w. This value was measured to 63.7 mN/m at the labora-
tory at PUC (Pontificia Universidade Católica) Rio and measured to 72.6 ± 0.3 mN/m at the
Ångström laboratory in Uppsala with the Du Noüy ring and pendant drop method, respectively.
The distilled water at PUC was expected to be a bit contaminated, and the measured γPa,w

4

supports this when compared to the standard tabulated value (72.8 mN/m) and γUa,w (72.6 ±
0.3 mN/m). γPa,w was controlled with several SST measurements, all giving the same result. A
new pendant drop instrument has been bought and is being installed at PUC while this thesis
report is written. It would be interesting to compare the SST measurements presented in table
5.1 with similar measurements performed with the new pendant drop instrument.

It is hard to say if water contamination acts on clay particles in a distinct way so that the
SST dependence on clay particle concentration presented in figure 5.12 and 5.13 can be ex-
plained. Repeating the SST measurements at PUC with the Du Noüy ring method and pure
dist. water without contamination would probably give the answer. It is also possible that
the clay particles interacted with the ring during the measurements. This might explain the
incoherent SST vs. clay concentration behavior seen in figure 5.12 and 5.13.

Since the distilled water at PUC and Uppsala had different degrees of purity, the two indepen-
dent SST measurements are difficult to compare. We do not know how the water contamination
affects the clay particles and the SST. However, the SST measurements performed at Uppsala
with the pendant drop method (table 5.2) indicate that neither Na-Fh, bentonite or laponite
clay in pure distilled water have any considerable effect on the SST. Measurements with clay
and NaCl concentrations in dist. water was also performed, but no big difference in the SST
was observed.

4The superscripts P and U will hereafter denote the SST (γ) measured at PUC and Uppsala, respectively. As
before, the subscripts a, l, b, w, n and o denote air, laponite, bentonite, distilled water, sodium-fluorohectorite
(Na-Fh) and OP3 mineral oil, respectively.
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5.8. SURFACE TENSION: PENDANT DROP METHOD

Triton X-100 (Delivered by Sigma Aldrich) with critical micelle concentration (CMC) ∼ 2 ×
10−4 mol dm−3 was used as surfactant in some of the experiments. By using surfactant in the
dist. water, the SST could be lowered (see section 2.9) in a controlled way. The SST for dist.
water with surfactant concentration C above the CMC was measured to 31.7 ± 0.1 mN/m,
which is close to the 31 mN/m value measured by the manufacturer (Dow). Based on the
measurements and comparisons with tabulated values, the pendant drop method seems to be
more accurate and reliable for SST measurements with water and clay than the Du Noüy ring
method .

Interfacial surface tension (IST) measurements against hexane oil were also performed with
the pendant drop method. The surrounding liquid was originally supposed to be OP3 mineral
oil (which was also used in the microchannel flow experiments at PUC), but logistic problems
and limited time excluded the oil from the IST measurements. Hexane oil has many properties
(e.g. viscosity, density, transparency and surface tension) which resemble the OP3 mineral oil
and was therefore chosen as the surrounding liquid. The ISTs measured right after the pendant
drop was made (inside the hexane oil) are presented in table 5.2. One sees that the IST of
distilled water with or without clays and/or NaCl in hexane oil, does not differ considerably.
The measured ISTs are all close to 40 mN/m. This result was expected since the measured
SSTs against air were quite similar as well.

Figure 5.15: Dynamic interfacial surface tension (IST) of a distilled water
pendant drop surrounded by hexane oil.
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Chapter 5: Results and discussion

The theoretic IST can be found by using Antonoff’s rule (equation 4.1) and by calculating the
difference between the individual superficial surface tensions of similar layers when exposed to
air. The calculations are performed and tabulated in table 5.2 as theoretic IST. A comparison
between the theoretic and measured IST values shows that Antonoff’s rule, in this case, is a
good estimation. However, the IST against hexane oil is not constant: it decreases with time.
Figure 5.15 shows how the IST of a distilled water pendant drop in hexane oil changes with
time. Right after the drop was made, the initial IST was measured to 40.1 mN/m (as tabu-
lated in table 5.2). The IST decreases and stabilizes around 30.7 mN/m after ∼ 240 seconds.
Droplets with clay and/or NaCl experienced the same dynamic time effect. After a certain
time and due to gravity, the pendant drop broke loose from the syringe tip, generally before
the IST steadied. The measured IST right before the breaking point has been used to calculate
the IST decrease rate. The result is presented in table 5.3.

The result (in table 5.3) shows that the IST for all samples decreases with time. An IST
equilibrium value for each sample is difficult to estimate, but it should be around the IST
equilibrium value for pure dist. water, 30.7 mN/m. The IST decrease rate, VI , ranges from
0.009 (dist. water w. 5 mM NaCl & 0.5% laponite) to 0.168 mN/m·s (dist. water w. 1%
Na-Fh). Some of the measured pendant drops broke loose from the syringe tip after just a
few minutes due to a drop density increase as clay from the syringe sank and sedimentet in
the drop bottom. This made the measurements challenging and the errors larger than what is
tabulated in table 5.3. The measurement errors and the large difference in measurement dura-
tion make it difficult to conclude whether VI is affected by clays or/and NaCL, or not. More
data and longer measurement durations are needed. What we can conclude for sure, is that
the IST exposed to hexane oil, decreases with time. The behavior was not further examined.
There is probably some surface active molecules/particles in the hexane oil that interact with
the drop. It would be beneficial to investigate this further by repeating the measurements and
using different surrounding liquids. The result also highlights that one has to be careful when
calculating IST with Antonoff’s rule. The rule does not take surface interactions into account
and should only be used as an estimate.

The decrease in SST with time, as seen in figure 5.14, was observed with the pendant drop
method as well. Figure 5.16 shows how the SST changes with time for an evaporating pendant
drop exposed to air and made of distilled water with and without Na-Fh or Triton X-100 sur-
factant. Firstly, look at the difference in SST between dist. water with (triangle) and without
(rectangle) Na-Fh clay. The SST for the pendant drop with clay decreases much faster than
the SST for the drop without clay. The explanation is simple. Clay particles from the syringe
sink and sediment to the drop bottom and result in a density (ρ) increase. This was evidently
observed on video clips. As presented in equation 4.2, the calculated SST (γ) depends on ρ.
The drop shape changes when ρ increases due to gravity. The computer software calculates
γ based on the drop shape and ρ. Since the real ρ value is larger than initially defined, the
calculated γ becomes smaller than what it really is. Since we cannot measure ρ continuously
during the experiments, dynamic SST measurements are not possible for pendant drops with
clay particles.
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Chapter 5: Results and discussion

Figure 5.16: Dynamic SST of an evaporating pendant drop exposed to air and
made of distilled water with and without Na-Fh or Triton X-100 surfactant.

The distilled water with Triton X-100 surfactant drop (circle in figure 5.16) did not experience
any considerable density changes during the measurements. The SST for the pendant drop
with surfactant decreases from ∼ 70 to 62 mN/m in 20 minutes, while the SST for the drop
without surfactant decreases from ∼ 73 to 67 mN/m in the same time. Besides the first five
minutes, the SST decrease rate is approximately the same for the two drops.

One might ask why the SST of pure distilled water changes with time. The reason is probably
small dust particles from the surroundings which settle on and interact with the drop surface.
As time goes on, more dust particles are deposited on the drop surface, the volume of the
evaporating drop decreases (∼ 25 - 17 µL during 20 min.) and the drop surface area becomes
smaller. In other words, the density of dust particles on the drop surface increases with time.
Another reason might be that the precision of the pendant drop instrument decreases when the
drop becomes smaller and more spherical. An image of the distilled water pendant drop right
after and ∼ 20 min. after it was made is shown in figure 5.17.
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5.8. SURFACE TENSION: PENDANT DROP METHOD

The SST of the pendant drop with Triton X-100 surfactant decreases rapidly the first five min-
utes after it was made, before it decreases with approximately the same rate as the drop without
surfactant. This behavior is peculiar and might be explained by measurement errors. It may
also be a surfactant effect since the surfactant concentration inside the drop increases as the
drop evaporates. However, this should not result in a fast SST decrease the first five minutes,
but rather during the entire experiment. More measurements are needed to understand and
explain this behavior. Additional graphs are left for the appendix (section C).

Figure 5.17: An evaporating distilled water pendant drop exposed to air a)
right after the drop was made and b) ∼ 20 min. later.
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Chapter 5: Results and discussion

5.9 Drop length measurements

The results from the SST measurements at PUC suggest that clay type and concentration
(Φ) affect the surface tension of water, while the measurements performed at Uppsala suggest
the opposite. Water contamination or interaction with the Du Noüy ring may have been the
decisive difference. However, microfluidic flow experiments were performed at PUC based on
the SST measurements performed there. The interfacial surface tension (IST), σ, between OP3
mineral oil and water with or without clay is yet to be measured. Antonoff’s rule was employed
to calculate the different ISTs instead. As highlighted in the previous section, the rule will only
serve as a good estimate for the IST.

Seven different systems were chosen for the mirofluidic flow experiments. OP3 mineral oil
was selected as the dispersed phase in all systems, while distilled water with different concen-
trations of clay particles was used as the continuous phase. The selection of clay type and
concentration was based on the SSTs measurements presented in section 5.7. The systems and
their properties are presented in table 5.4.

As explained in section 2.12, the relative effect of viscous forces to IST forces is given by the
capillary number Ca. This important dimensionless number distinguishes the different droplet
formation regimes and is given by: Ca = uµ/σ, where u is the characteristic velocity (m/s), µ
the dynamic viscosity (Pa·s) and σ the IST (N/m) between the dispersed and continuous fluid.
The maximal Qmax and minimum Qmin total flow rate used in the flow experiments were 0.21
and 0.07 ml/h, respectively. We know that:

1 ml = 1×10−3 l = 1×10−3 l · 10−3 m3/l = 1×10−6 m3

1 h = 1 h · 60 min/h · 60 s/min = 3.6×103 s
100 µm = 1×102 µm ·10−6 m/µm = 1×10−4 m

The maximum and minimum flow velocity are then:

vmax =
Qmax

A
≈ 0.21 ml

(100 µm)2 h
=

21× 10−8 m3

3.6× 10−5 m2s
=

21 m

3600 s
≈ 5.83× 10−3 m/s (5.6)

vmin =
Qmin

A
≈ 0.07 ml

(100 µm)2 h
=

7× 10−8 m3

3.6× 10−5 m2s
=

7 m

3600 s
≈ 1.94× 10−3 m/s (5.7)

where A is the microchannel cross section area. The dynamic viscosity νd equals the kinematic
viscosity νk multiplied by the specific mass ρ. Using νk = 1 mm2/s = 1×10−6 m2/s and ρ = 1
g/ml = 1×103 kg/m3 give νd = 1×10−3 Kg/s·m. The maximum and minimum ISTs from table
5.4 are 38 and 18 mN/m, respectively. It is then easy to calculate the capillary number, which
yields: Camax = 3.2×10−4 and Camin = 5.0×10−5. With the capillary number well beneath
0.01 for all systems and flow rates, the droplet formation is in the squeezing regime (see section
2.12.1).
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Chapter 5: Results and discussion

Figure 5.18: Average droplet length La divided by the microchannel diame-
ter D against discontinuous/continuous flow rate ratio Qd/Qc for the different
systems. The numbers in the parenthesis are the calculated theoretic interfa-
cial surface tension (ISTs) between the cont. and discont. phase. * Signifies
that the sample has been preheated to 70 ◦C.

The length of droplets formed in the microfluidic T-junction, L, was measured for different
discontinuous/continuous flow ratios and fluids. The average droplet length (La) against flow
ratios Qd/Qc for the seven systems is presented in figure 5.18. Error bars are calculated from
the standard deviation in measured droplet length. The variation in La between the seven
systems measured at the same flow ratio is large, especially for large Qd/Qc ratios (> 1).

Systems that contain clay particles seem to form droplets with larger or lower La than the
system without clay (system N1) when the flow rate ratios are similar. The average droplet
lengths produced by system N1 (square), lying in the middle of the data points in figure 5.18,
appear to be close to the average droplet length of all the other systems (figure 5.19).

The two figures indicate that clay particles in the continuous phase, depending on concen-
tration (Φ) and clay type, have the ability to increase or decrease the droplet length produced
in a microfluidic T-junction. In figure 5.18 and for all measured flow ratios, one sees that the
systems with lowest ISTs, N5 (tilted square) and N6 (tilted triangle) produce droplets with
shortest La. The effect of IST on La will be discussed in more detail later in this chapter.
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5.9. DROP LENGTH MEASUREMENTS

Figure 5.19: Average droplet length La divided by the microchannel diameter
D against discontinuous/continuous flow rate ratio Qd/Qc for system N1 and
the average of system N2 - N7.

As presented in section 2.13, the scaling law for the droplet size in the squeezing regime predicts
that L/D decreases with an increase in Ca and is almost independent of fluids properties:

L/D = ε+ δ
Qd

Qc

(5.8)

where L is the droplet length, D is the microchannel diameter, ε and δ are fitting parameters
depending on the geometry of the T-junction, while Qd and Qc are the flow rate of the dispersed
and continuous phase, respectively. The data points in figure 5.18 are fitted with this model
and the result with parameters is presented in table 5.5. Standard errors of the average lengths
calculated for each system at the different Qd/Qc flow ratios are used to weight the different
data points in the fit.

77



Chapter 5: Results and discussion

Table 5.5: Linear fit for the different systems: La/D = ε + δ · Qd/Qc. R is the
correlation coefficient (R = 1 indicates a perfect fit between the data points
and the model, while R = 0 signifies no fit at all) and SD is the standard
deviation in La from the model.

System ε εError δ δError R SD

N1 1.966 0.004 1.810 0.016 0.989 3.433
N2 2.071 0.022 2.162 0.062 0.991 1.065
N3 1.751 0.048 2.556 0.097 0.964 1.671
N4 2.048 0.009 1.710 0.023 0.986 2.809
N5 1.966 0.016 1.205 0.024 0.957 3.328
N6 1.674 0.007 1.687 0.012 0.989 4.711
N7 2.026 0.019 1.962 0.055 0.987 1.297

The high correlation coefficient (R close to 1) and the small errors in ε and δ for all the systems
indicate that the model fits well to the measured data points. ε and δ for the different systems
ranges from 1.67 - 2.07 and 1.21 - 2.56, respectively. The standard deviation (SD) represents
the spread in La from the fitted model. As seen in the table above, the SD between the systems
differs much. System N2 and N6 display two extremes in variation from the fit with SD = 4.71
for system N6 (1.5% NaFh*) and SD = 1.07 for system N2 (0.1% laponite). Comparing with
literature, Garstecki et al. (2006), Tice et al. (2003) and Xu et al. (2008) reported scaling laws
as:

L/w = 1 +Qd/Qc

L/w = 1.9 + 1.46Qd/Qc

L/w = 1.38 + 2.52Qd/Qc

These scaling laws have ε and δ values between or close to the geometry fitting parameter
ranges presented in the paragraph above. However, these scaling laws were obtained by using
rectangular microchannels and dist. water and oil as the continuous and discontinuous phases.
For oval microchannels, more of the continuous phase will contribute to the drop neck squeezing
and shorter droplets are formed (see section 2.13.4). The large difference in ε and δ between the
systems indicates that clay type and concentration somehow affect the average droplet length
and variation.
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5.10 Surface tension effect

Let us now take a closer look at how the interfacial tension between the liquids affects the
droplet length and variation. Figure 5.20 shows the average droplet length La against different
flow rates Qd/Qc for continuous phases with or without laponite clay. The x axis in the figure
is logarithmic to better present the flow ratio range, and the data points in the figure have error
bars based on the SD from La. For low flow ratios (Qd/Qc < 1), the measurement error is low,
i.e. the measured drop lengths L does not vary much from La. The average droplet lengths for
these low flow rate ratios are approximately the same for the systems with laponite (N2-4) and
without clay particles (N1). La is ∼ 2-3 times the microchannel diameter D when Qd/Qc < 1.

Figure 5.20: Average droplet length La divided by the microchannal diameter
D against different flow rate ratios Qd/Qc for dist. water with and without
laponite clay particles. The numbers in the parenthesis are the calculated
theoretic interfacial surface tension (ISTs) between the cont. and discont.
phase.

When Qd/Qc increases, the variation in L from La increases drastic for the systems containing
water with laponite (N2-4). Displayed in the figure, the error bars for the system with distilled
water (square) are much smaller than the error bars for the systems with laponite. These huge
variations in measured droplet lengths (L) from La make it difficult to draw certain conclusions
about how the laponite clay concentration Φl affects L. It seems that system with Φl = 0%
(square) and Φl = 1% (star) produce shorter droplets (in average) than the system with Φl =
0.1% (triangle) and Φl = 0.25% (circle). By comparing the theoretic interfacial surface tensions

79



Chapter 5: Results and discussion

(ISTs), one discovers that the systems with the highest IST between the liquids are the systems
that generate the longest droplets. However, the difference in theoretic IST between the systems
is not huge. The difference in La between the systems is therefore not expected to be large.
It is also important to remember that the calculated theoretic IST values are only estimates
of the real ISTs. We do not know how the OP3 mineral oil interacts with the distilled water
drop surface. As mentioned before, there is also doubt about the validity of the surface tension
values measured with the Du Noüy ring method.

Figure 5.21: Average droplet length La divided by the microchannel diameter
D against different flow rate ratios Qd/Qc for dist. water with different Na-Fh
concentrations. The numbers in the parenthesis are the calculated theoretic
interfacial surface tension (ISTs) between the cont. and discont. phase. *
Signifies that the sample has been preheated to 70 ◦C.

A graph displaying La/D against different flow ratios Qd/Qc for systems with different Na-Fh
clay concentrations Φn is presented in figure 5.21. System N7 with Φn = 2% Na-Fh (star) and
high IST produce longer droplets (in average) than system N6 with Φn = 1.5% Na-Fh (circle)
and a considerably lower IST. Both system N6 and N7 have a continuous phase that was pre-
heated to 70 ◦C. As discovered and presented in section 5.7, these fluids displayed a decrease
in the superficial surface tension (SST) with time (see figure 5.14). The difference in calculated
theoretic IST between the two systems is enormous. This huge difference is not reflect in La,
which only differs slightly. The difference in La for low flow rates (Qd/Qc < 1) between the
systems with Na-Fh (N6 and N7) and the system without clay (N1) is in reality zero.
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5.10. SURFACE TENSION EFFECT

For increased flow rates, the variation in L from La increases slightly for the system con-
taining distilled water with Φn = 0% (square) and 1.5% Na-Fh (circle), while the variation for
system N7 with Φn = 2.0% (star) is much larger. This might be explained by the SST time
dependence presented earlier in figure 5.14. For (pre-heated) dist. water with Φn = 2.0%, the
measured SST decreased considerably with time compared to the SST for (pre-heated) dist.
water with Φn = 1.5%. However, the time scale for these dynamic effects (minutes) was much
longer than the time scale for droplet formation in the microchannel (seconds). One must also
consider the fact that this dynamic SST effect was measured when exposed to air, while the
droplets make interfacial surfaces in oil. Clay particle sedimentation and error in the flow rates
may also affected La. Compared to the systems containing dist. water with different laponite
concentrations (as shown in figure 5.20), the error bars are lower for the systems containing
Na-Fh. This indicates that systems containing Na-Fh produce droplets with less variation in
measured droplet lenght L from La than systems containing laponite. However, the difference
in variation is small.

The system containing dist. water with bentonite (N5) produced the shortest droplets of
all systems (figure 5.18). However, the real droplet bentonite concentration Φb was not equal
to the initial mixed 2% concentration. This is because the bentonite grains were large and
heavy, and they sank rapidly the the bottom of the horizontal syringe. These bentonite grains
stayed at the syringe bottom while the fluid was pumped to the microchannel. During the
measurements, we also had some problems caused by bentonite particles essentially blocking
the microchannels at the T-junction. The last problem in particular may have affected the
result and shortened the droplets. The standard deviation (SD) values for the system with
bentonite (N5) is quite small, so the produced droplets do not vary much in length for the
different flow rate ratios.

The results presented in this chapter do not show any evident relationship between the mea-
sured droplet length and the interfacial surface tension (IST). The experiments show that clay
particles affect the average produced droplet lengths, but it is hard to explain precisely how
they do this. If we can trust the SST measurements performed at PUC with the Du Noüy
ring method and if Antonoff’s rule is accurate, the clay particles may change the IST between
the OP3 mineral oil drop and the surrounding water. Water contamination may also play an
important role. Another possibility is that clay particles do not alter the surface tension, but
somehow stick to the microchannel or droplet wall and thus alter the geometry and pressure.
Campos (2011) examined the same system, but without clay. For similar viscosity and flow
rates, he observed an increase in droplet length when the IST between the fluids increased. This
behavior was also expected by theory and earlier work presented in section 2.13.3. Campos
(2011) also found that L/D cannot solely be described by the flow rate ratios Qd/Qc. The size
of the individual flow rates will also affect the droplet length.
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5.11 Time effect on droplet length

For some of the systems in table 5.4, La/D has been measured at both the T-junction and the
microchannel exit (table 5.6). A picture of the droplets at the T-junction was captured every
five seconds for one minute, giving 11 pictures. The camera and microchip were then adjusted
and 11 new pictures were captured at the exit of the microchip. The flow rate ratio between
the continuous and discontinuous phase Qd/Qc was equal to 1 for every measured system. The
droplet length on the pictures was then measured with the computer program AxioVision. The
formed droplets measured at the T-junction are not exactly the same droplets that were mea-
sured at the microchip exit. This should not be a problem since the variation in measured
droplet length L is quite small (see SD in table 5.6). A picture of the droplets right after they
were made in the T-junction and near the microchip exit is displayed in figure 5.22.

The channel length from the T-junction to the chip exit is approximately 278 mm (The
Dolomite Centre). With a flow rate equal to 0.05 ml/h for both the continuous and dis-
continuous phase, the droplet speed is found by using equation 5.6 which relates the flow rate
and speed of the droplets in the microchannel: v ∼ 10 m/3600 s = 0.0028 m/s = 2.78 mm/s.
One can then easily calculate the droplet travel time between the T-junction and chip exit; t
∼ 278 mm / 2.78 mm/s = 100 s.

The average droplet length divided by the microchannel diameter (La/D) for all the mea-
sured systems in table 5.6 seems to be smaller at the chip exit than at the chip T-junction. The
difference (La/D)T − (La/D)E is considerable for system N2, N4 and N6 with Qd/Qc = 1. For
system N7, the difference is not big enough to exceed the standard error of the mean (SEM).
The result suggests that during the approximately 100 seconds during which the droplets are
traveling in the microchannel, the average length of the droplets La decreases. Unfortunately
no similar measurements were performed with system N1 (distilled water without clay parti-
cles), so one cannot conclude whether the effect is caused by clay particles in the droplets or
something else.

Table 5.6: Average droplet length La divided by the microchannel diameter
D for different systems measured at the microchip T-junction (T) and exit
(E). SD is the standard deviation in measured droplet lengths L divided by
D from La/D, while SEM is the standard error of the mean. The flow rate
ratio is Qd/Qc = 1 for all systems.

System (La/D)T SDT SEMT (La/D)E SDE SEME

N2 3.72 0.40 0.12 2.90 0.69 0.21
N4 3.70 0.19 0.06 2.60 0.06 0.02
N6 3.15 0.12 0.03 2.43 0.13 0.04
N7 4.05 0.90 0.27 3.95 0.67 0.20
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5.11. TIME EFFECT ON DROPLET LENGTH

The standard deviation (SD) of the measured droplet lengths divided by D ranges from 0.06 to
0.90 for the various systems when Qd/Qc = 1, so the variation in droplet lengths differs between
the systems. This time effect was just briefly examined, so no major conclusion can be drawn.
To achieve better statistics and credibility, the same measurements should be performed at
different flow ratios Qd/Qc and preferably with a larger selection of measured droplet lengths.
Similar measurements should be performed for the distilled water system (N1) as well.

Figure 5.22: System N2: Picture of (a) droplets formed near the T-junction
and (b) droplets leaving the microchip.
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Chapter 6

Conclusion

6.1 E-field induced formation of chain and ribbon pat-

tern

Droplets made of silicone oil and sodium fluorohectorite (Na-Fh) clay particles suspended in
castor oil and affected by various electrical fields (E-fields) have been studied. Zero field exper-
iments showed that the clay particles altered the drop settling velocity. The settling velocity in
castor oil for a silicone oil droplet with 1% Na-Fh (w/w%) was approximately 2.3 times faster
than the settling velocity for a pure silicone oil droplet. Using Stoke’s law and taking droplet
radiuses into account, the droplet without clay particles was expected to sink 1.7 times faster
than the drop with clay particles. The distinciton may be explained by a difference in the drag
force Fd acting on the droplets. If that is the solely explaination, calculations indicate that the
stress exerted by the surrounding castor oil on the silicone oil droplet is reduced by a factor ∼
1.8 when 1% Na-Fh clay particles are added.

Two optical microscopes with optical paths normal to one another were used to study the
E-field induced structuring from clay particles placed inside the droplet. This configuration
allowed for simultaneous observation of the droplet and clay behavior from both a front view
(optical path perpendicular to the E-field direction) and a side view (optical path parallel to
the E-field direction). Prior to the application of the E-field, the Na-Fh particles are randomly
dispersed inside (and on the surface of) the silicone oil droplet. The initial isotropic distribu-
tion in zero field was confirmed by adjusting the focus on the microscope and examining the
intersection between the clay particles and the focus plane. The application of an alternating
current (AC) E-field of 600 V/mm peak to peak (frequency 200 Hz) resulted in a prolate droplet
deformation and chain patterns parallel to the E-field direction were formed. Only the E-field
strength E was observed to affect the chain formation. Larger E reduced the chain pattern
completion time.

Direct current (DC) E-field initiated clay particle movement inside the drop and the formation
of a ribbon pattern at the drop surface. The ribbon is composed of short particle chains ori-
ented along the E-field direction. The droplet experienced an oblate deformation and moved
slowly and horizontally towards the positive electrode when the DC field was applied. Why the
drop is negatively charged is yet not understood, but it may be caused by a very weak droplet
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rotation. Droplet rotation was evidently observed when the DC E-field strength exceeded ∼
300 V/mm. This phenomenon was not examined in detail, but it seemed to resemble the ro-
tation described by Quincke (1896) with tilted deformation axes and rotation perpendicular
to the E-field direction. Also in accordance with Quincke (1896), the tilt angle of the droplet
deformation axes was found to increase with stronger E-field strengths.

As the droplet moved horizontally, the formed ribbon was slightly displaced in the opposite
direction of the drop movement. This is likely a drag caused effect. In addition to horizontally
drop movement, viscous flow inside and outside the drop was induced when the DC E-field
was applied. The induced flow was predicted by Taylor (1966) in his leaky dielectric model to
balance the electric force caused by free charges in the droplet (see section 2.4). The flow inside
and outside the droplet was traced by capturing video clips and by observing the movement of
clay particles or latex beads. Both the flow inside and outside the droplet displayed the same
characteristic pattern as Taylor described in his leaky dielectric model (Taylor, 1966). The
clay particles and dielectric latex beads used for the tracing produced the same flow lines. The
resemblance in flow lines strongly indicates that the induced viscous flow inside and outside
the drop is unaffected by the clay particles and their interactions.

A more detailed study of the ribbon formation showed that the clay particles undergo a ”V”→
”Y”→ ”I” transition before completing the ribbon pattern. The transition is probably present
due to the settling speed of the drop and gravity effects. By varying the DC E-field strengths,
experiments showed that the time for ribbon completion t is proportional to cE−2.4, where c
is a constant. So a stronger E-field results in less time for clay particles to form the ribbon
pattern. Experiments with different droplet sizes were also performed. The results shows that
the percentage of droplets to form ribbons in 1 minute has a aE2 linear dependence, where a
is the drop radius. The correlations seems reasonable since the drop deformation and viscous
flow are proportional to aE2 (Taylor, 1966). The ribbon formation is thus assumed to be highly
dependent on the induced viscous flow velocity inside the drop.

The application of both an AC and a DC E-field resulted in clay particle movement and forma-
tion of chain patterns inside the droplet. As confirmed by (among others) Fossum et al. (2006),
the clay particles become polarized and attach to each other when the E-field is applied. The
initial isotropic clay distribution ensures that the chains spread evenly throughout the drop.
As time evolves, more particles become attached to each other (forming chains). Induced vis-
cous flow inside the drop is the factor that distinguishes the drop and particle behavior in the
two experiments. For an AC E-field, the E-field direction changes at a rate given by the field
frequency. It has been shown that the viscous flow processes in a droplet are slow compared to
the the dielectric polarization of the fluid (Vizika and Saville, 1992).

When the frequency is high enough, the E-field changes too fast for viscous flows to arise.
In that case, interfacial tension is the only force to balance the drop deformation caused by in-
duced dipole charges on the drop surface. The dipole charges are pulled towards their respective
electrodes and the drop is thus stretched towards the electrodes giving a prolate deformation.
As stated in equation 2.15, the drop deformation depends on the squared E-field, so the field
direction should not alter the prolate deformation. Inside the droplet, the clay particle attrac-
tion is too strong and the frequency of the field is too high for the particles to rotate with the
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alternating field and break free from the chain pattern. When there in addition is no viscous
flow to break the chains, the patterns stay stable.

When a DC E-field is applied, viscous flow inside and outside the droplet have more than
enough time to appear and to balance the electric forces caused by the free charges inside the
drop. The induced viscous flow limits the size of the aligned chains and thus prevents the chains
from forming throughout the whole drop. Instead, the short chains align in a ribbon pattern.
It is not completely understood why the particles move to the drop surface and form the ribbon
pattern there. The centrifugal force arising from the circular flow inside the droplet may be
one reason. We recall from section 2.4 and figure 2.6 that the tangential electric stress and thus
the viscous flow at the droplet equator is zero since no free charges exist there. This explains
why a ribbon is allowed to form and stay at the droplet equator without being destroyed.

6.2 Future work

Some suggestions for future studies have already been mentioned earlier in this thesis report.
The experiments presented here are mostly performed with Na-Fh clay particles. Other clay
types and oils should be tested as well. It was weakly observed and it is expected that droplets
with a high clay particle concentration need less time to form a ribbon than droplets with lower
clay concentrations. However, there was not sufficient time to investigate this in the present
study. The clay concentration effect on ribbon completion time and ribbon width would be an
interesting study for future works.

Some of the experiments, such as measurements of the settling velocity, should be repeated
with other clay concentrations and types to confirm and control that clay particles reduce the
drag force on settling droplets. The sample cell used for the experiments involving E-fields was
custom-made and optimized for the set up with two microscopes. An improvement for later
experiments would be to increase the sample cell height. A greater height would increase the
time before the droplets sink to the sample cell bottom, and would improve the homogeneity of
the E-field acting on the droplets1. It would also be beneficial to flip the electrodes so that they
are in direct contact with the castor oil. This would most likely change/increase the castor oil
flow.

It could be advantageous to change the experimental setup. A good idea would be to design
a spherical sample cell so that the microscope/s could have any desired optical view between
the view parallel and perpendicular to the E-field. Instead of examining the droplets from the
sides of the sample cell, a view from above may be a clever solution.

As mentioned earlier, a rotation phenomenon was observed when the applied E-field exceeded
a critical value. A detailed study of this phenomenon with clay particles inside the droplet
could include: finding the the critical E-field value for Quincke rotation (Quincke, 1896) and
comparing it with values and models from the literature, investigating and explaining the drop
movement towards the positive electrode, checking if the drop always rotate in a direction per-
pendicular to the E-field, studying if clays affect the tilt angle and mapping the flow inside

1The E-field is only homogeneous in the middle half of the sample cell (Sato et al., 2006).
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and outside the drop for different E-fields. New flow measurements could be improved by us-
ing a better light source (e.g. a laser sheet) and a dark background. Using µ-PIV (Particle
image velocimetry), as described in the report in appendix E, may also be a solution. The
experiments presented in this thesis report only studied single droplets. Studying systems with
several droplets containing clay particles may be the natural next. The ultimate goal should
be to control the clay (alignment and movement) and droplet behavior (deformation, position,
rotation, coalescence, etc.) for several drops (forming emulsions) at the same time.

6.3 Two phase flow experiments

The stability and length of oil-water droplets with smectite clay particles formed in an oval
microfluidic T-junction and by using the cross-flow shear method have been studied at PUC-
Rio2. Seven different systems were examined and compared with OP3 mineral oil as the dis-
persed/discontinuous phase and distilled water with different clay particle concentrations as
the continuous phase. The calculated capillary number Ca for the fluids was as expected, well
beneath 0.01. The low Ca number places the droplet formation in the squeezing regime, indi-
cating that droplets are sheared off right at the T-junction and that the breakup is dominated
by the interfacial tension force.

The length of the droplets formed at the microfluidic T-junction, L, was measured for differ-
ent dispersed/continuous flow rates and systems. For each flow rate ratio Qd/Qc

3, an average
droplet length (La) was calculated from 11 measurements. The data points were then plotted
and fitted with: La/D = ε + δ · Qd/Qc

4, where D is the microchannel diameter and ε and
δ are fitting parameters depending on the geometry of the T-junction. The measured data
points fitted well with the model indicating that the droplet length is proportional to the flow
rate ratio Qd/Qc. ε and δ for the different systems ranged from 1.67 - 2.07 and 1.21 - 2.56,
respectively. The values are in accordance with earlier work in the literature (Tice et al., 2003;
Garstecki et al., 2006; Xu et al., 2008).

The large variation in ε and δ between the systems indicates that clay type and concentra-
tion somehow affect the average droplet length (La). For small flow rate ratios (Qd/Qc < 1),
all systems produce more or less equal droplet lengths and the lengths increase linearly with
Qd/Qc. At these flow ratios, the variation in measured droplet length (L) from the calculated
average droplet length (La) is very small, i.e. the systems are stable and produce droplets with
approximately the same lengths. A difference in the average droplet length La between the
systems starts to arise when Qd/Qc > 1. However, the droplet length variation also increases
when Qd/Qc > 1 and the measurement errors almost erase the difference in La between the
systems. It is thus difficult to conclude whether clay particles in the dist. water systematically
affect the formed droplet lengths or not. Anyhow, the droplet length variation is generally
observed to increase when clay particles are added to the continuous phase (dist. water).

2Pontif́ıcia Universidade Católica do Rio de Janeiro.
3Qd and Qc are the flow rate of the dispersed and continuous phase, respectively.
4This model was proposed by Garstecki et al. (2006) for droplet formation in the squeezing regime.
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For four of the systems, droplets were measured both at the T-junction and at the microfluid
chip exit for Qd/Qc = 1. The average droplet length (La) for three of the four measured systems
was considerably smaller at the chip exit than at the chip T-junction. The result suggests that
during the approximately 100 seconds the droplets are traveling in the microchannel, the aver-
age length of the droplets decreases. Unfortunately, this time effect was just briefly examined
and all of the measured systems contained clay particles, so one cannot conclude whether the
effect is caused by clay particles in the droplets or something else. To achieve better statistics
and investigate this phenomena, one should perform the measurement at different flow ratios
Qd/Qc and preferably by measuring a larger selection droplets. Similar measurements should
be performed with pure distilled water system as well.

To examine if clay particles can change the surface tension of water, the superficial surface
tension (SST) against air for water with different clay types and concentrations was measured
with the Du Noüy ring method at PUC-Rio. SST measurements of the distilled water used
for the above described experiments revealed impurities in the water. The SST for the water
against air was measured to 63.7 mN/m, while pure water has a water/air SST on the order
of 70 mN/m. Measurements with the Du Noüy ring method showed that clay particles change
the SST of the dist. water, but in an incoherent way. The measurements were therefore re-
peated, but in another lab (the Ångström laboratory in Uppsala) and by using the pendant
drop method. As opposed to the dist. water at PUC, the water at the lab in Uppsala was
perfectly pure, i.e. the SST was measured to 72.6 mN/m5. The SST measurements performed
with the pendant drop method and pure distilled water did not show any correlation between
clay6 particle concentration and SST.

Since the distilled water at PUC and Uppsala had different degrees of purity, the two indepen-
dent SST measurements are difficult to compare. We do not know if the water contamination
discovered at PUC affects the clay particles and the SST in a distinct way. Capillary phenom-
ena are very sensitive to impurities. For example, pure water has a water/air SST on the order
of 70 mN/m, while ordinary tap water has a SST of no more than 40 mN/m (Tabeling, 2005).
Even the presence of a thin layer of impurities can easily alter the energetic properties of the
water surface. This was observed when time dynamic SST measurements of a pure dist. water
pendant drop were performed. Small dust particles from the surroundings settled on the drop
surface and slowly lowered the water/air SST. Repeating the SST measurements at PUC with
the Du Noüy ring method and pure dist. water without impurities would probably give us
some answers about if and how the water contamination interacts with clay particles. It is also
possible that the clay particles interacted with the Du Noüy ring during the measurements.
This might explain the observed incoherent SST and clay correlation.

The measurements performed with the Du Noüy ring method also revealed some time dy-
namic effects (the SST was observed to decrease with time, 10-20 minutes), but only for dist.
water with Na-Fh that was preheated to 70 C◦. Due to problems with clay particles that con-
tinuously increased the density of the pendant drop, time dynamic measurements was limited
to a few minutes with the pendant drop method and no such effect was observed.

572.8 mN/m is the tabulated water/air SST measured at room temperature.
6Laponite, bentonite and Na-Fh.
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6.4 Future studies

As described above, the results presented in this thesis report are not evident enough for us
to point out any systematic correlation between clay concentration and the length of droplets
formed in the microfluidic T-junction. However, this does not mean that clay particles cannot
affect the droplet length. There might be a question about time. The droplet lengths were
mainly measured a second or less after the droplets were made at the T-junction. Similar mea-
surements should be performed at the exit of the microfluidic chip to see if the clay particles
need more time to affect the droplets. It takes ∼ 100 seconds from a droplet is formed till it
exits the microfluidic chip. It could be advantageous to increase this time by using a chip with
longer channel length.

For future work, it is highly recommended that the interfacial surface tension (IST) between
the oil and water with clays is measured. We do not know how the surface tension of distilled
water with clays behaves when exposed to oil instead of air. IST measurements between the
OP3 mineral oil and water with clay particles was planned with the pendant drop method at
Uppsala, but time and logistic problems forced us to use hexane oil instead. Hexane oil has
many properties (e.g. viscosity, density, transparency and surface tension) which resemble the
OP3 mineral oil, but there are probably some important differences at the molecular scale which
we cannot predict. The pendant drop measurements showed that the IST between hexane oil
and water with or without clay particles decreased with time. The behavior was not exam-
ined further, but the result shows that oil can contain surface active molecules/particles that
interact with the drop and make the IST behavior too complex for it to be compared with the
water/air SST. Future studies should also investigate whether water with different clay types
and concentrations display some time dynamic SST or IST effects.

The set up and method used for the flow experiments worked well, but using syringe pumps
with smaller injection rates would be an advantage for future studies. It is also suggested that
a high speed video camera is used to record the droplets instead of capturing single images. In
this experiment, mainly 11 droplet lengths were used to calculate the average droplet lengths
at each flow rate. To achieve better statistics, the number of measured droplets should be in-
creased significantly. For future work, it would also be of great interest to make emulsions with
the T-junction geometry and study how the clay concentration affects the emulsion stability. It
is expected that this method will produce stable pickering emulsions. One should also repeat
the experiment with different fluids, T-junction geometries, and instead of varying the flow rate
ratio Qd/Qc, one should investigate how the individual cont. and discont. fluid flow rates affect
the droplet behavior.
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Appendix A

Solution of the Laplace equation for a
dielectric sphere

The derivation of a solution to the Laplace equation for a dielectric sphere follows Griffiths
(1999) and Hersvik (2010). In spherical coordinates with a symmetry axis, the Laplace equation
of equation 2.3 can be written:

∂
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) = 0. (A.1)

By separating the variables, we can express the potential as a product of two functions:

V (r, θ) = R(r)Θ(θ). (A.2)

Combining the two equations above and dividing by V , give:
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Since each term is independent of the other (ie. the first term depends on r while the second
on θ), each term must be constant to satisfy the equation. We can therefore separate each term
into two equations. The first term can be written:
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which has a solution

R(r) = Arl +
B

rl+1
, (A.5)

where A and B are arbitrary constants. The second equation becomes:
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which has one solution equal to the l’th Legendre polynomial in cos θ:

Θ(θ) = CPl(cos θ), (A.7)
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where C is an arbitrary constant. The other solution to eq. A.6 for each l turn out to blow
up at θ = 0 and/or θ = π. These components of the solution must always be set to zero when
the z-axis is accessible (Griffiths, 1999). Combining the two solutions and absorbing constant
C into A and B, the most general separable solution to the Laplace equation is:

V (r, θ) = (Arl +
B

rl+1
)Pl(cos θ). (A.8)

This yields an infinite set of solutions, one for each l. The general solution to the Laplace
equation is a linear combination of the separable solutions:

V (r, θ) =
∞∑
l=0

(Alr
l +

Bl

rl+1
Pl(cos θ). (A.9)

Inside the sphere, the sum over separable solutions that do not diverge is:

Vin(r, θ) =
∞∑
l=0

Alr
lPl(cos θ). (A.10)

Outside the sphere we have a uniform field, boundary condition 2.6 and separable solutions
that converge to zero at infinity which give us:

Vout(r, θ) = −E0rcos θ +
∞∑
l=0

Bl

rl+1
Pl(cos θ). (A.11)

The boundary condition for continuous potential, eq. 2.4, requires that:

Ala
l =

Bl

al+1
, for l 6= 1, (A.12)

A1a = −E0a+
B1

a2
, for l 6= 1. (A.13)

However, the boundary condition for the electric field perpendicular to the sphere surface, eq.
2.5, requires that

εinlAla
l−1 = −εout

(l + 1)Bl

al+2
, for l 6= 1, (A.14)

εinA1 = −εout(E0 +
2B1

a3
), (A.15)

which give us the following constants:

Al = Bl = 0, for l 6= 1, (A.16)

A1 = − 3E0

εin/εout + 2
, (A.17)

B1 =
εin − εout
εin + 2εout

a3E0, (A.18)

which give us the potential inside the sphere:
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Vin(r, θ) = − 3E0r cos θ

εin/εout + 2
, (A.19)

and outside the sphere:

Vout(r, θ) = −E0r cos θ +
εin/εout − 1

εin/εout + 2

a3E0, cos θ

r2
(A.20)

where the second term in eq. A.20 is the potential from the induced dipole.
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Ribbon formation plots

Figure B.1: Average time for ribbon to complete plotted agains different
E-field strengths. Graph made by Knut Kjerstad.
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Figure B.2: Fraction of measured droplets to complete ribbon pattern in 1
min. plotted against aE2. Drop size ∼ 0.5 µL. Graph made by Knut Kjerstad.

Figure B.3: Fraction of measured droplets to complete ribbon pattern in 1
min. plotted against aE2. Drop size ∼ 1.0 µL. Graph made by Knut Kjerstad.
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Ribbon formation plots

Figure B.4: Fraction of measured droplets to complete ribbon pattern in 1
min. plotted against aE2. Drop size ∼ 2.0 µL. N.B, these data points have a
larger source of error than the other plots presented here due to poor mixing
of the clay particles in the silicone oil. The particle distribution around the
ribbon was not even, and the particle size varied more than it should. Graph
made by Knut Kjerstad.

Figure B.5: Fraction of measured droplets to complete ribbon pattern in 1
min. plotted against aE2. Drop size ∼ 3.0 µL. Graph made by Knut Kjerstad.
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Additional graphs

Figure C.1: Interfacial surface tension (IFT) of a distilled water pendant
drop in hexane oil. The IST is measured while the drop is growing with
approximately 0.1 µL/s till the breaking point is reached.
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Additional graphs

Figure C.2: Superficial surface tension (SST) of an evaporating pendant drop
exposed to air and plotted against drop volume. Drop is made of distilled
water with and without Na-Fh or Triton X-100 surfactant.

Figure C.3: Superficial surface tension (SST) of a distilled water pendant
drop exposed to air. The SST is measured while the drop is growing with
approximately 0.1 µL/s till the breaking point is reached.
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Figure C.4: Measured drop volume plotted against time for an evaporating
pendant drop exposed to air and made of distilled water with and without
Na-Fh or Triton X-100 surfactant.

Figure C.5: Graph displaying number of ”clay suspension” publications in
each year. Graph from (of knowledge).
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Contact angle measurements

In addition to the pendant drop surface tension measurements performed at the Ångström
laboratory in Uppsala and described in section 4.4, droplet contact angles were measured as
well. Samples were prepared by mixing Na-Fh powder with solutions of 1 mM NaCl before they
were shaken in a mechanical shaker for about 80 minutes. With a uniform Na-Fh distribution,
the samples were stored for several weeks to obtain a phase separation. The samples separated
into an isotropic, a nematic and a sediment phase. After separation, the nematic and isotropic
phases were extracted and stored in separate containers.

A OCA pendant drop tensiometer and the sessile drop method (see figure 4.6 a) were used
to measure the contact angles. A 22 µL droplet was made and placed on a transparent glass
plate on the sample stage. The camera and software settings were optimized before initiating
the measurements. Pictures were captured and the dynamic contact angle measured every
30 seconds while the drop was evaporating. Figure D.1 and D.2 show the contact angles for
different evaporating droplets plotted against time. It is important to highlight that the deter-
mination of contact angle is subjective since it is analyzed by human deduction or a software’s
own set of detection rules.
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Figure D.1: Measured contact angle (CA) for an evaporating droplet made of
distilled water and a nematic and an isotropic phase extracted from sample
with 1% Na-Fh in a 1mM NaCl solution. The CA is a mean of the CA on
the left and right side of the droplet.

Figure D.2: Measured contact angle for an evaporating droplet made of dis-
tilled water and a nematic and an isotropic phase extracted from sample with
3% Na-Fh in a 1mM NaCl solution. The CA is a mean of the CA on the left
and right side of the droplet.
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Report: Micro-PIV Study

The two phase water-oil flow was studied with micro-PIV (particle image velocimetry) at PUC-
Rio. The experiment is described and the results presented in the report on the following pages.
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µ-PIV study of oil-water droplet formation in
microfluidic T-junction

Alexander Mikkelsen
May 15, 2012

Abstract

The report presents measurements of the flow field during the formation of oil droplets in a microflu-
idic T-junction together with detailed method and parameter description for optimizing a micro-PIV
experiment. Using micro-PIV, velocities in an 100 µm elliptical T-junction were measured with a spatial
resolution of 13 × 13 µm2. An untraditional manual image selection technique and advanced processing
parameters were used to analyze and measure velocity fields for different droplet grow stages. The report
is written both to present the obtained result and also to help use the micro-PIV instrument and optimize
the settings and setup in order to generate better velocity fields.
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1 Theory

1.1 About Micro-PIV

Particle Image Velocimetry (PIV) is a well-known technique for measuring macro flow fields (field of view
between 10 mm × 10 mm - 1 m × 1 m). In most applications, tracer particles are added to the flow
and are small and light enough so that gravity effect can be neglected. For standard PIV experiments,
laser light and optics are used to illuminate a plane in the fluid. The particles need to be illuminated
and recorded at a short time interval. The displacement of the particles between the light pulses can be
determined by evaluation of the PIV recordings (images). By making the laser light sheet very thin and
by choosing a camera with adequate depth of field, all tracer particles will be in focus. All the other
particles outside the light sheet are not illuminated and will thereby not scatter light and be seen in the
recorded images.

This technique works well for studying macro flows, but when it comes to micro fluid flows, using
the light sheet technique is impractical. The challenge is to make the light sheet thin enough relative
to the small flow channel. In addition, the tracer particles are small compared to the wavelength of
the illuminating light and will scatter less light. Episcopic illumination with fluorescent seed particles
is a much better solution that overcomes the problems with the small scale. Episcopic illumination is
reflected light imaging where the illumination light is transmitted through the objective. Instead of using
a light sheet, a bigger volume of the flow is illuminated. The flow is seeded with fluorescent particles
which absorb light at one wavelength and then emit light at a longer wavelength. The illumination light
and its reflections from the particle’s fluorescent emission are effectively removed by a dichroic mirror
and barrier filter so that only the fluorescent emission of the particles reaches the camera.

1.2 Depth of Field

Depth of field is the range of distances through which objects may extend yet still remain well focused
and form an acceptable image. In micro-PIV experiments the depth of field can drastically alter the
image quality. High magnification and large lens apertures both decrease the depth of field. A decrease
in the depth of field decreases the number of seeded particles in focus, but also increase the number of
unfocused particles contributing to the background noise. Thus when decreasing the depth of field, one
also has to decrease the number of seeding particles to maintain the same emitted fluorescent light to
background noise ratio. However, in most cases increasing the magnification (and thereby decreasing the
depth of field) is required to obtain the needed image. A compromise between desired magnification and
degree of background light has to be made.

1.3 Fluorescent particles

Fluorescent particles undergo a fluorescent process where a fluorophore (or fluorescent dye), absorbs
light at one wavelength and emits light at a longer wavelength. In this experiment powerful laser light
emits photons (with wavelength 542 nm) that are absorbed by the fluorophore in the particles (micro
spheres). The electronic state of the fluorophore is raised due to the absorbed energy. The excited state
typically lasts for 1-10 nanoseconds. Within this time, some of the absorbed energy is dissipated due
to some conformational changes happening in the fluorophore. Afterwards, the fluorophore returns to
its base energy level by emitting a photon with less energy and therefor longer wavelength (612 nm).
The whole process can be repeated unless the fluorophore has been damaged by photobleaching. Pho-
tobleaching happens when the fluorophore is exposed to high-intensity illumination over a long period
and prevents the fluorophore from emitting light. However, the fluorescent particles may be run through
the flow model many times before degradation is noticeable. According to the manufacturer sheet, the
fluorescent particles should be stored in a refrigerator and not allowed to freeze. Keeping the fluorescent
particles away from light will help preserve them.

Figure 1 shows the excitation and emission spectra for the fluorescent micro spheres used in the ex-
periment. The excitation maximum is 542 nm and the emission maximum is 612 nm. The particles will
be illuminated with 532 nm Nd:YAG lasers where the absorption efficiency is within 10 % of the 542 nm
peak. The emission wavelength is between 545 and 780 nm. Fluorophore concentration, particle size,
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illumination wavelength, pulse energy, pulse duration, filters and light environment will all affect the
emission light level. In this micro PIV experiment, micro spheres with a maximized concentration of dye
are being used. The pulse duration of the Q-Switched Nd:YAG lasers used for the experiment are fixed
with a value between 3 and 10 ns. A fluorophore will then be able to go through 1-10 absorption-emission
cycles during the laser pulse. This puts a maximum limit of fluorescent emission that can be realized
from a laser pulse.

Figure 1: Figure of absorption - (green) and emission spectra (red) for the fluorescent
micro spheres.

1.4 Filter Cube

For the micro-PIV experiment, a filter cube is needed to separate the scattered fluorescent light from
the illuminating laser light. There are three light paths that can be traced through the filter cube:
illumination light (2a), reflected light (2b) and fluorescent emission light (2c). The reflected laser light
and the illumination light have the same wavelength (532 nm), while the fluorescent emission light has a
longer wavelength (about 600 nm). The filter cube consists of a dichroic mirror that has a coating that
reflects the laser wavelength and transmits the fluorescent emission wavelengths. For the illumination
light it is a mirror and for the fluorescent emission it is a clear glass plate. Figure 3a shows an image of
the filter cube used in the microscope.

1.5 White light illumination

In order to align the experiment with the filter cube in place, white light illumination is needed. The
filter cube will only pass emitted fluorescent light with wavelengths in the orange specter, so by using
the laser light (with wavelength 532 nm), an image will only be visible if there are fluorescent particles
in the field of view. By using white light illumination, orange light can be imaged in reflection from the
micro-capillary and setting up the experiment will be easier and safer. The micro-capillary can be seen
even when fluorescent particles are not in place.
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(a) Incoming laser light. (b) Reflected laser light. (c) Fluorescent scattering

Figure 2: The three different light paths traced through the filter cube: a) illumination
light , b) reflected light and c) fluorescent emission light.

(a) Filter cube. (b) Microscope lens.

Figure 3

1.6 Image processing

1.6.1 Background subtraction

After the particle displacements are captured on images, processing is needed in order to produce vector
fields. In this experiment the processing and evaluation was done with the computer software Insight
3G. Before evaluating and generating the correlation maps and vector fields from the captured images,
a background subtraction may be performed to increase the signal to noise ratio and thereby the image
quality. Two estimates of the background light level in the images are the generated minimum and
average intensity images. The minimum intensity in the seeded area of the flow will be when a particle is
not at a pixel location. When many images contribute to the minimum intensity image, an image without
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seed particles will be generated. The minimum intensity image will not remove any of the intensity, but
will allow some noise in the image. For the average intensity image, the opposite effect will occur. Both
images are effective at finding stationary particles, walls, scratches and smudges in the micro-capillary
contributing to the background noise.

1.6.2 Evaluation

The evaluation is initiated by dividing the digital image in small subareas named ”interrogation areas”.
The smaller the size of the subareas, the better the vector field resolution. From the captured images of
the tracer particles of the first and second illumination, statistical methods (auto- and cross-correlation)
are used to calculate the local displacement vector for each interrogation area. In micro flows, the number
of seed particles in each interrogation area is not sufficient for good correlation results using standard
processing methods. In each recorded images there may be only a few or even no particles at an in-
terrogation spot. To overcome this problem, ensemble correlation processing has to be used. Ensemble
correlation processing takes advantage of the steady flow nature and uses many images to create a vec-
tor field. Instead of combining images as in standard PIV processing, the combination happens in the
correlation maps. For the first image, the few particles present at the interrogation spots will correlate
and contribute to the displacement peak, but the noise peak will be quite large. However, the signal
to noise ratio in the correlation peak will increase as the correlation maps from more images are summed.

A more advanced and time consuming method is recursive ensemble processing. With recursive en-
semble processing all of the images are processed with each processing pass. During the first pass, image
displacements are measured and used to optimize the spot offsets. The first pass ensemble vector file
is then used to optimize the spot offsets for the next processing pass. With a more precise spot offset,
more particle pairs will be found and correlated, and recursive ensemble processing will thus be able to
go to smaller spot sizes than classic PIV processing and increase the vector field resolution.

1.6.3 Post Processing

After the vectors have been extracted from the PIV images, post processing may be performed to edit
vectors and compute flow properties. In most cases, vector editing is crucial since some vectors are
generated from the wrong displacement peaks. By performing post processing, the different vectors
can be considered valid or not by comparing the peak signal-to-noise ratio at each spot to defined
threshold values. Selecting good threshold values are important to remove most of the bad points
without eliminating too many of the good points. In post processing, the vectors are compared against
the neighboring vectors. Vectors that vary by more than the validation tolerance from the neighborhood
average are removed. Points that are empty can later be filled in by interpolating the neighboring vectors.
With all the vectors in place, flow properties like vorticity, strain rates and velocity magnitude can be
computed.
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2 Experiment

2.1 Experimental setup

Figure 4 shows the experimental setup. The setup is composed of two systems: The liquid injection
system and the µ-PIV system which includes the lighting equipment, visualization, image acquisition
and the tracer particles.

Figure 4: Experimental setup.

2.1.1 Injection system

The injection system consists of a syringe, a syringe pump and a micro-capillary together with acces-
sories used for mounting the circuit. The fluids were injected with two COLEPALMER 78-0100C syringe
pumps. The pumps have stepper motors where the gears can be controlled by a microprocessor, which
provide volumetric injection rates with ± 0.5 % accuracy and ± 0.2 % reproducibility of measurements
[2]. The minimum flow injection supplied by the pumps is 0.01 ml/hr.

Two glass syringes (figure 5a) containing 10 ml each were used and connected to the micro-capillary
via a three-way embramed plastic tap and plastic/rubber tubes (figure 5b). The syringes have a metal
plunger tip coated with teflon which ensures dimensional stability and does not allow leakage of liquid or
gas even at high pressures (up to 200 psi). A ”luer lock” connection allowed a tight connection between
the three-way EMBRAMED plastic tap and syringes/pipes. The connections and tubes between the
syringes and micro-capillary were designed to contain the smallest number of elements and volume to
accelerate the work done by the pumps, and to be as strict as possible in order to minimize the risk of
leaks and transition effects due to deformation of the tubes.
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(a) Hamilton Gastight 1000 syringe. (b) Embramed plastic tap with tubes and connections.

Figure 5

The capillary used for this experiment is a micro-fluidic T-junction (The Dolomite Centre Ltd, UK).
It is made of glass and designed for a wide range of applications, including fluid mixing, micro-droplet
formation and reactions. The capillary has a high visibility, excellent chemical compatibility, the surface
is extremely smooth and it can function in a wide temperature and pressure range. According to the
information sheet from the manufacturer[8], the device has been made by Hydrofluoric Acid (HF) etching
and thermal bonding. The geometry of the channels presents an oval cross-section with the same size
throughout the whole length of the channels. Figure 6 shows the micro-fluidic device and some of its
features.

Figure 6: a) Micro fluidic T-junction, b) connector and seal, c) T-junction mounted with
tubes, d) channel cross-section profile and e) 3D image of T-junction.
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2.1.2 µ-PIV system

The µ-PIV system is manufactured by TSI and consists of a CCD camera, Nd:YAG lasers, micro-
scope, tracer particles and software used for processing acquired images. The microscope (Olympus
Mod.IX71S1F-3 ) was used with a OLYMPUS UPlanFLN 10 × 0.30 (figure 5b) lens and a filter cube
(figure 3a). The microscope is shown in figure 7a.

(a) Microscope. (b) Micro spheres.

Figure 7

The distilled water was seeded with polystyrene micro-spheres (Thermo Scientific Fluoro-Max Flu-
orescent Particles) with diameters equal to 1 µm. These micro-particle tracers emit orange light with
peak fluorescence absorption and emission of 542 nm and 612 nm respectively. The Firefli process are
used to hard-dye the fluorescent particles throughout the matrix. This method produces bright fluores-
cent colors, minimizes photobleaching, and prevents dye leaching into aqueous media. The particles are
made of polystyrene (PS), which has a density of 1.05 g/cm3 and a refractive index of 1.59 at 589 nm
(25◦C ).[11] The micro-spheres can faithfully follow the flow without disturbing the fields and without
changing the speed and fluid properties. Figure 7b shows the micro-spheres.

The flow through the T-junction was illuminated with two Nd:YAG (Neodymium: Yttrium -Aluminium
- Gallium) PIV SOLO - SOLO Mod III lasers, manufactured by NEW WAVE with a wavelength of 532
nm and 50 mJ per energy pulse. The energy sources of the lasers are composed of three distributed
systems: the logical electronic control, the high voltage electrical and the cooling system. The Nd:YAG
lasers uses a flash lamp to produce the energy that is converted into the laser beam. When operated at
maximum frequency (15 Hz ), the model allow for a time interval of the order of microseconds between
laser shots. The model has a two laser configuration where one laser is fired, and then the other. The
beams from the two lasers are combined into a collinear beam. This configuration allows any pulse
separation from very short to long with the full power of each laser.

A POWERVIEM CCD 1.4MP Sensicam Mod-630066 camera was used to capture images of the illu-
minated tracer particles. The camera was connected to the fluorescence microscope in such a way that
no unwanted light besides the emitted light from the fluorescence particles entered the camera. The
resolution equals 1376 × 1040 pixels with a pixel size 6.45 µm × 6.45 µm and a 12 bits gray intensity.

In a PIV-system, synchronization between the lasers, the CCD camera and the computer is necessary to
control image exposure, laser pulse delays and separation. The LASERPULSE - Mod 610034 synchro-
nizer takes care of this and was used to control the timing sequence of shots of the laser pulse (trigger)
and exposure of the camera. The figure (4.8) shows the synchronizer used in this system.

The whole µ-PIV system was controlled by a computer using the software INSIGHT 3G. This soft-
ware, as well as controlling the image acquisition, was used to adjust and calibrate the system (timings,
exposure, etc.) and process the images to calculate the velocity fields of the flow.
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2.2 Fluids

Distilled water with and without fluorescent particles and OP3 mineral oil were used in this experiment.
The OP3 mineral oil was chosen because it has low viscosity at room temperature, it is insoluble in
water and also because it is well known as a standard for calibrating instruments. In addition, the oil is
colorless, odorless and soluble in most organic solvents. At room temperature (23◦C ), the viscosity of
the oil and water equals 3.40 and 0.94 mPa·s respectively, while the surface tension equals 22.0 and 72.3
mN/m.[3]

2.3 Seeding concentration

Before the experiment could be performed, a proper fluorescent particle concentration needed to be es-
tablished. The tracer particle selection criteria are: particles must be small enough to follow the flow,
particles must scatter enough light to be detected and particle concentration must be high enough to give
reliable velocity measurements. Since some of the criteria conflict, some compromise had to be made.
If the fluid is seeded with too many particles, the background illumination consisting of the reflection
of particles out of focus will be too intense and blur the emitted light from the in focus particles. For
the opposite case, too few particles will lower the vector field resolution and a larger amount of images
are needed to generate good vectors. Many different concentrations were tested and used before a 0.1 %
concentration of seeded fluorescence particles in distilled water was found to be the optimal concentra-
tion. Since the number of seeding particles depends on the velocity of the flow and magnification, these
values were determined early and used from the start of the concentration testing to the very end of the
experiment.

2.4 Laser power measurements

Since the Nd:YAG lasers used for this experiment are very powerful and the fiber optics used to guide
the laser beam from the laser to the microscope can be destroyed by to high light intensity, some power
measurements had to be done. Both lasers were turned on and both the flash lamp and frequency
were set to maximum. The CCD camera and synchronizer were then switched on before the Insight 3G
software was started. In the capture settings, the Q-switch delay was changed for each laser during the
measurements. A power/energy meter was used to measure the work done by the lasers. The camera
limited the maximum frequency to 4.83 Hz. Using the equation below, the energy was calculated and
plotted against the Q-switch delay time (figure 8).

E

puls
· f = W

E is the laser light energy, f the frequency and W the measured work. To limit the maximum laser light
energy and securing the fiber optics, the following values for the q-switch delay were used (in the laser
power settings in Insight 3G):

Table 1: Capture settings and measured energy.

High (µs) Medium (µs) Low (µs)

Laser A 280 300 420
Energy (mJ) 35.2 24.8 0.6

Laser B 330 350 460
Energy (mJ) 35.2 24.8 0.8
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Figure 8: Laser pulse energy plotted against Q-switch delay time.

2.5 Method

After the seeding concentration and laser Q-switch delay settings were decided, the experiment could be
initiated. Both lasers were switched on (flashlamp was set to minimum for the lasers to start) and when
ready, the frequency and flash lamp were set to maximum and the laser trigger to external. The CCD
camera and synchronizer were turned on before the Insight 3G software was initiated. While waiting
for the lasers to warm up, the pump system and fluids were prepared. Distilled water seeded with 0.1
% fluorescent microspheres was placed in one of the syringes and connected to the main entrance in the
micro-capillary. Mineral OP3 oil was put in the other syringe and connected to the second entrance of
the micro-capillary. Before the connection was done, all remaining air bubbles inside the syringes were
squeezed out.1

Each of the syringes was then mounted on a pump while the micro-channel was mounted on the mi-
croscope. White light illumination was used to adjust the position of the micro-channel and the focus.
With the T-junction in center of the image and in focus, the pumps were started with flow rates equaling
0.15 and 0.10 ml/h for the continuous (Qc) and discontinuous phase (Qd), respectively. The flow rates
were maintained for some minutes until the oil droplet formation in the T-junction was initiated and
stable. From experience, the flow rates need to be as low as possible to get good images and vector
fields due to the low camera frequency (4.83 Hz ). There is also a lower limit for the flow where the drop
formation in the T-junction becomes unstable. Qc = 0.03 and Qd = 0.01 ml/h were found to be the best
suited flow rates for this experiment. Inertia is present in the system due to the length of the tubes so
the system needed 5-10 minutes before the flow was stable and with the proper speed.

Back to the Insight 3G software in the capture timing setup, the PIV frame mode was set to strad-
dle, pulse repetition rate to 4.83 Hz, laser pulse delay to 200 µs , laser pulse separation (Delta T) to
1200 µs and PIV exposure to 1000 µs. In the Laser A and Laser B boxes on the Capture tab control
panel, the laser power level was set to high for both lasers. Before the lasers were fired and capturing
initiated, exposure mode was set to synchronized and capture mode to continuous. The focus was then
adjusted to sharpen the emitted light from the fluorescent micro spheres and to adjust the micro-channel
position. With the focus and position optimized, the continuous capture mode and lasers were stopped.
Thereafter, capture mode was changed to single before again firing the lasers and start capturing . A
32×32 pixel grid was applied and the displacement of the particles between the two laser pulses was
measured. The rule of thumb suggests a displacement equal one quarter of the desired interrogation
area, in this case, 8 pixels. A pulse separation time equal 1200 µs gave a pixel displacement around 6-8
pixels, which was considered optimal for the flow.

1From now on the dist. water with the microspheres and the oil will be referred to as the continuous phase and discontinous
phase, respectively.
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The capture mode was changed to sequence with 200 images to capture. Again, lasers were fired and
images were captured and saved. In order to process the images, sorting was necessary since the droplet
in each image was on a different stage in the formation. Ensemble correlation processing will only work
and generate good vector fields with images containing image pairs contributing in the same manner in
each interrogation area. The sorting was done manually by comparing images. First, each one of the im-
ages was imported in the computer software Adobe Lightroom 3.2 where exposure, contrast, sharpening,
brightness and detail were adjusted. The before and after image are compared in figure (9a). 9 different
stages were then defined and all images were sorted into one of the 9 stages by comparing them to a
master image with scale (figure 9b).

With the images sorted, each stage (consisting of unique images) was selected and processed in Insight
3G. A pre-processing including background subtraction using minimum/average intensity was initiated,
but too much intensity was lost or too much noise was introduced in the process for it to enhance the
images. Further, a processing mask was defined for each of the stages excluding everything in the images
except the fluorescent particles. Also, the length scale was calibrated by measuring the width of the
micro-channel, giving the ratio µm/pixel = 0.41.

Different processing parameters in the PIV processor setup were tried and optimized for each stage before
choosing the following parameters: PIV Algorithm: Ensemble PIV, Grid Engine: Recursive Nyquist Grid,
Spot Mask Engine: None, Correlation Engine: FFT Correlator, Peak Engine: GaussianPeak, Starting
Spot Dimensions: 64×64, Final Spot Dimensions: 32×32 and Maximum Displacement: 0.25. Depending
on the droplet stage to be processed, in the Plugin Settings, the X-offsett pass 1 ranged from 3-6, while
the PeakToNoisePeak was set to 1.4. In the Pass Validation Settings, both vector and local validation
were chosen. At last, in the PIV Advanced Settings dialog, Rohaly-Hart Analysis with 3 passes and
export of one secondary peak were enabled. The number of good vectors created after the processing
ranged from 95-98 % of the total vectors, while the number of images processed varied between 9 and
36, depending on the evaluated stage.

Before the final vector field was created and exported to the software Tecplot for velocity computa-
tion, the vector field was post-processed with local and vector validation to remove bad vectors, fill
empty holes and to smooth the vectors.

(a) Image before and after Adobe Lightroom 3.2 adjustments. (b) Master image.

Figure 9
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3 Results and discussion

Figure 10: Velocity field for the formation of an oil droplet in water for the 5 first growth
stages, a) - e).

Figure 10 and 11 show 9 different velocity fields illustrating the oil drop growth process during one
period in the micro-fluidic T-junction. To the left in the figures, the drop formation is captured as seen
through the microscope with normal light. The black color on the generated vector fields (right part
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Figure 11: Velocity field for the formation of an oil droplet in water for the 4 last growth
stages, f) - i).

figures) indicates no fluorescent particles present, while the colored arrows show the tracer particles ve-
locity and thereby flow through the channel. The oil drop in the generated velocity field images is black
since no fluorescent micro-spheres particles were added to the oil.

In order to check the validity of the obtained velocity values, a comparison with the expected aver-
age flow velocity values has to be made. The calculation is easily performed by using;

1ml = 1 × 10−3 l = 1 × 10−3 l · 10−3 m3/l = 1 × 10−6 m3

1 h = 1 h · 60min/h · 60 s/min = 3.6 × 103 s

100 µm = 1 × 102 µm · 10−6 m/µm = 1 × 10−4 m
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The calculation of the expected average flow velocity is then:

vc =
Qc

A
≈ 0.03ml

(100 µm)2 h
=

3 × 10−8 m3

3.6 × 10−5 m2s
=

1m

1200 s
≈ 0.00083m/s

vd =
Qd

A
≈ 0.01ml

(100 µm)2 h
=

1 × 10−8 m3

3.6 × 10−5 m2s
=

1m

3600 s
≈ 0.00028m/s

where A is the cross section area, Qc and Qd is the flow rate of the continuous and discontinuous fluids,
respectively.2 The flow in the channels exhibit a parabolic velocity profile with maximum velocity mag-
nitude in the middle of the channel. In figure 10 a), the velocity magnitude varies between 0 m/s at the
wall to around 0.0016 m/s at the middle of the channel (before the T-junction). The calculated average
velocity equal 0.00083 m/s and verify the obtained velocity magnitude range. To calculate the actual
average flow velocity crossing the elliptical cross section of the channels, the velocity of all individual
vectors at each cross section have to be integrated from wall to wall. Unfortunately, this was not done
due to insufficient time and knowledge about the software.

As time passes, the oil droplet grows in the T-junction and less area is left for the water to flow through
the channel above the droplet. This leads to an increase in the flow velocity above the droplet since
the average flow rate is constant through the channel per cross section. The velocity magnitude bars in
figure 10 a) - e) confirm this. After the oil droplet fills the entire T-junction, water pulls the droplet
interface through the channel until pinch-off (11 f) - i)). The velocity profile for the flow is still parabolic
through the channel and the maximum velocity magnitude around 0.0016 m/s. The figures above also
compare the droplets seen with normal light (without the cube) with the black colored droplets seen in
the generated velocity field images. The conformity is excellent for all the stages.

By the experiments presented in the report, the methods, parameters and obtained experience is at
least as important as the attained result. After becoming familiar with the micro-PIV instrument, pro-
cedures, techniques and software, some experience and key factors to optimize an micro-PIV experiment
will be presented and shared for helping future experiments. Before starting the experiment, the velocity
range of the flow and the desired magnification are the first two things that should be decided. The lens
magnification will alter the field of depth and the velocity will change the number of seeded particles
passing by the cross section in a certain time. With these parameters in place, the right type of tracer
particles and concentration has to be found. There is no answer book here, one just has to try with
different concentrations in order to find which concentration is the best and gives sufficient particles
without having too much background light scattering from unfocused particles. In this experiment the
number of particles per interrogation window of size 32×32 was around 3-4, but it was less at spots
where the flow velocity was faster. The next parameter to optimize is the laser pulse separation (dT)
value. This parameter is a key parameter for matching the micro-PIV system to the flow velocity. The
rule of thumb is that maximum in-plane displacements should be less than 1/4 of the interrogation spot
size and the minimum in-plane displacement should be at least two particle-image diameters.

With quality images captured and saved on the computer, the most important and difficult job is done.
Depending on the experiment and desired resolution, the processing parameters and the number of im-
ages needed for good velocity fields vary. More images and advanced processing techniques give a higher
percentage of good vectors, but also increase the processing time. Before post-processing, the portion of
good vectors should be over 95 %.

The result presented in this report can be improved in many ways. A triggering system would in-
crease the likeness of the captured droplets at their different stages compared to a manual selection
and remove the work and time spend on the selection process. The correlation will then become more
accurate and thereby improve vector resolution and amount of good vectors. A trigger system would
also measure the time between the different droplet growth stages. Also the number of captured images
for each droplet stage should be increased to improve the results and it is recommended to increase the
microscope magnification as well so that a larger portion of the pixels on the camera are being used.

2To ease the calculations, the cross section area is chosen to be squared.
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Other improvements include a more powerful and faster laser together with a highspeed camera. Future
experiments should study the velocity field for different fluids and flow rates for both the continuous and
discontinuous fluid. It would be interesting to calculate the average flow rates through different cross
sections (with integration) for different droplet grow stages, measure the velocity of the droplet in the
T-junction, measure the time between the different stages and also validate the parabolic velocity profile.

4 Conclusion

In this experiment micro-PIV is used to study the velocity field around a growing oil droplet in a T-
junction with water as the continuous fluid. Velocities in a 100 µm elliptical T-junction were measured
with a spatial resolution of 13 × 13 µm2. The flow velocities exhibit parabolic profiles and the velocity
magnitudes increase as the droplet grows in the T-junction. Calculated values of the expected average
flow velocity validate the obtained velocity magnitudes and the calibration. The experiment and report
both focus on methods, parameters and setup used to optimize the velocity fields and generating them
without using any triggering mechanism. An untraditional manual image selection technique and ad-
vanced processing parameters were used to analyze and measure velocity fields for 9 different droplet
grow stages.

The results indicate that manual selection of images gives satisfactory velocity fields, but a trigger-
ing system can easily improve the resolution and remove the time consuming work spent on the selection
process. Other improvements include a more powerful and faster laser together with a camera with
higher frequency. It is also recommended to use a higher number of captured images for each droplet
stage and increase the microscope magnification. Interesting experiments for the future include changing
the fluids, flow rates and perform droplet velocity and time measurements together with validation of
the parabolic velocity profile and average flow rates.
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Abstract 
We are concerned here with the behavior of fluorohectorite synthetic clay particles dispersed 

in paraffin-wax. First, the characterization of the pure paraffin-wax by means of rheometry 

and X-ray diffraction is reported. Next, the time evolution of the one-to-zero/zero-to-one 

water layer transition in fluorohectorite clay galleries is presented. We then report Wide angle 

X-ray scattering (WAXS) as related to electric field (E) induced alignment of clay particles as 

a function of electric field. Finally, we provide observations of system anisotropy during 

melting and crystallization of clay/paraffin nanocomposites. 

 

Keywords: Clay, alignment, electric field, paraffin, composite 

 

 

1. Introduction 

 

Clay particles often change and improve many physical properties, e.g. mechanical 

strength, thermal stability, conductivity, etc. of the medium in which they are suspended.
1,2,3

 

Some of these properties can be directionally enhanced if the particles are deliberately 

orientationally aligned in the host medium. For example, such particle organization can be 

utilized as a molecular barrier, i.e. the permeability of gas molecule in polymer/clay 

composite is significantly reduced in direction normal to clay’s platelet surfaces, whereas no 

change is expected for molecules propagating along the clay surfaces. Yano et al.,
4
 found that 

only 2 wt.% addition of montmorillonite clay particles into polyimide may bring gas 

permeability down to a value less than half of that of polyimide alone. Alignment of clay 

particles can be induced by planar shearing,
5
 extrusion,

6
 gravity,

7
 magnetic

8
 or electric fields.

9
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An electric field is often used to produce anisotropic structures in order to obtain desirable 

physical properties. When coupled with the field or field gradient of either alternating-current 

(AC) or direct-current (DC), induced dipoles will result in a rotational or translation force on 

the particles in accord with the Clausius–Mossotti relation.
10

 The alignment of particles can 

be monitored by means of electron or neutron diffraction
11,12

, and the degree of anisotropy can 

be quantified and expressed in terms of an order parameter (S2) (see Section 3.3).                    

In previously studied clay/silicone oil suspensions, Rozynek et al.
11

 showed that the values of 

the S2 order parameter did not depend on the E-field strength (within measured range of E-

field strengths, namely 350-750 V/mm). Since the silicone viscosity was low (100 mPa·s) and 

the electric field high, the clay alignment was very rapid and its development was thus 

difficult to monitor.  

In the present work, the average orientational clay distribution is measured in a melted 

paraffin-wax. There are few major differences between these two types of systems. The 

viscosity of paraffin-wax is significantly higher, its molecules are longer and the clay 

alignment is achieved at higher temperatures, i.e. between 65 and 100 ºC.   

The layout of this article is as follows. First, the sample preparation is explained in section 

2 together with characterization of the pure paraffin-wax. The wide angle X-ray scattering 

results are presented in section 3 and these include: time dependent one-to-zero water layer 

transition (section 3.1); zero-to-one water layer transition (section 3.2); alignment of clay 

particles as a function of both the E-field strength and polar angle (section 3.3); and finally, 

the development of the system anisotropy during melting and crystallization (section 3.4). 

Conclusions and suggestions for further work are presented in the final section, 4. 
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2. Sample preparation and characterization 
 

In this work we have chosen to work with the synthetic clay fluorohectorite. There are 

several reasons for this choice. Firstly, in terms of structure, fluorohectorite is virtually 

identical to natural smectite clays such as montmorrillonite.
13

 Secondly, our group has studied 

fluorohectorite as a model system for clays
14,15

 for many years now, and we know and 

understand many details of this system. 

Lithium fluorohectorite (Li-Fh) was purchased from Corning Inc., New York in the form 

of a white powder. Li-Fh is a synthetic 2:1 smectite clay having the nominal chemical formula 

Li0.6[Mg2.4Li0.6]S4O10F2 per half unit cell, where Li
+
 is an interlayer exchangeable cation. Li-

Fh has a surface charge of 1.2 e
-
/unit cell and is a polydisperse clay with platelet diameters 

ranging from a few hundred nm up to a few µm.
15

 A single particle consists of about 80–100 

platelets (crystalline sheets)
16,17

 that stack on top of one another forming a “deck of cards” 

structure. Since the thickness of such a stack is approximately 0.1 m, the resulting particle 

has a diameter-to-height ratio close to 20:1 on average. However, the single particle tends to 

agglomerate when dispersed into a non-polar medium (e.g. oils, polymeric matrices), unless 

chemically treated.
18

 Both the shape and size of aggregated structures may vary, and in 

general they depend on clay type and sample preparation.
19,20

 The Li-Fh clay absorbs water, 

which makes it swell. The swelling of layered 2:1 smectite clay particles is caused by a 

change in the interlayer repetition distance between crystalline sheets (d-spacing).  This 

behaviour depends on temperature and humidity, and can be monitored by means of X-ray 

diffraction.
21

 

 The paraffin-wax normally refers to a mixture of n-alkanes (chemical formula CnH2n+2) 

with n ranging between 20 and 40 determining the characteristic length of the molecules and 

also the melting temperature of the paraffin matrix. The material used for composite 

preparation was ordered from Sigma-Aldrich (ASTM D 127, batch: MKBC6750). This 

particular type of paraffin wax has its melting point around 65 ºC and was chosen due to the 
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following reasons: (i) the X-ray peak positions related to the characteristic molecule 

dimensions should not overlap with clay reflections related to the interlamellar distance, i.e. 

space between clay crystalline sheets; (ii) optimal melting and crystallization temperatures 

providing both the ease of composite preparation and appropriate stiffness of the composite 

when in solid form at room temperature; (iii) relatively non-polar and non-conductive 

material that can be used as an electrorheological carrier fluid when in the melted state. 

 

Figure 1. Rheological data showing both the melting and the crystallization transition temperatures for pure paraffin wax 

used in the present studies, see text. 

 Prior to the composite preparation, a melting point of the pure paraffin-wax was measured 

by employing the Physica MCR 300 Rotational Rheometer equipped with a coaxial 

cylindrical cell C27/ERD. The crystalline melting temperature appeared around 65 ºC, as 

shown in Figure 1. The temperature range where crystallization occurs, and consequently, 

also the range of melting during the subsequent heating, are broad. The observed hysteresis 

width is additionally broadened by the fast heating rate of 1 ºC/min.  

 Complementary information about pure paraffin is provided by wide angle X-ray 

diffraction measurements, where diffractograms were collected for the sample during the 

solid-to-liquid transition, is displayed in Figure 2 and discussed the following: In the solid 

form, the paraffin-wax has a crystal structure that is composed of stacked layers of the 

disentangled molecules, each layer being assembled of chain molecules with identical helical 

conformations.
22

 However, when heated up, they take on coiled conformations just like 

polymers, and the regular structure is lost. Figure 2 shows the X-ray diffractograms of pure 

paraffin-wax during heating from 25 to 85C. The characteristic peaks attributed to the 

lengths of the oligomer molecules start shifting and decreasing at a temperature range 

between 60 and 75 C. They vanish completely for higher temperatures, indicating a loss of 
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crystallinity. These results coincide with our optical microscopy observations (see supporting 

Figure S1) and our rheological data shown in Figure 1. For more details about paraffin-waxes, 

their different structural phases, solid-liquid phase transitions, positional and orientational 

order, viscoelastic behaviour, etc., the reader is referred to the literature.
23,24,25,26

 

 

Figure 2. X-ray diffractograms of pure paraffin-wax during heating from 25 to 85C. The characteristic peaks attributed to 

the lengths of the oligomer molecules start shifting and decreasing at temperature range between 60 and 75 C. They vanish 

completely for higher temperatures, indicating a loss of crystallinity. 

 The first set of paraffin/clay composites was prepared as following: 1.4 g of Li-Fh clay 

powder with one intercalated water layer (1WL) was slowly added into 7 g of pre-melted 

paraffin wax. After 10 min of stirring, the solution was set at rest for 3 min. to allow the 

biggest aggregates (in fact, the majority of clay particles) to sediment. The top part (~80 % of 

the solution), consisting of the smallest clay particles, was then poured into a new 10 ml glass 

phial. The solution was stabilized at a temperature around 120-130 °C while stirring. Every 

hour, around 0.5 ml of solution was taken out to make a solid cast. The X-ray diffractograms 

were collected immediately after each composite had solidified to investigate the time-

dependent changes in clay’s water content. The same samples (stored in a solid form at room 

temperature and ~55 % RH) were re-examined by X-ray scattering 6 months later in order to 

monitor changes in the water content (Set1-Temp). 

 The second set of samples was prepared similarly to the first one. However, the first 

sample was collected after 12 h of stirring at temperature between 120 and 130 °C. Around 

0.5 ml of a solution was used to make six samples. Electric field (AC, square wave, 100 Hz) 

with the following magnitudes: 30, 60, 120, 240 and 480 V/mm were applied to five samples 

during their crystallization while inside a custom-made mould equipped with electrodes 
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separated by 6.5 mm. The X-ray diffractograms were collected after each composite had 

solidified in order to find the clay particle’s orientational distribution of particles in an E-field 

(Set2). 

 The last batch was prepared in order to monitor the dynamic alignment of clay during the 

composite melting and crystallization inside a custom-made heating cell. Besides temperature, 

the batch was prepared similarly to the procedure used for the first set. The solution was kept 

at temperature around 80-90 °C while stirring for 2h. The solution was then cooled down, cut 

into small pieces that could fit inside the sample holder, sealed inside the glass phial and 

eventually stored until the experiment. The X-ray diffractograms were collected during 

heating and cooling to investigate changes in the clay particle’s orientational distribution 

while in an applied E-field (Set3-Dyn). 

  

 
 

Figure 3. Paraffin/clay composite with a 30 x 6.5 x 1.5 mm3 dimensions. 

The dimensions of composites (Set1-Temp and Set2) are 30 x 6.5 x 1.5 mm
3
 and the 

example of a solid cast is shown in Figure 3. In all samples the clay concentration was 

estimated roughly to be around 5 wt.%. 

3. Results 

 

 Two sample sets (Set1-Temp and Set2) were measured at our home laboratory (NTNU, 

Trondheim, Norway) using NanoSTAR from Bruker AXS setup in a wide-angle X-ray 

scattering (WAXS) configuration during the present experiments. The instrument is equipped 

with a CuKα Xenics micro-source emitting X-rays at wavelength of 1.5418 Å and a 2-D 

detector that collects Bragg diffraction rings allowing investigations of the orientational 

distribution of the clay platelet stacks embedded in the paraffin-wax matrix. The beam size at 

the sample is about 0.4 mm
 
in diameter. The sample-to-detector distance was calibrated using 

a silver behenate standard. The available scattering q-range for the setup used here was 0.08 – 

1 Å
-1

.  
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 Investigations of the dynamic alignment of clay particles (Set3-Dyn) were performed at the 

European Synchrotron Radiation Facility (ESRF) in Grenoble, France. An X-ray beam with a 

wavelength of 0.9Å and a 0.3x0.3 mm
2
 beam size was used at the sample. The beamline 

BM01A is equipped with a two-dimensional MAR345 image plate detector with a diameter 

equal to 345 mm. The available scattering q-range was 0.03 – 1.6 Å. The custom-made 

sample cell from NTNU (see supporting Figure S2) enabled precise control of heating and 

cooling in temperature range between 20 – 100 °C. 

3.1. One-to-zero water layer transition 
 

 Water can intercalate in between each platelet causing the clay to swell. For Li-Fh, the 

intercalation process which is temperature and relative humidity dependent, yields four stable 

hydration states.
27

 The structures, referred to as having 0, 1, 1.5 or 2 intercalated water layers, 

are quite well ordered along the stacking direction. The unit cell along the stacking direction 

is given by the distance between the stacked platelets. The distance is close to 1.0, 1.2, 1.35 

and 1.5 nm for the case of 0WL, 1WL, 1.5WL and 2WL, respectively. 

 The first set of samples was measured to investigate the time-dependent changes in water 

content intercalated between the clay’s crystalline sheets. The recorded X-ray data allowed 

the evolution of one-to-zero water layer transition to be monitored.  

 Figure 4 shows radially integrated two-dimensional WAXS patterns from six samples 

prepared at different times, namely 0, 2, 3, 5, 7 and 10 h of stirring at elevated temperature 

around 120-130 °C. Initially, the clay particles (kept in room temperature and humidity, in 

form of powder) were in the pure 1WL hydration state (first measurement - blue dotted 

curve).  The corresponding 100 Bragg peak was located at 1.21 nm. After two hours, the 

intensity of the 1WL-peak decreased and a new, broad and not yet clear peak appeared with a 

distance corresponding to the 0WL hydration state. Those two peaks are asymmetric with 

respect to their intensities and widths, and both of them are shifted from their initial 

d100
1WL

=1.21 nm and final d100
0WL

 =1.03 nm positions towards lower and higher values 

(d100
1WL

 =1.19 nm and d100
0WL

 =1.07 nm), respectively. The intensity of the peak related to 

0WL state increases with time and becomes sharper. After 5 h, clay particles in the scattering 

volume contain a significantly higher proportion of 0WL - over 1WL spacings. The clay 

particles needed nearly 10 h to reach nearly pure 0WL hydration final state (red curve with 

triangles). A minor population of clay particles possessing the intercalated water still exists, 

but is hardly detectable by the instrument. 
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Figure 4. Time evolution of the 1-to-0 water layer transition (S1-Temp). 

 “Traditionally” the interlayer hydration complexes occurring in smectite clays are 

considered as pure water layer states, i.e.: 0WL, 1WL, (1.5WL) and 2WL for the case of 

fluorohectorite clays.
28,

 The transitions between those states are “generally” considered to be 

rather sharp,
29

 unlike the present case. However, recently Hemmen et al.
16,17

 have thoroughly 

mapped systematic changes in the d-spacing values (before a discrete transition occurs) as a 

function of relative humidity (see reprinted Figure 5). Hemmen et al.
16,17

 investigated the 1-to-

2 WL transition, whereas in the present case the 1-to-0 WL transition was monitored. The 

maximum values of the smooth changes in the d-spacing, with respect to both the initial and 

the final state (1WL→0WL), are on the order of approximately 0.3 Å for deviation from 1WL 

and 0.5 Å for deviation from 0WL. These values are similar to what Hemmen et al.
16,17

 

reported.  

 
Figure 5. The d-spacing as a function or relative humidity (reprinted with permission from Hemmen et al. [16]). 
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3.2. Zero-to-one water layer transition and paraffin intercalation 
 

 The same samples (kept in a solid form) were investigated 6 months later in order to 

monitor the water content. The time 2:1 smectite clays require to hydrate depends on relative 

humidity, temperature together with size and charge of the exchangeable cation in the 

interlayer space. For powdered samples the magnitude of the time evolution is on the order of 

hours.
30,31,32,33

 However, as one could expect, the time needed for the entire clay population 

(inside the paraffin-wax) to absorb 1WL is considerably longer. The effective RH around 

embedded clay particles is low, since the water penetration through the oligomer matrix is 

restrained. 

 Figure 6 shows I1/(I1+I2) ratios between magnitudes of 0WL and 1 WL peak intensities for 

6 samples from the Set1-Temp set.  Their values are in range 0-1, where 0 indicates a pure 

dehydrated state, 0.5 is obtained when the number of clay particles in the two states is equal, 

and 1 depicts the pure mono-hydrated state. Green squared data points were acquired from 

measuring samples right after their preparation (as shown also in Figure 4). Orange star data 

points were obtained from the same samples, but measured 6 months later.  For all samples 

(S1-0h omitted in this discussion), water molecules intercalated into clay galleries.  However, 

the complete recovery from a partially dehydrated state (0WL) to a mono-hydrated state 

(1WL) was only accomplished by the one sample labeled S2-2h. By comparing the intensity 

ratio values, it can be concluded that the remaining four samples absorbed comparable 

amounts of water. The two lines in Figure 6 were obtained by fitting the data points to a linear 

function y=a+bx. The calculated values of the slope b were very similar for the two sets, i.e. -

0.050.02 and -0.060.02 for the (dashed) orange and (solid) green curve, respectively.  
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Figure 6. The ratios I1/(I1+ I2) between magnitudes of 0WL and 1 WL peak intensities for 6 samples (Set1-Temp). Their 

values are in range 0-1, where 0 indicates a pure dehydrated state, 0.5 is obtained when the number of clay particles in the 

two states are equal, whereas 1 depicts the pure mono-hydrated state.  

 

3.3. Electric field induced alignment of clay particles 
 

 Figure 7 shows the two-dimensional WAXS patterns from paraffin/clay composites 

without (left) and with (right) an external electric field applied. The outermost ring originates 

from the Bragg 001 reflection that corresponds to the distance between clay’s crystalline 

layers. It becomes anisotropic in the presence of an E-field, which indicates that clay particles 

are aligned with their stacking direction perpendicular to the E-field lines.  

 
 

Figure 7. Two-dimensional WAXS patterns from paraffin/clay composites without (left) and with (right) an external E-field 

of 240 V/mm applied. The outermost ring from clay becomes anisotropic indicating that clay particles are aligned with their 

stacking direction perpendicular to the E-field lines. 

 To quantify the degree of anisotropy of the system, i.e. how well the clay platelets align 

with respect to the E-field direction, one needs to integrate the 2-D WAXS patterns 

(corresponding to the width of the 001 clay peak) radially over a narrow q-range and fit the 

obtained azimuthal plot to a Maier-Saupe function.
7
 The result of such an integration is 

presented in Figure 8. Intensities of the anisotropic Bragg 001 rings are plotted as a function 

of the azimuthal angle φ. The peaks at around 90º and 270º indicate a stacking direction 

perpendicular to the E-field lines. 

 

    0                         180  

φ 

 90  
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 The degree of anisotropy was quantified by fitting the azimuthal plots to the Maier-Saupe 

function (for details see
12,34,35

). In short, the fitting parameter is a measure of the full width 

length at half maxima (smaller value equals a higher degree of anisotropy) and can be 

expressed as the nematic order parameter S2. The parameter ranges from -1/2  to 1, where 1 

indicates perfectly oriented particles in the nematic configuration, 0 states no orientational 

order, and finally -1/2 indicates perfectly oriented particles in the anti-nematic 

configuration.
11,34,35

 It is expected here that the nematic order parameter should range between 

0 and -1/2 since the clay particles align in the anti-nematic fashion and the validity of such an 

assumption is tested at the end of this section. 

Figure 8 shows the azimuthal plots of the first Bragg peak amplitude under different E-field 

strengths for samples from Set2. The scattered points are the experimental data, whereas the 

fully drawn lines are the Maier-Saupe fits. As one can see, the width of the peaks decreases 

when the E-field strength increases, indicating better particle alignment. Calculations of 

averaged nematic order parameters (five measurements at different sample positions) for 

aligned clay particles in paraffin at different E-field strengths are presented in Table 1. The S2 

values are between -0.150.02 and -0.370.01, for E-field strengths from 30 to 480 V/mm. 

 
Figure 8. Azimuthal plots of the first Bragg peak amplitude at different E-field strengths. 

 

E-field [V/mm]   30 60 120 240 480 

S2 -0.15 ± 0.02 -0.18 ± 0.06 -0.28 ± 0.05 -0.34 ± 0.02 -0.37 ± 0.01 
 

Table 1. Calculated nematic order parameters for clay particles aligned in paraffin matrix at different electric field strengths. 

 

As opposed to the particle alignment in clay/silicone oil-suspension (at room temperature) 

studied previously, the particle orientations in the melted paraffin-wax are clearly E-field 

dependent. The paraffin-wax is significantly more viscous than the silicone oil used in the 

                                                           
34

  I. Dozov, E. Paineau, P. Davidson, K. Antonova, C. Baravian, I. Bihannic and L. J. Michot, J. Phys. Chem. B 115, 7751–7765  
 (2011). 
35

  Y. Méheust, K. D. Knudsen and J. O. Fossum, J. Appl. Cryst. 39, 661 – 670 (2006). 
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previous work. The characteristic times, namely, the rotation time R (alignment of clay 

particles along the E-field lines) and the two-particle collision (attraction) time C, are longer, 

and both of them are E
2
 dependent. It is yet possible that the ratio R/C is viscosity dependent 

so that a jamming situation may arise, i.e. particles do not have enough time to rotate 

completely before the chain-like structuring occurs. However, it is difficult to draw a firm 

conclusion from the measurements. This is an on-going study and more results are expected in 

the near future. 

We also investigated the clay particle alignment as a function of the polar angle. Ninety 

two-dimensional WAXS images of the solidified sample were captured at different polar 

angles with the rotation axis parallel to the E-field direction. The nematic order parameters 

were calculated (in the same manner/fashion as before) for each sample position. The results 

are presented in Figure 9 where S2 is plotted against the rotation angle. One sees that the 

nematic order parameters do not differ significantly from each other indicating that there is no 

preferential orientation along the polar angle. The arrowed disc shown in the inset of Figure 9 

represents the plane normal to the E-field direction, and that is in fact the average particle 

stacking direction. This is a confirmation that the anti-nematic configuration applies for the 

particles.   

 

 

Figure 9. The nematic order parameter calculeted for different rotation angles. The avarage S2 value is indicated as a dashed 

line.The inset shows a sketch of the clay alignment in a so-called anti-nematic configuration (see text for details). 
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3.4. Alignment of clays during paraffin melting and crystallization 
 

To examine whether or not the alignment of clay particles may be disrupted during the 

paraffin crystallization, the nanoparticles dispersion state was monitored during heating and 

cooling using the custom made sample cell. X-ray diffractograms were first collected for 

samples at room temperature with no preferential orientation. Electric fields (125 and 250 

V/mm) were applied from the beginning of the measurements, and they did not seem to affect 

the samples while in solid form. This is shown in Figure 10, where the nematic order 

parameter S2=0 (in fact the zero value for frames 1-29 was ascribed by default, since it was 

not possible to converge the 1-D azimuthal plots with the fitting curve). The degree of 

anisotropy in the system increases when the paraffin starts melting (24 to 32 min), and S2 

reaches maximum values -0.26 and -0.36, for E–field strengths 125 and 250 V/mm, 

respectively. Interestingly, as time passes, the nematic order values decrease slightly and the 

average value calculated for time between 40-56 min (paraffin is completely melted and kept 

at ~100 C) dropped by ~8 % and ~15 %, respectively. It thus seems that the better particle 

alignment is achieved before individual particles start forming chain-like structures. After 56 

min the sample was cooled down. It took around 5 min for paraffin to start crystalizing. A 

small drop in S2 was observed during that time, but only for the sample measured at high E-

field. This might be caused by the paraffin crystallization. However, to be more conclusive on 

these two points, more measurements are needed. The final measured nematic order 

parameter values (last minutes - solid sample) are -0.28 and -0.32 for E-field strengths of 125 

and 250 V/mm, respectively. These values are in the same range of values as were those 

obtained for samples from Set 3, described earlier in this article. 

 

Figure 10. Development of the anisotropy in the system expressed by changes in the nematic order parameter S2.  
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4. Conclusions 
 

The primary objective of this research is to investigate the electric field induced alignment 

of fluorohectorite clay particles in oligomeric matrices. The degree of anisotropy dependence 

on the E-field strength has been quantified and presented in terms of the orientational order 

parameter S2. It was found that at low E-fields (below 75 V/mm) the clay alignment is fairly 

low. Strong electric fields are therefore required to attain better alignment.  

The development of the system anisotropy was observed during melting and crystallization 

of samples. Interestingly, it was found that on average the clay particles lose some of their 

orientational order in order to accommodate chain formation. 

In addition, the dehydration of clay particles as a function of time was studied. It took 

nearly 10 h for the clay particles in the melted wax to nearly reach the pure 0WL hydration 

final state. However, the zero-to-one water layer transition for clay particles being embedded 

in crystalized paraffin is very slow. This is due to a very low water penetration through the 

oligomer matrix. Even after 6 months with air exposure (with ~55 % of RH), the sample still 

contains a population of clay particles possessing no or very little intercalated water.  
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5. Supporting materials 

 

 

 

 

 

 

 

Figure S1. Experimental set-up for studying of dynamic alignment of clay particles during melting and crystallization of 

clay/paraffin-wax composites.  
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