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“Mobility is immortality, mobility is religion.
Just look at the treasures of the sun, they have never slept since the
inception of creation. So strive forward, strive forward.”
-Aitareya Upanishad
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Abstract
This dissertation focusses on the micro-engineering of interfacial
fluidic interactions targeting desired advanced functionalities. Such
interactions can be manifested at either fluid-fluid or solid-fluid
interfaces, can occur in either “internal” of “external” flow
configurations and are often related to simultaneous heat and mass
transfer phenomena. The interfaces of both kinds are ubiquitous in a
broad swath of emerging micro and nanotechnology applications.
Thus, a deep understanding and the ability to manipulate these
interactions is crucial. The current dissertation explores exploitation
of two distinct cases: liquid-liquid interfacial interaction between two
immiscible liquids in a microchannel (typical internal flow
configuration) and dynamic interaction of water droplets on
functional solid surfaces (typical external/free surface flow
configuration).
In the first case investigated, the interfacial interaction between
mineral oil and water is used to generate regular droplets of the
former within a continuous, shearing flow of water in a microchannel.
Such a “segmented” flow is investigated aiming at heat transfer
augmentation by causing regulated flow disturbances in the
continuous flow of water, and inducing and enhancing mixing within
the microchannel. The effect of inter-droplet spacing is quantitatively
studied using micro-Particle Image Velocimetry for flow fields and
micro-Laser Induced Fluorescence for local temperature
measurements in the flow. The heat transfer efficiency, quantified by
Nusselt number, is found to be factorially (four fold) higher with the
segmented flow compared to the single fluid flow.
In the second case, the dynamic interaction of water with
nanoengineered superhydrophobic surfaces is explored. Polymer
nanocomposite based superhydrophobic coatings are formed using
carbon nanoparticles as fillers in a fluoropolymer matrix. As
additional functionalities to the surface, very high electrical
conductivity is imparted along with impressive impalement resistance
against impinging water droplets. The results clarify the role of
carbon nanoparticle geometry and chemistry on the performance of
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the resulting superhydrophobic surfaces. Further, a synergistic effect
is found that helps obtain the best conductivity and impalement
resistance, by using a mixture of the employed carbon fillers; as
compared to coatings with single carbon fillers. In addition, the
simultaneous superhydrophobicity and oleophilicity of the
synthesized surfaces is proven and exploited to separate oil from oilwater mixture using filters coated with the above mentioned surface
textures.
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Zusammenfassung
Diese Dissertation konzentriert sich auf die Mikrotechnik von
Grenzflächen-Wechselwirkungen in Fluiden, welche erweiterte
Funktionalitäten ermöglichen. Solche Wechselwirkungen können sich
entweder an Flüssig-Flüssig oder Fest-Flüssig Grenzflächen
manifestieren. Sie können sowohl in "internen" oder "externen"
Strömungskonfigurationen auftreten und werden oft mit simultanen
Wärme-und Stofftransportphänomenen in Verbindung gebracht. Die
Schnittstellen der beiden Möglichkeiten sind in einer breiten
Schneise
der
Mikro-und
Nanotechnologie-Anwendungen
allgegenwärtig. Deshalb ist es entscheidend ein tieferes Verständnis
und die Fähigkeit der Manipulation dieser Wechselwirkungen zu
entwickeln. Die aktuelle Dissertation erforscht die Nutzung zweier
verschiedener
Fälle.
Die
Flüssig-flüssig-GrenzflächenWechselwirkung zwischen zwei nicht mischbaren Flüssigkeiten in
einem Mikrokanal und die Fes-flüssig-Grenzflächen-Wechselwirkung
von Wassertropfen auf funktionalisierten Oberflächen.
Im ersten Teil dieser Arbeit wird die Grenzflächen-Wechselwirkung
zwischen Mineralöl und Wasser verwendet um normale Öl Tröpfchen
innerhalb einer kontinuierlichen Schärströmung von Wasser in
einem Mikrokanal zu erzeugen. Solch ein "segmentierten" Fluss wird
hat das Ziel die Wärmeübertragung zu verbessern indem regulierte
Verwirbelungen im ansonsten kontinuierlichen Wasserfluss kreiert
werden. Die zusätzlich entstehende Vermischung innerhalb des
Mikrokanals erhöht den Wärmeübergangskoeffizient substanziell.
Die Wirkung des Abstands zwischen den einzelnen Tropfen wird
quantitativ mit Hilfe von Mikro-Particle Image Velocimetry für
Strömungsfelder und Mikro-Laser Induzierte Fluoreszenz für lokale
Temperaturmessungen in der Strömung untersucht. Die
Wärmeübertragungseffizienz wird anhand der Nusselt-Zahl
quantifiziert, wobei eine vierfach höhere Effizienz mit der
segmentierten Flusses gegenüber dem Einzelfluidstrom erreicht wird
Im zweiten Teil dieser Arbeit wird die dynamische Wechselwirkung
von
Wasser
mit
im
Nanometerbereich
strukturierten
superhydrophoben Oberflächen erforscht. Polymer-Nano-Verbunde
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auf Basis von superhydrophoben Beschichtungen werden mit
Kohlenstoff-Nanopartikel als Füllstoffe in einer Fluorpolymermatrix
gebildet. Die Oberfläche wird zusätzlich mit einer sehr hohen
elektrischen
Leitfähigkeit
und
mit
beeindruckendem
Aufprallwiderstand gegen auftreffende Wasser Tröpfchen vermittelt.
Die Ergebnisse dokumentieren die Rolle der Geometrie von
Kohlenstoff-Nanopartikel und deren Chemie auf die Leistung der
resultierenden superhydrophoben Oberflächen. Zusätzlich wird ein
synergistischer Effekt gefunden, welcher die beste Leitfähigkeit und
den besten Aufprallwiderstand durch eine Mischung der verwendeten
Komponenten garantiert. Zusätzlich wird die gleichzeitige
Superhydrophobie und Oleophilie der synthetisierten Oberflächen
bewiesen und verwendet um Öl aus einem Öl-Wasser-Gemisch mit
Hilfe von Filtern, die mit den oben genannten Oberflächenstrukturen
beschichtet sind, herauszufiltern.
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1.1

Introduction
Context

Surfaces and interfaces are omnipresent in nature and technology
because all objects are finite and must have boundaries with respect
to their surroundings. This affects the environment of molecules at
the boundary compared to bulk environment where they are
surrounded by similar neighbors. There is always an excess energy
associated to an interface because of loss of symmetry in interaction
of surface molecules. This excess energy determines how the surfaces
interact with their environments, e.g., a small water droplet in air
adapts to a spherical shape to minimize its exposed area.
Nature has evolved many ingenious ways of exploiting the
peculiarities of interfaces. Survival of many species actually depends
on their remarkable adaptation ability, which exploits interfacial
interactions. A water snail, for example, moves just under the water
surface, by creating small surface disturbances and extracting a
surface tension driven propulsion.1 Shorebirds use capillarity to feed
using their slender beaks.2 Frequent opening and closing motion of
beaks moves water drops containing nutrients against gravity to their
mouth. Namib desert beetles have wings with areas of varying
wettability, using which they harvest fog as their drinking water
supply.3 Higher wettability areas are used to condense water droplets,
and lower wettability areas are used to help transport the detached
droplets to the mouth. Many plants, including lotus, use their
textured and very low surface energy leafs as water repellant and selfcleaning surfaces.4
Humans also, since ancient times, have exploited tailoring of
interfacial phenomena to their benefit using heuristic knowledge. A
prime example of lowering surface tension of water to achieve better
wettability and cleaning action is manifested in the use of soaps,
which have been in use at least since 2800BC. 5 Ingredients in soap
are surface active (surfactants) and they populate the water meniscus
to cause a lowering of surface tension. Cooking has also benefitted
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from interfacial phenomena between immiscible liquids, one example
being mayonnaise, which is a stabilized emulsion of small oil droplets
in water.
Even though interfaces are all pervasive, their theoretical
understanding started emerging after Francis Hauksbee and James
Jurin’s experiments on capillary rise in between closely spaced plates
in early 1700s.6 Young and Laplace used the then nascent concept of
surface tension to explain wetting on smooth surfaces in the early 19th
century.6 Robert Wenzel7 and Cassie and Baxter8 introduced the
concepts of roughness induced wetting enhancement/ reduction in
the first half of 20th century. These discoveries remained very
sparingly exploited till late 20th century. However, with the
advancements in microfabrication technologies, which can be used to
fabricate small roughness in very controlled and repeatable manner,
they have seen a revival. Many fundamental studies on surfaces with
controlled textures in the last few decades has increased our
understanding to a point where real world commercial applications
have started emerging; one example being water and oil repellant car
paint9 which can significantly reduce the cleaning efforts.
Similar to interfacial phenomena playing a role in external fluidic
interactions of fluids and solid surfaces as discussed above, internal
flows are also affected by surface interactions of two-phases or two
immiscible liquids. Interfacial instabilities between two fluids
(exemplified by free jet break-up into droplets by Rayleigh-Plateau
instability in external flow) are regularly employed in microchannels
to generate droplets of one fluid in another.10
The foundations of studies into internal flow with two immiscible
fluids could be traced back to primary studies by Fairbrother and
Stubbs11 in 1935 on motion of air bubble in different fluids within
small capillaries. In their experiments, although bubble velocity was
found to depend on the average liquid velocity, viscosity and surface
tension, no theoretical explanation could be offered. The problem was
revisited by G.I. Taylor12 and Breterton13 and theoretical explanations
on observed bubble velocity (higher than bulk fluid average velocity),
pressure drop and film thickness between bubble and tube walls were
offered. Moreover, the decisive influence of capillary forces on flow
was identified. The regular flow of bubble trains in capillary of
2

comparable diameter is called Taylor flow to emphasize Taylor’s
contributions. Taylor flow is an effective method to induce radial
mixing within capillaries and has been used effectively in chemical
reactors with high yield.14 Generation and transport of droplets of one
liquid within another flowing immiscible liquid in a capillary, is also
guided by same principles as those of Taylor flow. The transport of
droplets within a shearing flow in capillaries, induces mixing within
droplets, and could be a beneficial effect if mixing in a droplet is
desired. Such a flow holds great promise, especially at the
microscales, where the effect of inertia is limited and surface
dominated forces play a major manipulative role.10
This thesis focusses on the utilization of the roles played by interfaces
at microscale, to attain desired functionalities. Two distinct scenarios
are explored: in the first, with internal flow within microchannel,
where liquid-liquid interfacial interaction is used to generate uniform
and equally spaced oil droplets in water, the concept of heat transfer
augmentation is explored. In the second, the dynamic interaction of
water droplets on nanotextured, non-wetting coatings is explored.
The role of roughness geometry and surface chemistry on resistance
to wetting against impinging water droplets is highlighted. Additional
functionalities such as electrical conductivity and ability to filter oil
from oil-water mixtures, arising from constituent are also explored.
1.2

Thesis Outline

The thesis is composed of 6 chapters, including this introductory
chapter. Chapters 2 & 3 deal with the use of liquid-liquid segmented
flow for heat transfer enhancement. Chapters 4 & 5 focus on dynamic
interaction of water droplets on functional non-wettable surfaces. The
contents of individual chapters are briefly highlighted below:
Chapter 2: Cooling with Segmented: Fundamentals
In this chapter, the requirement for enhanced cooling is discussed for
modern electronics. Further, the flow of a train of droplets within
another immiscible liquid, is discussed as an alternative concept for
heat transfer increase. The physics of such a flow (referred to as
segmented flow), is studied in detail and prevalent methods of droplet
generation are also discussed in the context of microfluidics.
3

Chapter 3: Significant Nusselt Number Increase in
Microchannels with a Segmented Flow of Two Immiscible
Liquids
This chapter contains a fundamental study of heat transfer with
segmented flow of two immiscible liquids. Droplets are generated insitu in a microchannel and their effect on hydrodynamics and thermal
performance of flow are investigated.
Chapter 4: Resistant Superhydrophobic Surfaces: Basics
This
chapter
describes
fundamentals
of
wetting
and
superhydrophobicity. Further, the physics of drop impalement on
surfaces is discussed. A brief literature review into superhydrophobic
surfaces with multifunctionality is provided at the end.
Chapter 5: Multifunctional
Based Nanocomposites

Superhydrophobic

Carbon

Fabrication of superhydrophobic polymer nanocomposite coatings is
discussed. A surface with very high electrical conductivity and water
impalement resistance on droplet impact is achieved with judicial
choice of carbon nanoparticles. Further, a synergy is demonstrated
with fixed carbon nanoparticles in nanocomposite.
Chapter 6: Conclusions and Outlook
This chapter concludes the thesis, highlighting the main findings and
suggests directions for future research.
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2

Cooling with Segmented Flow: Fundamentals

The era of digital computing was initiated in 1939 with the advent of
Atanasoff-Berry Computer, which used vacuum tubes as its electronic
elements.15 This class of computers saw a rapid progress with the
Second World War. The highly celebrated Colossus was used to
decipher German secret transmission.16 The success of these first
computers led to their commercialization in early 50s. These devices
were limited by the size and performance of vacuum tubes and were
therefore bulky, consumed a lot of power and were marred by
reliability issues due to high heat generation and failure of vacuum
tubes. A new invention in the form of point-contact transistor in 1947
started the new age for computers17, marked by first transistor based
computer at the University of Manchester in 1953.18 Transistors had
much lower power consumption, smaller size and achieved better
reliability over time. The smaller and much reliable transistors led to
advancement in computing power, before hitting a roadblock, called
“Tyranny of numbers”.19 As the individual circuit components had to
be manually connected, larger number of components meant more
unreliable contacts and long circuit length. Jack S. Kilby solved this
problem with manufacturing circuits on a semiconductor monolith,
now famous as the integrated circuit (IC).19 Gordon Moore, as R&D
Director at Fairchild Semiconductors, postulated in 1965 that the
number of components on single chip would double every year, which
he later revised to every two years in 1975.20 This has been a selffulfilling prophesy for semiconductor industry and driven its growth
over the years. Denard et al.21 showed in 1974 that power density
would remain constant with the decrease in size of components on
chip as the required voltage and current would scale down. This is
known as “Denard scaling”. The downward trend in size was halted
by affects like charge tunnelling, non-scalability of interconnect
delays and the inability to keep on increasing doping.22 As the
electronics industry continued with ever higher density of circuits on
chips in line with Moore’s law, the problem of heating became a
serious limiting factor for performance. Heating increased
consistently over the generations of computers using Bipolar Junction
Transistor (BJT) technology until chips with complementary metaloxide-semiconductor (CMOS) technology replaced them in early 90s.
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However, the respite from heating was not long lived and this
problem has once again become the bottleneck for future
developments.23
2.1

Cooling

The very first computers, because of their own large size and
therefore spreading of heat, could be managed by natural or forced
convection of air, sometimes needing housing in air conditioned
rooms. A technological leap with BJT reduced the size of devices, but
initially air cooling proved to be both sufficient and economical to
handle the problem. However, even as early as 1966, some form of
liquid cooling was introduced by IBM.24 Water, due to its superior
thermal properties, was used to keep air temperature lower than a set
limit in air-to-liquid heat exchangers.25 As the power dissipation
requirements kept increasing, it was realized that a heat sink would
have to be somehow thermally connected to chip module. In 1980,
indirect cooling was implemented in IBM 3081 model by mounting a
Thermal Conduction Module (TCM) with integrated heat sink on to
chip module. This approach served industry well till early 90s before
the switch to CMOS technology made liquid cooling redundant.25
Once again, even with CMOS, the drive to follow Moore’s law has led
to heating surpassing the levels, where BJT was rejected.26 In fact,
IBM had to drop its development of single core Tejas processor in
2004 due to power & memory problems in favour of dual core chips.27
Catching up with Moore’s law is now being done with multicore chips
and even proposed 3D chip stacks.28 With large cooling requirements
seen in current scenario, where no evident replacement is in picture
for CMOS technology, high performance cooling is even more
relevant than ever. Cooling with air is limited due to poor thermal
properties of air, acoustic noise at higher flow rates and considerable
energy spent over cooling for high flux applications etc. Liquid
cooling on the other hand, with water as a working fluid is both
thermally and economically advantageous, albeit with added system
complexity.25
As early as 1981, Tuckerman and Pease29 demonstrated extremely
high heat transfer of 790 W/cm2 with water flowing in microchannels
etched in silicon monolith while heating being simulated with a
printed heater on the back of chip. This was, however, accompanied
6

by huge pressure drop. Single fluid flow in straight microchannels,
even though highly efficient, is limited by the limited Nusselt number
achievable in laminar flow.30 This has led to research into heat
transfer enhancement for microchannel flows. There have been two
different approaches to it: (a) create flow disturbance structures
within microchannels for single phase flow or (b) cause phase change
within microchannels to absorb more heat and enhance mixing with
the resultant flow fields. The phase change route is certainly
promising, but it demands further understanding into resulting flow
instabilities at boiling and predictability.31
Single phase fluid heat transfer on the other hand has gained
considerable attention and several approaches for enhancement have
been demonstrated. Tao et al.32 noticed that heat transfer
augmentation is essentially caused by reduction in thermal boundary
layer, flow obstructions or increase in close to wall velocity gradient.
Kandlikar et al.33 demonstrated that simple surface roughness can
cause heat transfer enhancement at the expense of pressure drop in
millimetre size tubes. Sturgis et al.34 showed, using millimeter sized
rectangular channels, that bend, result in better heat transfer because
of fluid acceleration caused as it passes over bend. Steinke et al.35
showed that with introduction of staggered pin-fins in microchannel
heat exchanger, heat transfer is significantly enhanced and the
approach nullifies the resulting pressure drop penalty. Chen et al.36
fabricated nature inspired branching network of microchannels and
demonstrated that such an approach yields much higher efficiency
compared to straight microchannels. As is evident, heat transfer
augmentation is a very vibrant research field with many competing
and co-existing alternative.
The community of heat transfer can also benefit from research into
mass transfer enhancement in microchannels. Jiang et al.37
demonstrated that channels with alternating curves could be used to
induce chaotic motion, and significantly improve mixing. As the flow
passes through a curve, the difference in inner and outer radii of
curvature creates a pressure differential within channel cross section
and flow vertices are generated increasing mixing many fold. Another
flow scenario of great importance is called Taylor flow, which is
essentially a train of large air bubbles in a continuous flow of liquid.
Kreutzer et al.38 observed that with air volume fraction of 50%, five
7

times enhancement in bulk-to-wall mass transfer could be achieved in
a round capillary. The bubbles move faster than the average flow
velocity of the two phases, as they slide over a lubricating liquid film
on capillary walls. This causes a recirculating motion within the liquid
trapped between two consecutive bubbles. The recirculation not only
reduces the effective diffusion length for the solute, but also keeps
bulk flow churning. These affects aid to achieve a very effective
mixing mechanism. Günther et al.39 used Taylor flow to mix two coflowing liquid streams and demonstrated that such a flow regime is
even superior to chaotic mixers with special geometries at same
Peclet numbers (non dimensional ratio of convective and diffusive
fluxes, calculated at channel entry). Fries et al.40 introduced Taylor
flow in meandering channels, utilizing advantages offered by both the
recirculation between two consecutive bubbles and lateral vortices as
fluid moved around a bend, to achieve more than 3 times reduction in
mixing length compared to Taylor flow in straight channel at the
expense of excess pressure drop.
Similar to Taylor flow, segmented flow with regular slugs (channel
fitting droplets) of a liquid in continuous stream of another
immiscible liquid, has caught attention of chemical engineering
community. The motivation has been to increase mass transfer
between two liquids, using the flow disturbances. Several microreactors have been proposed with the concept. Kashid et al.41 noted
that as the slugs pass through continuous liquid flow, shear at the
interface induces recirculation within the slugs itself. This causes
better mass transfer between two liquids at slug interface. Further, as
slugs are covered with the other liquid, whole slug surface takes part
in mass transfer. Burns et al.42 demonstrated a liquid-liquid capillary
reactor with up to four times faster reactions compared to well
established approaches. Further, the reaction rate could be varied by
increasing the flow velocity, as it increased internal recirculation.
Segmented flow offers advantage over another micromixing approach
of co-flowing streams, as the latter is governed only by diffusion and
thus is not suited for large throughput.
This internal recirculation will aid the thermal equilibrium of the two
liquids in heat transfer applications as well. Urbant et al.43
numerically studied heat transfer in droplet laden flow in circular
capillary. Water droplets up to 70% in size of capillary diameter were
8

simulated with continuous oil flow. Droplets moved faster than
average flow velocity, but the velocity reduced with increasing size of
droplets. The thermal entrance length was found to be much shorter
with droplet laden flow due to increased mixing. The effect was more
pronounced with increasing size of droplets. Hindrance to continuous
flow and internal circulation within droplets were cited as reason for
the effect. Fischer et al.44 studied heat transfer augmentation with
droplets and slugs (droplets larger than channel dimension) in round
capillary. Effect of nanoparticles within suspended liquid was also
studied. Simulations revealed that fluid is dragged from the hot walls
towards the centre of channel at the leading edge of droplets. The
recirculating vortices in between two consecutive slugs mean that the
width for thermal equilibration is halved. Slugs improve heat transfer
compared to droplet flow by causing more blockage. Increase in
Reynolds number (Re) increases Nusselt number as the strength of
recirculation in droplets/ slugs increases. With the effect of
temperature dependence of surface tension being considered,
Marangoni flow at droplet/ slug interface counters the recirculation
in continuous liquid and marginally lowers (~13%, at Re=5) the
increase in heat transfer. Higher viscosity of the suspended liquid also
has augmenting effect on heat transfer at the expense of pressure
drop.
2.2

Hydrodynamics of segmented flow
2.2.1

Lubricating film

Bretherton13 in 1961 showed that as a slug of air passes through a
tube, it slides over a lubricating film of thickness h , given by:

h  1.34rCa

2

3

(2.1)

Here r is the radius of tube and Ca  V

 is the Capillary number,
where  is the viscosity of surrounding fluid,  is the interfacial
tension between two phases and V is the slug velocity. This
relationship is established by the balance of slug expansion (excess
Laplace pressure inside curved slug interface) and viscous stresses in
9

surrounding fluid. If the suspended liquid is much viscous compared
to surrounding liquid, as in liquid-liquid segmented flow, the prefactor in Equation (2.1) gets modified to 2.14.45 The equation holds
for Ca  0.01 . In the case of bubbles/droplets flowing through a
channel with rectangular cross-section, the cylindrical symmetry is
broken as shown in the following figure.

Figure 2.1: Bubble profile in a square capillary

Kolb et al.46 measured interface profiles for long gas bubbles in
square capillaries over a range of Ca . They noticed that film thickness

da

 0.95 for Ca  0.04
d
along the channel walls, but increases on the corners. The
observations follow:47
is independent of Ca and can be written as

db

d

 0.7  0.5exp  2.25Ca0.445 

(2.2)

The presence of lubrication film has implications on the relative
velocity between bubbles/droplets and the continuous phase.
2.2.2

Bubble/droplet velocity

If two fluids involved in segmented flow could be treated as
incompressible, continuity of flow dictates that at any given section,
total volumetric flow rate should be same. It could be written as:

UT   FU F  1   F U B

(2.3)
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Here U T is the average flow velocity for total flow,  F is the area
fraction of film at any given section, U F is the average velocity of
lubricating film and U B is the velocity of bubble/droplet.
As air is much less viscous compared to carrier fluid, the film around
a bubble could be considered immobile ( U F  0 ) and bubble velocity
could be obtained using Equation (2.3); provided film thickness
(or  F ) is known.
Transport of a viscous drop is however, more involved because of
coupling of internal and external flows with viscosity. Bungay et al.48
studied a limiting case of closely fitting rigid sphere in a cylindrical
capillary and came up with following expression:
UT
1

U B 1  4   46  2  O  5 2
3
15

 

(2.4)

Here  is the ratio of radial clearance between drop and wall to
capillary radius.
Ubrant et al.43 numerically calculated drop velocity in a capillary for
creeping flow case and found that a drop with internal and external
fluid viscosity ratio:

i

e  6 follows Equation (2.4) quite closely.

Drop would move slightly faster than the average fluid velocity in
such a case. Further, in case of elongated drops (slugs) and in the
limiting case of large viscosity ratio, the relative velocity of slugs could
be calculated as:
2
UB
 1  1.02(3Ca) 3
UT

(2.5)

Above relationship means that slugs are moving very slightly faster
than mean flow for low Ca .
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Fischer et al.44 simulated flowing droplets with 0.8 times tube radius
and found that at reasonable Re=50 and Ca  3.6  103 , droplet
travelled at 1.2 times mean velocity for viscosity ratio of 7.8. Studies
with viscosity variation revealed that less viscous droplets move
faster.
Goldsmith et al.49 noticed that long slugs could be treated as coflowing fluid streams, and velocity profiles, both inside and outside
slug, and shear could be calculated using continuity in shear stress
and velocity at two fluid interface. In such a case, slug velocity
becomes independent of its length. They substantiated their theory
with measurements. For highly viscous slugs, such a coupling would
mean almost constant velocity across the cross-section. A wedge
shaped velocity profile within lubricating film would insure faster
moving slug than the average flow velocity.
Transport of droplets in rectangular cross-sections has not received
similar theoretical and simulation attention and very few and limited
studies exist. Experimental measurements are also scattered and
need systematic study into its rich physics.
Jakiela et al.50 identified that even though problem statement is
trivial, the interplay of various parameters such as viscosities of
liquids, channel geometry, size of droplet, Capillary number, presence
of surface impurities etc. can alter the observations significantly. They
systematically studied the effect of droplet size and viscosity ratio for
droplet train in square microchannel, keeping Ca within a range
relevant to microfluidics. Their findings could be summarized as:




Equi-viscous slugs, which were smaller than twice the
channel width, travelled faster than average bulk velocity.
Slugs with sizes between ~ 8 and 16 times channel width,
also travelled slightly faster than bulk. Slugs with other sizes
were found to be lagging bulk fluid by a few percent.
Less viscous slugs with viscosity ratio of 0.3 behaved similar
to equi-viscous case for size less than ~2 times channel
width and travelled faster than bulk. Bigger slugs travelled
slightly slower than average velocity.
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More viscous slugs at viscosity ratio of 3 always traveled
slower than bulk and reached as low a velocity as 60% of
bulk for very long slugs.
At a much higher viscosity ratio, slugs relative velocity
linearly decreased with size, starting to lag bulk at ~4.5
times channel width.

This study revealed the complexity of physics involved with droplet
hydrodynamics and emphasized the need of more focused studies.
2.2.3

Pressure drop

Pressure drop associated with segmented flows is an important
criterion to consider as it can be limiting factor in some applications.
Pressure drop in segmented flow could be broken up in three
constituents: pressure drop in continuous fluid segment (Pc ),
pressure drop as the slugs move over lubricating film between slug
and capillary walls (Pd ) and pressure drop caused by curved
interfaces of slugs (Pint ) :

P  Pc  Pd  Pint

(2.6)

Jovanovic et al.51 measured pressure drop for segmented flow and
provided a model to explain the measurements. The agreement was
remarkable with measurements falling within  10% from estimates
as operating parameters varied.
Contribution due to curved interfaces per slug was modelled based on
analytical solution provided by Bretherton for a single bubble as:

Pl  C  3Ca 

2

3


r

(2.7)

Here C is curvature parameter for capillary, and for a hemispherical
cap of droplet in a small capillary, where inertial and gravitational
effects are negligible, is 3.58. The value was in good agreement for
248  m diameter capillary, but with larger 498  m capillary, it
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reduced to 1.74 as gravitational effects became noticeable and slug
was not concentric.
The Pc could be estimated using Hagen-Poiseuille flow profile for the
length of continuous flow segment.

Pd was estimated using two different approaches: a) treating slugs
as two concentric flow streams, with dispersed liquid forming the
core and having a lubricating film of continuous fluid around it; b)
assuming immobile film of continuous liquid, effectively reducing the
capillary radius by the lubricating film thickness. Again, HagenPoiseuille flow with dispersed liquid viscosity could be assumed in
this reduced radius capillary.
Results with both the models mentioned for slug flow differed only by
less than 1.4%, as the pressure drop due to curved interfaces was
found to be deciding factor.
Vanapalli et al.52 studied pressure drop of individual slugs in
rectangular microchannel while varying relative size and viscosity
ratio (

i

-3
-2
o  1) , keeping Ca between 10 and 10 . They observed that

pressure drop for slugs smaller than 4 times the channel width is
independent of size and Ca but is a weak function of viscosity ratio.
Increasing the viscosity ratio, but keeping it less than 1, decreases
total pressure drop for larger slugs. Their results are qualitatively
similar to those of Jovanovic et al.51
Labrot et al.53 studied the effect of viscosity ratio (both <1 & >1) with
fixed slug size and variation in slug size with viscosity ratio of 70.
They noticed that when viscosity ratio was less than one, for a fixed
size of small slug, pressure drop was independent of viscosity ratio,
however, as the ratio became larger than 1, pressure drop gradually
increased. At fixed high viscosity ratio of 70, pressure drop increased
with slug size. Their results emphasize that slug viscosity could only
be neglected for ratio less than 1.
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2.2.4

Flow field and recirculation

The motion of channel blocking slugs hinders the normal HagenPoiseuille flow. Slugs normally move faster than average fluid velocity
as discussed earlier but slower than the maximum velocity in channel
(which in a round capillary is twice the average velocity). So, when
fast moving fluid in the center of channel encounters slower moving
slug, recirculating vortices develop within continuous liquid in
between consecutive slugs. Further, the coupling between continuous
liquid and slug with viscosity means that fluid within slug is also set
into motion. Both the phenomena lead to better convective mixing in
fluid compartments.
Miessner et al.54 studied the recirculation within liquid segments
using micro-PIV for a case of viscosity ratio of 6.18 and Figure 2.2
below shows their result.

Figure 2.2: Streamlines of recirculation in fluid segments in droplet
reference frame (adopted from Miessner et al.54). Flow is from left to right.

Similar recirculation in segments have been observed for viscosity
ratio less than 1 by Sarazzin et al.55 and Kinoshita et al.56 among
others.
2.3

Segmented flow generation

Droplet microfluidics gives an opportunity to generate droplets of
very regular sizes and frequency. The methods to generate droplets in
microchannel generally require feeding of fluid to be dispersed and
carrier fluid in two different channels. The channels meet at a
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junction where carrier fluid exerts shear and upstream pressure on
the fluid to be dispersed. A competition between flow stresses on
extending finger of fluid to be dispersed and stabilizing capillary
stress at the two-fluid interface ensues. Eventually, capillary
instabilities at interface cause pinch off. Christopher et al.57 provided
an extensive review of prevalent approaches of microfluidic droplet
generation. There are three main approaches identified, as shown in
Figure 2.3. The discussion is provided next.
2.3.1

C0-flowing streams

In this method, channel/capillary feeding fluid to be dispersed is
immersed in continuous fluid channel, as shown in Figure 2.3a.
There are two possible modes of droplet generation: a) dripping,
when droplet pinches off close to feeding channel mouth, or b)
jetting, where extended thread of core fluid (jet) breaks up in much
smaller drops. Increased momentum and viscosity of fluid to be
dispersed have suppressing effect on interfacial instability, thus
supporting jet formation at lower continuous flow velocities. Further,
decrease in interfacial tension helps jetting as it is the surface tension
which balances stresses on emerging droplets.
Cramer et al.58 did detailed experiments for both dripping and jetting
regimes and found that droplet size decreased with increasing
continuous fluid velocity and reduction in interfacial tension and
increased with flow rate of dispersed liquid. The experiments agree
with model proposed by Umbanhowar et al.59 for dripping mode,
which suggests reduction in droplet size with increasing Ca,
calculated for continuous liquid.
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Figure 2.3: Droplet generation in microchannels: (a) co-flowing streams (b)
cross-flowing streams, and (c) flow-focusing (Source: Christopher et al.57)

2.3.2

Cross-flowing streams

Cross-flowing configuration is generally used with a T-junction
geometry, where continuous fluid flows in a straight channel and fluid
to be dispersed is fed with a perpendicular channel, as shown in
Figure 2.3b.
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In cases where the main channel is much wider than the side channel,
unconfined droplets are formed and the droplet size is governed by
the interplay of viscous stresses on droplet surface and interfacial
tension. In such a scenario, Ca of continuous liquid alone decides
droplet size.
In cases where both channels are of similar widths, fingers of fluid to
be dispersed effectively block the main channel before pinching off.
The balance between upstream pressure and interfacial tension
decides the pinch off. The droplet size is larger than channel width
and is solely dependent on the flow rate ratio of two liquids. 57
2.3.3

Flow-focusing

In this configuration, two channels feeding continuous liquid,
sandwich a channel feeding the fluid to be dispersed. The fluid
streams meet at the mouth of central channel and face a contraction
downstream and then a wider channel, where droplets are
transported. The scheme is shown in Figure 2.3c. The size of
droplets is highly dependent on continuous liquid velocity. Different
modes of droplet break up in such a geometry were discussed by Lee
et al.60 At low velocities, shear stress at interface is weak and fluid to
be dispersed forms a large bulb next to contraction. The buildup of
upstream pressure on this bulb generates a droplet larger than
contraction size. This regime is called squeezing. At higher velocities,
viscous stresses become important and pinch off takes place next to
contraction by balance of viscous stresses and interfacial tension. The
droplets generated are smaller than contraction width. This regime is
called dripping. At even higher velocities, a thread is stretched into
downstream channel and non-uniform droplets are generated as this
thread breaks up due to capillary instabilities. This regime is called
jetting. Thus, flow-focusing offers a versatile approach with good
handle on size of droplets generated.
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3

Significant Nusselt Number Increase in
Microchannels with a Segmented Flow of
Two Immiscible Liquids

This chapter has been published as:
Asthana, A.; Zinovik, I.; Weinmüller, C.; Poulikakos, D. Significant
Nusselt number increase in microchannels with a segmented flow of
two immiscible liquids: An experimental study. Int. J. Heat Mass
Transf. 2011, 54, 1456-1464.
3.1

Abstract

Increasingly smaller electronics requires improvement in
performance of cooling systems to keep it operating reliably. We
present herein a novel experimental study of convective heat transfer
in serpentine microchannels with segmented liquid-liquid emulsions.
It is demonstrated that this concept yields significant Nusselt number
enhancement in microchannel heat sinks compared to that obtained
using single phase liquid cooling. Laser Induced Fluorescence (LIF)
is employed to measure temperature of the coolant with and without
droplets, and micro-PIV is used to determine velocity field. For the
segmented flow, up to four-fold increase of the Nusselt number was
observed compared to pure water flow.
3.2

Introduction

One of the main challenges of the power electronics and
microelectronics industries nowadays is removal of heat fluxes as
high as 300 W/cm2, which are generated in state-of-the-art chips
within very small volumes. Since conventional air cooling solutions
cannot meet the demand for efficient cooling of such high heat fluxes,
novel solutions are now being developed and researched.
Cooling of electronic devices with liquid flow in microchannel heat
sinks is proved to be an effective method of heat removal which takes
advantage of high heat capacity and conductivity of the liquids and
the large surface area to volume ratio of the microchannels.29,61
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Tuckerman et al.29 demonstrated an impressive heat removal rate of
790 W/cm2 with their integrated single phase microchannel heat
sink, however at the expense of significant pressure losses of over 2
bar for one square centimeter of chip. Any improvement in the
performance of heat sinks with liquid flow is limited by the physics of
the flow and the relatively low Nusselt number governing the heat
transfer in straight microchannels.61 An additional increase of the
heat removal rate was demonstrated with modifications of the heat
sink internal geometry such as introduction of serpentine channels,
branching channel structures, and pin fins inside the
microchannels.62 The introduction of complex channel geometries,
while improving the performance of the sinks, is accompanied by an
increase in the pumping power and a decrease in the overall efficiency
of the cooling system.
Phase change in microchannels was shown to improve the
performance of heat sinks due to the high latent heat of evaporation
of the involved liquids.63,64 Mudawar et al.63 achieved heat fluxes in
excess of 10kW/cm2 with flow boiling in small diameter tubes.
However, it was found that the flow is difficult to control due to the
related flow instabilities. For example, the volumetric changes of the
liquids during the phase transition may cause a flow reversal which in
turn lowers both the heat transfer rate and the pumping efficiency of
the system at a given pressure drop.64 Such challenges
notwithstanding, pursuing the development of heat sinks with phase
change continues to remain a viable pathway for microelectronic
cooling.
The recirculation patterns between bubbles for mass transfer
applications in bulk liquid (as opposed to wall transfer) are often
studied using gas-liquid segmented flow in microchannels as
potential chemical reactors. Gunther et al.39 reported the visualization
of the recirculation patterns between two air slugs in two phase flow
using PIV and noticed that for similar Peclet numbers, mass transfer
could be increased by 2-3 times with segmented flow compared to
passive mixers with patterned walls and 3-D channel geometries.
Kreutzer et al.38 reviewed a number of experimental and modeling
studies of mass transfer in gas-liquid flows. The reported results
suggest that the mass transfer in gas-liquid segmented flow could be
increased by several times as compared to a single-phase liquid flow
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of the same carrying fluid. Some attention has recently been given to
liquid-liquid segmented flows of immiscible fluids in the context of
mass transfer in suspension filled microchannels. Kashid et al.41
conducted numerical simulations of the recirculation in a liquidliquid segmented flow and observed the recirculation zones using PIV
measurements. Raimondi et al.65 studied the mass transfer
enhancement in liquid-liquid flow and concluded that the
enhancement results from the flow confinement caused by the
moving slugs.
The heat transport in a gas-liquid flow in microchannels was
investigated in the numerical simulations66, which showed that the
heat transfer rate in the segmented flow can be 4 times higher than in
pure water flow. Recently, Betz et al.67 obtained experimentally more
than 100% increase in Nusselt number for segmented gas-liquid flow.
A drawback of the introduction of bubbles into the flow is the
decrease of the flow-averaged values of the thermodynamic
properties of the gas-liquid medium due to the low heat conductivity
and heat capacity of the gas as compared to the properties of the
liquid. Consequently, replacement of the gas bubbles by immiscible
liquid droplets with higher heat capacity and conductivity should
improve the heat transfer characteristic of the segmented flow while
preserving the intensive mixing that enhances the total heat transfer
rate.
While the bulk mass transfer enhancement in liquid-liquid segmented
flows in microchannels was demonstrated in both simulations and
experiments, to date the wall to liquid heat transport properties of the
flow were only predicted based on numerical calculations. Ubrant et
al.43 performed numerical simulations of the heat transport in microtubes with a mineral oil carrying immiscible water droplets. Their
calculations of the Nusselt number show that the heat transfer
enhancement is caused by the hindrance in the flow of carrier fluid
and the internal circulation in the droplets. In addition, they also
predicted that the heat transfer rate should increase with the size of
the droplets. Since the heat conductivity of water significantly exceeds
the heat conductivity of oil, but the opposite is true with respect to the
viscosities of these liquids, the flow of immiscible fluids with water as
the carrying fluid was modeled in detail in numerical simulations by
Fischer68 and Fischer et al.44, including Marangoni and colloidal
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effects. These simulations investigated the heat transfer in a
segmented liquid-liquid flow with oil and colloidal slugs containing
nanoparticles. The results show that the heat transport was facilitated
primarily by the intensified mixing of water between the slugs and
also by the enhanced heat conductivity of the slugs due to the
dispersed nanoparticles.
Despite the need to experimentally pursue the promising results of
such simulations, direct measurements of the local temperature and
velocity of the segmented flow of two immiscible liquids and the
resulting Nusselt numbers are not reported in the literature to date,
to the best of our knowledge. In the present study, we report
experimental measurements and comparison between heat transfer
in single phase liquid and in segmented liquid-liquid flows. The
comparison is performed using the measurements of local
temperature, velocity and pressure drop at various flow rates. In the
experiments, the local temperature in a serpentine microchannel is
measured utilizing Laser Induced Fluorescence (LIF) technique and
the fluid velocity is visualized using micro-PIV technique.
3.3

Experimental set-up

An experimental rig was designed to achieve two objectives: to
evaluate heat transfer under the conditions of high heat flux gradients
and to assess stability of the segmented flow undergoing multiple
turns in a serpentine channel structure. The test setup with a single
microchannel was investigated in order to exclude mutual influence
of the channels in multi-branched channel networks and to simplify
result interpretation.
The top view of the chip used in the experiments is shown in Figure
3.1. The microchannel contains two straight parts separated by a
serpentine section with 6 turns. A 6 mm  12 mm strip heater (Minco
SA, France) was mounted below the serpentine channel. In order to
achieve high gradients of temperature, two isolating notches were
created at the distance of 100  m on both sides of the channel. The
notches separate thermally the flow development section from the
heated section and create high gradients of temperature in the notch

22

regions imitating concentrated heating load typical in microelectronic
components.
A standard microfabrication/MEMS process69,70 based on
photolithography was applied to manufacture the microchannel (see
the fabrication steps in Figure 3.1). In the first step, a 400±25  m
thick, p-doped, double side polished, silicon wafer with a resistivity of
up to 30  -cm was coated with a 10  m thick layer of a negative
photoresist (AZ 4562, MicroChem). In the next photolithographic
process step (MA6, Süss Micro Tec), a high resolution quartz mask
(ML&C) was used to pattern the photoresist through UV exposure. A
dry etching procedure was performed using an inductive coupled
plasma system (ICP, Surface Technology Systems) to obtain a square
shaped channel cross section with 100  m depth and width. The
surface roughness of the channel walls was defined by the cycle length
of the process and the mask resolution, and did not to exceed 1  m.
By repeating the above mentioned steps, the fluid inlets, outlets and
pressure ports were incorporated at the backside of the silicon wafer.
For optical access, a borosilicate glass wafer with 100 mm diameter
and 700±50  m thickness was anodically bonded onto the silicon
wafer by a substrate bonder (SB6, Süss MicroTec) at 450°C and a
voltage of 1000 V. After dicing the wafer into the predefined
microchannel chips, PEEK (Upchurch Scientific) fluid tubing was
fitted to the inlet, outlet and pressure ports with epoxy.
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Figure 3.1: Process flow for the fabrication of the microchannel chip
illustrating photolithography, photoresist development, dry etching by ICP,
backside process, anodic bonding and the attachment of the fluid connector –
and top view of the microchannel chip (distances shown are in ‘mm’)

A segmented flow was generated in the microchannel with water as
the continuous phase and light mineral oil (Sigma-Aldrich, catalog
part number: 330779) as the segmented phase of the flow. The oil had
a density of 0.838 gm/ml, a dynamic viscosity of 23 mPa-s and an
interfacial tension with water of 49.25 mN/m at 25°C.71 A crossshaped geometry similar to Cubaud et al.72 was used to generate the
oil slugs in water. In this scheme, the bifurcated water inlet streams
flow-focus the central oil stream to generate the slugs of highly
repeatable size and separation. Water and oil were fed into the
microchannel with a twin syringe pump (Model 33, Harvard
Apparatus) in which both water and oil flow rates were independently
controlled.
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Figure 3.2: Schematic of experimental setup

Micro-PIV and LIF experiments were performed on LaVision MITAS
system (see the system schematic in Figure 3.2). A double cavity
Nd:YAG laser (New Wave, SoloII-15, 532 nm) with a pulse length of
10 ns was used as a light source for both the LIF and the micro-PIV
experiments. The light was focused on the probed area with a 10X
objective lens (NA=0.3). An epi-fluorescent filter cube (dichromatic
prism) prevented the scattered signal from trespassing. Further
filtering of the fluorescence signal from the particles for micro-PIV as
well as the dye in LIF experiments was completed with a band pass
filter (minimum 90% transmittance for 580  30 nm) placed in the
optical path. The imaging was performed with the LaVision Imager
ProX 4M camera.
3.4

Temperature measurements

Temperature measurements in microchannel heat sinks reported in
the literature are generally limited to the measurements of inlet and
outlet fluid temperatures as the standard RTDs and the
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thermocouples are not suitable for measuring local temperature in
the microstructures. The LIF method offers an opportunity to collect
temperature data at micro-scale resolution and with high accuracy. In
the present study, we employed LIF to resolve the local temperature
field of water within the microchannels. The technique utilizes
temperature dependent fluorescence signals from a temperature
sensitive dye to measure the absolute temperature of water. We used
Rhodamine B as the LIF dye, since it has well documented properties
and is highly sensitive to temperature variations.
To ensure the accuracy of the measurements, a series of calibration
tests was performed using the same setup. The calibration aimed at
proving that in the tested temperature range the fluorescence
intensity varies linearly with temperature. In the tests, the channel
was filled with 0.2 mM Rhodamine B solution in water and was
heated to a temperature ranging from 23.0°C to 67.0°C. The
temperature of the chip was measured with the help of two Pt1000
elements (marked as T1 and T2 in Figure 3.2) mounted on the
wafer. During the calibration, the flow ports were closed, preventing
fluid from moving within the channel. The intensity of fluorescence
was measured at the center of the heated section and the temperature
reading of T2 was used as a reference value. The thermal diffusion
time scale of water in the microchannel in no flow conditions

tx

2

4 =64 ms was exploited for calibration. Here ‘ x ’ is dimension
of channel (100  m) and ' ' the thermal diffusivity of water
(1.56x10-7 m2/s).
The fluorescence intensity for a dilute solution of a dye can be
computed as73:

I  I 0C

(3.1)

where I 0 is the incident light intensity, C is the dye concentration, 
is the quantum efficiency of the dye and  is the absorption
coefficient. In the case of Rhodamine B, the quantum efficiency is
both concentration74 and temperature dependent73. Thus, for a given
dye concentration, the fluorescence can be related to temperature and
used for thermometry. A pulse Nd-YAG laser (532 nm wavelength)
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was used to illuminate the microchannel and to gather instantaneous
temperature information. Fluorescence from the dye was captured
with a band pass filter (580±30 nm) on to CCD sensor. The pulse
energy of the laser was limited to 7mJ to avoid the dye saturation due
to high intensity of the irradiation. The dye concentration was kept
fixed at 0.2mM as a compromise between the increase in fluorescence
yield Equation (3.1) and the reduction in quantum efficiency74 with
concentration.

Figure 3.3: Fluorescence variation with temperature

In the tests, 25 images of the channel with dyed water were acquired
at each temperature. No systematic trend was observed for average
intensities of the images taken at the different times. Consequently,
the effect of photobleaching was neglected. The image sets at
particular temperatures were averaged to reduce random noise. The
average background, generated using 25 images without any laser
illumination, was subtracted to obtain the pure LIF signal. These
images were further smoothened with a 3px  3px averaging filter
and were normalized with the image at room temperature to
neutralize the effect of local variation in the illumination. The
generated images were used to define the temperature calibration
curve shown in Figure 3.3. A linearly decreasing fluorescence yield
with increasing temperature is evident from calibration curve. It was
found that for the individual instantaneous measurements at uniform
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temperature, the suggested procedure achieves RMS variation below
0.9° C.
3.5

Velocity measurements

The local velocity inside the channels was measured using the microPIV method. The velocity profile was resolved in the carrying fluid
only. The flow was seeded with 2  m fluorescent particles from Duke
Scientific Inc. The particles had excitation/ emission peak at the
wavelengths of 542 nm and 612 nm. A Nd-YAG pulse laser source was
used to illuminate the PIV particles. The fluorescence signal was
filtered using a band pass optical filter (580  30 nm). The
observation was carried out utilizing a 10X objective for which the
depth of correlation was calculated as suggested by Olsen et al.75:

Z corr

1 

 


1/ 2

 # 2 2 5.95  M  12  2 f # 4  
 f dp 

M2

 

(3.2)

where  is the contribution of out of focus particles to the correlation
in the velocity computations, d p is the particle diameter, M =10 is the
magnification of objective,  =612 nm is the wavelength of
fluorescent light emitted from the particles and f # is the focal
number of the objective that is related to the numerical aperture, NA
of the objective as f #  1

2 NA

.

The value of the contribution of out of focus particles was assumed to
be  =0.01 as reported in Bourdon et al.76 for similar conditions of
micro-PIV experiments. The calculations of the depth of the
correlation using Equation (3.2) yielded to Z corr =17  m, which was
used in all tests. The measurements were conducted using a 64px 
64px window in the first pass and then a 32px  32px window with
50% overlap in the final pass. The plane spatial resolution and the
depth resolution were estimated to be 4.88  m and 34  m,
respectively.
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In the tests, 400 images were acquired for each flow rate. Since the
image acquisition was not synchronized with the droplet movement,
the slugs in the different images were not at the same distance from
the reference cross section of the channel and the standard
correlation averaging77, which is usually used in micro-PIV
measurements, was not applicable. Therefore, following a procedure
outlined in Miessner et al.54, the liquid velocity was measured after
the images were aligned with respect to the positions of the slugs.
The slugs were found to be formed with a size and separation
variation of less than 5% for all cases investigated. For the acquisition
of the velocity vector field, 100 aligned image pairs were generated
with respect to both the leading and the trailing edges of the slugs,
separately for each edge. A correlation averaging was performed on
the sets of the images generating velocity vectors within the channel.
3.6

Results and discussion

An evaluation of the stability of the two-liquid flow was conducted in
a series of preliminary experiments with various ratios of water to oil
flow rates. In the tests, a stable segmented flow was observed up to
130  l/min total flow rate. At higher flow rates, oil and water formed
a highly dispersed mixture with transient quasi-chaotic behavior
typical of annular flow. At the flow rate 130  l/min and below, the
segmented flow was stable and consisted of a train of oil slugs, which
passed the serpentine section of the channel without break up for the
full duration of every test. The visualization of the slug-trains showed
that an increase in oil flow rate at a fixed water flow rate, leads to a
decrease of the separation distance and a simultaneous increase in
the size of the slugs. For micro-PIV and LIF measurements, the water
flow rate was fixed at 100  l/min and three different oil flow rates of
10, 20 and 30  l/min were evaluated.
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Figure 3.4: Relative velocity field (in the reference frame of the oil slug)
between two consecutive slugs (leading slug is adjacent to the left side of the
image and is not shown) at 100  l/min water flow rate: a) 30  l/min oil, b)
20  l/min oil and c) 10  l/min oil, d) velocity profiles at the center line
(parabolic interpolation, correlation coefficient R2=0.98)

The results of micro-PIV measurements of the water velocity were
also used to estimate the velocity of the slugs. The slug velocity was
assumed to equal the axial velocity of water obtained immediately
next to the slug tip. In all cases, the average velocity of the flow, which
is defined as total (oil+water) flow rate divided by channel crosssection area, was less than the slug velocity indicating that the slugs
are separated from the channel walls by a thin film of water. The
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estimated slug velocity was found to be 50% greater than the average
flow velocity in the cases with oil flow rate of 20 and 30  l/min and
about 40% higher in the case with 10  l/min of oil flow rate.
Obtained values of the slug velocity were used to reconstruct the
relative velocity of water between the moving oil droplets. In all cases,
recirculation zones (marked by the grey lines in Figure 3.4a-c) were
formed in the water pockets and extended from the leading to the
trailing slug. The velocity of water in the central section between the
slugs had parabolic profiles with zero transverse components. The
profiles of relative velocity at the center of the water segments are
shown in Figure 3.4d), where negative velocity values depict zones
of relative flow directed towards the leading slug. The increase of the
oil fraction was accompanied by a decrease of the zones with negative
relative velocity and thus by an increase of the recirculation zone (see
grey lines in Figure 3.4a-c) in the transverse direction. The
measurements of vertical components of velocity next to the surface
of the oil slugs (see Figure 3.5) show that the upper and the lower
vortices were almost symmetrical with intensity increasing with the
flow rate. The increase of the recirculation and higher velocity
gradients inside the recirculation zones due to the contraction of the
water segments resulted in the enhanced mixing of water across the
channel.
The heat transfer experiments were focused on LIF based
measurements of local flow temperature along the channel. In a
preliminary test series, the voltage on the heating element was kept
the same in the tests with single liquid and segmented flow, while
temperature of the chip was monitored with a Pt1000 element (T2 in
Figure 3.2). It was observed that temperature of the chip measured
by the sensor was marginally decreased with the increase of flow rate
and when the single liquid flow was replaced by the segmented flow.
In order to compare heat transport in the single phase and segmented
flow at the same channel wall temperature, the voltage on the heating
element was manually adjusted in every test setting the temperature
of the chip at a constant level.
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Figure 3.5: Profiles of vertical components of velocity measured at 10 μm
from the oil slugs (polynomial interpolation, correlation coefficient R2=0.93).

Since the sensor monitors the chip temperature only near the heating
element, an additional series of tests was carried out to ascertain
whether the adjustment of the heat flux allows for maintaining the
channel walls at the same temperature for all flow conditions. The
silicon chip fabricated for these experiments had an auxiliary channel
parallel to the main test channel and located at 50  m from it. The
auxiliary channel was filled with 0.2mM Rhodomine solution, which
allowed for LIF measurements of local temperature of the solution
simultaneously with the temperature measurements in the main test
channel. During the tests, the inlet and the outlet of the auxiliary
channel were blocked to equilibrate the temperature of the solution
with the wall temperature. In other words, the auxiliary microchannel
played the role of a microthermometer. In the experiments of this
series, the variation of local temperature in the auxiliary channel
remained within ±1°C for all flow rates of single phase flow,
segmented flow as well as for no flow conditions. Estimates of heat
transfer based on the LIF measurements indicate that in the tests,
heat fluxes on the channel walls varied from 0.10 to 0.15 MW/m 2. At
this level of heat flux, the high thermal conductivity of silicon and the
small wall thickness between the channels guarantee that the
temperature difference on both sides of the wall separating the main
and auxiliary channels does not exceed 0.05°C and that the
temperature measured in the auxiliary channel provides a reliable
estimate of the wall temperature of the main channel.
To ensure the same wall temperature during all LIF measurements,
the power input of the heating strip in the single channel setup (see
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Figure 3.2) was tuned in every test keeping the chip temperature
constant at the level 65.15°C, which is close to the working conditions
of microelectronics components.
An example of the instantaneous temperature field between the slugs
at the total flow rate of 130  l/min is shown in Figure 3.6. The
zones with increased temperature appear in the vicinity of oil-water
interfaces and at the center of the channel. The high temperature in
the middle of the channel was caused by the recirculation eddies
shown in Figure 3.4, which brought water heated near the wall to
the axis of the channel. It was found that the bulk temperature
towards the leading edge of the slug is greater than the temperature
of bulk water towards the trailing edge. The observed difference in
temperature near the edges confirms the results of previously
reported simulations44,68 where a higher temperature level near the
leading edge was predicted for a liquid-liquid slug flow in round
straight capillaries. The increased temperature near the leading edge
is due to the direction of flow in the two attached vortices (see Figure
3.4), which bring water from the heated wall to the upstream surface
of the slug while the downstream part of the droplets is exposed to the
flow in the opposite direction (towards the walls).

Figure 3.6: A snapshot of the local temperature distribution between two
slugs (water flow rate: 100  l/min, oil flow rate: 30  l/min).

The temperature field upstream and downstream of an individual
slug is shown in Figure 3.7 for three different flow rates. The
measurement window is located 2.1 mm downstream from the notch,
where the wall temperature is practically constant along the channel.
The non-uniform temperature distribution indicates that the
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recirculation vortices cause a rise of temperature near the axis and in
the regions next to both sides of the slug. Due to the lower thermal
conductivity of oil compared to water, the slugs form a heat transport
barrier between the segments of water flow and cause an increase of
the temperature difference between upstream and downstream
pockets of water. The same effect of heat transfer resistance of oil the
slugs was predicted in recent simulations44, which show that the
temperature of the leading and trailing water segments should
quickly equilibrate as the flow moves downstream. The temperature
difference observed in the experiments was found to gradually
decrease with the increase of flow rate of oil and almost disappears at
the total flow rate of 130  l/min.

Figure 3.7: The local temperature distribution in leading and trailing water
segments (water flow rate: 100  l/min, oil flow rate: a) 10  l/min,
b) 20  l/min and c) 30

 l/min).

The variation of temperature along the channel was monitored at 12
locations spaced evenly at 600  m from each other, on both sides of
the notch separating the heated and the inlet sections of the wafer.
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The intensity of fluorescence was consequently sampled at every
chosen location and the temperature was calculated averaging the LIF
data over the area of 200  m  80  m centered at a given distance
from the notch. The results of the measurements for the segmented
and single liquid flow are shown in Figure 3.8.

Figure 3.8: Bulk temperature profiles along the channel length for various
flow conditions.

In the segmented flow, the enhanced heat transport led to faster
equilibration of the fluid temperature with the temperature of the
channel walls as compared to the single liquid flow. At the oil flow
rate of 30  l/min, the increase of heat transport was sufficient to
equilibrate the fluid temperature and the wall temperature at the
distance of only 3 mm from the notch (see the data points marked by
the opened triangles in Figure 3.8). In all tests, the temperature of
the single liquid flow with the same total flow rate was lagging behind
the temperature of the segmented flow at the same location by 4-5°C.
The temperature of segmented and continuous flow showed opposite
trends with respect to the residence time of fluid in the microchannel.
The temperature of continuous flow marginally decreased with
35

decrease of the residence time caused by the higher velocity of the
flow (see filled data points in Figure 3.8). On the contrary, the
temperature of the segmented flow increased with increase of the flow
rate and the change of temperature was much more pronounced
compared to the corresponding continuous flow (see open data points
in Figure 3.8). The overall increase of heat transfer efficiency
observed in the experiments can be attributed to more intense
recirculation when the separation distance between the slugs
becomes shorter (c.f. Figure 3.4). Furthermore, the difference
between the trends indicates that the enhancement of heat transport
in the segmented flow can be large enough to compensate a reduction
of the residence time.
The temperature measurements shown in Figure 3.8 were utilized
to compute the heat fluxes q" on the microchannel wall and the
average Nusselt number for the heated section. The Nusselt number
was defined as: Nu 

q" D
, where D is hydraulic diameter of the
Tw  Tb  k

channel, k is the heat conductivity of water, Tw is the average wall
temperature and Tb is the flow average (bulk) temperature78 for a
channel segment. The value of Tb was taken as the arithmetic mean of
flow averaged temperature of two consecutive data points on the
curves in Figure 3.8. The flow averaging was computed based on the
velocity vectors obtained in the PIV measurements. Since the
preliminary tests with the auxiliary microchannel microthermometer
discussed earlier indicated that the temperature of the stagnant water
provides a reasonable estimate of the channel wall for all flow
conditions, the temperature Tw was calculated using the water
temperature measured in the no-flow tests (solid line in Figure 3.8).
The value of Tw for every channel segment was computed as
arithmetic mean temperature of two consecutive data points along
the channel.
The heat transfer to the fluid in the channel has to be evaluated at the
Si walls bounding the flow from three sides and at the surface of the
glass wall, which provides optical access. Since the conductivity of
the borosilicate glass is two orders of magnitude less than that of Si,
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the heat flux at the channel walls is calculated assuming that the glass
wall is adiabatic.79 The corresponding value of the heat flux q" is
calculated as79: q" 

q
, where a is the channel height, b is the
 2a  b  L

channel width ( a = b =100  m), L is the length of segment of the
channel between the measurement cross sections, and q is the total
heat absorbed by the flow. The heat q removed from the channel walls
was computed for every two measurement cross-sections located
downstream from the notch. The value of the absorbed heat is given
.

by the equation: q  C p Vt T2  T1  , where  is the density of the fluid,
.

C p is the specific heat, V t is the total volume flow rate, T1 and T2 are
the bulk fluid temperatures at upstream and downstream location of
a channel segment, respectively.
In the case of a multicomponent liquid flow, the thermodynamic
properties of the flow are defined by the thermal equilibration
between the component liquids. The deviation from the thermal
equilibration is usually estimated based on a characteristic time,  T ,
required for the temperature difference between a droplet and a
carrying fluid to be reduced to e 1 of its initial value.80 The
characteristic time is computed as  T 

mC pd
4 dkd

, where m is the mass of

the droplet, d is the droplet diameter, C pd and k d are droplet specific
heat and thermal conductivity, respectively. For the studied
segmented flow, this thermal equilibration time of the slugs is  T ~1
ms. On the other hand, the fluid residence time between two
measurement locations is also of the order of 1 ms indicating that in
terms of the average temperature, the thermal equilibrium between
the slugs and water would be reached for all flow rates. The thermal
equilibration of the two liquids in segmented flow allows the
determination of the heat capacity as a mass averaged property:
C p  C p  oil  1    C p  w ,where the mass fraction of oil is
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respectively and Voil , Vw are the volumetric flow rates of oil and water.
The effective density of the segmented flow was determined as:
.
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The average wall heat fluxes calculated based on above discussion are
plotted in Figure 3.9.

Figure 3.9: Wall heat flux at various flow rates

The average Nusselt number in the heated part of the channel
(marked in Figure 3.8) was estimated using the arithmetic mean of
the local heat transfer coefficients of every channel segment :
q"
downstream from the notch isolating the heating
h
Tw  Tb 
element. The results are plotted in Figure 3.10, where the error bars
depict the accumulated errors of the calculations. The estimate of the
error was based on the RMS error in the temperature measurement
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with LIF and the increase in the uncertainty for the high flow rate was
caused by the rather small difference between the wall temperature
and the temperature of the segmented flow.

Figure 3.10: Nusselt numbers at various flow rates.

The wall heat flux in the segmented flow was obtained to be slightly
higher than the heat flux in the single phase flow for all flow rates.
The results indicate that the enhancement of heat transfer due to the
vortices between the slugs compensated the 20% decrease of the
average heat capacity of the segmented flow caused by the lower heat
capacity of oil compared to water. The small difference between the
heat fluxes in pure water and slug flow tests reflects the fact that the
temperature rise across the heated section was approximately the
same in all tests. On the other hand, the heat transfer conditions were
noticeably different due to the differences in water temperature in the
tests with only water and segmented flow. In the segmented flow,
heat transfer from the wall was driven by a temperature difference of
about 2°C, while in the tests with only water, a similar level of the
heat flux required up to 9°C difference. Since the heat transfer
coefficient is inversely proportional to the difference between bulk
flow temperature and wall temperature, the lower temperature
difference in the segmented flow responsible for the higher values of
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the Nusselt number. An impressive four-fold increase of the Nusselt
number compared to pure water flow was observed at the flow rate of
130  l/min.
The integral assessment of the heat sinks for microelectronics cooling
requires simultaneous weighing of the heat removal rate against the
pumping power needed to drive the fluid through the microchannel
heat sinks. In the studies of the microchannel structures, the
estimates of the pumping power are based on the pressure drop
measurements across the channels. In the present experiments, the
pressure drop was recorded between two pressure ports (see Figure
3.1) with the differential pressure transducer Huba Control 692-2.5
bar. The total length of the channel between the ports including the
serpentine section was l=75 mm. The measurements were conducted
with and without heating in order to compare the effect of the
temperature increase on the pressure losses for both the pure water
and the segmented flow.

Figure 3.11: Pressure drop variation with flow rates and heating.

The results showed that at 65°C, the pressure drop in the segmented
flow is about 3 times greater than in the single phase flow. The
measurements also indicated that the heating significantly affects the
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pressure losses. The increase of temperature due to heating caused
more than a two-fold reduction of the pressure losses in both pure
water flow (filled symbols in Figure 3.11) and segmented flow (open
symbols in Figure 3.11) arrangements. This effect could be
attributed to the drastic change of the viscosity of the fluids: in the
experiments, the viscosity of water decreases from 0.94 mPa-s at
23°C to 0.44 mPa-s at 65°C81 whereas for the same temperature
change, the viscosity of mineral oil drops from 25.21 mPa-s to 6.58
mPa-s71. The pressure drop in pure water flow (filled symbols in
Figure 3.11) was found to only slightly increase with the flow rate.
This increase did not exceed 10% whereas in the segmented flow, the
losses almost doubled compared to their minimum flow rate values
(open symbols in Figure 3.11). Nevertheless, it is worth noting that
the temperature of the segmented flow equilibrated with the wall
temperature at a shorter distance compared to pure water flow, thus
making possible to utilize straight channels of a shorter length than
for pure water flow with equivalent or even better cooling
performance. This shorter length of the channels would also lead to
an improvement of pumping efficiency and to overall reduction of the
pressure drop across the heat sinks with the segmented flow.
3.7

Conclusions

We presented herein a novel experimental study of convective heat
transfer in microchannels with segmented liquid-liquid flows. The
study demonstrates that this concept yields significant Nusselt
number enhancement in micro channel heat sinks compared to single
phase liquid cooling.
The flow of water and mineral oil droplets was examined
experimentally in microchannels with cross section 100  m by
100  m and for flow rates up to 130  l/min. In the experiments, LIF
was employed to measure the temperature of the flow fields with and
without slugs, and micro-PIV measurements were conducted to
determine the velocity field.
The findings can be summarized as follows:
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(i) For slug flow, the movement of the oil slugs induces intensive fluid
recirculation in the carrier water phase between the slugs, which
disrupts the formation of a boundary layer and improves mixing,
more so for increasing oil volume fractions.
(ii) For the same total flow rate, the local temperature of the water
region separating the droplets will be higher than in the case of pure
water flow. For segmented flow, up to a four-fold increase of the
Nusselt number compared to pure water flow was observed.
(iii) Increased heat removal comes with a penalty of increased
pressure drop, which is strongly affected by the fluid temperature.
The results of the study provide an insight into heat transport
mechanisms, which could facilitate novel, efficient liquid cooling
methods in applications exemplified by power electronics and
microelectronics.
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4

Resistant
Basics

Superhydrophobic

Surfaces:

Many physical interactions in nature are governed by surfaces.
Surface texture and chemical make-up decide the observable
phenomena like friction, adhesion etc. Phenomena between a liquid
and a solid phase are also likewise governed by properties of
individual surfaces arising from texture and molecular nature of
phases (manifested by specific surface energies). This leads to a
varying spectrum of interaction, e.g., from a rain drop sticking to a
window pane to complete repellency towards rain on a lotus leaf.
The water repellency behaviour in nature has been known for a long
time, lending symbolism of purity to lotus leafs in eastern religions.
However, the physical understanding of interaction during wetting/
repellency started emerging in 1930s. Wetting is quantified by the
angle of a sessile drop on a substrate, called contact angle. Contact
angle of a specific liquid on a certain smooth substrate is an intrinsic
property of system. This value is called Young contact angle and is
totally dependent on surface energies of three interfaces involved:
namely, liquid-vapor (also called surface tension of liquid), vaporsolid and liquid-solid. It is given by the following expression:
cosY 

 SV   SL
 LV

(4.1)

Here Y is the Young contact angle,  SV ,  SL and  LV are surface
energies of solid-vapour, solid-liquid and liquid-vapour interfaces.
Wenzel7 studied wetting behaviour of liquid on rough solids and
established that roughness amplifies the wetting characteristics of
liquid on a given solid. He demonstrated that the governing law is:

cosW  r cosY

(4.2)

Here W is the apparent contact angle and r is the ratio of effective
rough surface area to projected area. As is evident from the equation,
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a liquid drop sitting on a high wettability surface (hydrophilic when
liquid is water, Y  90 ) becomes even more wetted ( W  Y ).
However, a drop sitting on a poor wettability surface (hydrophobic
when liquid is water, Y  90 ) shows lower wettability ( W  Y )
compared to smooth surface.
Increasing the roughness of a low wetting surface can force the liquid
to make an energetically unfavourable contact with solid. However,
after a threshold of roughness ratio r , a transition from a wetted state
studied by Wenzel to an energetically favoured partially wetted state
is observed. Additionally, on rough surfaces with sharp edges,
pinning of liquid interface can lead to formation of metastable
partially wetted state.82
Cassie et al.8 derived the governing law in case of heterogeneous
interface containing air pockets. The contact angle in such a case is
governed by:

cosCB  1   (1  cosY )

(4.3)

Here CB is apparent contact angle and  is the fraction of substrate
in contact with liquid.
The different wetting configurations on a substrate are shown in
Figure 4.1 below:

Figure 4.1: Different modes of surfaces wetting on a hydrophobic substrate:
(a) drop on a smooth surface, (b) drop on rough surface in Wenzel state, and
(c) drop on highly rough surface in Cassie state.
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The threshold between a wetted state (referred to as Wenzel state)
and a partially wetted state (referred to as Cassie state) is
characterized by a critical contact angle  C such that:

cosC 

 1
r 

(4.4)

Y  C results in a thermodynamically stable Cassie state. However,
metastable Cassie states remain possible because of pinning of liquid
interface at sharp edges such as those observed in silicon
microfabrication.83
Even though Cassie and Wenzel definitions of wetting attribute a
unique contact angle to surface, reality is more complex. In general, a
range of contact angles between a receding contact angle,  r and an
advancing contact angle  a is observed on any surface. The difference
between the two:   a  r , is called hysteresis. One of the most
common methods to quantify hysteresis on a given surface is by
adding and reducing liquid to a sessile drop resting on solid substrate.
The maximum contact angle achieved before the three phase contact
line starts to move is  a . Similarly, on reduction of volume, the
minimum contact angle before contact line moves is  r . Schematic of
process is shown in Figure 4.2.
One of the most important implications of hysteresis is that it
controls the tendency of a drop to move on a tilted solid substrate.
Furmidge84 proposed following force balance based relation to relate
mass of sliding drop and hysteresis:

mg sin  / w   LV (cosr  cosa )

(4.5)

Here m is the mass of drop, g gravitational constant,  tilting angle
of substrate and w width of drop. A drop could move by sliding or
rolling on a solid. Drops with small contact angles move by sliding on
inclined surfaces and the motion changes to rolling, similar to marble,
with large contact angles.85 A composite interface also insures a low
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resistance to motion of the drops on such surfaces, leading to highly
useful property of self-cleaning.

Figure 4.2: Schematic of hysteresis of a drop on a substrate. Index ‘1’
represents addition of liquid with a capillary and resulting shape of the drop
with contact angle  a , just before three phase contact line starts to move.
Similarly, index ‘2’ represents withdrawal of liquid and the drop with contact
angle  r , in the limit when motion starts.

Study of hysteresis is of central importance to engineer surfaces with
high droplet mobility. A small hysteresis would insure that a small tilt
is needed to initiate motion. However, hysteresis has been a strongly
debated topic over more than half century. Several theories have been
proposed in the past. Reyssat et al.86 stated that hysteresis is caused
by pinning of 3 phase contact line on the edges of defects.
Deformation of meniscus with pinned contact line determines the
activation energy for motion and hysteresis. In case of dilute defects,
hysteresis scales with:

 

(cosr  cosa ) ~  ln 1

(4.6)

Thus hysteresis is expected to reduce with decrease in  , however slow
diverging logarithmic term keeps it finite even with very small  .86
Capillary bridges due to pinning on top of roughness features have
indeed been observed recently using environmental scanning electron
microscope (ESEM).87 In independent experiments, left over satellite
droplets were observed on top of silicon pillars in high hysteresis
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surfaces.88 These droplets were formed by breaking of capillary
bridges on top of silicon pillars, and thus supported the theory that
capillary bridges’ deformation is indeed the cause for hysteresis. A
schematic of process is shown in Figure 4.3. It was further
speculated that surfaces with hydrophobic chemistry and convex
roughness features would have lesser hysteresis compared to those
with same composition but concave features, as the latter would cause
deformation and break up of capillary bridges. Further, hydrophobic
end groups with possibility of rotation, reduce hysteresis
significantly.89 Adhesion and hysteresis of drop can also be controlled
by the fraction of three phase contact line to the total projected
contact line.87 Surfaces with multiscale roughness (hierarchical
surfaces) can be fabricated with rarified features to effectively limit
hysteresis.

Figure 4.3: Capillary bridges attached to top of circular pillars getting
deformed, as the drop moves to right. (Adapted from Reyssat et al.86)

Surfaces which can trap air in Cassie state and have static contact
angle greater than 150° for water, are generally called
superhydrophobic
and
the
phenomenon
is
termed
superhydrophobicity. The definition of superhydrophobicity is still
not completely agreed upon, however, a Cassie state and high contact
angle remain the basic minimum definition of the phenomenon.90–94
The condition of contact angle larger than 150° and hysteresis less
than 10° were proposed as criterion by Roach et al.94 Bouncing of
water drop on surface was held as criterion by Crick et al.91 Adhesion
force of a sessile drop was used as criterion by Law.90 The common
factor in all these attempts remained surfaces in Cassie state with
contact angles larger than 150°.
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Superhydrophobicity has many practical and evolutionary
implications. Lower contact area of water drops on superhydrophobic
surfaces helps in easy roll off. Nature is full of such examples where
clever texturing and chemistry of surfaces have given plants and
animals evolutionary edge. For example, lotus leafs have wax crystals
on their surface, leading to superhydrophobic surfaces.4 This helps
the plant not only to get rid of dust and other inorganic impurities but
also stop the growth of bacteria colonies by denying them the water
needed for growth. A water strider has hair like structure on its legs
which provides it necessary roughness for superhydrophobicity.95
This provides it with high water contact angle to its legs and that in
turn helps support its weight on water.
4.1

Impalement resistance of superhydrophobic surfaces

Resistance of superhydrophobic surfaces against impinging drops is
an important requirement for their use in many practical
applications, e.g., use in ambient as a protective coating. This
resistance is characterised by a drop impalement event, where
impinging drop leaves a sticking satellite on substrate, as shown in
Figure 4.4. A thorough understanding of the physics governing
impalement transition is hence essential. Several researchers have
contributed to current understanding of phenomena.

Figure 4.4: (a) Complete rebound of an impinging drop, and (b) a satellite
droplet remaining on substrate, due to impalement, on drop rebound.

Reyssat et al.96 identified that kinetic energy of an impinging drop,
which scales as  R3V 2 (where  , R and V are density of liquid, radius
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of drop and impingement velocity respectively) should be higher than
energy stored in the droplet due to hysteresis, scaling as  R 2 (  is the
surface tension of liquid), for a droplet to rebound. The ratio of both
the energies is called Weber number ( We 

V 2 R
) and can be used as


a quantifier for drop rebound. Increasing V has a threshold value V *
beyond which an impinging drop leaves a sticking satellite droplet on
superhydrophobic surface. Dynamic pressure ( PD ) at this velocity:

1 *2
V linearly increases with capillary pressure ( PC ) , which is the
2
maximum pressure supported by surface tension on any given

cos a*
texture. For a surface with regular array of pillars, Pc  
(1   )
, where  is the ratio of projected area of wetted pillar top and it’s
wetted perimeter and  a* is the advancing contact angle on smooth
surface with same chemistry97 (schematic in Figure 4.5). During
their experiments, dynamic pressure at impact remained much lower
than capillary pressure and required further understanding on
accounting for the difference. One implication, however, remains that
smaller roughness features could be fabricated to have larger
impalement resistance.

Figure 4.5: Schematic of (a) Maximum pressure PC being supported by
capillary forces with meniscus at contact angle of  a* , and (b) top of wetted
pillar with area A and perimeter p .

49

Deng et al.98 proposed that an impinging drop on a superhydrophobic
surface should generate an effective hammer pressure PEWH ~ 0.2CV ,
where C is speed of sound in liquid. Depending on the relative
magnitude of PC , PEWH and PD , an impingement could result in
complete, partial or no impalement.
Dash et al.99 experimentally found that expression for hammer
pressure used by Deng et al. provides an extreme overestimate and
observed values 2 order of magnitude lower. They corrected it to
PEWH ~ k CV , with k as a linear function of PC .
Mandre et al.100 showed using analysis based on lubrication theory
that it is the compressibility of air film trapped under impacting
droplet which gives rise to impact pressure, and not the liquid
compressibility effects leading to a shock wave. This is a considerable
departure from the previous held line of thought and necessitates a
new understanding of impact behaviour and impalement physics.
They also provided a scaling law for the peak pressure Pmax based on
liquid and gas properties.

 RP 
Pmax  P0  0 
 V 

k /2

 hmin 


 R 

k

(4.7)

Here P0 is the ambient pressure, R is the radius of droplet,  is the air
viscosity, V is the velocity of droplet at impact and hmin is the
thickness

of



hmin  2.54R St

air
14/9

Ca 2/3



layer

below the droplet, given by:

, where St  
lVR is Stokes number ( l :

liquid density) and Ca  V

 is capillary number.

Maitra et al. observed experimentally that Mandre’s analysis could be
extended to study impalement on superhydrophobic surfaces as well
and that Pmax arising due to gas compressibility is the relevant
pressure to be considered for impalement. Further, Pmax at
impalement was found to be proportional to capillary pressure PC .
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4.2

Engineered superhydrophobicity

With the theoretical understanding of basics of superhydrophobicity
and an abundance of examples in nature, research into its practical
applications for human life has really taken off in the last two
decades. Several approaches to fabricate effective superhydrophobic
surfaces have emerged. Researchers have emulated nature using
biomimetics101
and
biotemplating102
to
form
efficient
superhydrophobic surfaces. Other approach has been to first create
rough morphology using photolithography96, chemical etching103,
plasma treatment104 etc., later modifying the surface chemistry with
low energy molecules.105 Another approach consists of creating
roughness in a low energy substance.106 Many other possibilities also
exist as will be seen in the later discussion. There has been impetus
on using these methods to impart properties other than the obvious
anti sticking behaviour and self-cleaning.
4.2.1

Multifunctional superhydrophobic surfaces

Several researchers have lately demonstrated superhydrophobic
surfaces with more than one functionality. Some examples of
multifunctionality are discussed here briefly. Zhu et al.107 graphitized
electrospun nanofiber mat from Polyvinyl Alcohol and Ferrous
Acetate to generate conductive and magnetic superhydrophobic
surface. Cao et al.108 fabricated superhydrophobic surface with
Polyethylene nanowires with thermal conductivity exceeding 10W/mK. Jung et al.109 demonstrated that under certain environmental
conditions, superhydrophobicity is an effective anti-icing strategy. Xu
et al.110 demonstrated significant improvement in the corrosion
resistance with superhydrophobic, anodized Mg alloy compared to
bare alloy surface. Gogte et al.111 used superhydrophobic surfaces to
cause drag reduction of flowing water on hydrofoil.
One of the most effective methods to impart functionalities to
superhydrophobic coatings is by forming polymer nanocomposites.
Nanoparticles could be dispersed in hydrophobic polymer matrix
such that the polymer provides for hydrophobic chemical nature and
the nanoparticles provide both roughness and functionality. Several
polymer nanocomposites with different functionalities in addition to
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superhydrophobicity, e.g., magnetic property112, reversible wetting
transition using photocatalytic nanoparticles113, UV protection for
clothing114 etc. have already been demonstrated.
The growing list of functionalities also includes electrical
conductivity. Conductivity of a coating could be of paramount
importance in case of EMI shielding and anti-static applications.115
Water repellent and self-cleaning functionality to coatings could
protect their electrical properties.116 Carbon nanoparticles prove to be
efficient and relatively cheaper fillers for conductive nanocomposites,
which can be made superhydrophobic with proper choice of
polymers.117,118
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5

Multifunctional Superhydrophobic Carbon
Based Nanocomposites

This chapter has been published as:
Asthana, A.; Maitra, T.; Büchel, R.; Tiwari, M.K.; Poulikakos, D.
Multifunctional superhydrophobic polymer/carbon nanocomposites:
graphene, carbon nanotubes or carbon black? Appl. Mater. Interfaces
2014, 6(11), 8859–8867.
5.1

Abstract

Superhydrophobic surfaces resisting water penetration into their
texture under dynamic impact conditions and offering simultaneously
additional functionalities can find use in a multitude of applications.
We present a facile, environmentally benign and economical
fabrication of highly electrically conductive, polymer-based
superhydrophobic coatings, with impressive ability to resist dynamic
water impalement through droplet impact. To impart electrical
conductivity, the coatings were prepared by drop casting suspensions
with loadings of different kinds of carbon nanoparticles, namely,
carbon black (CB), carbon nanotubes (CNT), graphene nanoplatelets
(GNP) and their combinations, in a fluoropolymer dispersion. At 50
weight% of either CB or CNT, the nanocomposite coatings resisted
impalement by water drops impacting at 3.7 m/s, the highest
attainable speed in our setup. However, when tested with 5 volume%
Isopropyl alcohol-water mixture, i.e. a lower surface tension liquid
posing a stiffer challenge with respect to impalement, only the CB
coatings retained their impalement resistance behavior. GNP based
surfaces featured very high conductivity ~ 1000 S/m, but the lowest
resistance to water impalement. The optimal performance was
obtained by combining the carbon fillers. Coatings containing CB:
GNP: polymer =1:1:2 showed both excellent impalement resistance
(up to 3.5 m/s with 5 volume% IPA-water mixture drops) and
electrical conductivity (~1000 S/m). All coatings exhibited
superhydrophobic and oleophilic behavior. To exemplify the
additional benefit coming from this property, the CB and the optimal,
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combined CB/GNP coatings were used to separate mineral oil and
water through filtration of their mixture.
5.2

Introduction

Superhydrophobic surfaces have established themselves as
candidates for various engineering applications, such as self-cleaning,
anti-bio-fouling , anti-icing,100,109 anti-corrosion,105 drag reduction at
micro and macro scales119 and textiles120 to name a few.
Superhydrophobicity provides a pathway toward protecting sensitive
properties of the surfaces which can be easily affected by
environmental factors such as rain, dirt etc. Typically, fabrication of
superhydrophobic surface consists of two steps: The first is the
controlled generation of an often hierarchical, rough morphology.
This is followed by coating this morphology with low energy
molecules105. In addition to etching, lithography, biomimetic101 and
stamping processes, superhydrophobic surface morphologies can also
be fabricated in a facile manner by dispersing nanoparticles in a
matrix of hydrophobic polymer followed by coating the hydrophobic
polymer/nanoparticle composite dispersion on any substrate.117,121–
127In this case, there is also the potential to take advantage of specific
properties of the nanoparticles used to create the rough morphology
and generating additional functionalities for the superhydrophobic
surface.
The choice of hydrophobic polymer is critical because upon
degradation some
fluoropolymers
are known
to form
perfluorooctanoic acids (PFOAs), which are developmental toxins
dangerous for humans and the environment.128 In the current work,
we employed a commercial fluoroacrylic polymer from DuPont called
Capstone ST-100, which does not degrade into PFOAs.126
With respect to multifunctional surfaces, one can think of a
superhydrophobic surface with additional properties like magnetic,112
thermal
(conductivity),108
and
electrical
(conductivity)107,117,121,122,124,129. These functionalities can be achieved
by employing hydrophobic polymers with different properties and/or
by using different nanoparticles (zinc oxide,127 silica,125few layers
graphene,130 carbon nanotubes/carbon nanofibers,107,122 carbon
black129 etc.).
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In the area of multifunctionality, electrically conductive
superhydrophobic surfaces are a special case with many attractive
applications such as EMI shielding,116,131 static charge dissipation,
electrical circuits121 and even regeneration of superhydrophobicity in
case of its eventual loss to wetted state.132 Carbon based conductive
superhydrophobic surfaces are highly important as they can offer low
cost fabrication along with many exclusive properties which can be
offered by carbon allotropes such as extremely high electrical and
thermal conductivity of carbon nanotubes (CNT) or graphene, high
porosity of carbon black (CB), impermeability of graphene among
others. There have been several reports of carbon-based
superhydrophobic surfaces recently. Surfaces based on CNT118,133 and
CB117,134,135 by themselves were demonstrated to show
superhydrophobic behavior
without any additional treatment,
however, such surfaces showed very poor mechanical durability117.
Carbon based nanocomposites on the other hand could overcome
many of such difficulties by providing good mechanical properties,
while still maintaining high conductivity.107,117,121,124,129,136 Even though
many such surfaces have been developed, very few have shown the
ability to retain superhydrophobicity under the impact of a droplet
(meniscus impalement resistance).117,137Impalement is defined as an
event when an impacting droplet does not bounce off from the surface
completely and remains attached (as a whole or partially).100 This
non-sticky to sticky behavior directly relates to transition from
Cassie-Baxter to Wenzel state.137 The drop impalement resistance
establishes the robustness of the surface and also brings engineered
surfaces much closer to the real life applications.
Another important application of superhydrophobic surfaces is oilwater separation.138 Oil spillage in sea water is a major threat to the
environment. It is reported that 258 marine incidents occurred in the
period of 1995 to 2005, where dispersants were used to separate oil
from water.139 Use of dispersants remains a matter of disagreement
between nations. In this context, a superhydrophobic surface, if it is
simultaneously superoleophilic, could be used as an oil/water
separator. There are several examples where such surfaces have been
used to separate out oil from water.140,141 A carbon nanoparticle
based superhydrophobic/oleophilic coating (explored in this work)
could also be exploited as a filtration membrane for water/oil
separator.
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Addressing the requirements in the above mentioned applications
requires a simple and versatile approach to superhydrophobicity. We
report a facile approach to fabricate highly conductive
superhydrophobic nanocomposite coatings consisting of an
environmentally benign fluoropolymer matrix with carbon black
(CB), carbon nanotubes (CNT), graphene nanoplatelets (GNP) and
their combination as nanofillers. Further, environmentally friendly
solvents such as acetic acid and water are used in processing. The
nanocomposites were characterized for their hydrophobicity,
electrical conductivity and meniscus impalement resistance under
dynamic conditions. We studied the evolution of these properties
with change in particulate loading and in combination of particulates.
The resulting superhydrophobic coatings based on CB and CNT
demonstrated very high resistance to wetting when subjected to
dynamic impact of water droplets. CNT based surfaces, however,
fared poorly with a lower surface tension liquid (5 volume% IPA
mixture in water), whereas CB based surfaces retained their
properties with the same liquid. GNP based surfaces, although the
poorest in terms of dynamic impalement resistance, were electrically
the most conductive. Coatings employing a combination of CB and
GNP possessed the best properties of both the fillers: dynamic
meniscus impalement resistance and high electrical conductivity.
Also, the oleophilic property of the superhydrophobic nanocomposite
coating was utilized by casting the CB and the CB/GNP
nanocomposite coating solutions on filter papers which were
subsequently used to separate out mineral oil from a mineral
oil/water mixture.
5.3

Experimental section
5.3.1

Materials

Fluoroacrylic polymer Capstone ST-100 was provided by DuPont Inc.
and was used as the fluoropolymer matrix of the coating. It is a 20
weight% dispersion of polymer in water. Acetic acid was purchased
from Sigma-Aldrich and used as received. Highly conducting CB
powder (ENSACO 250G) was provided by TIMCAL Ltd., Switzerland.
CNT (diameter: 110-170 nm and length: 5-9 µm) and GNP with
thickness 11-15 nm were procured from Sigma-Aldrich and Ionic
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Liquid Technologies, Germany respectively. Solvent blue 59 (dye
content 98%) and Rhodamine B (≥ 95%, HPLC) were bought from
Sigma-Aldrich and used to color the mineral oil and water,
respectively, for the oil/water separation experiment. The
Whatman® qualitative
paper, grade 1, diameter 10 cm, was
purchased from Sigma-Aldrich.
5.3.2

Methods

2 weight% of fluoropolymer dispersion was obtained by diluting with
mixed solvent of acetic acid and de-ionized water in the ratio of 1:8 by
volume. Individual carbon nanoparticles were dispersed in acetic acid
with a loading of 2 weight% by an ultrasonic probe (Vibracell VCX
130, 130 W, 20 kHz) for 30 minutes. Mixtures of CB and GNP were
prepared by mixing individual dispersions in various ratios followed
by sonication for further 30 minutes. The fluoropolymer dispersion
and the carbon nanoparticle dispersions were mixed to generate the
final coating dispersions with different polymer/ carbon loadings.
The mixture was subjected to sonication for 30 minutes to achieve
homogeneous mixing of fluoropolymer and carbon nanoparticles.
Nanocomposite coatings were prepared by drop casting 150 µl of final

dispersions on 25 mm  25 mm  1 mm glass substrates. Solvents
were evaporated at room temperature in a fume hood. Dried coatings
were cured at 160°C for 30 minutes in an air oven to melt the
polymer117 and consolidate the coating. The same methodology was
followed while preparing the superhydrophobic/oleophilic filter
paper, where the nanocomposite coating was cast on Whatman®
filter paper. Subsequently, the filter paper was used as an oil/water
separator.
5.3.3

Characterization

Surface morphology of fabricated superhydrophobic surfaces was
evaluated with Field Emission Scanning Electron Microscopy
(FESEM Zeiss). For chemical analysis of the surface functional groups
Fourier Transfer Infrared (FTIR) spectroscopy (Vector 22, Bruker)
was used.
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The hydrophobicity of the coatings was characterized by contact angle
measurements with water. An in-house level stage, coupled with
backlight illumination and CCD camera was used to image drops on
substrates. Advancing and receding contact angles were measured by
adding or subtracting volume to a drop and imaging when the three
phase contact line just starts to move. Images were analyzed with an
in-house MATLAB based image processing code. Minimum three
different samples were measured at three random locations for a
specific coating composition.
Coating thicknesses were measured with a White Light
Interferometer system (Zygo, USA). A step was created in the
coatings with a razor blade to measure the thickness. The carbon
based coatings were found to be very absorptive of light and it was
needed to deposit a 50 nm layer of gold on top, to be able to carry out
the measurements. The gold deposition was performed using electron
beam evaporation.
The electrical conductivity of coatings was measured with an
impedance analyzer (Solartron SI 1260). A conductive silver paste
was used to generate electrodes at a separation of 15 mm on the
coated samples. Thin copper wires were connected on these
electrodes with a silver paste. A frequency sweep from 1MHz to 0.1 Hz
with 100 mV peak to peak voltage was used to measure the
conductivity of coatings. The two point method was used for the
measurement.
The drop impalement resistance of coatings was evaluated by
investigating the impacts of water droplets released from various
heights on the superhydrophobic surfaces. The water drops of
diameter ~2.4 mm were generated using a syringe pump (Harvard
Apparatus, Pump 33) feeding a tube with internal diameter of 150
µm. Drops could fall from maximum height of 0.7 m in a test
chamber, achieving a maximum impact velocity of 3.7 m/s, limited by
the chamber height. Droplet impact events were recorded using a
high speed camera (Phantom V9.0) fitted to a macro lens. At least
three different locations on each surface and three different samples
with the same composition were tested for impalement.
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5.4

Results and discussion

Superhydrophobic surfaces are characterized by a high water contact
angle exceeding 150°. Surfaces with exceptionally high contact angles
exceeding 170° and very low hysteresis of ~ 3° have been reported in
literature.142,143 Carbon nanotube based conductive superhydrophobic
surfaces with contact angles ~165° have also been fabricated.117,144,145
In the current work, we studied how the superhydrophobic
performance changes with different carbon fillers (bringing with
them additional functionalities) and how it evolves with the
particulate loading in the nanocomposite. To this end, our emphasis
is on understanding aspects of multifunctional behaviour of surfaces
and not merely achieving the maximum possible contact angle and
minimum possible contact angle hysteresis.

Figure 5.1: Schematic of the superhydrophobic nanocomposite synthesis
using CB, CNT and GNP nanofillers or their combinations.

Figure 5.1 shows a schematic of the surface synthesis employed to
form the different nanocomposite coatings. The coatings with varying
carbon nanoparticle/ fluoropolymer weight ratio (henceforth
designated by  ) were cast on a glass substrate. The fluoropolymer
used in present study, Capstone ST-100, is a perfluoroalkylethyl
acrylate/n-alkyl acrylate copolymer with C6 fluoroalkyl chain.117,146
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The exact formula is the manufacturer's proprietary knowledge.
However, the knowledge of end functional groups allowed us to
interpret the experimental results. For example, acrylic group
participates in bonding to surface and contributes to film formation,
and perfluoro group imparts it very low surface energy needed for
superhydrophobicity.127 Coatings with five different  values of 0.1,
0.33, 0.5, 1 and 2 were prepared for each of three types of carbon
nanoparticles.

Figure 5.2: (a,b,c) Change in contact angle of water with particulate loading
in coatings with CB, CNT and GNP respectively as fillers. SEM images of the
coatings with  =1 for (d) CB, (e) CNT and (f) GNP. (g) Critical velocity and
(h) critical Weber number for drop impalement of the superhydrophobic
coatings with change in particulate loading for different fillers. In (g) and (h)
the measurements in shaded region were performed using water-IPA mixture
drops due to limited experimental chamber height and a scaling law
(discussed in text) was used to extract the expected values when using water
drops.
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Evolution of contact angles and the hysteresis on coatings is shown in
Figure 5.2a, b and c for CB, CNT and GNP respectively. At lowest
loading of  =0.1, all the coatings are hydrophobic, but sticky. Thus
the corresponding receding contact angle and hysteresis are not
shown for brevity. Contact angle values increased with increasing the
loading from  =0.1 to 0.33 for all three fillers. Both GNP and CNT
based surfaces are superhydrophobic, displaying advancing contact
angle ~160° and hysteresis of 3° and 7° respectively. The mean
advancing contact angle reaches 156° for the CB based surfaces, but
the receding contact angles of the surfaces with  =0.1 and 0.33 are
less than 90°(value not shown in the Figure 5.2). At higher filler
loadings (  =0.5 and greater) both GNP and CNT based surfaces
remain superhydrophobic.
CB based surfaces show excellent
superhydrophobicity (both advancing and receding contact angles are
as high as 160°) at intermediate values of  (  up to 1), but the
receding contact angle turns out to be less than 90° at  =2, with
mean advancing contact angle ~160°.
The mechanical durability of CB (  =1) based nanocomposite, as a
representative surface, was tested using ASTM standard adhesive
tape (EN ISO 2409) test. Results are shown in Figure 5.3.

Figure 5.3: Evaluation of mechanical degradation of the CB (  =1) coating
with tape peel test: (a) changes in contact angles of sessile drop, and (b) image
of damaged coating after 7 peel cycles. Only the right half of the coating was
subjected to the tape test for comparison.
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The adhesive tape was repeatedly applied with pressure onto the
coating and peeled off. As the Figure 5.3b shows, with each peeling,
some material was transferred to the tape. However, the coating
remained superhydrophobic with increasing hysteresis for 6 peel
cycles. After 7th peeling, the advancing contact angle remained high
but droplets showed signs of local sticking, hence receding angles are
not reported. Clearly, a detailed future work must focus on
optimizing the chemical formulation of the host polymer in the
nanocomposite in order to enhance the mechanical durability of the
coatings, which is beyond the scope of current work that aimed at
simultaneous achievement of high electrical conductivity, drop
impalement resistance and the ability to separate oil-water mixtures.
The GNP and CNT surfaces are naturally hydrophobic 147,148 and have
been demonstrated to generate superhydrophobic surfaces by simple
solvent casting without any further additivies.130,149 As we will show
below, CB has hydrophilic functional groups on its surface as detected
by FTIR, which helps explain the loss of superhydrophobicity at high
loading of  =2.
The morphology of the coatings with  =1 is shown with scanning
electron microscopy (SEM) images in Figure 5.2d, e and f. Three
fillers generate coatings with very distinct morphologies. CB based
coatings (Figure 5.2d) clearly show the roughness generated by
nanoparticles of size ~40 nm. The morphology of CNT based coatings
(Figure 5.2e) is characterized by a network of entangled nanotubes.
The GNP based surface (Figure 5.2f) has fish-scale like texture
formed by overlapping GNP sheets.
Water meniscus impalement resistance of the surfaces is of critical
importance for the practical application of superhydrophobic
surfaces. Impalement dynamics of an evaporating sessile droplet has
been previously studied in detail using confocal microscopy and
related Laplace pressure rise due to evaporation has been attributed
to wetting transition from a Cassie state to Wenzel state.150 However,
a falling drop gives rise to a pressure peak on impact owing to its
velocity and this is a crucial event for dynamic impalment.100
Naturally occurring superhydrophobic surfaces are known to weather
pouring rain without loss in superhydrophobicity.151 In the literature,
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few surfaces with high meniscus impalement resistance have been
developed with laser ablation, micro/ nanofabrication techniques
etc.102,106,152–154 Brunet et al.152 observed no impalement for velocity as
high as 5.5 m/s on silicon nanowire surfaces. Bird et al.155 reduced
the contact time of impacting droplets with the introduction of special
surface morphology. The contact time of droplet decides the energy
transfer to a surface and has great significance in anti-icing behavior
of superhydrophobic surfaces. We tested the resistance of our
coatings against wetting by water droplet impact tests. The Weber
2
number ( We  V d

), which signifies relative importance of inertia

of droplet to surface tension, is used to characterize the impacts. Here
‘  ’and ‘  ’ are the density and the surface tension of liquid
respectively, ‘ d ’ is the droplet diameter and ‘ V ’ its velocity. The
critical values of velocity and We resulting in droplet impalement on
surfaces are designated as VC and WeC , and are plotted in Figure 5.2g
and h, respectively.
GNP based superhydrophobic surfaces have very low resistance
against impalement. The impalement resistance increases with GNP
content in the coating. The mean value of VC remains lower than 0.95
m/s with the corresponding mean WeC being less than 30. The poor
water meniscus impalement resistance of GNP/polymer based
superhydrophobic surface can be attributed to the fish-scale
morphology of the coating, which results from the flat form of
individual GNP flakes having thickness of 11-15 nm and lateral
dimension of ~15 µm. CB and CNT based surfaces perform much
better against meniscus impalement. CNT based coatings with
 =0.33 have VC of 1.97±0.25 m/s and WeC of 131±33. All other
coatings do not show any penetration with the maximum impact
velocity of 3.7 m/s attainable in our setup. Thus, to be able to probe
impalement resistance of these surfaces at higher Weber numbers,
the liquid surface tension was reduced from 72 mN/m to 47.8 mN/m
by addition of 5 volume % (vol.%) isopropyl alcohol (IPA) to water 156.
The results obtained with IPA-water mixture drops were converted to
the equivalent water droplet impact scenario using a scaling law,
which suggests that100 the maximum pressure resulting from a

63

droplet impact is proportional to the capillary pressure, the latter
being the maximum pressure originating from the surface tension
forces that resist the impalement of the liquid meniscus into the
surface texture.
The maximum pressure at drop impact, Pmax is given by157:
1

 R 7V 28 l16  9
Pmax  0.88 

4 3
 


(5.1)

where R is radius of drop,  viscosity of air, V impact velocity, 
surface tension of liquid and  l density of liquid.
Further capillary pressure, PC is given by100:

PC  k cosa*

(5.2)

k is a geometric factor for the surface and  a* is the advancing contact
angle on smooth surface with same chemistry. The mean advancing
contact angle on smooth polymer surface reduced from 120.6° for
water to 109.3° for IPA-water mixture.
Using the 5 vol.% IPA-water mixture drops, CB based coatings with 
=0.5 show penetration at 2.9±0.1 m/s which increases to 3.66± 0.08
m/s for  =1. The corresponding mean equivalent, scaled critical
velocities for water drops are 3.9 and 4.9 m/s, respectively, using the
scalability of Pmax with PC as discussed earlier. The very high critical
drop impact velocity of 4.9 m/s for a polymer nanocomposite coating
compares well with the highest reported impact resistance up to 5.5
m/s for millimeter size droplets, achieved on a nanowire array.152
Atomic Force Microscope (AFM) was used to characterize roughness
features of CB (  =1) based coating and the result is shown in Figure
5.4. It was found that these coatings have very low RMS roughness of

46 nm, causing high impalement resistance100 and very high
roughness ratio of 1.93, contributing to good static superhydrophobic
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parameters, e.g., contact angles158. Further, the scan reveals a height
variation of 370 nm on a scanned area of 1 µm2. With RMS roughness
being as low as 46 nm, this shows a hierarchical roughness structure
on the coating, which explains the low hysteresis of the CB based
coatings.100 This roughness based explanation is quite general and
can also be used to interpret the low hysteresis measured on the other
coatings.

Figure 5.4: Surface morphology characterization using AFM for CB (  =1)
coating: (a) 1 µm2 scan, and (b) roughness profile along marked direction in
(a).

Curiously, the IPA-water mixture drops impacting on CNT based
coatings do not show any rebound even at meager impact height of 5
cm. To ascertain how the nature of these carbon particles is affecting
their performance in impalement resistance to lower surface tension
liquids like IPA-water mixture (5 vol.% IPA), FTIR spectroscopy was
carried out on the polymer coatings and on as received CB and CNT
powders. The resulting spectra from FTIR are shown in Figure 5.5.
The FTIR spectrum for the polymer only film in Figure 5.5a clearly
shows a perfluoro-band in 500-750 cm-1 and C-F stretching frequency
in 1080-1345 cm-1.159 The sharp peak at 1740 cm-1 and the broad peak
at 3514 cm-1 are signatures of C=O and O-H present in -COOH
terminal group in fluoropolymer.123 The spectra of CNT and CB based
nanocomposite coatings with  =1 are shown in Figure 5.5b. The CB
based coating has a clear C-F band, which is absent at CNT based
coatings indicating a lack of functionalization of CNTs. Moreover, in
the CB coating the spectrum contains a shifted C=O peak from 1740
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to 1750 cm-1 indicating a clear grafting of the polymer to the CB
nanoparticles.123 In order to understand why selectively only CB is
functionalized and not the CNTs, the FTIR spectra of dry
nanoparticles (both CB and CNTs as received) were obtained without
any prior treatment and are shown in Figure 5.5c. The CNT powder is
devoid of any functional groups but CB has a distinct peak at 1055
cm-1 and a broad peak at 3253 cm-1 corresponding to C-O160 and O-H
stretching frequencies. The –OH group on CB can react with the –
COOH terminal group in the polymer123. This explains the C=O peak
shift in the CB based coating and its absence in the CNT based
coatings.

Figure 5.5: FTIR spectra of (a) a Capstone ST-100 film, (b) a nanocomposite
coating with CB and CNT for  =1 and (c) the CB and the CNT as received. (d)
Contact angle of 5 vol.% IPA–water mixture on CB and CNT based
nanocomposite coating with  =1.

To illustrate this issue further, Figure 5.5d shows the contact angle
measurements on  =1 coatings using 5 vol.% IPA-water mixture.
Clearly the wetting performance of the CNT based coating is severely
affected by the presence of even such a small amount of IPA in the
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tested liquid mixture. The advancing contact angle remains the same
as in case of pure water, however, the receding contact angle is
reduced significantly. In the case of the CB based nanocomposite
coating, the mean hysteresis changes marginally from 8.3° to 12.4°.
For the CNT nanocomposite on the other hand, the change is drastic,
from 6.9° to 47.5°. This could be attributed to solvophilic graphitic
surface of CNT, which does not cross-link with the polymer. A low
receding contact angle has been shown to adversely affect the droplet
rebound performance of surface.161 This explains the poor drop
impalement resistance of the CNT nanocomposite coating using
IPA- water mixture as described above.

Increasing 

Figure 5.6: Electrical conductivity measurements: (a) silver electrodes and
copper connections were applied on sample using conductive silver paste and
impedance measured over frequency range of 0.1 Hz-1 MHz with impedance
analyzer. (b) Total impedance and (c) phase delay of sample coatings
containing GNP and polymer with  =0.1 ( ), 0.33 ( ), 0.5 ( ), 1( ) and
2 ( ). Very low phase delay indicates pure resistive response of all coatings
below 100 KHz. Low frequency (0.1 Hz) impedance was used as resistance of
coatings for calculations.

The electrical conductivity of all the coatings was measured next. The
results are deduced from measured impedance values of the coatings.
Figure 5.6 shows a schematic of the impedance measurement setup
and the resulting impedance characteristics for the GNP based
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coating. The impedance characteristics for other coatings are not
shown here for brevity.
The coating thickness was found to be ~5 µm for all the coatings. This
thickness is used to calculate the conductivity values. The results are
plotted in Figure 5.7. For all the tested coatings, the conductivity
increases monotonically with carbon filler loading, levelling off at
 =1. Even at the smallest filler loading of  =0.1, the coatings have a
mean conductivity of 0.6, 2 and 2.9 S/m for CB, CNT and GNP fillers,
respectively. The highest mean conductivity of 950 S/m is achieved
for GNP based coatings (at  =2), which is ~3 times that attained by
CNT based coating with the same filler loading. The CB and CNT
based coatings have similar conductivity for all loadings, with the
GNP based coatings achieving highest values. The higher standard
deviation for the GNP based coatings is a result of inherent
inhomogeneity of the GNP/ polymer dispersion at higher loadings,
which leads to clustering of GNP.

Figure 5.7: Increase in Electrical conductivity of coating with filler loading.

The CB used in the current experiments has particularly high
electrical conductivity (with a minimum of 10 S/m with 25% loading
in HDPE as per supplier specifications). Metallic multiwalled-CNTs
are favored as 1D nanofillers in nanocomposites162 due to their
excellent inherent electrical conductivity in pristine form;163 however,
sample impurities, limited contact between tubes and inevitable tube
defects can result in lower conductivity composites. 162 GNP on the
other hand have a 2-D structure with 11-15 nm thickness and large
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lateral dimension (~15  m ). This results in better overlap between
contacting particles and very high electrical conductivity for
composites.
As is evident from the experiments, CB in coatings imparts the best
meniscus impalement resistance and the GNP filler yields the best
electrical conductivity. The CNT filler does not offer any particular
advantage over the other fillers. This gave impetus to a further study
of a mixture of CB and GNP fillers, aiming at obtaining superior all
around properties. Note that the combination of carbon nanoparticles
has been previously shown to have a synergetic effect on electrical
conductivity.164
The combined carbon filler loading was fixed at  =1, since at this
value the best impalement resistance for only CB and very high
electrical conductivity for only GNP coatings, respectively, was
demonstrated. Three CB/GNP weight ratios are tested: 1/3, 1 and 3.
All the coatings show advancing contact angle ~160° and mean
hysteresis below 5.5°, as shown in Figure 5.8a. The electrical
conductivities of all coatings are plotted in Figure 5.8b. Both
CB/GNP = 1/3 and 1 coatings have very high electrical conductivity at
~1000 S/m, with the coating CB/GNP =3, being the least conductive
at ~640 S/m. Note that the  =1 coating loaded with GNP alone
exhibited a mean conductivity at ~ 750 S/m (refer to Figure 5.7) and
the corresponding conductivity for the CB only coating was ~200S/m
(refer to Figure 5.7). Therefore, the very beneficial synergistic effect
resulting from mixing CB and GNP is very clear at CB/GNP = 1/3 and
1. The latter is advantageous because GNP is more expensive than CB.
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Figure 5.8: (a) Water drop contact angle, (b) electrical conductivity, (c)
critical impalement velocity and (d) critical Weber number for coatings
containing both CB and GNP in varying weight ratio with fixed total filler
loading of  =1. In (c) and (d) the measurements in the shaded region were
performed using water-IPA mixture drops, due to the limited experimental
chamber height. A scaling law (discussed in text) was used to extract the
expected values for water drops (e, f, g) SEM images of the coatings illustrate
the change in morphology with varying weight ratios of CB and GNP.

Droplet impact tests also reveal that the addition of CB improves the
impalement resistance of coatings, which is very poor with GNP
alone. Results of droplet impact tests are shown in terms of VC and

WeC in Figure 5.8c and d respectively. Coatings with CB/GNP=1/3
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have a mean VC =1.60 m/s and a corresponding WeC ~82, much
higher than with GNP alone (refer to Figure 5.2). Both the CB/GNP=1
and CB/GNP=3 surfaces still resist water impalement at the
maximum achievable impact velocity of 3.70 m/s. Impact with 5
vol.% IPA in water results in impalement at VC of 3.52 and 3.18 m/s
for CB/GNP=1 and CB/GNP=3 respectively. Using scaling analysis
(see Supporting Information), this would convert to 4.70 and 4.26
m/s in the case of pure water, for CB/GNP=1 and CB/GNP=3,
respectively. It is interesting to note that even half the loading of CB
in a heterogeneous composite compared to  =1 coating with CB
alone, is sufficient to impart almost identical impalement resistance.
Therefore, the demonstrated enhancement and co-existence of both
electrical conductivity and impalement resistance make a very strong
case for using mixture fillers.
SEM images of these heterogeneous coatings containing two fillers
are shown in Figure 5.8e, f and g for CB/GNP = 1/3, 1 and 3,
respectively. The GNP faces are only sparingly covered with CB for
CB/GNP = 1/3, however, both the CB/GNP = 1 and 3 nanocomposites
have GNP faces effectively covered with CB. The coverage of GNP
with CB results in improved performance against impalement. In
addition, CB is known to improve dispersion of GNP by covering up
exposed GNP faces and limiting strong van der Waals interaction.164
The CB incorporated into heterogeneous coating also helps in
forming improved conductive pathways between separated GNP
sheets. CB covered GNP faces and better dispersion in heterogeneous
coatings are possible reasons for the observed improved drop
impalement resistance and conductivity. The improvement in
dispersion quality and composite properties is not a monotonic
function of CB/GNP ratio and could explain the better performance of
CB/GNP = 1 compared to CB/GNP = 3. This observation is similar to
the behavior of epoxy based nanocomposites164,165 with mixture
fillers.
All the above mentioned coatings were found to be oleophilic when
tested against mineral oil, with complete spreading of oil drops on
coatings. The contact angle of mineral oil on a smooth drop-cast and
cured polymer film is measured to be 64°, which is consistent with
previously reported contact angle measurements of low surface
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tension liquids on fluorinated acrylic copolymer surfaces.166 Rough
surfaces with inherently oleophilic chemistry, however, can be made
superoleophobic by proper texturing.167 Re-entrant rough features
with overhangs are thought to impart metastable superoleophobicity
to such surfaces.167,168 Certain coating methods such as spray coating
have indeed been used for creating superoleophobic polymer
nanocomposite coatings.127,166
Fast solvent evaporation during
spraying can cause dry coating with hierarchical features, which lead
to superoleophobic behavior.127 The drop casting method used in
present work, however, by the nature of the processing, leaves well
settled assembly of nanoparticles, which lacks re-entrant features and
consequently lacks oleophobicity. Additionally, the CB surface has
domains with graphitic planes and defect or amorphous sites.169 The
defects and amorphous sites contain various functional groups, of
which –OH and –COOH take part in binding with the fluoropolymer.
Hierarchical morphology as revealed by the AFM scan in Figure 5.4
also amplifies the role of surface chemistry and enhances wetting with
oil. This property of simultaneous existence of superhydrophobicity
and oleophilicity is an additional important functionality, which can
be used to generate membranes for oil/water separation.
Currently, there exist two competing strategies for oil-water
separation, namely: hydrophilic-oleophobic and hydrophobicoleophilic surface functionalities . Hydrophilic-oleophobic coatings,
used for oil-water separation, generally contain polymers with a
hydrophobic and a hydrophilic chain. The exact behavior of such
surfaces depends on the re-orientation of polymer molecule, when in
contact with water. The hydrophilic chain, which normally remains
buried in bulk to lower the surface energy, becomes reoriented in
contact with water to minimize water-polymer interfacial tension.
This re-orientation of polymer tends to be slow. High separation
efficiency has however been achieved with such coatings.170 Only very
recently, instantaneous separation has been reported on such
coatings, but with slightly lower efficiency.171 Such coatings would be
useful for gravity driven separation of oil-water mixture as generally
oils tend to be lighter than water. On the other hand, coatings with
hydrophobic-oleophilic combination (i.e. the category in which
surfaces reported in our work belongs to) have been shown to be
suitable for high throughput.172 This combination could be specifically
useful in filtration of water in oil emulsions172 and removing organic
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contaminants heavier than water, where hydrophilic-oleophobic
coatings would be less effective. Apart from that, these coatings could
be useful in cases where oil is a small fraction (pollutant) in water.
Foams with such functionality have been effectively used to skim oil
from the water surface.173 Moreover, a buried hydrophilic group can
ensure better adhesion.

Figure 5.9: (a), (b) and (c) depict different stages of the oil/water separation
experiment. In (a) left-hand side shows superhydrophobic filter paper based
on our nanocomposite coating and in right, mixture of mineral oil (colored
with solvent dye, Blue)/water (colored with Rhodamine B, Red). Inset shows
zoomed view for oil-water emulsion. (b) Separated mineral oil at the bottom of
the bottle and (c) separated water remaining in the filter.

The best performing CB based nanocomposite at  =1 and the best
heterogeneous nanocomposite with CB/GNP=1 and  =1 were coated
on Whatman® filter papers to form separation membranes. The
polymer/CNT based composites also possess the simultaneous
qualities of superhydrophobicity and oleophilicity. Hence, these could
also be used for filtration. However, in keeping with our motivation to
develop multifunctional superhydrophobic surfaces, only the best
performing composites with reference to electrical conductivity and
droplet impact were tested for their performance in separation.
Figure 5.9 shows sequences of the oil/water separation test,
conducted on a CB/GNP based membrane. Mineral oil colored with
Solvent Blue 59 and water colored with Rhodamine B were used for
better visualization. Complete separation was demonstrated. It is
noteworthy that while the CB nanocomposite effectively performed
the separation of 5 ml mineral oil mixed with 5 ml water in ~15
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minutes, it took ~24 hours to perform the same task with the
CB/GNP nanocomposite. This can be attributed to the high barrier
efficiency of GNP.174 A judicious choice of the aforementioned
nanocomposites should be exercised, according to the application at
hand. The CB/GNP based nanocomposite, while being optimum for a
combination of droplet impact resistance and electrical conductivity,
is clearly inferior to the CB based coating for oil-water separation,
when speed of separation is an issue.
5.5

Conclusion

Highly conductive superhydrophobic coatings with high dynamic
meniscus impalement resistance were fabricated with a simple,
environmentally
friendly
and
economical
method
using
fluoropolymer dispersions of three common kinds of carbon
nanoparticles and their combinations. The CB based coatings were
found to be best against impalement resistance, achieving very high
critical We ~750 with 5 vol.% IPA-water mixture. GNP based
coatings, even though relatively poor against impalement featured the
best electrical conductivity ~1000 S/m. A synergistic effect was
demonstrated bringing together these excellent individual
functionalities into a single composite by combining CB and GNP
together as fillers. The CB and the CB/GNP nanocomposites, were
coated
on
filter
papers
and
demonstrated
superhydrophobic/oleophilic characteristics, thereby forming simple,
well-functioning oil/water separators. By exploiting the facile
approach introduced here, these high electrical conductivity
superhydrophobic coatings can be easily scaled up and may find use
in various applications, for example, in EMI shielding, drag reduction
for underwater applications, oil filtration and enhanced condensation
heat transfer.
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6

Conclusions and Outlook

In this thesis, we have explored the exploitation of interfacial
interactions for liquid-liquid systems in the internal flow scenario of
microchannel convection and the external flow scenario of solidliquid interfacial interaction for impinging water droplets on
superhydrophobic surfaces. The results and suggestions for future
research are presented in theme wise fashion below.
6.1

Convective
heat
transfer
enhancement
segmented flow in microchannel
6.1.1

with

Conclusions

Regular and uniformly spaced mineral oil slugs were generated insitu at different oil flow rates within a 100  m  100  m square
microchannel flushed with a fixed water flow rate. The resulting flow
field in water was observed using micro-Particle Image Velocimetry.
Recirculating fluid patterns were observed with flow of slugs within
microchannel. As the flow rate of oil changed from 10  l/min to 30

 l/min, while keeping water flow rate fixed at 100  l/min,
separation between slugs reduced. This resulted in increased intensity
of recirculation, as manifested by increase in across-channel velocity
component next to liquid-liquid interface. Local temperature field in
water was observed, with and without slugs, using micro-Laser
Induced Fluorescence method. The temperature values between slugs
were found to be higher, compared to water-alone cases with the
same total flow rates, at same locations in channel for a certain wall
temperature. The better mixing with slug trains, as revealed by
velocity measurements, resulted in better thermal performance of
segmented flow. Nusselt numbers up to four times that of the wateralone case were observed, clearly promoting segmented flow as a
better cooling strategy in microchannels. Increased heat transfer was
accompanied by pressure drop increase.
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6.1.2

Outlook

The pressure drop increase with a segmented flow in a microchannel
could be a limiting factor in some applications. However, it might be
possible to find a good trade-off between heat transfer enhancement
and associated pressure drop as suggested by Fischer et al.44, by using
spherical droplets, containing high viscosity oils, at close separations.
Long slugs, which offer high increase in heat transfer, but at a
considerable penalty on pressure drop, could be avoided. Fischer et
al.’s simulations44, however, were performed on circular capillaries
and the effect of rectangular or square channel geometry on thermal
performance is yet to be studied.
Another important fact is that any practical application of such a
cooling strategy would need a close loop operation. That could be
attained by two means: by generating stable dispersion of oil droplets
in water externally and circulating it through microchannels for
required action, or forming droplets in-situ, as done in this thesis,
and providing a filter downstream of the microchannels, to separate
oil and water into their respective reservoirs, to be pumped again in a
loop. There exist many methods to form stable emulsions using
surfactants and emulsifiers, which are applied regularly in food and
drug industry, again exemplified with mayonnaise (an oil-in-water
emulsion). However, as the droplets become larger (a requirement to
achieve a blockage effect and heat transfer increase in
microchannels), gravitational effects can destabilize emulsion as oil
and water form different layers. Fine-tuning of density would be
needed in such a case, and that would limit the number of liquids
available. On the other hand, in-situ generation and filtration seems a
promising approach, and filters as demonstrated with coatings
presented in this thesis, could be a quite useful alternative.
6.2

Multifunctional superhydrophobic polymer/carbon
nanocomposites
6.2.1

Conclusions

Polymer nanocomposite coatings, with very high electrical
conductivity and impalement resistance against impinging water
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drops, were formed by a facile, environmentally friendly and scalable
method using inexpensive carbon nanoparticles as fillers in a
fluoropolymer matrix. Carbon black as fillers provided the nanoscale
roughness needed for high impalement resistance up to We ~750.
Coatings with carbon nanotubes as fillers at equal weight loading as
polymer, even though didn’t show impalement up to highest
achievable velocity of 3.7 m/s for a 2.4 mm diameter water drop ( We
~640), were wetted with even 5 vol.% IPA-water mixture. Graphene
nanoplatelet based coatings showed the poorest impalement
resistance, but highest electrical conductivity ~1000 S/m. The
coatings with carbon black and graphene nanoplatelets as mixed
fillers could use best properties of individual fillers in a synergistic
manner. Further, simultaneous superhydrophobic and oleophilic
nature of these coatings was exploited to form filters for oil separation
from oil-water mixtures.
6.2.2

Outlook

Nanostructured superhydrophobic surfaces can be an efficient tool
for condensation heat transfer enhancement as discussed in a recent
review by Bisetto et al.175 The polymer nanocomposite surfaces, such
as presented in the thesis, could also find use in such a scenario.
The mechanical durability and ability to withstand harsh chemical
environments would definitely increase areas of application of such
coatings. Careful formulation of polymer matrix could be a way to
achieve mechanical robustness as well as chemical inertness176 and
future research on multifunctional polymer nanocomposite coatings,
presented in this thesis, could focus on these aspects.
A further improvement could be possible by proper texturing of
roughness to form mushroom like overhanging structures by simple
methods such as spray coating127; as such a roughness has been
proven to impart superoleophobicity, even though there are no
known materials with contact angle more than 90° for low surface
tension liquids, such as several oils167.
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