


4.7. UNCERTAINTIES CHAPTER 4. RESULTS AND DISCUSSION

of 3 kV was exchanged for one that gave maximum 5 kV. To be able to mon-
itor the voltage coming out of the amplifier, it was connected to a voltage
divider and then a multimeter, since the multimeter could only take an input
up to 1 kV. However, for lower voltage, where it could be measured directly
by the multimeter, the voltage divider did not give out the output it was
supposed to. Therefore, it is uncertain what the real voltage was in the ex-
periments were this voltage amplifier was used. Because of the behaviour of
the drops and particles, compared to using the amplifier that gave maximum
of 3 kV, it is believed that the field was higher than than 3 kV. In the exper-
iments where this amplifier is used the field strength is given as "maximum
field strength”, "half of maximum field strength”, etc.
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Chapter 5

Conclusion and future studies

5.1 Concluding remarks

Experiments showed that colloidal particles dispersed in small leaky dielectric
droplets give similar structure to particles on drops ~ 20 times larger, when
a DC electric field is applied. Ribbon formation and pupil-like effects were
observed in experiments involving clay particles, and ribbon formation and
rotating domains were observed in experiments involving insulating beads.
It is difficult to compare the time it takes to form the ribbon on the small
droplets with the time it takes on the bigger drops. This is due to droplet
formation in microfluidic channels causing most of the particles to go to
the surface before any electric field is applied. However, the time-scale for
assembly of the particles on the drop surfaces is not expected to depend on
the drop size, and this time seems to fit well with theory. Also, for the small
droplets, there seemed to be some difference in the way the ribbon was formed
between experiments using clay particles and those using insulating beads.
The insulating beads were observed circulating longer inside the droplets
than the clay particles, which is the same that has been reported earlier for
bigger drops. This supports the theory that electrical forces contribute to
transporting the particles to the drop surface.

Other experiments done with bigger drops, made with a pipette, indicated
that sedimentation is important for bringing the particles to the surface.
Experiments with different sized insulating beads showed that it takes longer
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time to create the ribbon on the drop with the small beads than on the big
ones. However, other effects, like sedimentation of the drops, are not taken
into account. This needs to be studied further in order to say something
certain.

Coalescence of droplets, due to electrophoretic and EHD effects, has been ob-
served. As the distance between the drops decreases, the EHD flow becomes
antisymmetric, which then pushes the droplets together.

Experiments using insulating beads on a drop surface showed that the rela-
tion v ~ E2, given in the leaky dielectric model, for the velocity of the EHD
flow on the surface of the drop, fits very well with the experiments. This
enables fast assembly of particles on the drop surface, which is important
in a new method for making jammed Janus shells, through coalescence of
drops.

LDH particles, that have a structure similar to clays, were found to behave
similar to clay particles in the experiments performed. With LDH particles
dispersed in silicone oil, chain formation was observed when a DC electric
field was applied. Ribbons, chains, pupils and rotating domains were ob-
served in experiments using LDH particles dispersed in leaky dielectric drops.
The size of the particles seems to influence whether a ribbon or chains are
formed on the surface, and this way the size also influences the deforma-
tion of the drops. This is all in accordance with what has been observed in
experiments previously involving clay particles.

5.2 Future studies

The influence sedimentation has on transporting particles to the surface of
the drop is still not fully understood, and should be studied further. Some
experiments were done to investigate this, where the time it took to form the
ribbon with different sized PS beads was recorded. The smallest particles
did not form the ribbon before the drop had sedimented to the bottom of
the sample cell, which made it difficult to do quantitative studies. However,
it did give an indication that the ribbon of smaller particles takes longer time
to form. For future studies it would be a good idea to use smaller droplets,
if these can be produced without causing many of the particles to go to the
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droplet surface before the field is applied. Using smaller droplets would make
the droplet sediment much slower, which gives more time to observe what
happens. Additionally this would make the effect the sedimentation of the
drop has on the particle migration negligible.

In the experiments done with LDH particles there was clearly a correlation
between the size of the particles and the deformation of the drops, and it
would be interesting to the study this further and find the exact relation. The
reason for this correlation is that bigger particles easier form dipolar chains,
and the EHD flow is reduced. To be able to do this exactly, the particles
used would have to be polarizable and form dipolar chain structures on the
drop surface, and control of the particle size would be necessary.
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Appendix A

Detailed calculation of
dielectric sphere in electric field

This calculation shows the details that leads to equation (2.4) and (2.5) in
the theory section. The calculation follows the calculation in Introduction to
electrodynamics by Griffiths [4].

In spherical coordinates, Laplace’s equation is given by

10 [ ,0V 1 0 ov 1 0V
—— | r— — [ sinf— — = Al
r2or (T 87“) * rsinf 00 (Sm 06 > * r2sin? § O¢? 0 (A1)

In our problem, the potential V' will be independent of ¢. It has azimuthal
symmetry, and equation (A.1) is written as

10 (,0V 1 9 ( . oV
or ( W) * sn000 (Sm%) =0 (#.2)

Using the method of separation of variables we look for solutions on the form

V(r,0) = R(r)O(6) (A.3)

Using this in equation (A.2) and dividing by V
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SPHERE IN ELECTRIC FIELD

1d [ ,dR 1 d (. dO
R (7" %) + Osnddo (sm 9@) =0 (A.4)

Since the first term only depends on r and the second only on 6, they must
both be constant and can be written like

1d [ ,dR\
and
1 d (. dO©

The radial equation, equation (A.5), has the solution

B
R(r) = Ar' + — (A7)
r
where A and B are arbitrary constants. There are two solutions to the angular

equation, equation (A.6), where one of them are the Legendre polynoms in
the variables cos 6

©(0) = P(cosh) (A.8)
The second solution is not valid physically, because it blows up at § = 0

and/or @ = w. Therefore, the most general separable solution to Laplace’s
equation is

V(r,0) = (Arl + %) Py(cos ) (A.9)

Since separation of variables gives an infinite number of solutions, one for
each value of [, the general solution is a superposition of these solutions
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APPENDIX A. DETAILED CALCULATION OF DIELECTRIC
SPHERE IN ELECTRIC FIELD

V(r,0) = i (Arl + %) Py(cos 6) (A.10)

=0

To find the solutions in our problem we use the boundary conditions

V; - V;)uta r= Rv
8‘/;n ¢ a‘/out
6 pr—
or 0" 9
Vouwt — —Egrcosf, r >> R,

(A.11)

From equation (A.10) we see that the potential inside the sphere has to be

Vin(r,0) = i Aﬂ"lPl(cos 0) (A.12)

=0

and using boundary condition (iii) the potential outside the sphere has to be

Vout(1,0) = —Eyr cos 0 + IZ; mPl(cos 6) (A.13)
Using (i) we get
AR = —l, for1 #1
Ry (A.14)
AR = EoR + 2
and from (ii)
1)B
ear = LD
Iy (A.15)
2B,
ETAl = —EQ — ﬁ

Thus, we find that
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Al:BZZO, forl;«él

3 e — 1
A = E,, B = —
! € +2 0 =1 € +2

Hence, the potential inside the sphere is given by

_ 3Ep

‘/in(rye): p +27

and the potential outside the sphere is

. —1\ R3
Vout(1,6) = ((E +2) T—2—T) Eqycos?,
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Parameters affecting the droplet formation in
microfluidic concentric flow cells

Julie Janine R. Seth and Emilie L.. Johnsrud
June 24, 2013

1 Introduction

Microfluidic devices have become increasingly important in the field of monodis-
perse droplet production. One way of doing this is using a concentric flow
channel, in which the dispersed phase is injected via a needle or a tube into
another co-flowing, immiscible fluid which makes up the continuous phase.
Figure 1 illustrates a typical geometry for such a device. The formation of
drops in concentric flow channels can be done in two ways. Drops formed
close to the capillary tip is called dripping, while the breaking up of an ex-
tended jet is called jetting. In general, the dripping mechanism is a result
of force balance between interfacial tension and drag forces, while drop for-
mation in the jetting regime is a result of Rayleigh instabilities. Rayleigh
instabilites are a result of perturbations leading to break up of the jet because
of surface tension forces. The dynamics change significantly at the transition
point between these two mechanics, which is often defined as the point where
the initial rise velocity of a drop is sufficiently low that the drop will grow
less than one drop diameter during the time of formation of the next drop.
It has been found that critical jetting velocity is dependent on whether one
starts from the jetting regime and decreases the flow of the dispersed liquid,
or one starts in the dripping regime and increases the disperse flow rate [3].

In the dripping mode the primary drops have been found to have very high
monodispersity, and is therefore of high engineering interest. Umbanhowar
et al.[2] found polydispersities smaller than 3%. The formation of droplets in
the dripping mode can be divided into two stages, (1) stable growth at the
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Figure 1: An illustration of a concentric flow cell. Adapted from [1].

capillary that ends with loss of equilibrium of the forces and is followed by (2)
necking and detaching of the drop. At high viscosities a thread between the
primary drop and the capillary is formed and this leads to the formation of
satellite drops. After the breakup of the primary drop, small satellite drops
are formed because of secondary breakup of the thread due to unbalanced
capillary forces.

The parameters influencing the droplet sizes are flow rates, viscosities and
densities of the continuous and dispersed phases, interfacial tension and the
sizes of the channel and the capillary. At the micrometer scale used in these
kinds of geometries, the relative effect of viscous forces to interfacial tension
forces are the most important as they dominate inertial and gravitational
forces.



2 Effect of flow rates

Cramer et al. [1] studied the effect of flow rates focusing on the dripping
mode and the transition between dripping and jetting. All the experiments
were done with refined sunflower oil as the continuous phase, with a viscosity
of 0.049Pa s and a density of 916kg/m3. The dispersed phase varied since
they also wanted to study how the drop size depended on the viscosity and
interfacial tension. Most of the experiments were done in a with an outer
flow channel of hight 20mm and width 2.5 mm. The inner diameter of the
steel channel where the dispersed phase was injected was 0.lmm and the
outer diameter was 0.3mm. With this channel drops larger than 0.2mm
was generated. They also made a smaller channel for generation of droplets
smaller than 0.1mm. This flow channel had a height of 2mm and a width
of 1 mm, and a glass capillary of inner diameter 0.02 mm was used for the
injection of the dispersed phase.

2.1 Transition from dripping to jetting

The transition between dripping and jetting in a co-flowing liquid-liquid sys-
tem will depend on the rate of both the continuous and dispersed phase, and
it will correlate with the continuous flow rate when all other parameters are
held constant. Figure 2 shows drop diameter around the transition as a func-
tion of the continuous phase velocity found by Cramer et al. It was observed
that small disturbances could provoke the generation of a jet, so to make
the results reproducible all the experiments were done starting with high ve-
locities in the jetting mode. This behavior has been observed previously by
Clanet et al. [3] who found different jetting velocity for liquid injected into
air depending on whether one starts from the jetting or dripping regime.
Figure 2 shows that the diameter of the droplet decreases with increasing
flow rate of the dispersed rate because of an increased drag force in the con-
tinuous fluid. When v, is increased the detatchment time will be smaller,
and thus there will be a decrease in the diameter of the drops. The velocity
at the transition between the dripping and jetting mode was found at v.y,; ~
0.21m/s for the case where Qgis,= 0.25ml/min, where there is a discontiuity
in the drop diameter. The jetting velocity will also depend on the velocity
of the dispersed phase. An increase of the dispersed phase will also make
the detachent time shorter, because the critical size of the droplet will be
reached faster. The critical jetting velocity is shown in Figure 3 for different
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Figure 2: Drop diameter as a function of the velocity of the continuous
phase. The rate of the dispersed phase is constant at (g5, = 0.25ml/min.
Figure adapted from [1].
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Figure 3: Critical jetting velocity as a function of the rate of the dispersed
phase. Figure adapted from [1].

2.2 Continuous flow rate in the dripping mode

When the rate of the continuous phase (v..,:) is increasing the equilibrium
between the interfacial tension and the hydrodynamic force is reached earlier
and the time before the breakup of the droplet is shorter because of the
rising drag force. Thus the drop size will decrease with the increase of vy,
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since less disperse fluid is accumulated in the drop. The relation between
the diameter of the drops and v.,,; was found experimentally by Cramer et
al. [1] and is shown in Figure 4. At high velocities of the continuous phase

Drop diameter [mm]

T
0.01 0.1 0.5
Velocity of continuous phase [m/s]

Figure 4: Drop diameter as a function of the velocity of the continuous
phase. The rate of the dispersed phase is constant at (g5, = 0.025ml/min.
Figure adapted from [1].

more and larger satellite drops are generated. At high velocities there will be
a longer thread between the drop and the capillary before the primary drop
breaks, and due to the capillary pressure secondary drops are generated. This
is shown in Figure 5. Also, the thread will accumulate more fluid volume,
and the satellite drops become larger. Using a smaller channel for generation

9|00 |0

0.025 0.075 0.1 0.15 02

vmnl []‘Il'fb ]

Figure 5: Generation of satellite drops through burst of the thread at dif-
ferent velocities of the contiuous phase. Qgisp = 0.05ml/min. Figure adapted
from [1].

drops < 100pum Cramer et al. found the same behavior when changing the
continuous phase velocity as for the droplets larger than 200um. The results



are shown in Figure 6. The drop diameter decreases with increasing flow rate
of the continuous phase as for the larger droplets. The standard deviation
is also included in the plot, and this was below 1% of the average value for
most droplets.
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Figure 6: Droplet diameter as a function of velocity of the continuous phase
in the small flow channel. Qgs, = 6.25ul/min. Figure adapted from [1].

2.3 Dispersed flow rate in the dripping and jetting
mode

The phase of the dispersed fluid provides the fluid for the droplet formation
and the rate will influence the size of the droplets. The effect of the velocity
of the disperse phase was also studied by Cramer et al.[1]. Figure 7 shows an
increase in the diameter as the flow rate of the disperse phase is increased.
Qaisp Will determine the time until the equilibrium between the forces between
the drop and flowing contiuous phase is reached. Higher flow rate will cause
the critical size of the droplet to be reached faster, and the drop formation
time will be smaller as shown in Figure 8. For high (s, the necking and
breakup prosses becomes dominant [6] [7], and the detachment point moves
downstream in the channel. Therefore the velocity at the exit of the tube has
little influence of the drop breakup and the necking process happens at the
same time-scale for different disperse fow rates. Hence the drop formation
time will be approximately constant at high flow rates of the dispersed phase
and there will be a increase of the drop sizes.

Sharma et al.[5] observed the same effect in the jetting mode. As the ve-
locity of the dispersed phase increases, the droplet diameter increases. Figure
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Figure 7: Drop diameter as a function of the dispersed flow rate at different
velocities of the contiuous phase. Figure adapted from [1].

9 shows the diameter of droplets for three different dipersed flow rates.
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3 Effect of viscosities

The strength of the flow field involved in the drop formation is also affected
by the viscosity of the fluids, as the momentum of the phases are increased.
Cramer et. al. investigated the effect by increasing the viscosity of the dis-
persed phase while keeping the viscosity of the continuous phase constant.
They observed that the dynamics of the necking and breakup was changed,
with the viscous pressure opposing capillary pressure, creating longer threads.
This provokes generation of a jet.

This has some implications on the droplet formation. First, the transition
point between dripping and jetting is moved. Cramer et. al. found the
critical jetting velocities for flows with different viscosity ratios A = %
For A<1, long threads between the capillary and droplet are formed in the
dripping mode, and the transition point appears at 1ow ve,;. For A>1, the
threads are only observed for high continuous phase velocities. The results

are displayed in Figure 10.

0.8

Qgizp = 0.025 ml/min
A Jetting & Qgisp = 0.05 ml/min
Quzp = 0.25 ml/min
0 Qaisp = 0.5 ml/min

WVelocity of continuous phase [m/s]
[+]

A .

. A

o

. [ ]
Drpping o

Q
0.1 ; L}

0.1 1 10

Viscosity ratio & [-]

Figure 10: Critical jetting velocity at different flow rates as a function of
viscosity ratios. Adapted from [1].

This tendency can also be seen in Figure 11. It also shows that in the drip-
ping mode, which was what the authors focused on, the viscosity ratio has
no apparent effect on the primary drop volume. However, after the primary
drop has broken up, the increased viscous forces causes generation of satellite
drops at the breaking up of the extended thread. The largest volume frac-
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tion of satellite drops occur at high viscosity, ngisp = 163 mPas. In Figure

59933
9dal.

15 mPas 27 mPas 46 mPas 92 mPas 163 mPas
MNassp

Figure 11: Drop formation at constant flow field at different viscosities.
The velocity of the continuous phase is 0.15 m/s, while the flow rate of the
dispersed phase is 0.025 ml/min. a) shows the stretching of the neck and the
breaking up, while b) shows generation of satellite drops. Adapted from [1].

12 the drop diameter as a function of of disperse phase viscosity is shown
for different velocities of the continuous phase and constant dispersed phase
flow rate.

In the jetting mode, the viscosity will have a different effect. Sharma et.
al. also did experimental studies on the effect of viscosity on the size of the
droplets created in this regime. They used an aqueous polymer solution of
mammalian cell-enclosing microcapsules dispersed in liquid paraffin. The re-
sults are shown in Figure 13, from which it can be concluded that increased
viscosity makes the droplets made in the jetting regime smaller, but that this
effect is less and less pronounced for higher continuous phase velocities. This
is not explained by the authors.
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4 Interfacial tension and surfactant effects

Cramer et. al. also investigated the effect of interfacial tension on the drop
formation. The fluids used to compare had similar densities, and the vis-
cosity ratio between them was adjusted by the weight fraction of the addi-
tives. However, the interfacial tension in the two cases were different. The
water/k-Carrageenan 0.68 % system had higher interfacial tension than the
water/PEG 12.5 % system, Figure 14 shows that the drop diameter was
smaller in the latter case. The interfacial tension is the only force keeping
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Figure 14: Droplet diameter as a function of continuous phase velocity for

two different systems with the same viscosity ratio but different interfacial
tension. Qgisp = 0.05 ml/min. Adapted from [1].

the droplet at the capillary tip, and reducing it means that the transition
point is reached at an earlier point. On the other hand, the reduced the
surfactants used to lower the interfacial tensions in such systems can have
other effects too [4].
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5 Conclusions

The experimental results referred to in the previous sections show a promising
technique for generating monodisperse fluid droplet dispersions. The drip-
ping mode should be used because a narrower size distribution is obtained,
as well as the appearence of satellite drops are smaller. The formation rate is
also very regular and uniform droplets are generated. The only force counter-
acting the drag in the continuous flow and momentum of the disperse phase,
generating the fluid jet, is the interfacial tension. Increased continuous phase
velocity and dispersed phase flow rate and viscosity provoke jet generation
while lower interfacial tension decrease it. However, to be able to make small
droplets, the continuous flow rates should be high. The effect of disperse flow
rate on the size of the droplets is only present at relatively high rates, while
the effect of viscosity is negligible in the dripping mode.

References

[1] C. Cramer, P. Fischer, E. J. Windhab. Drop formation in a co-flowing
ambient flurd. Ch. Eng. Sci. 59, pp 3045-3058, 2004.

[2] P. B. Umbanhowar, V. Prasad, D. A. Weitz. Monodisperse emulsion gen-
eration via drop break off in a coflowing stream. Langmuir 16, pp 347-351,
2000.

[3] C. Clanet, J. Lasheras. Transition from dropping to jetting. Journal of
Fluid Mechanics 383, pp 307-326, 1999.

[4] Y. Cui, N. R. Gupta. Surfactant effects on drop formation in co-flowing
fluid streams. Colloids and Surfaces A: Physicochem. Eng. Aspects 393,
pp 111121, 2011.

[5] A. Sharma, R. Sharma Mammalian cells in nanocapsules:fiber production
in co-flowing ambient liquid stream. Nanotech 3, pp 282-285, 2010.

[6] D.Zhang, H. Stone. Drop formation in viscous flows at a vertical capillary
tube. Physics of fluids 9, 2234-2242, 1997

[7] X. Zhang Dynamics of drop formation in viscous flows. Chemical Engi-
neering Science 54, 1759-1774, 1999

13



List of Figures

2.1

2.2

2.3

24

2.5

2.6

2.7
2.8
2.9
2.10
2.11
2.12

2.13

2.14

3.1
3.2

Field lines in and around a dielectric solid sphere in a uniform
electric field. . . . . . . ... ..
Qualitative circulation patterns according to the leaky dielec-
tricmodel. . . . ...
RS diagram of oblate and prolate deformation for three differ-
ent viscosity ratios, A\, determined by Taylor’s discriminating
function. . . . ...
Characteristic behaviours of drop deformation and interaction
in the leaky dielectric model. . . . . . . . .. .. ... ...
Silicone oil drop with clay ribbon in an applied field of 200

Silicone oil drop covered with insulating PE beads and metallic-
coated beads. . . . . ... L
Production of droplets in co-flowing channels. . . . . . .. ..
roduction of droplets in a t-junction. . . . . .. ... .. ...
Production of droplets in a flow-flocusing device. . . . . . . . .
The tetrahedral and octahedral sheet. . . . . . . . .. ... ..
The 2:1 layer and 1:1 layer. . . . . . .. ... ... ... ...
Empirical formula for Laponite RD, crystallographic structure

of Laponite and single Laponite platelet. . . . . . . . .. ...
Microscope images of electrorheological chain formations in oil

suspensions of smectite clays. . . . . . . ... ...
Schematic representation of Mg-Al1 LDH. . . . . .. ... ..

Sketch of the concentric flow cell used for making the droplets.
Image of the concentric flow cell connected to syringes and
SYTINGE PUMPS. .« « o v v v v v e e e e

79

21



LIST OF FIGURES

LIST OF FIGURES

3.3 Image of droplet and satellite droplet made with the concentric
flow cell in the dripping regime. . . . . . . . .. ... .. ...
3.4 Tlustration of the experimental setup. . . . . . . . . . ... ..

4.1 Clay ribbon formation on a droplet of radius ~ 65 um with
laponite particles. . . . . . . ...
4.2 Clay pupil on a silicone oil droplet with radius ~ 80 um . . . .
4.3 Ribbon formation on a silicone oil droplet of radius ~ 210 um
with PS particles. . . . . . . . .. ...
4.4 Silicone oil drop with ribbon divided into counter-rotating do-
MAINS. . . . . o e

37

4.5 Ribbon formation on drops with different sized insulating beads. 38

4.6 Coalescence of droplets. . . . . .. . ... ... ... ...
4.7 Asymmetric flow in drops moving towards each other. . . . . .
4.8 Assembly of PE beads on silicone oil droplet with r ~ 0.725
mm, in a field with a strength of 400 V/mm. . . . . . . . . ..
4.9 Assembly of PE beads on silicone oil droplet with r ~ 0.725
mm, in a field with a strength of 310 V/mm. . . . . . . . . ..
4.10 Assembly of PE beads on silicone oil droplet with r ~ 0.725
mm, in a field with a strength of 250 V/mm. . . . . . . . . ..
4.11 Assembly of PE beads on a silicone oil droplet with r ~ 0.725
mm, in a field with a strength of 190 V/mm. . . . . . . . . ..
4.12 Assembly of PE beads on a silicone oil droplet with r ~ 0.725
mm, in a field with a strength of 125 V/mm. . . . . . . . . ..
4.13 Assembly of PE beads on a silicone oil droplet with r ~ 0.725
mm, in a field with a strength of 60 V/mm. . . ... ... ..
4.14 The average velocity of PE particles on the surface of a drop
moving towards the equatorial ribbon, as a function of the
square of the applied electric field strength E2. . . . . . . . ..
4.15 Microscope images of LDH samples dispersed in 10cSt silicone
oil after ultrasonication. . . . . . .. ... ...
4.16 Chain-like formations in LDH sample dispersed in silicone oil.
4.17 Ribbon formation on silicone oil droplet of size ~ 0.7 mm with
MgsAl-(TE/Cl) . . . ..
4.18 Ribbon formation on silicone oil droplet with radius of ~ 0.7
mm with MggAl-(TFA/CI). . . ... ... ... ... .. ...
4.19 Chains on silicone oil droplet with radius ~ 0.7 mm with
MgsAl-(TFA/CL) . . . . . .

40



LIST OF FIGURES LIST OF FIGURES

4.20 Chains formed on silicone oil droplet with radius ~ 0.6 mm

with 1wt% of Zn, AI-CMC. . . . . . . .. .. ... ... .... 53
4.21 Oblate formation of silicone oil drop with radius ~ 1 mm with

IngAlL(TFA/CL). . . .00 o 54
4.22 Pupil effect on silicone oil drop with LDHs. . . . . . . . . . .. 55

81



Bibliography

1]

2]

[7]
8]

[9]

K. B. Kjerstad, Clay-Oil Droplet Suspensions in FElectric Field, Master’s
Thesis, NTNU, (2012)

A. Mikkelsen Fxperimental Studies of Flow- and FElectric Properties of
Oil Droplets Including Suspended Clay Particles, Master’s Thesis, NTNU,
(2012)

P. Dommersnes, Z. Rozynek, A. Mikkelsen, R. Castberg, K. Kjerstad,
K. Hersvik and J. O. Fossum. Active structuring of colloidal armour on
liquid drops. Nat. Commun, 4, 2066, (2013).

D. J. Griffiths, Introduction to electrodynamics. Third edition, Person
Education, (2008)

C. T. O’Konski, H. C. Thatcher, The distortion of aerosol droplets by an
electric field. J. Phys. Chem., 57, 955-958 (1953).

R. S. Allan and S. G. Mason, Particle Behaviour in Shear and Electric
Fields. I. Deformation and Burst of Fluid Drops. Proc. R. Soc. Lond. A
267, (1962)

G. Taylor, Studies in electrohydrodynamics. I. The circulation produced
in a drop by electrical field. Proc. R. Soc. Lond. A. 291, 159-166 (1966).

F. Salipante and P. M. Vlahovska, Electrohydrodynamics of drops in
strong uniform dc electric fields. Phys. Fluids 22, 1-9 (2010).

D.A. Saville, Electrohydrodynamics: The Taylor-Melcher Leaky Dielec-
tric Model. Annu. Rev. Fluid Mech. 29, 27-64, (1997).

[10] G. Quincke, Ueber Rotationen im constanten electrischen Felde. Ann.

Phys. Chem. 59, 417-468 (1896).

82



BIBLIOGRAPHY BIBLIOGRAPHY

[11] Z. Rozynek, K. D. Knudsen, J. O. Fossum, Y. Mheust, B. Wang and
M. Zhou, Electric field induced structuring in clay-oil suspensions: new

insights from WAXS, SEM, leak current, dielectric permittivity, and rheo-
metry. J. Phys.: Condens. Matter 22 324104, (2010).

[12] J. C. Baygents, N. J. Rivette and H. A. Stone, Electrohydrodynamic
deformation and interaction of drop pairs. J. Fluid Mech. 368, 359-375
(1998).

[13] C. N. Baroud, F. Gallaire and R. Dangla, Dynamics of microfluidic
droplets. Lab Chip 10, 2032-2045 (2010).

[14] C. Cramer, P. Fischer, E. J. Windhab. Drop formation in a co-flowing
ambient fluid. Ch. Eng. Sci. 59, 3045-3058 (2004).

[15] O. Vizika and D. A. Saville, The electrohydrodynamic deformation of
drops suspended in liquids in steady and oscillatory electric fields. J. Fluid
Mech., 239, 1-21, (1992).

[16] H. Hemmen, Experimental Studies of Smectite Clays: Colloids and Nan-
oporous Materials. PhD Thesis, NTNU (2012).

[17] F. Bergaya, B. K. G. Theng and G. Lagaly, Handbook of Clay Science.
Elsevier Ltd. (2006).

[18] B. Ruzicka and E. Zaccarelli, A fresh look at the Laponite phase dia-
gram. Soft Matter, 7, 1268-1286 (2011)

[19] J. O. Fossum, Y. Méheust, K. P. S. Parmar, K. D. Knudsen, K. J.
Malgy and D. M. Fonseca, Intercalation-enhanced electric polarization
and chain formation of nano-layered particles. Furophysics Letters 74,
438-444, (2006).

[20] K. P. S. Parmar, Y. Mheust, B. Schjelderupsenand and J. O. Fossum,
Electrorheological Suspensions of Laponite in Oil: Rheometry Studies.
Langmuir 24, 1814-1822, (2008).

[21] V. Rives Layered Double Hydroxides: Present and Future. Nova Science
Publishers: New York, (2001).

[22] X.Q. Hou, D.L. Bish, S.L.. Wang, C.T. Johnston, R.J. Kirkpatrick, Hy-
dration, expansion, structure, and dynamics of layered double hydroxides.
Am. Mineral. 88, 167-179, (2003).

83



BIBLIOGRAPHY BIBLIOGRAPHY

[23] T. Kameda, S. Saito, Y. Umetsu, Mg-Al layered double hydroxide inter-
calated with ethylene-diaminetetraacetate anion: Synthesis and applic-
ation to the uptake of heavy metal ions from an aqueous solution. Sep.
Purif. Technol., 47, 20-26, (2005).

[24] G.R. Williams and D. O’Hare, Towards understanding, control and ap-
plication of layered double hydroxide chemistry. J. Mater. Chem. 16,
3065-3074, (2006).

[25] J.-H. Choy, S.-J. Choi, J.-M. Oh and T. Park, Clay minerals and layered
double hydroxides for novel biological applications. Appl. Clay Sci. 36,
122-132, (2006).

[26] N. P. Ashby and B. P. Binks. Pickering emulsions stabilised by Laponite
clay particles. Chem. Phys. 2, 5640-5646, (2000).

[27] Y. Nonomura and N. Kobayashi. Phase inversion of the Pickering emul-
sions stabilized by plate-shaped clay particles. J. Colloid Interface Scu.
330, 463-466, (2009).

28] A. D. Dinsmore, M. F. Hsu, M. G. Nikolaides, M. Marquez, A. R. Bausch
and D. A. Weitz, Colloidosomes: Selectively Permeable Capsules Com-
posed of Colloidal Particles. Science 298, 1006-1009, (2002).

[29] R. Parthibarajan, C. R. Reichel, N. L. Gowrishankar and D. Pranitha,
Colloidosomes drug delivery - A review. Int. J. Pharm. Biol. Sci. 1, 183-
197, (2011).

[30] S. Jiang, Q. Chen, M. Tripathy, E. Luijten, K. S. Schweizer and S.
Granick, Janus particle synthesis and assembly. Adv. Mater. 22, 1060,
(2010).

[31] C. Kaewsaneha, P. Tangboriboonrat, D. Polpanich, M. Eissa and A.
Elaissari, Janus colloidal particles: preparation, properties, and biomed-
ical applications. ACS Appl. Mater. Interfaces 5, 1857, (2013).

[32] A. Synytska, R. Khanum, L. Ionov, C. Cherif, C. Bellmann. Water-
repellent textile via decorating fibers with amphiphilic Janus particles.
ACS Appl. Mater. Interfaces 3, 1216, (2011).

[33] M. Lattuadaa and T. A. Hattonb, Synthesis, properties and applications
of Janus nanoparticles. Nano Today 6, 286, (2011).

84



BIBLIOGRAPHY BIBLIOGRAPHY

[34] A. B. Subramaniam, M. Abkarian, H. A. Stone, Controlled assembly of
jammed colloidal shells on fluid droplets. Nat. Mater. 4, 553, (2005).

85



