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Abstract

In this experimental investigation the evaporative behaviour of liquid droplets of both
pure fluids and fluids containing nanoparticles was studied. Initial tests were
conducted on drops of pure volatile liquids using IR thermography, and the effect of
substrate material, drop composition, and substrate temperature was investigated. The
effect of the addition of nanoparticles to the liquid drops was then investigated using a
contact angle analyser which could record the drop profile in time. The effects of
liquid composition, nano-particle composition, nanoparticles concentration, substrate
hydrophobicity, and substrate temperature were all studied.

Results obtained from IR thermography showed that there exists interfacial
temperature instabilities in evaporating volatile drops, the appearance of these
fluctuations was found to be dependent on the liquid and substrate in question and are
self generated temperature gradients resulting from non-uniform evaporation. A
stability analysis was conducted and the results give a good agreement with
experimental results.

The addition of nanoparticles to a liquid drop was found to alter the evaporative
behaviour by enhancing pinning of the drop contact line and preventing the drop
radius from shrinking. By manipulating the concentration of the particles suspended
in a drop, a stick-slip evaporative process was achieved, leading to rings of particulate
material formed upon total evaporation. By varying parameters such as substrate
hydrophobicity, nanoparticle concentration, liquid composition, and substrate
temperature, many distinct nanoparticle deposit patterns were observed upon total
evaporation. It was shown that by varying these parameters, many different patterns
could be achieved, and that inside these deposit patterns regular formations such as
particulate rings, radial lines, and cellular structures were present.
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1 Introduction

Droplet evaporation occurs in many wide ranging and diverse situations. Typical
areas where understanding the behaviour of drops are important include heat transfer,
crystallography, surface science, cosmetics, food processing, agriculture and in
electronics. Drops are used in spray cooling systems to help dissipate heat in
industrial systems. In crystallography the manipulating drop evaporation can lead to
the growth of interesting crystalline materials. The evaporative behaviour of
cosmetics, paints, and inks is of great interest where highly uniform films of material
are required and optimising the evaporation process to produce uniform films of
material is desirable. In agriculture, spreading of pesticides and chemical fertilisers is
an important factor affecting the overall success of the crop, knowledge of how
droplets behave is needed to accurately design crop spraying systems. Despite the
ubiquitous nature of the phenomenon, there are still many unanswered questions and
there is still much knowledge to be gained from conducting fundamental research into
evaporating drops. As well as investigating the behaviour of evaporating pure liquids,
this thesis will investigate the effect of adding nano sized particles pure liquids, with
particular interest given to the evaporative behaviour of the colloidal suspensions. The
behaviour of nano particulate suspensions, which are often termed nanofluids in
scientific literature, has been gaining interest in recent years. It is now possible to
develop particles of many materials on the nano-scale. When these particles are
suspended in a liquid the effective thermal conductivity has been shown to
dramatically increase in comparison to the pure liquid [1]. The anomalous increase in
conductivity, along with other interesting features such as apparently delaying the
onset of the critical heat flux in boiling [2], and the ability to create and manipulate
patterns of materials via evaporation has resulted in an increased focus on nanofluid

research.

In this thesis the evaporative behaviour of droplets of various volatile liquids are
investigated. The addition of nano-particles to the bulk liquids is tested and the results
obtained are analysed. The results obtained are useful to both academic and industrial
researchers working in the area of droplet evaporation where the evaporative

behaviour of colloidal suspensions is important.



Droplet evaporation has been studied extensively few a decades [3-8]. Despite the
seemingly elementary nature of the problem, a drop evaporating on a flat surface is a
difficult phenomenon to investigate, and there is much that we have still to learn. The
process is complicated by there being three phases in contact which are varying
temporally and spatially, with cooling and marangoni (surface tension induced)
effects present. There have been many experimental investigations which have been
conducted in an attempt to obtain a better physical understanding of the topic [9-18].
Recently, there have been many theoretical models developed in an attempt to explain
the observed phenomena [19-24]. There still exists a variety of interesting areas of
research, including understanding the internal flow phenomenon, the influence of
marangoni effects, the influence of liquid, substrate, and vapour phase and the
introduction of colloidal particles to the drop, an area which is of interest in this
thesis.

The evaporative effect of colloidal suspensions of particles in small drops was
investigated by Deegan et al. [10], who studied the interesting rings of materials left
upon total evaporation. It was shown that an interesting phenomenon occurs as a
result of the evaporative process which leads to accumulation of particles around the
edge of a drop. Other investigations have focussed on the evaporative behaviour of
colloidal suspensions with particular attention to the interesting patterns formed [25-
32]. Manipulation of this pattern forming property is a desirable quality which has
potential in many industrial applications.

The work presented in this thesis focuses on small evaporating drops of both pure
liquids and liquids laden with nano-particles. There are two distinct investigative
undertakings, the first comprises results obtained from the evaporation of volatile pure
droplets and is concerned primarily with the thermal behaviour observed during
evaporation. A theoretical interpretation of the observed results is also developed to
help explain the interesting results obtained in this section. The second set of
experiments investigates droplet liquid-particle suspensions (nanofluids), with a
particular focus on studying how the addition of particles affects the evaporative

behaviour, as well as investigating the resulting deposit patterns which are formed



upon complete evaporation of the drops. Theoretical interpretations are given for the
evaporative behaviour which has been observed.

Chapter one provides an introduction to the thesis, detailing the main focus of the
research and discussing the scientific merit of the work which has been undertaken. A
brief summary of the various areas where the research may be usefully incorporated is

given, and an outline of the format of the thesis is presented.

The second chapter outlines the fundamental theoretical concepts which are most
relevant to the experimental work. The concepts of surface tension, evaporation,
wetting, and spreading are outlined, together with the most important significant
findings which have been published. This chapter provides an introduction into the
nature of the problems associated with droplet evaporation, and gives a good general
outline which leads on to a more complete review of the current body of scientific

knowledge available in this area.

An overview of the current level of knowledge in evaporating drops is given in
chapter three. The chapter begins with a review of wetting of drops of primarily pure
liquids, with both experimental and theoretical work presented, and then the case of
evaporating drops is presented. Next, the topic of nano-particulate suspensions is
covered with a review of the current level of experimental and theoretical information
which is available. The specific case of particulate droplet suspensions is then
covered, and finally a small review of interfacial thermal phenomena in liquids is
given which is useful in understanding the results obtained in one specific body of

work in this thesis which focuses on pure liquids.

Chapter four details an infra red thermal investigation into evaporating pure drops of
methanol, ethanol, and the refrigerant FC-72. The chapter reports on the interesting
thermal fluctuations which are present during the evaporative process, with the main

findings presented and the main conclusions explained.

The work conducted in chapter five was prepared in conjunction with Prof. Steinchen

from Marseille Universite, and consists of a theoretical modelling of the observed



behaviour in chapter four. A stability analysis is provided which gives a good

agreement with experimental observations.

Chapter six investigates the behaviour of evaporating nanofluid drops, focussing on
various parameters which may affect the evaporative process. Fluid composition,
nanoparticle material, concentration, substrate material, substrate temperature and
vapour compositions are all manipulated and the observed changes in evaporative
process are studied. It is shown that the presence of particles in the drops does
significantly alter the evaporative process, with pinning of the contact line observed in
many cases; the hydrophobicity of the substrate was also shown to affect the
evaporative process. An attempt has been made to account for the observed

phenomena mathematically.

In chapter seven the final deposit patterns which result from the evaporation of
nanofluid drops are investigated. The various interesting patterns are shown to vary
depending on the concentration, composition, and substrate temperature.
Manipulation of these parameters can lead to various different patterns upon complete
evaporation. Depending on the nature of the drop various patterns and features such as
concentric rings, cellular cracking patterns, and spoke like particle concentrations can
be seen. The results here are primarily qualitative in nature and provide a basis for

further study.

The various chapters and the main conclusions are then outlined in chapter eight, with
an overall account of the work and the most important concepts which have been

learned presented.



2 Theory

In this section the most important physical aspects relating to the topic of droplet
spreading and evaporation are outlined. The concept of wetting and spreading is
explained, and a mathematical representation of the drop profile is outlined. The
underlying concepts regarding evaporation are then discussed.

2.1 Wettability

2.1.1 Fundamentals of wetting and spreading

Wetting refers to the behaviour of a liquid which is in contact with a solid surface.
The fundamental interactions between fluids and solid surfaces are of great interest to
the industrial and scientific community, and have been widely investigated. Wetting
of solid surfaces is present in numerous areas, such as the chemical industry (paints,
inks, crop sprays, etc), food processing (coffee powder, freeze dried foods), cosmetics
(make up, hair spray, nail varnish), and many other areas such as in construction and

textiles.

2.1.2 Surface tension

Surface tension arises from the cohesive nature of liquid matter. A liquid is a state of
matter that exists when the attractive forces of the liquid molecules is larger than the
thermal agitation. Molecules at the liquid/vapour interface experience an energy
imbalance caused by the much larger attraction of the neighbouring liquid molecules,
compared to the gas. This imbalance tends to cause a net inward force which
minimises the surface area of the liquid surface. The attraction results from the
presence of various intermolecular forces (Van der Waals, hydrogen bonds,

electrostatic forces, etc).



Figure 2. 1. Surface tension arises from attractive forces which act to pull molecules together. At the
drop surface the forces pulling on the molecule are unbalanced, leading to a reduction in the surface
area of the liquid.

If the underlying cohesion energy per molecule is U inside the liquid, then a molecule
at the liquid surface finds itself with an energy deficit of roughly U/2. Surface tension
is a direct measurement of this energy shortfall per unit surface area. In mechanical
terms the surface tension can de defined as the energy that must be supplied to

increase the surface area by one unit:

Y= (2.1)

In the above equation the surface tension is expressed in units of J/m? As well as the
previous description, surface tension can also be expressed as a force per unit length.
Surface tension is temperature dependent, and for a narrow temperature range, is seen

to decrease linearly with temperature.

71 =7,(1—koT) (2.2)



The term ko in equation 2.2 is specific to the liquid in question. An important
consequence resulting from equation 2.2 is the presence of convective behaviour

resulting from local variations in temperature (and thus, surface tension).

2.1.3 Young-Laplace Equation

The pressure difference sustained across two distinct fluid phases and surface tension
can be used to obtain the curvature of the surface in question. This relationship is

known as the Young-Laplace equation and is given in equation 2.3

2
AP =27 (2.3)

In the above equation AP represents the pressure difference between the two fluid

phases and ry, represents the mean radius of curvature, this is defined in equation 2.4
1 1(1 1
1y, -

In the above equation ry and r; are the two principle radii of curvature.

2.1.4 Static wetting

Liquids behave differently on different substrates, for instance water resting on a flat
sheet of wax paper will form a small droplet, whilst the same droplet placed on
smooth glass will spread completely. There are thus different spreading regimes
which can be characterised; the extreme cases are total wetting and non wetting. The
spreading parameter, which measures the surface energy difference between dry and
wet surfaces, can be used to characterise wetting behaviour, this is given in equation
2.5.



82786_(7/8L+7LG) (2.5)

The terms in the equation above represent the surface tensions, vy, at the solid/vapour,
solid/liquid, and vapour/liquid interfaces, respectively. The spreading parameter can
then be used to give an indication of how much a drop of a particular material will

spread on a given surface.

2.1.5 Total Wetting

This occurs when the surface energy per unit area of the dry substrate is greater than
that of the wetted substrate. Therefore the liquid will spread as the combination of
solid-liquid and liquid vapour surface tension is not enough to overcome the solid-
vapour surface tension. Liquids with typically low surface tensions such as acetone
and ethanol tend to spread in this way, resulting in a thin film of liquid, this is
depicted on the far left of the diagram in Figure 2.2.

Contact angle

0 0° 90° 180°

¥

cosf 1 0 -1

Figure 2. 2. Depending on the drop, surface, and surrounding vapour phase, various spreading regimes
can be observed.

2.1.6 Non-wetting

The other extreme occurs when the fluid interactions are more dominant than the
fluid-solid interactions. In this instance the liquid molecules pack together, with as
little liquid in contact with the solid surface as possible. The resultant drop forms a

bead shape as shown on the far right of Figure 2.2. Mercury is a liquid material that



typically behaves in this manner and it can also be observed in water drops resting on
hydrophobic surfaces such the lotus leaf, as is shown in Figure 2.3. Surfaces which
reduce the wetting of a liquid on a surface are useful in many applications, such as in

non stick cooking utensils, or in the construction of materials to help reduce drag, etc.

Figure 2. 3. Droplets beading on a lotus leaf, which exhibits hydrophobic properties.

2.1.7 Partial Wetting

When the surface energy per unit area of the dry substrate is less than that of the
wetted substrate the liquid will not completely spread. The liquid will form an
intermediate drop shape which will have a characteristic non-zero contact angle at the
drop periphery (the contact line), this is represented by the intermediate cases shown
in Figure 2.2. In the case of partial wetting, the wetted portion of the surface meets the
dry surface at what is known as the contact line, and a non-zero contact angle exists at

the periphery of the liquid.



2.1.8 Equilibrium Contact Angle

For a partially wetting droplet, when all parameters are held in equilibrium, there
exists a contact angle between the liquid and solid surface that is characteristic of the
liquid, substrate, and surrounding atmosphere. When this contact angle 6, is < m/2
then the drop is said to be mostly ‘wetting’, for 6 > =t /2 the drop is termed mostly
‘non-wetting’. If the droplet is small enough, distortion due to gravity can be
neglected, and the drop shape can be assumed to be that of a spherical cap. The
corresponding equilibrium contact angle, &. is described by the Young equation [33],

which is presented in equation 2.6..

Vso = Vs T 71c COSO, (2.6)

w» Y LG

Y sG

Figure 2. 4. Pictorial representation of the young equation. The shape of a drop resting on a flat surface
can be determined from the three distinct surface tension parameters, and the equilibrium contact angle.

This equation, which is visualised pictorially in figure 2.4, assumes the system is in
thermodynamic equilibrium, the solid surface is ideally smooth and the system is free
from contaminations. Effectively, the Young equation is a force balance where the
surface tensions, y (solid-liquid, solid-vapour, and liquid-vapour) sum to zero at the 3-
phase contact line. The young equation can also be derived from a thermodynamic

perspective.
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AG =AA(yy +7s)+AAy,, COS(@—AB) (2.7)

The surface free energy, AG, is seen to vary with a small displacement of the wetted

area, AA. At equilibrium:

. AG
I|mAA_>OE=O (28)

Treating AG/AA as a second order differential, we can obtain the young equation.

2.1.9 The Contact Line

The contact line exists at the boundary between the solid, the liquid and the
surrounding vapour. It is therefore essentially a 3-phase system, with complex
dynamical behaviour. The contact line is affected by the interfacial energies of the
three phases, dissipation and hydrodynamic liquid interior flows, and geometrical and
chemical surface irregularities [3]. Understanding what is happening at the contact
line is of paramount importance in heat transfer and wettability investigations; this is
because evaporation is enhanced at the contact line [10]. Picknett and Bexon [7]
investigated the evaporation of small sessile organic drops and found that there were
different modes of drop evaporation, in the first mode the contact angle at the contact
line would decrease and the drop base diameter would remain pinned as evaporation
proceeded, in the second mode the contact angle would remain the constant, whilst

the drop base would recede.

11



. Constant contact angle ©

Figure 2. 5. Modes of droplet evaporation. (Top) The drop evaporates with a constant contact angle,
the base radius decreases in time. (Bottom) The base radius remains constant, whilst the drop contact
angle decreases in time.

The evaporative behaviour was found to depend on various factors, including surface

roughness and chemical composition.

2.1.10 Hysterisis

The equilibrium contact angle given by Youngs equation holds only for ideal
situations. In reality, surface heterogeneity, roughness and substrate contaminants all
affect the contact angle [34]. On non-ideal surfaces there exists a difference in the
contact angle for which a drop will begin to advance or recede over the solid surface.
The contact angles for when the drop is advancing and receding are called dynamic
contact angles and the difference between the advancing and receding value is termed
the contact angle hysterisis [35]. The advancing and receding contact angles represent
the upper and lower limits above and below which the contact line will begin to move.
There are two fundamental sources which have been shown to instigate hysterisis in
droplet evaporation. The first source is chemical in nature, and includes heterogenity
of the solid surface and dissolution and/or swelling of the solid by the liquid [36]. The
second source is physical in nature, and includes surface roughness, surface impurities
and surface contaminants. In this case, the existence of pores and asperities is

influential. On real surfaces there exists a succession of metastable states that exist

12



between the advancing and receding contact angle and are separated by energy
barriers. Because a range of contact angles exist, rather than a unique contact angle as
defined by the young equation, there exists a need to try to define an apparent contact
angle, 6ap, Which can be used to characterise the wettability on rough surfaces. If the

surface roughness is small in comparison to the drop size, the relation can be given

by:

C0SOAp = I COSOeq (2.9)

Where the roughness, r, represents the ratio between the true and apparent surface
area (r>1), that is to say the increased surface area has an effect on the overall contact
angle which is observed. This is known as the Wenzel equation [8]. Another equation
commonly used to define the apparent contact angle is the Cassie-Baxtor equation

[37], which is typically employed to describe heterogenous surfaces:

C0SOap = f1 COSOeq1+ T2 COSOeq2 (2.10)

in the above equation, f; and f;, refer to the ratio of surface areas of the components
present on the surface. Equally 8eq1 and 0eq represent the equilibrium contact angle

of each component.
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2.2 Drop Profile.

2.2.1 Bond number.

Defining a drop profile is important for any investigative purposes, one dimensionless

parameter which is helpful in defining the drop profile is the bond number.
Bo=29 (2.11)

This number relates the ratio of gravitational forces to those of surface tension. When
Bo is large (>>1), gravitational forces dominate, and there is significant deformation
of the drop shape. When Bo is small (<1), surface tension dominates, and
gravitational forces may be neglected. When gravity is neglected the mean drop

curvature is constant and the drop assumes a spherical cap shape.

2.2.2 Capillary length

Another parameter which is used in drop measurements is the capillary length, which

also indicates the predominance of gravitation forces to those of surface tension:

kt= L (2.12)

When the characteristic length is greater than k™, gravitational forces become
important. The capillary length is useful in any study involving drops as it can help
determine the maximum permissible drop radius which can be studied without the

drop experiencing deformation due to gravitation forces.
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2.2.3 Drop Volume

The drop volume may be expressed as:

~ R¥(1—cosb,)?(2+cosb,)

\Y 2.13
3sin® o, (2.13)
And the corresponding drop surface area is given by:
2
A= PRa (2.14)
1+cosé,

The corresponding drop height is a function of the radial distance, and can be

expressed by the equation:

R? , R
4 __r°-—2 2.15
sin’ @, tan o, (2.15)

h(r) =

2.3 Evaporation

Evaporation is a unique process which involves the transfer of liquid molecules from
the liquid phase to the gas phase. It is therefore a phenomenon which acts at the liquid
vapour boundary. It can also be described in terms of traditional kinetic theory. At the
liquid vapour interface, liquid molecules are continuously entering the gas phase and
re-entering the liquid phase. If the gas is already saturated with the given liquid there
will be almost as many molecules re-entering the liquid as leaving, and thus there is
very little net mass transfer ( little evaporation) taking place. An atmosphere which is
not saturated however, leads to an imbalance of liquid molecules and consequently a

net driving force towards the gas phase, resulting in droplet evaporation.
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When a liquid molecule is transferred to the gas phase energy is consumed. This
energy loss is described by what is commonly known as the latent heat of
evaporation. On the molecular level heat is a measure of the kinetic energy. In an
evaporating drop the molecules which possess high kinetic energy (higher
temperature) are more likely to be able to overcome the intermolecular energy barriers
and enter the gas phase, thus the less kinetically energetic (lower temperature)
molecules remain. This process is known as evaporative cooling and is the basis of
many industrial commercial and biological thermodynamic processes. Perspiration is
a method of evaporative cooling in which the body secrets liquid which then
evaporates cooling the skin. In humid conditions the air is saturated with liquid and
thus the cooling effect of perspiration is hindered as there is less evaporation taking

place.

A liquid droplet which is evaporating on a flat surface evaporates as essentially a gas
diffusion process [4]. The vapour concentration at the interface of the liquid drop is
assumed to be equal to the equilibrium concentration. The rate of diffusion, I, across
the liquid vapour interface can then be computed.

»( dc
| =—4nr (EJD (2.16)

Where the diffusion coefficient is represented by, D. and c is the vapour

concentration. Setting the boundary conditions as:

c=c, when r = and c=cC, when r =r, (2.17)
An expression can be obtained for the rate of diffusion:
| =—4ar,D(c,—cC,) (2.18)

From this equation the rate of evaporation can be determined by the diffusion of the
vapour. Also, the rate of evaporation can be seen to be directly proportional to the

radius of the drop.
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3 Literature review

In this section a review of current research knowledge is given. Firstly, investigations
that have elucidated the understanding of sessile droplet wetting are presented. This is
then extended to the case of droplet evaporation. The more recent topic of nanofluid
behaviour is then presented. An outline is given of the growing interest in nanofluids
and the main research findings are discussed. The less investigated area of pattern
formation is then presented, an area which is of importance to the work undertaken
later in the thesis. Finally, results are presented which discuss the behaviour of
interfacial phenomena, and in particular hydrothermal waves. These results are

important in understanding the work undertaken in chapter 4 in this thesis.

3.1 Droplet Behaviour

3.1.1 Droplet Wetting

Knowledge of the way a liquid behaves on a solid surface is important for numerous
practical applications, such as lubrication, painting, writing, waterproofing, and heat
transfer, amongst many others. In spite of the importance, many processes involved in
wetting are still not fully understood [3]. When a drop makes contact with flat
horizontal surface, it may spread, covering the surface in a thin layer of liquid.
Alternatively, it may spread partially, forming a defined, non-zero contact angle at the
edge of the liquid, 6=6.. The extent to which a drop wets a surface is given by the
Young equation, which states that the equilibrium contact angle is a function of the
three interfacial surface tensions [38].

Wetting of the solid surface can be predicted using the concepts of adhesion and
cohesion. Adhesive forces between the solid surface and the liquid encourage the
liquid to spread. In contrast intermolecular cohesive forces within the liquid act to
keep the molecules as close together as possible. The spreading coefficient is used to

quantify the readiness of a particular liquid to spread on a given surface.
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3.1.2 Droplet Evaporation

Understanding the processes involved in the evaporation of liquid droplets is
challenging due to the multitude of simultaneous phenomena that are occurring. Heat
and mass transfer, convective behaviour of both fluids, evaporative cooling, surface
tension induced effects, amongst others, all combine to complicate any attempt at
understanding the observed behaviour. An early work by Morse [39] studied the
evaporation of a small iodine sphere resting on a flat plate and noted that the
evaporation rate was directly proportional to the radius of the sphere. Similar results

were obtained by Peiss [40].

Another experimental investigation [4], determined that the evaporation rate remained
constant for the majority of the drop lifetime. Picknett and Bexon [7], conducted a
theoretical and experimental investigation into the evaporation of small drops. In their
work, the drops were small enough that gravitational effects could be neglected and a
spherical cap approximation for the drop shape could be applied. In their experiments,
organic drops (methyl acetoacetate) were placed on a microbalance and the
evaporation rate recorded, along with the drop shape. The results indicate the presence
of two distinct modes of drop evaporation, constant contact angle mode and constant
contact area mode. In the paper the authors make reference to intermediate
evaporative modes during which both contact angle and contact area are shown to
decrease simultaneously, however it was not until the work of Bourges-Monnier and
Shanahan [5], that these intermediate modes of evaporation were fully investigated.
The authors investigated the evaporation of water and n-decane on three distinct
polymer surfaces and also on glass slides. They concluded that there were four
distinct evaporative regimes. The first was observed when the surrounding vapour
phase was saturated with the evaporating liquid. It was observed that the drop was

found to evaporate with a constant contact angle.
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Figure 3. 1. Evolution of drop height, h, contact diameter, d, and contact angle, 6, for a water drop
(initial volume 4ul) on a polished epoxy surface [5].

The second stage involves reducing the atmospheric vapour content, resulting in the
contact angle and drop height decreasing during evaporation. In the third stage, which
occurs on smooth surfaces, drop height and contact angle remain almost constant,
with a corresponding decrease in base radius. The fourth stage corresponds to the drop
disappearance, Figure 3.1. On rough surfaces drops tend to evaporate with decreasing

contact angle and constant contact area.

Birdi [4] , investigated the evaporation of water on glass, and Teflon, noting that the
evaporation rate is constant whilst the drop remains pinned to the surface (constant
contact area mode). They also show a linear increase in evaporation rate with drop

radius (see figure 3.3), which is consistent with diffusion driven evaporation,
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Figure 3. 2. Drop mass vs. time for sessile drops on glass surface. Initial mass of each drop: 5mg (x),
10mg (A), 15mg(+) [4]
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Figure 3. 3. Plot of evaporation rate as a function of initial drop radius [4].
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A later investigation by the same authors [41] investigated the influence of initial
contact angle on the evaporative process. The rate of evaporation of drops of liquids
with partial wetting characteristics, contact angle < 90 (water on glass), was found to
differ from those which exhibit non-wetting characteristics, contact angle >90 (water
on Teflon), figure 3.4. Evaporation rate was linear and the drop follows the constant
contact area mode of evaporation on wetting surfaces, whilst on non wetting surfaces
the evaporation proceeds with a constant contact angle and evaporation rate is not

linear.
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Figure 3. 4. Evaporation rates of water and n-octane drops on water and Teflon surfaces [41].

Another study [15], investigated the evaporation of droplets on a rough polymer
surface. Drops were left to evaporate in open air, whilst a microbalance and optical
measuring equipment recorded the evaporation rate and drop profile in time. A linear
decrease in drop mass was found, along with a corresponding decrease in contact
angle and constant base radius. Conversely, Rowan et al. [42], studied the change in
mass and geometry due to evaporation of small droplets of water on a polymer surface
(PMMA). Their results indicate that the evaporation rate is proportional to the height
of the drop, not the spherical radius. The same authors later published similar results
for the evaporation of three alcohols on Teflon [43].
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Erbil et al. [11], conducted a study of the constant contact angle mode of evaporation.
The liquids selected for the experiment comprised n-butanol, toluene, n-nonane, and
n-octane. All experiments were conducted on a PTFE surface. Results were obtained
using video microscopy and the results indicated a linear decrease when the square of

the radius was plotted vs. time for most cases, figures 3.5 and 3.6.
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Figure 3. 5. Time dependence of the square of the drop radius for the four liquids tested [11].
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l[Zlig]ure 3. 6. Time dependence of two-thirds the power of the drop volume for the four liquids tested
An investigation by Chandra et al. [44] studied the effect of drop contact angle on
drop evaporation. They used surfactants to alter the initial contact angle observed in
water drops evaporating on a stainless steel plate, and recorded the corresponding
evaporation using video recordings. They found a high evaporation rate for drops with
a low initial contact angle. This increase arises as a result of the larger liquid/solid
interfacial area present, and also as a result of increased heat conduction due to a

decrease in initial drop thickness.
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Figure 3. 7. Evaporation rate of water drops with increasing concentration of surfactant addition on a
stainless steel surface [44].

Crafton et al. [45] studied the evaporation rate of small drops of both water and n-
heptane on heated aluminium and copper substrates, noting a predominantly constant

contact angle mode of evaporation for the n-heptane drops and a predominantly
constant contact radius for water.

Deegan et al. [10], observed the evaporation of pinned drops and noted that there
exists an outward flow within the drop that is driven by the loss of solvent at the
contact line. This flow tends to carry any contaminants which may be present in the
drop to the contact line creating rings of deposits upon evaporation. It was shown that
the evaporation of liquid from the drop was greatest at the contact line of the
evaporating drop, this is illustrated in figure 3.8.
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Figure 3. 8. The probability of escape of an evaporating molecule is affected by its point of departure.
At the drop centre there is a higher probability of the molecule being reabsorbed, resulting in a higher
evaporation rate at the drop periphery [10].

From a theoretical perspective, there have been several important investigations into
droplet evaporation. Picknett et al. [7] developed a model based on the Maxwell

equation which describes the evaporation of a sphere in an infinite medium

dd—vtvz—47zDr(c0 -c) (3.1)

Where dw/dt is the rate of change of mass of a sphere with radius r, D is the
molecular diffusion constant of the vapour in air, and ¢, and c; represent vapour
concentrations near the sphere and far from the sphere. Using the analogy between
diffusive flux and electrostatic potential, an attempt was made to determine the
evaporation rate. To do this the capacitance of an equiconvex lens of similar

dimensions to the drop in question is required.

dd_Vt\/ =47DC, (c, —¢;) (3.2)
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where Cy is the electrostatic capacitance. By using the known solution for electrical
potential of a lens shaped conductor, the authors were able to obtain an approximate
solution for the mass flux from the free surface of the drop Two polynomial fits were
obtained one for small contact angles ad one for large contact angles. Figure 3.9
presents the theoretical data for both constant contact angle and constant base radius
evaporation.
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Figure 3. 9. Theoretical evaporation rates for 1mg drops of methyl acetoacetate on a surface at 22-
23°C[7].

Birdi et al. [4] developed a vapour phase diffusion model to test the experimental
results they had obtained, this was later incorporated by Rowan et al. [42], who
derived an approximate analytic equation for the evaporation rate. They distinguished
between the radii of curvature at the contact line, noting that they are, in general,
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different. They found a good agreement with experimental results for drops with a

large initial contact angle.
Deegan [10], studied the evaporative process using electrostatic analogy. They

describe the radial fluid flow inherent in an evaporating drop with a pinned contact

line,figure 3.10.
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Figure 3. 10. lllustration of the origin of fluid flow in an evaporating drop. (&) When a drop is not
pinned the hashed area evaporates freely and contact line will move from A to B. (b) When the drop is
pinned the motion from A to B is inhibited by liquid replenishing that removed from the drop edge [10].

Mathematically, an equation can be written describing the vertically averaged radial
flow of the fluid.

v(r,t):—ﬁﬂdr.r Js(r,t)‘/1+(%) +p% (3.3)

In this equation h represents the position of the air-liquid interface, Js represents the
rate of mass loss per unit area per unit time, t is time and p represents the fluid
density. It can be seen that v has a non-zero value when there is a difference between
the local evaporation rate and the rate of change of the interface. Theoretically the

current diverges near the contact line.
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I(rHR-n™ (3.4)

Where

A=(n-20)/(27-20,) (3.5)

Thus evaporation is greater in the vicinity of the contact line. The drop volume must
be equivalent to the rate of mass loss due to evaporation, and therefore the following

equation can be written for evaporation rate.

v R oY
F=£o|r 27" J (1 ,t)\/l+(§h(r ,t)j (3.6)

Hu et al. [6] used a finite element method to investigate the evaporation of pinned
sessile drops and to compare the theoretical results with those obtained by
experimental work. A good agreement was obtained between their analysis and that of

Deegan.
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3.2 Nanofluid Behaviour

3.2.1 Experimental investigations into Nanofluid behaviour

The idea of increasing the thermal conductivity of a liquid by suspending particles in
the bulk fluid is not a new one; Maxwell formulated a theoretical basis to calculate the
thermal conductivity of a particle-fluid suspension over a hundred years ago[46].
Whilst Maxwell’s theory predicted large thermal conductivity enhancements,
achieving stable suspensions proved to be very difficult. Technological limitations
meant that particle sizes in the suspensions were limited to, at best, micro-sized
particles. The relatively large sizes of the particles led to large scale sedimentation,
pipe fouling, erosion, and large increases in fluid pressure drop. Consequently the use
of particulate slurries as a means of heat transfer was effectively discarded. However,
with the advances that have been made in nano-scale engineering, it is now feasible to
readily produce nano-sized particles. This has led to a return to the idea of using
particulate suspensions in heat transfer applications. Nanofluid suspensions do not
experience large scale sedimentation like their micro-sized counterparts, and fouling
and pipe erosion is greatly reduced. In effect the nano-sized particles can, under the
correct conditions, form a stable suspension in which the effective thermal
conductivity of the fluid is greatly enhanced, whilst particulate settling and fouling are
negligible [1]. Several authors have published work on different nanofluids such as
Al,O3; and CuO nanoparticles in water, ethylene glycol, and engine oil (Pennzoil
10W-30) [1, 47-50]. In each case there was a clear enhancement of conductivity
compared to that of the base fluid. Further work on metallic nanofluids has yielded
similar results, with one report noting a 40% conductivity enhancement using copper
particles in ethylene glycol with a particulate concentration of just 0.3% [1]. Similar

results were also noted with various other reports[51-57].

It is clear from the data that has been collated that there is a marked increase in
thermal conductivity with increasing nanoparticles concentration; however the degree
of enhancement which has been reported varies from nanofluid to nanofluid. It is clear
that the mechanisms that underpin the observed enhancement rely on many factors

such as particle size, particle shape, aggregation of particles, concentration, and
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temperature [58]. Cleary, obtaining a theory that can encompass the work that has

been done so far is an area where continual effort is required.

3.2.2. Theoretical modelling of Nanofluid behaviour

The Edinburgh born physicist James Clerk Maxwell [46], first investigated using
spherical solids suspended into liquids to increase the overall thermal properties of the
suspension. He proposed a model which calculated the observed thermal conductivity
enhancement. In this model the suspension was assumed to consist of a dilute solution

of spherical particles, with particle interactions neglected.

) _ Ky + 2k +2(k, —k)g
max well kp+2k| —(kp—k|)¢ |

(3.7)

This model was later adapted by Hamilton & Crosser [59] to include the effect of

particle shape, allowing for the inclusion of non-spherical particles in suspension.

. K, +(n=2k, —(n-Dg(k, —k,)
"k, +(n-Dk, +g(k, —k,)

3 (38)

In the above equation the empirical shape factor is given by:

== (3.9)
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Where W is the sphericity, defined as the ratio of the surface area of a sphere with a
volume equal to that of the particle to the surface area of the particle. Early studies on
nanofluids showed that whilst the Hamilton & Crosser model worked well for micro-
sized solid slurries, it under predicted the enhancement observed in nanofluids (Figure
3.11). In this model the effects of the solid/liquid interface and the dynamics of the
particles are not taken into account, both of which are influential at the nanoscale. In
the Hamilton-Crosser model, which is based on diffusive heat transport, particle size
is not taken into account. However, experimental results have shown that the observed

conductivity enhancement is increased with a reduction in particle size.

o Present experiments
1.4 —— Hamilton-Crosser model: spheres

— — Hamilton-Crosser medel: cylinders
138

115

Thermal conductivity ratio k/kg

0 001 o0z 0.03 004 005 0.06

Volume Fraction

Figure 3. 11. Experimental observations show a much higher increase in thermal conductivity than
predicted by theoretical models such as that of Hamilton & Crosser .

Various other extensions to the Maxwell equation have been described. These have
been constructed to account for factors such as, particle distribution, concentration,
contact resistance & particle shell structure. These models have provided the basis for
comparison for most of the theoretical models published for nanofluids. However,
experimental results have consistently shown much higher effective conductivities
than predicted by theory. Keblinski et al [58]. made an attempt to explore possible
explanations for this enhancement, outlining four possible mechanisms, Brownian
motion, liquid layering at particle interface, heat transport in the particles, and

clustering effects.
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3.2.3. Nanofluid Viscosity

Central to the application of nanofluids in cooling technologies is the performance of
the fluid in convective environments. As a consequence, fluid mechanical behaviour
is very important. The viscous behaviour of particle-liquid mixtures is a topic that has
been widely studied. Einstein set down an equation to predict the effective viscosity

of a particle-liquid mixture in 1906 [60].

te = (L+2.5v ), (3.10)

This equation has been refined and adapted to account for higher concentrations [61-
63], non-spherical particles [64], and to include particle-particle interactions [65].
Whilst there has been much work done on the viscous behaviour of particulate
suspensions, there remains a lack of data for the specific case of nanofluid
suspensions. Pak and Cho [38], conducted a study into the behaviour of Al,03 & TiO,
particles in water, concluding that there was a significantly larger effective viscosity
measured than predicted by theory. Das et al [66], then measured the viscosity against
shear rate for nanofluids at various temperatures and confirmed that they were

independent of each other (Figure 3.12), indicating Newtonian behaviour.
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Figure 3.12 Viscosity against Shear Rate for various
concentrations and temperatures of nanofluid solution.
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Putra et al [67] and Mare et al [68] also published results which details temperature
dependent conductivity data for Al,0s-water nanofluids (Figure 3.13). Very recently
Nguyen et al [69], measured the effects due to temperature and particle size on
viscosity for volume fractions varying from 1% to 9.4%. Their results indicated that
viscosities were found to be strongly dependent on temperature and volume fraction.
Their results also revealed the existence of a critical temperature beyond which the
particle suspension properties appear to be drastically altered, leading to a hysterisis
effect. This phenomenon has raised concerns regarding the reliability of certain

nanofluids for use in heat transfer applications.
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Figure 3. 13. Thermal conductivity enhancement as a
function of temperature. Putra et al [67].

3.2.4. Nanofluid flow phenomena

One of the first major works in which particles were used in liquid suspensions to
observe fluid flow was the seminal work of Deegan [10]. In his study he studied the
age old observation of coffee-ring formation, solid ring like spots found as a result of
coffee evaporation. This phenomenon was found to be influenced by evaporation at
the contact line. As liquid molecules are removed from the contact line, they are then
replenished by a flow of liquid molecules to fill the newly created gap. This
continuous replenishment effectively constitutes a flow of liquid from the drop centre

to the drop periphery. In particle-liquid suspensions, particles were found to be carried
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by the flow to the drop periphery, creating a ring like concentration of particles. In
Deegan’s work, he found that the particles at the contact line increased the pinning
effect, in effect strengthening the contact line. An immediate conclusion which could

be drawn form Deegan’s work was the pattern forming ability of the phenomenon.

3.2.4.1 Contact Line

The way nanoparticles behave in solution is a very recent area of study, and little
work has been conducted in this area. Wasan and Nikolov [70], provided one of the
earliest observations of nanoparticle behaviour in suspension. They studied the
behaviour of nano-sized polystyrene spheres in water; using video microscopy to
demonstrate that at the three phase contact line a solid like ordering of the particles
exists. The solid like particle layers were found to enhance the spreading dynamics of
the fluid, which is very useful in detergency. In a similar study [71], they were able to
characterize nanoparticles behaviour in a confined geometry. A thin liquid film was
drawn from a colloidal suspension of highly charge latex particles (d=156nm). The
film was found to consist of distinct layers of nanoparticles, increasing until around

five nanoparticles diameters, where a random particle structure begins (Fig 3.14).
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Figure 3. 14. Ordering of nanoparticles in the wedge of a thin liquid film. As the
thickness of the film increases, the structured behaviour is replaced by random
particle motion.
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This step-wise thickness profile indicates that in confined geometry, a self-structuring
property exists; furthermore, the structure also changes with an increase in film
thickness. For a film thickness of 1- 2 nanoparticles a (2-D) hexagonal packing
structure was observed, this was not observed for 3 particle diameters or greater. The
main implication was that the packing structure provided a barrier to bubble and
droplet coalescence.

In another study [72], the same authors examined the spreading of nanofluid
suspensions on solids. The aim of the study was to examine the effects of particle
structure formation at the contact line region and also the structural disjoining
pressure, to see what effect they have on the spreading of the fluid. Previous
investigations have shown that increased pressure arising from particle ordering at the
contact line enhances the spreading capabilities of the fluid [73]. The spreading
coefficient was found to increase with decreasing film thickness, indicating the

wetting enhancement is due to layered particle structuring. (Fig 3.15),
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Figure 3. 15. a) Relationship between oscillatory disjoining
pressure and the particle distance.

b) Spreading coefficient plotted against particle
distance [73]
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this corresponds to where the in-layer structure becomes ordered. From a detergency
perspective, the investigation examined oil removal using a surfactant micellar
solution. Micellar layering in the wedge region of the solution was found to increase
the disjoining pressure, causing the oil-solution interface to advance and replace the
oil from the solid surface until it was completely detached. Chengara et al. [74],
expanded this work by simulations examining the effects of nanoparticle size,
concentration and poly-dispersity on the displacement of an oil-aqueous interface with
the aqueous bulk containing nanoparticles. They found that displacement of the
contact line was greater with a high nanoparticle volume fraction. Also for the same
volume fraction displacement increased with smaller particle sizes. By ensuring that
these particles are as monodisperse as possible, and are present in a sufficient volume

fraction, more effective detergency can be achieved.

3.2.4.2. Contact Angle

It is known that droplet contact angles have an effect on the overall evaporation rate
of a droplet. Chandra et al. [44], showed that by modifying the initial contact angle of
water, the evaporation rate could be increased. This was done by adding surfactants to
the liquid to reduce the initial contact angle. They found that by decreasing the initial
droplet contact angle from 90° to 20° the evaporation time was reduced by
approximately 50%. It is therefore interesting to investigate the influence of
nanofluids on contact angle, and thus their influence on the evaporation rate. Vafaei et
al. [75] investigated the change in contact angle of nanofluids functionalized with
thioglycolic acid molecules as a function of concentration, size of particle, and
composition of substrate. Bismuth telluride nanoparticles ( 2.5 & 10.4 nm in
diameter) were dispersed in water and functionalized with thioglycolic acid groups to
prevent agglomeration. Contact angle was found to increase with increasing
concentration, reach a maximum, and then decrease. This phenomenon was found for

both particle sizes, and on both silicon and glass substrates (Fig 3.16).
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Figure 3. 16. Equilibrium contact angle as a function of Nanofluid concentration. Vafaei et al[45].

These results indicate the ability of nanofluids to alter the wettability characteristics of
the bulk fluid, and possibly enhance the evaporation. A recent study conducted by
MacGillivray & Sefiane[76] at Edinburgh University has also investigated the effect
of nanoparticles on the contact angle. In this study nanofluids (Aluminium particles in
Ethanol) of varying concentrations (0.01-5.00 % wt/wt) were examined in droplet
form as the drops were advancing and receding over a substrate. The affect of the
nanofluid concentration on the observed advancing and receding contact angles were
observed (Fig 3.17).
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Figure 3. 17. Plot of advancing and receding contact angles against nanofluid concentration. The effect of
concentration has been shown to alter the contact angle in both cases. a) Receding contact angle b)
Advancing contact angle (MaGillivray & Sefiane [46].

These results appear to be similar to the equilibrium contact angle results of Vafaei,
with a maximum contact angle observed at a certain concentration and a decrease of
contact angle for any further concentration increase. This phenomenon was observed

for both advancing and receding contact angles.
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3.2.5 Pattern formation

Using the ability of evaporating liquids to position solid particles into organised
patterns has many possible applications, such as in paint drying and ultra-thin film
formation. The fabrication of highly-ordered thin structures is a must for the
advancement of many scientific areas, such as optics, electronics and in surface
chemistry. Deegan et al. [10], built upon his earlier work on evaporating drops,
providing a theory which accounted for the flow velocity, the rate of growth of the
ring, and the distribution of solute within an evaporating drop containing small
particles. The success of this theory was found to be suited for sub-micron sized
particles, with deterioration in the predicted ring growth for particles which were of
1um in size. They observed stratification in the micro-sized particles which was not
observed in nano-sized experiments. Several important factors were not investigated
such as vertical mixing, viscous stresses, and Marangoni effects; all which have some
bearing on the deposition of the solute. By recognising that 100% of the solute can be
transferred to the drop edge, combined with the fact that the deposition can be
controlled to some extent by means of manipulating the vapour field around the drop,

the potential for pattern formation becomes apparent.

Maenosono et al. [77], utilized this pattern forming potential to study the growth
process of an array of colloidal semiconductor nanoparticles (quantum dots).
Nanoparticle rings were prepared using 5 nm CdS and CdSe/SdS (core/shell) particles
suspended in both water and pyridine. These suspensions were deposited on glass,
with a drop radius of approximately 1.2mm and drop volume of around 0.3ul. They
noted that the ring width was dependent on the initial volume fraction of the solute,
and also that the use of organic solvent introduces peculiarities of ring growth which
are not present with water suspensions. They were thus able to readily produce

nanometer-sized arrays of semi-conductive nanoparticles.

Sommer et al. [78] studied the effect of the gravitational force on particle deposition.
Evaporative ring patterns were investigated, this time using nano-particles of 2
distinct sizes. The effect of gravity on the deposition of 10 ul drops containing equal

volumes of 60 and 200 nm polystyrene nanospheres was studied. Analysis of the ring
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deposits using optical and atomic force microscopy Yyielded interesting results. At the
outer ring edge, a crystalline structure formed by densely packed and highly ordered
200 nm spheres was found. In the surrounding ring-apex there was a predominance of

60 nm particles (Figure 3.18).
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Figure 3. 18. Ring of nanoparticles formed by the evaporation of a sessile droplet. A
nanofluid containing equal volumes of 200nm & 60nm particles was studied, the evaporative
ring was found to favour the 200nm particles at the outer drop periphery, with the 60nm
particles in the inner layer. Sommer et al [78]

This phase separation was noted to be as a result of three major factors 1) depletion of
the surface tension at the triple line, as described by Deegan et al. 2) a vertical
temperature gradient, the driving force behind the ascendancy of nanospheres to the
drop apex, and 3) gravity, causing sedimentation and settling of larger particles. What
this work does not take into account, is the role of capillary attraction, which will be
greater for the larger nanospheres, and may have a role in the observed phase
separation. Prevo et al. [79], fabricated gold nanocoatings using a convective
assembly method at high volume fraction. Traditional vacuum deposition and
electrostatic self-assembly methods cannot be used to fabricate such multilayered
films, leading to applications in nonlinear electronics and quantum electronic devices
as well as in chemical/bio sensors. Uniform films of gold were produced without the

need for pre-treatment or the use of ligands to aid deposition. 10-30ul droplets of
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nanofluid were injected into a wedge between a flat substrate and movable screen
(figure 3.19).

Convection

Solvent
evaporation

Figure 3. 19 Nanoparticle pattern formation as a result of controlled solvent
evaporation. The velocity of the receding screen could be manipulated, along
with the substrate temperature, to produce various structures upon evaporation.
Prevo et al. [79].

Capillary forces held the drop between the surfaces and thin films were formed by
drawing the screen across the substrate, stretching the meniscus. The underlying
structure of the nanocoatings could be controlled by both by speed of deposition, and
also by post-deposition heating. Intricate manipulation of these techniques allows for
a wide range in the spectral and electronic properties observed, from a near-percolated
structure (conductivity around 2000 ohm * cm™) to discontinuous insular structure

(less than 10 ohm * cm™).

A similar study was conducted by Huang et al. [80], into the formation of stripe
patterns through dewetting of nanofluids, figure 3.20. Spoke like patterns of
nanoparticles were formed during the evaporation of thin films of gold nano-particles.
In the initial dewetting stage, particles were observed to cluster along the contact line,
as evaporation proceeds these clusters seem to serve as nucleation sites, drawing in

more nanoparticles as evaporation continues.
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Figure 3. 20 a) Evaporation of a thin film reaches the dewetting stage where the contact
line begins to recede. b) Local pinning of the contact line caused by particle clusters leads
to areas of high particle density. c) As evaporation proceeds, particles are drawn towards
the receeding liquid front. d) Spoke like bands are observed after complete evaporation. €)
Spoke like image of evaporated liquid film Huang et al. [80].

This phenomenon was extended by using a dip coating technique to obtain linear
nanoparticles alignments, with uniform thickness and inter-stripe distance. This study
was primarily interested in the ability to create and manipulate patterns by
evaporation; however an insight is gained into the fundamental evaporation
mechanisms as a result. Using the observations of Deegan, Chon et al. [81],
investigated the formation of particulate rings during evaporation. They investigated
the patterns formed using different types of nanoparticles (Au, Al,Os, and CuO) in
distilled water. The nanofluid drops (0.5% vol) were placed on a heater array held at
80°C. Larger nanoparticles were found to form the most distinct rings, with smaller
particles forming less pronounced rings. They postulated that slower flow and higher
viscous effects inherent in suspensions which contain small nanoparticles may

account for this observation.

A highly uniform deposit of nanoparticles was achieved by Bigioni et al. [82], using

attractive particle-interface interactions, combined with rapid early stage evaporation,
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2-dimensional nanoparticles solutions were found to grow at the liquid-vapour
interface (Fig 3.21).

Time

L J

Figure 3. 21 Evaporation of a pinned sessile drop containing surface active particles. As the
evaporation proceeds, the particles migrate to the liquid-vapour interface. When the evaporation is of
sufficient speed, a 2 dimensional nanoparticle film can be grown. Bigioni et al [82]

This leads to the formation of thin films of highly ordered monolayers of
nanoparticles. Even though the evaporation process may be very far from equilibrium,
the monolayer formation is achieved. Manipulation of this technique may be
particularly useful in ultra thin film materials for sensors and magnetic storage
devices. By slowing down the evaporation rate, no monolayer formation was
observed, and the Deegan like ring structure was observed. Gordon and Peyrade [83],
recently showed that the capillary forces which drive particle agglomeration in
colloidal suspensions can be also be used to separate them. By manipulating surface
wettability and creating templates with desired specifications nanoparticles can be
separated. By restricting the geometry of the evaporating fluid the free surface of the
liquid is affected (Fig 3.22).
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Figure 3. 22 a) nanofluids can be deposited in cells of various geometries. b) The
free surface of the liquid in confined geometries acts to provide a net force which
“‘pulls’ the particles towards the cell walls [83].

The perceived tilt in the contact line results in a net force which drives the particles
toward the wall. In this way Au nanoparticles (d=50-200nm) in solution were
separated by immersion in lithographically patterned substrates and then evaporating
the liquid. Different geometries were also tested, circles, squares, rectangles, and
triangles. These geometries could be used to localise the nanoparticles resulting in
very precise placement of nanostructures, which have resolutions much smaller than

that used in lithography alone, with length scales of <100nm achievable.
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4 Infra — red measurements of volatile liquid drops.
4.1 Introduction

In this chapter the evaporative behaviour of several volatile liquid drops is
investigated using infra red thermography. Four liquids were tested in these
experiments, Water, Methanol, Ethanol, and FC-72. In addition, four distinct surfaces
were investigated, Teflon, Macor (ceramic), titanium, and copper. The effect of
substrate temperature was also investigated. Spontaneously occurring hydrothermal
waves (here after referred to as HTWSs) and patterns are identified in evaporating
droplets; HTWs are thermally induced travelling waves [84], which occur in the
absence of surface deflection, and obtain their energy via the application of
temperature gradients. Previous observations of HTWSs have been reliant upon fixed
prescribed temperature gradients and constant thickness fluid layers, and have not

been observed during evaporation.

4.2 Experimental Parameters

4.2.1 Liquids

The four liquids used in this experiment were de-ionised water, methanol, ethanol,
and FC-72. The liquids were selected to provide a range of volatilities. In addition, all
the liquids are readily available and are used in many wide ranging applications. The
boiling points of each liquid are 100, 78.3, 64.7, and 56°C, respectively, under
standard atmospheric conditions. Ethanol and methanol were purchased from Fisher
Scientific (Loughborough, UK). FC-72 is a clear, colourless, fully-fluorinated liquid.
It is thermally and chemically stable, non-flammable, and leaves essentially no
residue upon evaporation. FC-72 was purchased from Fisher. De-ionised water was
supplied from a high purification system called the “Barnstead NANOpure Diamond”
system. It supplies water with a resistivity of 18.2mQ/cm. Details of the physical

properties are given in table 4.1.
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Water Ethanol Methanol FC-72

Y mN/m 71.99 22.39 22.07 10.00
o Kg/m? 998 789 790 1680
K mm 2.71 1.7 1.69 0.78

I mPa.s 0.890 1.200 0.544 0640
BP °C 100 78.3 64.7 56

Table 4.1: List of physical properties of the various liquids used in the experiment.

4.2.2 Substrates

To investigate the effect of substrate material on the test liquids, four different
substrates were selected. These were chosen so that they represented a large degree of
difference in their respective thermal conductivities. The four surfaces were PTFE,
Macor (ceramic), titanium, and copper, and their respective thermal conductivity
values were 0.25, 1.46, 21.9, and 401 Wm'K™' Care was taken to ensure
homogeneous wettabilities and accurate contact angle measurement; to this end, the
substrates were coated with a very thin layer of fluoropolymer Cytop. PTFE is a
common polymer which is characterised with a low surface energy and thermal
conductivity. MACOR is a brand name for a glass ceramic material. White in
appearance, the material is composed of 55% fluorophlogopite mica and 45%
borosilicate glass. It has a thermal conductivity that is similar to that of glass.
Titanium and Copper are common metals that have many wide ranging uses. The
thermal conductivity of Copper is higher than that of Titanium which is useful in
these experiments for giving a comparison of two conductive materials. A table of

physical properties of each surface is given in Table 4.2.
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PTFE MACOR Titanium Copper

k wm?k? 25 1.46 21.9 401
p Kgm™ 1200 2500 4507 8940
Cp Jgik? 1 0.79 0.523 0.385

Table 4.2: Physical properties of the various surfaces used in the experiment.

4.3 Experimental Setup

4.3.1 Infrared Camera

The Infrared camera used in this experiment was a FLIR Thermacam SC3000, which
has a range of -20 to 20 000 °C and a thermal sensitivity of 20mK. A microscopic
lens was fitted to the camera with a 10 X 7.5 mm? field of view and a minimum focal
length of 26mm. Accompanying software was supplied which enabled the images to
be acquired and stored in digital format. The spatial resolution of the system is 8-9
um. To obtain images of the drop behaviour, the Infrared camera was mounted
directly above the substrate, facing vertically downwards onto the evaporating drop.

A schematic of the experimental setup is shown in Figure 4.1.
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Figure 4. 1. Schematic depicting the experimental setup.

Drops were deposited onto the substrate and then immediately placed under the

camera. The investigated drops have contact lines that remain pinned to the substrate

for the majority of the drop lifetime. Hence, basal radius remained essentially constant

in time, whilst both the height and drop contact angle decreased in time.

4.3.1.1 Calibration.

The Infrared camera used in this experiment was supplied by the EPSRC instrument

loan pool, which is a facility providing research instruments available for short-term

(1-3 months) loan to research grant and studentship holders. Calibration of the system

is conducted by the EPSRC prior to each delivery.
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4.3.2 Software

Accompanying software (Thermacam Researcher Pro 2.8) is supplied with the camera
which is used for image capture and analysis. The software has many useful features
such as real time IR video and data analysis, high speed digital IR data acquisition,

automatic temperature vs. time plotting, and simple data exporting mechanisms.
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Figure 4. 2. Software interface for data acquisition and analysis.
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4.4 Results

4.4.1 Comparison of liquids

Tests were conducted for four liquids. Initial tests for the case of small water drops (r
=1.5mm) show that the thermal activity is very weak, with the temperature remaining
approximately uniform spatially. This work is supported by the work of Girard et al.
[85]. who showed that the magnitude of the temperature gradients that accompany the
evaporation of water droplets to be small. An image depicting the behaviour of water
is shown in Figure 4.3.
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Figure 4. 3. Thermal activity observed from an evaporating water droplet. Typical base radius, r =
1.5mm

As can be seen from the image, there is very little thermal activity observed in the
water image the temperature profile at the drop centre differs very little from that at
the drop periphery.

In contrast, the results obtained for the other liquids tested were more interesting.
Methanol and ethanol appeared to show distinct thermal fluctuations which were
observed to vary temporally. These spoke like wave trains were found to travel
around the drop periphery. The number of waves observed and the respective
travelling velocities of the waves were found vary depending on the substrate which
was being used. Thermal images depicting an ethanol and methanol drop are given in
Figure 4.4.
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Figure 4. 4. Infra-red image depicting thermal behaviour of Ethanol and Methanol drops evaporating
on a ceramic (MACOR) substrate at atmospheric temperature.

From Figure 4.4 it can be seen that there is more distinct thermal activity present in
the more volatile methanol droplet. Faint thermal waves are observed in the ethanol
droplet, the behaviour of these waves is more easily observed in video format. The
waves are more pronounced in the methanol droplet and are characterised alternating
warm and warm/cool regions, which travel in the azimuthal direction. These patterns
are reminiscent of HTWs observed in thin annular pools of silicon oil subjected to
differential heating. No preferred direction of propagation of these waves was
observed: both clockwise and anti-clockwise propagation was recorded; in certain
cases, the waves appeared to emanate from a source on the drop surface.

Taking drops of similar sizes of ethanol and methanol, it is possible to directly
compare the evaporative behaviour. This is shown in Figure 4.5. The images represent
the observed thermal activity at distinct intervals in the evaporation process, with t =

1 representing the end of a particular run.
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Figure 4. 5. Direct comparison between the evaporative behaviour of ethanol (left hand column) and
methanol (right hand column) evaporating on a ceramic substrate at room temperature.

As can be seen from Figure 4.5, there is an appreciable difference in the evaporative
behaviour of the two liquids. Although they both possess spoke-like wave patterns,
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there appears to be greater thermal activity and more pronounced waves in the
methanol drop. The recording period for obtaining these results was 20 seconds, and
each image represents a still frame taken as a fraction of the whole recording period.
As a result the first and last frames correspond to the initial and final recorded frames
(t =0 and t = 20s) and have values of t = 0 and © = 1 respectively. It is clear that
there is increased thermal activity present in the more volatile methanol droplet. In
addition to possessing more waves than its less volatile counterpart, waves observed
in methanol appear to possess a greater travelling velocity along the drop periphery.
As evaporation proceeds, it can be seen that the number of waves present in the
Methanol drop decreases, whilst the magnitude of the fluctuations appears to increase.

This is less clear in the Ethanol droplet due to the fact that there is less activity present.
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Figure 4. 6. Visible waves as a function of time for methanol and ethanol drops evaporating on a
ceramic tile at room temperature.

Figure 4.6 attempts to indicate graphically the temporal change in thermal fluctuations

present in the drops depicted in Figure 4.5. The number of visible waves present was
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determined by optical measurement using the thermacam software. Errors were
included to account for difficulties in observation due to relatively weak behaviour in
the case of ethanol, and due to the close proximity of the waves in the case of
methanol, this was more problematic in the initial stages of the evaporative lifetime.

An example of the numerical determination is shown in Figure 4.7.

Figure 4. 7. Typical wave train pattern shown by a methanol drop evaporating on a ceramic substrate
(at 24°C). An attempt has been made to number the individual waves present.

In addition to the interesting behaviour of ethanol and methanol, results were also
obtained for the refrigerant FC-72. Thermal imaging of the FC-72 drops shows a
distinct evaporative behaviour which is very different from those observed for the
alcohols. In the case of FC-72, no spoke like waves are observed. Instead, thermally-
driven cells rather than HTWSs were observed emerging near the drop centre and
drifting towards the edge. The cells were larger near the drop apex than in the vicinity
of the contact line, see Figure 4.8. During the evaporative process these cells were
shown to propagate more or less perpendicularly to the drop contact line. The cells
appear large as they first emerge, and are then reduced in size as they propagate and
new cells emerge behind them. Figure 4.9 shows the evolution of the patterns at
various stages of the lifetime of the drop evaporating on a titanium substrate. It can be
seen clearly in Figure 4.9(a) that, at early times, the drop develops a relatively cool
region near its apex. The average interfacial temperature increases radially and

exhibits a maximum near the drop edge.
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Figure 4. 8. Infra-red image depicting the thermal behaviour of an FC-72 drop evaporating on a
ceramic (MACOR) substrate at room temperature.
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Figure 4. 9. Evolution of the patterns observed during the evaporation of a FC-72 drop on a Titanium
substrate. The time interval separating consecutive snapshots in (a)-(c) is 2 seconds.

During the course of the evaporation process, the minimal temperature at the apex and
the extent of the cool region are reduced and the overall temperature gradient between
the apex and the drop edge decreases (see Figure 4.9(b), (c)). It is also seen in Figure
4.9 that the cells, which are evident at early times, appear to extend from the flow
origin to the region immediately upstream of the contact line (see Figure 4.9(a)); in
the region nearest the contact line, cells of smaller dimension are discernible. With

increasing time and decreasing drop height, the extent of the region populated by the
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larger cells decreases and appears to become increasingly confined to the centre of the
drop; the region occupied by the smaller cells, on the other hand, increases
substantially. It is important to note that, in contrast to the ethanol and methanol
drops, the patterns observed in the case of FC-72 drops do not correspond to

propagating waves.

4.4.2 Comparison of Substrate Material

Four separate substrates were selected for these experiments; they were selected to
provide a wide range of thermal conductivity values. As previously stated these
substrates were:

e PTFE (polytetrafluoroethene), a common polymer used in many wide ranging
applications such as in non-stick frying pans or as insulating material.

e MACOR, a glass-ceramic which is used in a wide range of industries such as
in aerospace and nuclear engineering. It displays good thermal properties and
exhibits excellent temperature stability.

e Titanium, a strong, low density metal used in numerous industrial areas.

o Copper, a very high thermal conductivity metal which has many applications
in industry.

In order to ensure that the wettabilities of each surface were uniform, a thin coating of
a hydrophobic fluoropolymer material was applied to each substrate. The material
chosen was CYTOP, which displays a strong chemical resistance and high optical
transparency. The coating itself was implemented using a spin coating technique
which enabled a very thin layer of material to be applied to each surface. It was
important to make sure that the layer was kept as thin as possible to ensure that the
thermal conductivity of the surface was not hindered.

Initial tests for each liquid were conducted on the least conductive substrate, PTFE.
From the infrared videos obtained for methanol, ethanol and FC-72, parameters such
as number of wave like spokes and/or cells, spoke/cell velocity and temperature

gradients were obtained.
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Ethanol

Results are presented in Figure 4.10 which show the typical evaporative behaviour
observed when ethanol evaporates on the four selected substrates at room temperature.
The temperature in the lab was observed to fluctuate between 18° and 23°, care was
taken to ensure that tests were conducted when the working temperature in the lab
was at around 20°C. The results show the variation of evaporative behaviour between
the different substrates. On the least conductive substrate, PTFE, the thermal
fluctuations observed in the droplet are very slight, and are difficult to accurately
visually observe. As we progress towards to the cases of the MACOR and Titanium
substrate we begin to see more defined thermal wave patterns. It appears that on more
conductive substrates the number of visible waves tends to increase. The result
observed on the most conductive substrate, copper, appears to support this
observation. In addition, it is shown that the number of waves appears to decrease as

time progresses.
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Titanium

Figure 4. 10. Ethanol drops on four substrates are depicted with images showing the thermal behaviour
observed at specific intervals during evaporation.

57



Figure 4.11 displays a graph of the number of waves present as a function of time for
the ceramic substrate and the most conductive copper surface to give a comparison.
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Figure 4. 11. Visible waves as a function of time for ethanol drops evaporating on a ceramic substrate
(MACOR) and copper at room temperature.

The similarities between Figures 4.6 and 4.11 indicate that increased thermal activity
(the presence of more waves) can be observed by selecting a substrate material of
higher conductivity or by selecting a liquid which is more volatile. Thus, a more

volatile liquid which evaporates on a conductive surface should possess many waves.
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Methanol

Methanol was tested on the same four substrates, and the results were analysed in the
same manner. The results obtained are depicted in Figure 4.12. The thermal activity
present in methanol is clearly more vigorous than in ethanol at the same temperature.
At an early stage of evaporation the methanol tests often seem to possess vigorous
thermal behaviour in which thermal waves cannot easily be determined, these seem to
‘emerge’ as the drop evaporates. The pictorial results shown for methanol are less
clear than those of ethanol; this is due to the vigour with which the thermal activity is
taking place. Direct comparison between Figure 4.10 and 4.12 shows the enhanced
thermal activity that is present in methanol drops. A graph illustrating the effect of
substrate conductivity on the number of visible waves in an evaporating methanol

drop is given in Figure 4.13.
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Figure 4. 12. Methanol drops on four substrates are depicted with images showing the thermal
behaviour observed at specific intervals during evaporation.
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Figure 4. 13. Visible waves as a function of dimensionless time for methanol drops evaporating on a
ceramic substrate (MACOR) and titanium at room temperature.

As can be seen from the graph, methanol also possesses a decreasing number of
waves as time progresses. There are also more waves observed on the more
conductive titanium substrate. The larger error bars at early stages are due to the
difficulty in observing the frantic behaviour occurring at these times. It can be seen
that an increased number of HTWs can be observed by either selecting a substrate of

higher conductivity or by switching from ethanol to the more volatile methanol liquid.

FC-72

As has been discussed previously FC-72 appears to possess very different thermal
activity to that of the alcohols ethanol and methanol. Results are presented depicting
the evaporation of FC-72 on the four different test substrates in Figure 4.14. As can be

seen in the figure, results for FC-72 show cells which propagate from the drop centre
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out towards the contact line in each case. Each experiment was repeated at least 5
times to ensure repeatability.
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y

Figure 4. 14. FC-72 drops on four substrates are depicted with images showing the thermal behaviour
observed at specific intervals during evaporation.
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4.4.3 Comparison of Substrate Temperature

The effect of substrate temperature was investigated by constructing a substrate
mount which was capable of heating the substrate to a desired temperature. The
substrate temperature was controlled via a temperature controller whilst the
temperature readings were obtained from a thermocouple which was embedded in the
substrate mount. Initial recordings were taken at temperatures of 26°C & 29°C, and
later some additional results were obtained for 24° & 32°C for the cases of methanol
and FC-72.

Care was taken to ensure that there was good thermal contact between the heated plate
and the test substrate in each case. This was done by affixing the substrate to the
heated plate with the use of a thermally conducting contacting adhesive. Before
testing, care was taken to ensure that the substrates were at the required temperature,
and that the temperature was being controlled adequately. This was more of a concern
when testing the thermally insulating PTFE and MACOR substrates. However, the
thicknesses of the substrates were relatively thin, and the substrates were found to
heat up to the required temperature in a few minutes. The results of increasing the

temperature for methanol and ethanol are given below.
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Figure 4. 15. The evaporative behaviour of an ethanol drop evaporating on a ceramic substrate at 20°C,
26°C, and 29°C.

From Figure 4.15 we can see a slight increase in thermal activity as the temperature
increases. The HTWSs appear to be more clearly defined, showing a slightly increased
temperature difference between warm and cool regions. The increase in thermal
activity has been plotted in Figure 4.16. The narrow range of temperature reading
means that in order to display all three samples at the given temperatures, some trade

off is necessary in range of interest.
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Figure 4. 16. Graphical representation showing the variation in number of visible waves as time
progresses for ethanol drops evaporating on substrates held at 20°C, 26°, and 29°C respectively.

In Figure 4.16 the reduction in number of visible waves as a function of time is
evident. The number of visible waves is still clearly less than that which is observed
in evaporating methanol drops owing to the less thermal activity present in ethanol.
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Figure 4. 17. The evaporative behaviour of a methanol drop evaporating on a ceramic substrate at
20°C, 26°C, and 29°C.

The increase in visible waves as substrate temperature increases is more pronounced
in the case of methanol. Also direct comparison between Figures 4.15 and 4.17 help
to illustrate the increased thermal activity shown by methanol. A graph illustrating the

change in visible waves against evaporation time is depicted in Figure 4.18.
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Figure 4. 18. Graph depicting the change in visible waves as evaporation proceeds for a methanol drop
on a ceramic substrate at various temperatures.

In this figure the change in visible waves is clear to see. It is shown that at all
temperatures the methanol follows the general trend of decreasing waves in time,
much like the ethanol drops. There are more waves present for methanol however,
and the trend is clearer to see than for ethanol. Figure 4.19 depicts the evaporative
behaviour for both methanol and ethanol on titanium substrates at different

temperatures and is provides a good comparison of the differing behaviour.
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Figure 4. 19. Comparison of ethanol (left hand column) and methanol (right hand column) drops
evaporating on a titanium substrate, at room temperature and 29°C. More waves are observed in the
case of the substrate with the higher temperature and more volatile liquid.
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4.5 Discussion

The interesting results presented here are very similar in nature to the work by Garnier
et al. [86, 87], who studied thermocapillary-driven patterns in shallow annular pools
of silicon. Garnier et al. correlate their results by estimating the values of the
Marangoni, Rayleigh and Bond numbers, given by Ma, Ra and Bo. Estimates of these
numbers have been made in table 4.3 for the three liquids methanol, ethanol, and FC-
72. Here, T denotes the temperature, H and | are characteristic vertical and radial
length scales, p, v and « are the density, kinematic viscosity and thermal diffusivity
respectively; g is the gravitational acceleration, o is the surface tension;
a=pXop/0T) s the coefficient of thermal expansion and” = _(aG/aT), a positive

quantity for most pure fluids. It is also useful to define x : for ¥ << 1 one would expect
to observe thermocapillary-driven waves and then beyond a threshold to observe rolls.

Methanol Ethanol FC-72
M =aH?AT/p W 8.7x10 3.6x10° 4.9x10°
R aag FAT/v k 58.6 16.8 10.2
x=RdM ¢ 6.7x107 4.7x10° 2.1x10°
B opg H/c 0.16 0.13 0.11

Table 4.3: Estimates of dimensionless parameters.

For the test liquids average values were selected for AT, H, and | with the height and
length scales obtained using a contact angle analyser which can also be used to obtain
drop heights and base diameters. In the case of both ethanol and methanol ¥ << 1
indicating that thermocapillary forces do indeed dominate those related to buoyancy.
Thus, for these liquids the dynamics should be accompanied by the formation of
thermocapillary-driven patterns such as the HTWs observed by Garnier et al [87]. The
small values obtained for Bo also indicate that surface tension should dominate and
that gravitational forces are expected to play a relatively minor role. It is also shown
from Table 4.3 that thermocapillary forces should be dominant in the case of FC-72,

however the patterns observed seem to indicate a rolling pattern.
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The magnitude of the temperature gradients that accompany the evaporation of a
sessile drop decreases with increasing time and decreasing drop thickness. As a result
the driving force for the formation of HTWs is reduced leading to a reduction in the

number of visible waves as evaporation proceeds.

It is important to note that in contrast with the work of Garnier et al, as well as in
other cases in which thermally-induced waves result from the imposition of constant
temperature gradients, the gradients in the case of evaporating sessile drops are self-
generated due to the spatially non-uniform evaporative flux. Furthermore, the
conditions of criticality are now both spatially and temporally-varying due to the
evolving drop height and temperature gradients; these features are absent in the case

of differentially heated pools.

The angle of propagation of the thermally-induced wave-trains, which measures the
deviation of the axis of an individual wave from the radial direction, was also
measured for methanol and ethanol. Previous work has shown this quantity to be
strongly dependent on the Prandtl number, Pr = Cpu/A, for HTWs ; here, Cp, p, and A
denote the specific heat capacity, dynamic viscosity and thermal conductivity,
respectively. Our results indicate that the propagation angles for methanol and ethanol
(Pr=6.4 and 12, respectively) are 11° and 20° for PTFE, 14° and 25° for Macor, and
19° and 28° for titanium, respectively. This finding is in line with the results of
previous work on differentially heated thin liquid pools, which showed that the
propagation angle increases with Pr. Moreover, it appears that substrates of larger
thermal conductivity, which lead to larger evaporation rates, also give rise to higher

propagation angle.

4.6 Conclusion

In summary, the spontaneous evaporation of sessile drops of varying volatility on
substrates with a wide range of thermal conductivity using IR thermography has been

studied; attention was focused on the thermally-induced dynamics that accompanies
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the evaporative process. Experimental evidence for the presence of interfacial
temperature wave-trains has been presented, which, in the case of methanol and
ethanol, are identified with the HTWSs observed previously in the literature; the
dependence of the wave-train characteristics on system parameters provides strong
supporting evidence allowing us to identify these waves as HTWs. Previous studies
have observed HTWs resulting from the imposition of temperature gradients.
However, the driving force for the wave-trains in the volatile sessile drops
investigated here are self generated temperature gradients resulting from non-uniform
evaporation. The magnitude of these spontaneously-formed gradients and the drop
thickness decrease with time and these, along with the substrate thermal properties

were shown to influence the observed pattern characteristics.
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5. Theoretical Model

5.1 Objective

A theoretical study was conducted by researchers from Marseille Université using the
experimental findings from the previous chapter as a basis on which to build the
theory. The main aim was to try and provide an insight into the observed behaviour
from a theoretical perspective. The purpose of this theoretical analysis is to track the
threshold of the onset of HTWSs by means of a linear hydrodynamic stability analysis.
Only the main results are presented in this section, a rigorous description of the theory
has been published and can be found in Colloids and Surfaces A: Physicochemical
and Engineering Aspects, 365, 1-3, 95-108, 2010. This approach focuses on droplets
under atmospheric pressure. The droplets under investigation are millimetre in size
and hence have spherical cap geometry as a result of the negligible effect of gravity.
The analysis is restricted to pinned drops i.e. drops with a constant contact line radius
rq. Evaporation takes place as a result of the unsaturated vapour in the surrounding
atmosphere. At the free surface, the vapour concentration is assumed to be the
saturation concentration, in the vapour phase a steady diffusive regime sets in from
the saturated layer to the unsaturated region. No natural convection is expected for
substances heavier than air (methanol and ethanol for example). In the reference state,
the two phases are at a mechanical equilibrium and isothermal. The perturbation
equations have to be written in 3D as azimuthal motion is expected to set in. Trial
functions are introduced to the theory to produce behaviour similar to that which was
observed experimentally. The results are speculative, but give an indication towards a
direction for future theoretical investigation.
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5.2 Perturbation equations

The following equations are taken from the paper in which the theoretical work is

published, they are presented here to show how the trial perturbations were
constructed.

The velocity - temperature and vapour mol-fraction perturbed fields are expressed in
terms of spherical harmonics.

N (@9 = - LIP 20 vy

ot p

V=V (5.1)
P'= P+ P

& =V (R)V,"(0.¢)exp(wr)

‘2—t+vﬁT':v2T'—vﬁT*

T'=T"+6T
oT = 3(R)Y,"(0,¢)exp(wr) (5.2)
oY

4 V-VY'=VY'-y.VY"
ot

N'=Y"+6Y

The momentum boundary conditions on the free surface have to account for the
normal deformation of the drop. The evaporation front curvature has to be perturbed

in the same way as done by Blinova et al. [97] for a spherical solidification front.

0

The reference state is a time dependent state with a characteristic time given by EC

: : 1 0 - .
The perturbations have a time constant—<<5. The stability analysis has to be
w

performed for asymptotic conditions at short time and short wavelengths. Exchange of
stability or oscillatory instability might be obtained according to the values of the real
or imaginary parts of . The analytical resolution of the eigen-values problem should
lead to knowledge of the minimum critical value of the Marangoni number and

evaporation number at which the most probable mode of deformation of the surface
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should grow. The short wavelength modes growing on the receding spherical cap may
be described by polynomial developments. The most classical ones are the Legendre
polynomials. With various trial functions to model the perturbations of the drop
surface, structures similar to the thermographic images are obtained. In Figure 5.1, the
patterns obtained on sessile drops with various contact angle show clearly that the
wavelength increases with decreasing contact angle as obtained by thermography.
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Figure 5. 1. Vapour saturation fraction-Temperature slopes; acetone, methanol, ethanol and water.

According to the trial function used, the pattern obtained on the drop may show a
decreasing wavelength when approaching the triple line. A deformation in the
azimuthal direction may also be predicted. The normal perturbations of the surface
correspond to regions where the vaporization front penetrates in colder or warmer
domains removed from the equilibrium conditions so that condensation or evaporation
may proceed locally on the crests or in the wells. The surface deformation induces
micro-convection in the neighbouring fluid. The problem as formulated so far cannot
be solved analytically. Elaborate and tedious numerical techniques are necessary to
give a full solution to the problem. Instead of going down that route, a different
approach has been adopted, which aims to reveal the nature and form of the
perturbations which could lead to surface waves similar to the ones observed
experimentally. Using as an initial steady state a drop with a spherical cap shape, a

parametric study is undertaken to evaluate the form of the solutions to perturbations
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which may give rise to waves similar to the ones observe experimentally. In a first

stage a perturbation of the interface is introduced, following the functions given
below,

_ ( 1 \
X+ X = cosqucos[ﬂIZ— 0]+ o cos64[z/2 - 6’])
o 1 \
y+§y_sm(p~kcos[7r/2—0]+ac0564[7r/2—9]j

Z+0= (sin[;z/Z— 0]+ 6i45in64[7z/2 —~ 6])
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Figure 5. 2. Surface wavy perturbation obtained with arbitrary trial functions.

The resulting waves are of similar wavelength travelling from the apex to the contact

line region, Figure 5.2. In a second stage the perturbation functions are altered
according to the format given below,
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X + K = cos(p-(cos[erZ — 6?]+6i4cos64[7z/2— 49]2)

Yy + 3y =cose- (cos[nIZ 6?]+ 00564[7r/2 49]

z+5z_(sm[7r/2 9]+ S|n64[7z/2 6]

The resulting waves are still travelling from the apex to the contact line, with the
wavelength decreasing as we move from the apex to the contact line. In a last stage, and in
addition to the perturbations on the longitudinal angle, a perturbation on the azimuthal
angle is introduced. The perturbations functions are selected in such a way that the contact
line is not deformed (since we are dealing with pinned drops). This last form of
perturbation functions seems to yield waves that are very similar to the ones observed in
the experiments. Circling waves, with a wavelength that depends on position are obtained

when trying the following functions,

X + K = {COS((D— [z12- 0]+ %cos6¢-sin(0— 90)}~(cos[7z/2— 6’]+$c0564[7z/2 — 6]2)

y+dy = {sm((p [z12-0)+= sm6(p sin(6— 9)} (COS[ﬁ/Z 49]+ c0364[7z/2 9]

z+5z_(sm[7z/2 0]+ c0364[7z/2 6’]

In addition to circling waves on the drop surface which replicates the observed
experimental trend, the above perturbation functions, and in agreement with experiments,

indicate that the wave number decreases as the drop evaporates, Figure 5.3.
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Figure 5. 3. Azimuthal motion obtained with trial functions.

The approach adopted above may be qualitative in nature; nonetheless it unravels very
useful information on the form the perturbations may have in order to give rise to
waves similar to the ones observed experimentally. This approach also can guide
modellers in selecting the right form of perturbation functions, when attempting a
more complete theoretical resolution of the problem.
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5.3 Conclusion

The complexity of the evaporative process of sessile drops has been investigated by
means of IR thermography. The spontaneously occurring thermal instabilities shown
by ethanol, methanol and FC-72 are clearly distinct from each other, and can also be
manipulated by altering the evaporation parameters such as substrate material and
substrate temperature.

Hydrothermal waves on evaporating sessile drops are evidenced by infrared
thermography. A theoretical method for the rationalization of the results is proposed
on the basis of a stability analysis of the normal deformation of the drop surface
resulting from a combined Marangoni instability carried by the time dependent
regression motion due to evaporation. Trial functions are used to reproduce the
patterns observed experimentally. These functions may be used as a basis for future
research, and can help in guiding researchers to select the most appropriate forms of

perturbation functions for future investigation.
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6. Stick-slip behaviour in evaporating nanofluid drops

6.1 Introduction

In this section the various factors which may influence the evaporative behaviour of a
nanofluid droplet are studied. In particular, the particle concentration, substrate
hydrophobicity, and particulate material are investigated. A drop evaporating on a
non-ideal substrate will tend to be pinned to the surface. The drop radius will remain
essentially constant during the evaporation process, whilst the contact angle will
continuously decrease until it reaches a limiting value, at which point the contact line
begins to recede [36, 98]. Deegan et al. [10] investigated the evaporation of pinned
droplets containing colloidal particles to study internal flow patterns within a sessile
drop. Evaporation at the contact line was found to induce an internal flow of liquid
which is drawn to the drop periphery to replace the evaporating liquid. This flow
results in the colloidal particles accumulating at the contact line, leaving concentrated
rings of particles upon total evaporation.

In this section the evaporation kinetics of sessile nanofluid droplets is
investigated. The pinning enhancement observed with the addition of nano-particles is
discussed, and a comparison between the results obtained between TiO, and Al,Os
nanofluids of various concentrations and with different base fluids on various
hydrophobic substrates is made. The effect of substrate hydrophobicity is also
examined and an attempt is made to provide a simple interpretation of the observed

results.
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6.2 Experimental Parameters

6.2.1 Setup

The experimental aim was to observe the effect of nano-particle addition on the
evaporation kinematics of a pure fluid, namely ethanol. Drops of known volume were
deposited on a substrate and the evaporative process was observed visually. An
experimental set up was constructed which consisted of a drop shape analyzer (Kruss,
DSA 100) which could record the evolution of drop profile (contact angle, drop
radius, drop volume) with time, using high speed imaging, an image depicting the
system is shown in Figure 6.1. The analyzer provides high-precision dosing and
positioning of liquid drops and permits recording and evaluation of video images

through accompanying PC controlled software.

Figure 6. 1. Drop Shape Analyser Kruss DSA 100

A cylindrical chamber, shown in Figure 6.2, was developed to ensure that the
experiments were conducted in a clean and controlled environment. As well as
preventing contamination from atmospheric particulates, the chamber was also used

to control the working atmosphere. All runs were conducted using a nitrogen
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atmosphere. The chamber itself was constructed from stainless steel, with borosilicate
glass viewing windows embedded in the side walls. Separate connections to the
chamber were also constructed, one for the nitrogen supply, a connection line to a
vacuum pump to remove the ambient air in the chamber, and one for an electrical

cable connected to the horizontal plate. The plate was attached to a vertical axis

enabling it to be raised or lowered to control drop deposition.

Figure 6. 2. Stainless steel chamber, constructed to maintain a clean nitrogen atmosphere and to
control pressure.
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6.2.2 Nanofluid Preparation.

Titanium oxide and Aluminium Oxide nanoparticles (Sigma Aldrich) were purchased
in powder form; manufacturers specifications give the particle size to be typically
<50nm for TiO2 and < 100nm for Al,O3. A T.E.M image of the particles revealed an
ellipsoidal shape for the Titanium Oxide, and a spherical shape for the Aluminium
Oxide particles. Images of the two materials can be seen in Figures 6.3 and 6.4. The

particle size was also shown to be in agreement of that given by the manufacturer.
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Figure 6. 3. TEM of Al203 nanoparticles Figure 6. 4 TEM of TiO2 nanoparticles

Nanofluid solutions were prepared by carefully weighing the mass of nano-particles
required to achieve the desired concentration onto a microbalance. The fluids were
then prepared by adding the required amount of ethanol. In order to achieve a good
suspension, the fluids were placed in an ultrasonic bath for 1hr immediately prior to

testing.

6.2.3 Substrate preparation.

Three substrates were utilized in these experiments, CYTOP C4F8 and Teflon.
These substrates were selected due to their hydrophobic properties and coated onto
silicon, a very smooth surfaces which is a requirement to eliminate pinning due to
roughness. The substrates themselves were fabricated by using a spin coating method
to deposit a sub-micron thick polymer layer over an oxidised silicon wafer. After

coating the silicon wafer was then diced into 1cm x 1cm tiles. Prior to commencing
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the experimental tests, the surface roughness of each substrate was obtained. Scanning
white-light interferometry, a technique in which a pattern of bright and dark lines
(fringes) result from an optical path difference between a reference and a sample
beam was used to analyse the surface roughness, the results indicate that all surfaces

are extremely smooth, as shown in Fig. 6.5.
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Figure 6. 5. Surface roughness profile obtained with a microscope interferometer(New View 100,
Zypo Corp, USA).

6.2.4 Experimental Procedure

Each substrate sample was cleaned before use. This was done by first
immersing the substrate in a bath of IPA for approximately 5 minutes to remove any
small particles and contaminants from the surface. Compressed air was then used to
ensure that any remaining contaminants were removed from the surface, which was
subsequently placed in the evaporation chamber. Before each drop was deposited, the
pressure in the chamber was reduced to 50mbar using a vacuum pump that was
connected to the chamber, nitrogen was then supplied until a pressure of 1000mbar
was attained. Having reached the required pressure, the liquid was then dispensed
from the syringe mounted onto the chamber lid. Scale bars on screen were used as
indicators to try and maintain equivalent drop volumes for each experimental run.
Once the required pendant drop volume was reached, the substrate was raised until it
made contact with the liquid, and then lowered, detaching the drop from the syringe.
Care was taken to ensure that the image was as sharp as possible; this was done by
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manipulating the manual controls until a sharp, focussed image was displayed on
screen, with a clear definition at the contact line.

6.3 Results

6.3.1 Effect of Substrate Hydrophobicity.

Three substrates were prepared to allow us to compare the effect of substrate
hydrophobicity, Teflon, CYTOP, and C4Fs. As previously stated these were prepared
using a spin coating technique. Sample tests using pure ethanol indicate that the
equilibrium contact angle for ethanol on Teflon was ca 10-15° higher than that of
CYTOP, with the lowest contact angle found on the C4F8 surface. The equilibrium
contact angle of ethanol on C4Fg was ca. 18°C, CYTOP was around 44° and Teflon
was ca. 58°C. Results are presented in Figure 6.6 of base radius, R vs. time, t, on each
of the three substrates. It can be clearly observed from the graph that the base radius
appears to recede quite homogeneously, and monotonically, as time progresses in the
case of Cytop and Teflon. These results are similar to that expected during
evaporation on an ideal surface, where surface roughness and chemical heterogeneity
isn’t a factor. In contrast, the base radius appears to remain essentially constant on the

less hydrophobic C4Fg substrate.
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Figure 6. 6. Contact Radius, R, vs. time, t, for ethanol on PTFE, Cytop, and C,Fg. Inset shows
extrapolation to estimate total time to evaporation.

In contrast, the contact angle, 6, is observed to remain almost constant during the
evaporative lifetimes on the Cytop and Teflon surface, whilst it decreases temporally

on C4Fs. This behaviour is indicated in Figure 6.6.
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Figure 6. 7. Contact angle, 6, vs. time, t, for ethanol on PTFE, Cytop, and C,Fg.

These results indicate that there is little pinning of the contact line in the case of
Teflon and Cytop, whilst the contact line remains essentially pinned for the bulk of
the evaporative lifetime in the case of C4Fg, which is similar to what would be
expected on a non-ideal surface. Similar results were obtained on subsequent runs (3-

5 per surface).

6.3.2 Effect of nanoparticle addition
The evaporative behaviour of pure ethanol on the three surfaces provides a good basis

to examine the effect of nano-particle addition. The results in this section will focus
on the behaviour mainly of nanofluid drops on both the Cytop and Teflon surfaces. As
C4Fs was already shown to exhibit almost total pinning, testing nanofluids on this

surface was essentially redundant.
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TiO, — Ethanol nanofluids

Initial tests were conducted on Cytop substrates. TiO, ethanol nanofluids were
prepared in several concentrations (0.01%, 0.05%, 0.1%, and 1% by weight). Care
was taken to ensure that drops were placed on the substrates in the same way as had
been conducted with the pure ethanol tests. Initial tests at 0.01% indicated that the
introduction of particles into the bulk fluid began to alter the evaporative process.
Perturbations were observed in the drop contact angle as evaporation proceeded, this

is shown in Figure 6.8.
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Figure 6. 8. Evaporative behaviour of 0.01% TiO, nanofluid on Cytop, mild stick slip perturbations
can be seen.

The perturbations are seen to be very minimal at early drop lifetimes, and begin to
increase as the drop evaporated. Overall the contact angle did not deviate significantly
over the whole drop lifetime at a concentration of 0.01%. Increasing the concentration

to 0.05% was shown to enhance this pinning effect, Figure 6.9.
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Figure 6. 9. Evaporative behaviour of 0.05% TiO, nanofluid on Cytop, distinct stick slip perturbations
can be seen.

In Figure 6.9 distinct periodic stick-slip is present, the base radius initially decreases
in time in a similar fashion to the case of pure ethanol. However there are periodic
stages where the base does not recede, resulting in a decrease of drop contact angle as
evaporation occurs. This behaviour is even more evident when the concentration of
nanoparticles is increased even further. Figure 6.10 presents the evaporative

behaviour of a 0.1% TiO,-ethanol drop.
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Figure 6. 10. Evaporative behaviour of 0.1% TiO, nanofluid on Cytop, distinct stick slip perturbations
can be seen.

As can be observed from Figure 6.10, a distinct stick slip evaporative behaviour is
observed at this concentration. The drop contact angle decreases as evaporation
procedes, until it reaches a critical angle, at which point the drop base ‘de-pins’ from
the surface and recedes to a new, smaller radius, at the same time the drop contact
angle increases. We can see from the figure that during the evaporative stick phase,
there is still some evidence of receding drop radius present, this is discussed more
fully in the discussion section. Upon complete evaporation, we can observe the
nanoparticles which have been deposited on the substrate surface. When these are
examined, the stick slip phenomenon can be easily identified. Figure 6.11 illustrates

the deposit patterns left by the drop which is presented in figure 6.10.
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Figure 6. 11. Photograph of substrate surface after evaporation of ethanol containing a 0.1% by weight
suspension of TiO2 nano-particles. Rings of accumulated particles correspond to ‘stick’ in the stick-
slip cycle. Outer ring diameter ca. 2.4mm

The figure illustrates the stick slip pinning and de-pinning phenomenon at work. The
rings of particles accumulate at the drop contact line during the pinned phase, the
relatively particle free regions are the result of the de-pinning stage where the drop
rapidly recedes to a smaller radius. Clearly, increasing the particle concentration
appears to increase the transition from constant contact angle evaporation to
intermittent stick slip. By increasing the concentration even further, a point can be
reached in which the drop remains essentially pinned for the majority of the drop

lifetime. This is shown in figure 6.12.
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Figure 6. 12. Evaporative behaviour of 1.0% TiO, nanofluid on Cytop Almost total pinning is
observed for majority of drop lifetime.

The drop radius remains constant for the vast majority of the drop lifetime and
appears to drift only at a late stage in the evaporative process. Clearly increasing the
concentration of nanoparticles has direct effect on the evaporative process. This
interesting result was then investigated on Teflon coated substrates to provide a
comparison with a surface which displays a higher degree of hydrophobicity. Initial
tests were conducted with a particle concentration of 0.1%. These results are

presented in Figure 6.13.
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Figure 6. 13. Evaporative behaviour of 0.1% TiO, nanofluid on Teflon, vary little pinning is observed.

Direct comparison between the two surfaces for the case of 0.1% TiO,- ethanol drops
indicates that the particles enhance pinning on Cytop in a more pronounced fashion.
On Teflon the drop continues to evaporate with a constantly decreasing drop radius.
The fact that the same concentration of nanofluid can behave quite differently on
CYTORP than it does on Teflon is an interesting result. It is clear that on Cytop the
drop spreads further than on Teflon, this is shown by the larger initial drop radius and
lower contact angle observed in Figs. 6.9,6.10, and 6.11, in comparison to Fig. 6.13. It
appears that the lower initial contact angle enhances pinning of the substrate. To
investigate this further, a comparison was made between the two substrates using the
Al;O3 nanofluid. Figure 6.14 shows the evolution of drop radius and contact angle in
time for a 0.05% Al,O3 nanofluid drop. It is clear from the graph that on the CYTOP
substrate the drop is pinned for the majority of the evaporative process. The contact

angle decreases steadily and the base radius is essentially constant.
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Figure 6. 14. Radius and Contact Angle vs. Time for 0.05% Al,O; drop on CYTOP substrate.

This pinning is also evident at higher concentrations of Al,O3 nanofluids on CYTOP.

Evaporation of Al,O3; nanofluid on Teflon however, displayed very different results.

On Teflon the pinning effect was again minimal, as was the case with TiO, particles

on the Teflon substrate. Figure 6.15 depicts the drop evolution for a 0.05% Al,Os

drop on Teflon. Again the base radius can be seen to constantly decrease, much like

the results in Fig. 6.14.
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Figure 6. 15. Radius and Contact Angle vs. Time for 0.05% Al,Os drop on Teflon substrate.

The contact angle remains essentially constant in time, with small

perturbations towards the end of the drop lifetime. This behaviour is noticeably

distinct from the same drop concentration on Cytop. It is clear that the hydrophobicity

of the substrate plays a role in determining the evaporative behaviour of the drop. It

appears that drops with higher initial contact angles (i.e. drops deposited on very

hydrophobic surfaces) exhibit less pinning during evaporation than those with a lower

initial contact angle. The evaporative process must then be in some way reliant on the

hydrophobicity of the surface. From these results a simple attempt at interpreting the

data has been made.
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6.4 Discussion and interpretation

6.4.1 Dependence of drop lifetime on substrate hydrophobicity

In Figures 6.6 and 6.7 results are presented of drop contact radius, R, and contact
angle, 6, vs time, t, for pure ethanol. It is clearly visible, apart from a few slight
experimental variations, that contact radius, R, decreases (approximately) linearly
with time, whilst contact angle, 6, remains essentially constant. Similar results were
obtained by several independent experimental runs. This is quite consistent with what
would be expected during the evaporation of an ideal sessile liquid drop on an ideal
solid surface, for which hysteresis effects are nonexistent, or at least, negligible.
Provided the kinetics of evaporation is relatively slow compared to the kinetics of
accommodation of the drop to its configuration of minimum free energy for a given
volume (by internal flow and recession of the triple line), then the contact angle
should indeed remain constant. This indicates that pinning of the TL is
inconsequential. It is instructive at this point to consider the essential differences
between the behaviour of Cytop® and Teflon® on one hand and that of C4Fg on the
other. The last has by far the lowest (typical) value of contact angle, 6. Young’s

equation may be written as:

0=y = s *+ 7C0S6, (6.2),

where yg, , 75, andy are respectively solid/liquid, solid (in the presence of vapour)

and liquid surface tension, and @, is equilibrium contact angle. If the contact angle
decreases by a small amount, 66, following evaporation, there exists a force (per unit
length of triple line), oF , ‘attempting’ to move the triple line (to cause recession)
(see Figure 6.16):

OF =yq — Vsy) + 7C08(6, —60) = ysind, .60 (6.2).
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Solid

Figure 6. 16. Schematic representation of triple line region with liquid surface at its equilibrium
contact angle, &, , and at a slightly smaller angle, (6, —56) .

If there exists an intrinsic energy (or force) barrier, U, opposing triple line motion
(wetting hysteresis) [36], then for a given liquid, a small value of &, implies a small
value of F unless 58 is larger. Thus a larger deviation from equilibrium is required
before the triple line depins. Presumably, with the results obtained, &, is sufficiently

large for ethanol on both Cytop® and Teflon® in order for depinning to occur virtually
continuously, or for very small 66, leading to a constant value of @, at least at the
observable scale. (The slight variations seen in Figure 6.6 could well be related, at

least partially, to small scale unpinning.) However, ethanol on C4Fg, with a much

lower value of 6, , presumably cannot ‘generate’ enough force to overcome the barrier

created by the accumulation of particles, at least until & has decreased to ca. 12°,
towards the end of drop lifetime. Returning to Figures 6.6 and 6.7, in which it can be
seen that for pure ethanol, contact angle, 6, remains essentially constant during the

entire process of evaporation for the PTFE and the Cytop® substrates, an attempt can

be made to explain drop lifetime, t;, as follows. Evaporation flux, J.n (the vector
notation with n as unit normal to the surface is simply to ‘formalise’ evaporation, m :

perpendicular to the liquid surface) may be expressed as:
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2 —4(0)
J.n:Jo[l——] (6.3),

where J_ represents flux perpendicular to a planar liquid surface, r is radial distance

and R is drop contact radius. The exponent A(8) is equal to (z—26)/(27x-26) ,
according to Deegan et al. [10] whereas an apparently improved version is given
by A(8) equal to 0.5-6/x , suggested by Hu and Larson [14]. The latter is adopted in

the following. In either case, evaporation rate is exacerbated near the triple line, and

increasingly so for small values of contact angle. Assuming the above, it is possible to
calculate overall evaporation rate, M(6) , or rate of mass loss, as a function of @

from:

21+ (ZZHZ/Z)J

27 (6.4),

R 1
M () = —jzﬂr 1+y?2. J.A dr ~ —22R Joj
0 0
where z =r/R and spherical drop geometry of sufficiently low 6 may be
approximated by height, y ~ (R? —r2)49/2R. In fact, the term on the right,

in (2262 /2), only contributes ca. 22% of the integral, even for the ‘worst’ case

considered, of @ =1 radian, but it is retained nevertheless below, since it only slightly

complicates the algebraic expressions. Integration leads to:

. —R2J, 6
M (0) ~ {1 * 5= ,1)} (6.5).

Interestingly, equation (6.5) shows a quite distinctive scaling law of M ~ R.
This is not in agreement with Deegan et al.’s postulate [10] of M ~ R. Despite the
recognised, exacerbated evaporation near the contact line, the expression formally

retains an R?dependence.
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In the general case, @ = 6(t), which would make integration of M (@(t)) in
equation (6.5) very difficult, since A = A(6(t)) also. Fortunately, there are two
limiting cases, at least to a good approximation, which allows considerable
simplification. As discussed above, for both Cytop® and Teflon®, contact angle, 6,

remains virtually constant throughout evaporation, whilst for C4Fg, contact radius, R,

does not change significantly until near the end of drop lifetime.

In the former case, drop volume, V, is approximated byV = M/p ~ 7zR30/4 ,

where M is drop mass and p is liquid density, leading to:

s (37 +20+ 76?)
27°R°J, — :
4 dt (37°+ 870+407)

(6.6).

. _ OR? —3p70R?
M (0) ~ d( pm _ —3prm _d_Rz
dt 4

With @ constant (= initial value @, ), direct integration of equation (6.6), with the

boundary condition of R(t =0)=R, (R, is initial contact radius) leads to:

8.t (37 +20, + 767
(Ro - R) ~ . 2 2
3p6, (37°+ 8n6, +46;)

(6.7).

Figure 6.6 corroborates the linear dependence of drop radius decrease with time in

agreement with equation (6.7) for ethanol on Cytop® and Teflon®. Taking t, as drop

lifetime, i.e. when R becomes zero, we may express equation (6.7) as:

(6.8),

3p [4\/ }1’3 02" (37 + 876, + 46?)
T 8r J, " (37 +20, + 762)

T

where V refers to initial drop volume.

On the other hand, if wetting line pinning occurs, it is R (=R, ) which remains

(approximately) constant and & which decreases, in which case:
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. - OR®) - paR’ 37 +20+76°
M) =3[ 27V TP 40 ey ( i )2 (6.9).
dt 4 4 dt (B7°+ 870+46°)
Alternatively, assuming drop lifetime to be terminated até =0 (starting até, ):
87 t . (37° + 876 + 46°
LRLEPY je ( g )de ~ (46, — S In(L1+ 20, ) ~ 76, (6.10).
PR o Br+ 20 + 76°) 2 3

The integral above is not straightforward, but since small values of @ are relevant (<

0.35 rad.), it may be simplified without much loss of precision by neglecting terms

in@d?, to give the right hand term of equation (6.10). In fact, equation (6.10) also

implies a linear dependence of & on time, as suggested in Figure 6.7. More

significant is the expression estimating drop lifetime:

t; =

R 213 1/3
RO, PYs {ﬂ} ( 6.11).

8J 8J T

0 0

Equations (6.8) and (6.11) could be used to estimate drop lifetime for the two cases
discussed, but unfortunately, little a priori knowledge of J, the evaporation current
flux at the drop centre exists, although 8, pand V are accessible. Hu and Larson [14]
suggested that J, depended on intrinsic contact angle, although Kelvin’s equation

would tend to indicate that any effect is negligible, for the following reason. It is true

that J is the evaporative flux at the drop centre, which, strictly speaking, is curved
and not flat. The equilibrium vapour pressure, p, for this curved surface, of radius of

curvature, x*, is related to that of a flat liquid surface, p,, by:

AR 7'S
= p_ exp —m ™ 6.12),
P=0, p( RT j ( )
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where V_, is the molar volume of the liquid and RT have their usual meaning of the

product of ideal gas constant and absolute temperature. It is readily checked,

withV_ of order 5 x10° m* mole ™ and x*ca. 1 mm, that the exponential argument is

of order of 10 for the drop sizes in question and thus p = p, - However, there is a

potential effect of drop curvature, which is discussed below.

Notwithstanding, to circumvent the absence of definitive knowledge of J, (see
below) let us define a constant, K, by: K ~ 3p[4V / z|"* /873, in which case with a

‘normalised” lifetime, t, = K™'t, , we have:

=~ 02" (372 + 876, + 46?)

= f(0 6.13a),
f (37 + 26, +m902) (%) ( )
e
[~ 7= (0,) (6.13b),

where equations (6.13a) and (6.13b) refer respectively to the cases of smooth wetting

line recession (Cytop® and Teflon®) and pinning (C4Fs). Functions f(4,) and

g(d, ) can be readily calculated.

Simple regression theory can now be applied to the equationst, =Kf (6,) and
t, =Kg(6,) in order to estimate K, taking f (¢,) and g(€,) as the independent
variable, and using the experimental values of both t, and &, for the three substrates.

This may either be done by straightforward regression analysis [viz. ti = a + b f(&), or
tr = a + b g(&); a and b being constants], using four effective experimental points
[since (0,0) is also a valid point], or by using a fit forced by the origin [viz. tr = K f(&)
and t; = K g(&)]. Both procedures have been used and Figure 6.17 shows the results.
The standard fit leads to a = 13 s and b = 169 s (equivalent to K), and for the forced

fit, K = 172 s, with correlation coefficients of ca. 0.999. It may be seen that there is
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little to chose and a reasonable value of 170+ 30 s for K, given the degree of precision

in question.
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Figure 6. 17. Drop lifetime, t;, vs either function f(8,) or g(6,), as given by equations (13). Continuous
line corresponds to 1-parameter regression fit and dotted line to normal, 2-parameter fit.

Figure 6.17 presents t, vs. @ (rad.) as two curves, calculated from equations (6.13).

For higher values of 6, , (6.13a) is applicable and for lower, (6.13b). The solid lines in
Figure 6.18 correspond to the approximate ranges of validity and the dotted lines
represent continuity of the functions. However, the transition value is not known, only
that it is somewhere between 6, equal to ca. 20° and 45°. Applying expressions (6.8)
and (6.11), the experimental values are then placed on Figure 6.17 using the accepted
value of K. The agreement is acceptable and certainly shows a clear correlation
between drop lifetime and intrinsic contact angle. Note that the two curves coincide
nowhere, excluding the origin, of course. These are two distinct regimes. Agreement
of the values for Cytop® and Teflon® and for C4Fs hinges on the success of the
calculation of K. In Figure 6.17 a transition is surmised between the two regimes over

a range of intermediate values of g, , corresponding to the change between pinning
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and (virtually) continuous triple line recession, and shown as a sigmoidal dotted line.
Its position, however, is not known. These experimental results belong either to the
constant pinning range (apart from a final jump of the wetting line near final

disappearance), or smooth triple line recession.
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Figure 6. 18. Normalised drop lifetime, ff = f(0) or:ff = f(0) [see equations (13)] vs. contact

angle, 6, and experimental points (black) after application of calculated scaling factor, K. Upper curve
corresponds to behaviour at constant contact angle, and lower curve at constant contact radius. The two
nanofluid results represent examples of ‘stick-slip” behaviour, between the two extremes.

It is worth noting from Figure 6.17 that for a given (initial) value of contact angle, the
pinning regime leads to a considerably shorter drop lifetime than the smooth, triple
line recession regime, and therefore higher overall evaporation rate. This may
possibly be useful in certain cooling applications and since pinning may be increased
by suitable surface treatment (e.g. by roughening), these observations may prove of

practical use. (Also, the inclusion of nanoparticles may be exploited, as results above

suggest.)
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Drop volume, V, and density, p, are respectively ca. 5 pL and 790 kg m™. Using the
expression above to evaluate J, ~ 3p[4V / 7] /87K , a value for J, of ca. 1.0+0.2 x

10 kg m? s is obtained. (The error incurred by the uncertainty on V is, in fact,
negligible, representing less than 5% of that on K.)

There is some doubt about values of J, and therefore the estimate above is difficult

to consider in absolute terms. Notwithstanding, an attempt can be made at an order of
magnitude calculation as follows, assuming that an average value [not allowing for
differences of flux on the drop surface, cf. see equation (6.3)] is reasonable. Using the

steady state simplification of Fick’s laws of diffusion to account for evaporation:

Jo --p%, r>R (6.14),
or
Ve = lei(rz @] <0 (6.15),
reor or

where 1 is radial distance from the spherical centre of symmetry (i.e. below the solid
surface) of the drop (but treating it as a ‘point’, with respect to the environmental
chamber, which is much larger), D is diffusion coefficient of ethanol in air (nitrogen)
and C is vapour concentration (kg m™). Assuming saturation in ethanol vapour, Csar,
at the drop surface, corresponding to a radius of curvature of ca. R/sin6, and C = 0 at

infinity, it is readily shown from equations (6.11) and (6.12) that:

_ DCgyysind

JO
R

(6.16).

Csat may be calculated from C,,; = M, R, /(RT), using the law for ideal gases,

where M, is the liquid molecular weight (46 g mole™) and P, is the saturated vapour
pressure (ca. 6 x 10 bar), giving a value of ca. 0.11 kg m™>. With D = ca. 1.1 x10®
m?s™, and R = ca. 1Imm, a value is obtained J, ~ 4-10 x 10 kg m™ s™, depending

on the contact angle. (As suggested above, this is where the radius of curvature may

play a role, if in an approximate manner.) Clearly the order of magnitude is the same
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as that calculated above, tending to corroborate the findings in this chapter. It is
accepted that precision is necessarily poor, but the value at the top of the range,
obtained from the first calculation involving experimental values, may possibly be
attributed to the exacerbation of evaporation near the triple line, first noted by Deegan
et al. [10]. Given the simplicity of the approach, the agreement may be considered

satisfactory.

104



6.4.2 Influence of nanoparticles on evaporative behaviour

The previous section discussed the interesting behaviour of pure ethanol evaporating
on substrates of varying hydrophobicities. This section shall rationalize the results

obtained when nanoparticles are introduced.

As the percentage of TiO, nano-particles is increased, behaviour becomes more
“stick-slip”. Let us consider the more marked case of the addition of 0.1% of TiO,
particles. Both contact radius, R, and contact angle, 6, are shown vs time, t, in Figure
6.10. The contact radius can be seen to decrease with time, but this occurred in
different ways. There are periods of slow decrease, for example between ca. 50 and
ca. 100 seconds, but also rapid downward jumps between these former steady
reductions. This behaviour is clear for relative short times after the beginning of the
experiment, but is maintained in a less clear-cut way even towards the end of drop

lifetime.

Investigating the corresponding contact angle, 6, there is a correlation between
decreasing contact angle and (slowly) decreasing contact radius, R, but there are rapid
increases in @ coinciding with the contact radius jumps. These jumps were
sufficiently rapid for individual experimental points to be difficult to record. The slow
“drift” periods are similar, but not identical to the “stick” phases anticipated in
reference [36], and corresponding to pinning (or in this case, “braking”) of TL
recession. The effect is more marked with the higher TiO, concentration. Another
point of interest is that the average speed at which the TL recedes appears to be
lowered by the inclusion of nano-particles in the ethanol. It is as if the nano-particles
were increasing the effective liquid viscosity as, indeed, is known to happen in at least

some circumstances [99-102].

Clearly, in the absence of nano-particles, the behaviour is virtually ideal, yet
the addition of a small quantity of TiO, disturbs things considerably. It was observed
by Deegan et al. [10]that the addition of only ca. 2% of sulphate-terminated
polystyrene micro-spheres to water effectively led to pinning of the triple line, TL, of
sessile drops throughout the evaporation process. It is therefore perhaps not surprising

that in the present case, there is a tendency for pinning (or “self-pinning”) to occur
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with low concentration suspensions of nano-particles. Pinning is synonymous with
wetting hysteresis. However, there is also what appears to be “pseudo-pinning”
present. The TL is essentially static, at least compared to its behaviour, at a jump, but

there is nevertheless a slow receding drift.

The basis of the simple proposition is that, as a liquid drop evaporates, if
wetting hysteresis is present, its contact radius, R, remains constant (pinning) whilst
contact angle, 6, decreases, Figure 6.19 (a). This implies that the drop is then out of
thermodynamic equilibrium since Young’s equation is no longer respected. However,
when the excess free energy due to a contact angle which has become too low, is
sufficiently great, this may suffice to overcome the hysteretic energy barrier, and
make the TL jump towards a more conducive position: a smaller value of R, and a

greater value of @, Figure 6.19 (b).This can be expressed mathematically as follows.
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Figure 6. 19. (a) Representation of pinned droplet. Radius is fixed, both contact angle and drop height
decrease in time. (b): Representation of triple line jump. Excess free energy increases until it exceeds
the hysteretic energy barrier. At this point the drop de-pins and the contact radius, R, is reduced, whilst
the contact angle, 6, and drop height, h, are both increased.

Assuming gravitational flattening to be negligible, the drop is represented by a
spherical cap of contact angle @ and contact radius R. Drop volume, V, and

liquid/vapour surface area, A, are given by:

aR® (1-cosh)?(2+ cosb)
V = — (6.17),
3 sin® @

27R?

To within an additive constant, the associated Gibbs free energy, G, is given by:
_ 2oy _ 2 2
G=pA+aR Y —ysy 7R [ s coseo} (6.19),
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where use of Young’s equation, (2.6), has been made to replace (jsi-jsv) by

—ycosé, .

For a given volume, V, equilibrium contact radius, R,, corresponds to contact
angle 6,. However, if the drop gets out of thermodynamic equilibrium with, let us say,
a contact radius R = R,+JR (and therefore a contact angle 6,—66), it will possess
excess free energy, &G, up and beyond that which it would have in its equilibrium

configuration, at the same volume. This excess free energy is given by:

_ dg| (R)| 4G
5=G(R)-G(Ro}-cR| G L_RO K 2) { | +O|(RY] (6.20).
Being an equilibrium value, at R = R, (and 8=46,), we have a minimum of free

energy, thus [dG/dR]r=ro=0. As a consequence, we need only treat the second order

term in equation (6.18) in order to estimate dG. Defining dG per unit length of TL as

éﬁ(éﬁ =5I/(27P)), and neglecting 3" and higher order terms in equation (6.20), we
find:

B ysin249o(2+2cF§>sao).(éR)2

(6.21).

During evaporation, free energy excess 3G increases, if the TL is pinned. Continued

evaporation at constant contact radius will increase G until it just exceeds a potential
energy barrier, U, physical or chemical, for de-pinning. At this moment, the TL will
unhook and recede, leading to a smaller value of R and higher value of 6.AN
assumption is made that the TL jumps virtually instantaneously (obviating
consideration of continued evaporation during the jump), and that this jump is to a
new equilibrium value of R,, corresponding to the recently diminished drop volume
(and therefore corresponding to contact angle 6, again). (To clarify: 6, is an
(assumed) constant of the system solid-liquid-vapour, whereas R, is the drop contact

radius corresponding to 6, for a given drop volume, and will therefore decrease as
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evaporation ensues.) Drop height, he), and radius, R, are then assumed both to be

reduced to conserve the relation tan{e%} = {h%} Also, to facilitate treatment,
[o]

all motion of the TL is taken to be axisymmetric, although as will be seen below,
experimentally there was some asymmetry, presumably due to more effective pinning
in some places than others along the TL. This effect, however, should not alter the

basic physics of the analysis.

The resulting graphs of R and & should qualitatively resemble the simplified sketches
in Figure 6.20, in which R decreases in steps and @ follows a zigzag pattern.
Comparing Figures 6.20 and 6.10, a distinct resemblance is clear. Not only does
contact radius, R, decrease for the major part in steps, but within experimental scatter,
contact angle, //, decreases and jumps back to an essentially constant value after
falling too low during the evaporation with “pinning” stage. The behaviour does seem
however a little erratic towards the end of drop lifetime. We write “pinning” in quotes
since some drift is clearly obvious in Figure 6.10; a point to which we shall return

later.

Figure 6. 20. Schematic representation of concomitant stick-slip decrease in contact radius, R, and
oscillating behaviour of contact angle, /7, as anticipated from reference 29.
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With the essential features of the predictions of reference 29 present, some
rudimentary analysis can be undertaken. The above theory invokes an excess free

energy, 3G , which is taken with reference to a supposed equilibrium state with contact
angle 6,. A value of 44+ 2°would seem to be a reasonable estimate from Figure 6.10,
and corroborated by Figure 6.9. Taking y to be 22.4 mJm™ at an ambient temperature

of 20°C, we may then express the excess free energy (per unit length of TL) at a

jump, and therefore the potential energy barrier, U, as 14.7(5R)2/R mN (or mim™) if

lengths are in meters. We can reasonably estimate (6R)? / Rand use this to estimate

the energy barrier, U from equation (6). We may calculate the mean value of

(R)? /Ras 5.94+4.0 x10° m. This leads to U = ca. 9+6 x10°mN (or mIm™),

Errors are considerable, and so it is clearly wiser simply to say that U is of the order
107 N.

As evoked elsewhere %, the value of U, or &G at the jump threshold is probably
related to the concept of line tension. Not only are the dimensions the same, but the
order of magnitude of the value obtained is consistent with certain results in the
literature. They may even possibly be interpreted as manifestations of the same effect.
Theoretical predictions of values of line tension are usually in the range of 10%* N to
101% N 3% However, certain experimental studies suggest values nearer to 10° N *.
The presently obtained value of U lies between experimental and predicted values of
line tension, although considerably nearer to the former. Is this coincidental, or is line

tension intimately connected with the wetting hysteresis free energy barrier?

As may be seen in Figure 6.10, even during the “stick” periods of the stick-slip
wetting-evaporation process, contrary to the expectations of reference 29 and the
findings of, for example Deegan et al ***!, there is some TL motion, or drift. The drift
distances between jumps are typically of the order of 5 x 10° m. In Figure 6.11, an
image of the solid surface after drop evaporation is presented, clearly showing the
nano-particle residues following evaporation. Despite the eccentricity of the
evaporation, presumably caused by preferential pinning of the TL on one side; an
effect which will be exacerbated by the following accumulation of nano-particle

residues, the general effect is for a set of (approximately) circular rings to occur
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during evaporation. Geometrical assessment of the photograph and comparison with
the results of Figure 6.10 indicates that the rings correspond to the “stick™ periods,
and the (apparently) clean surface corresponds to the jumps or “slips”. Closer
inspection also reveals that the rings are constituted of patches of nano-particle
agglomerates, orientated radially, and of radial extent of the order of 5 x 10° m.
Therefore, a reasonable conclusion is that the drift of the TL corresponds to the
orientation of nano-particles laid down, and their agglomerates building up, during the
evaporation process and slow TL motion. It is well-established that evaporation rate is

highest near the TL for contact angles much less than 90°.

Hypotheses for the drift behaviour, or “pseudo-pinning” of the TL is all that can be
provided at this stage. Two possible effects may explain the slight drift of R during
the “stick” period of stick-slip. Firstly, whilst the contact angle is fairly near to its
equilibrium value, 6,, the driving force tending to cause TL recession is low, and
pinning can easily be started by a slight, local, surface heterogeneity. This will be
only temporary, and if the build-up of nano-particles due to evaporation is only fairly
slow, as suggested by the photograph, there may be a continuous, but feeble, pinning
effect caused by these nano-particles (self-pinning); the pinning passing from one
particle to the next radially, and giving the impression of continuous, but slow, TL
motion at the macroscopic scale. Presumably, the orientation of these particles also
consumes energy (an entropic effect), which brakes the TL recession. If the drift
mechanism is insufficient to maintain the contact angle near to its equilibrium value,
which is manifestly the case, as shown in Figure 6.10, then the state of affairs will be
attained, at which the imbalance of the overall pinning force (hysteretic energy

barrier, U) and the excess of free energy, 5G , described above will prevail and a jump
will ensue.

A second possible explanation is that near the triple line, nano-particle concentration
build-up increases local viscosity. As mentioned above, it has been shown that a 1.5%
concentration of titanium oxide nano-particles in ethylene glycol increases the
viscosity by 23%. It is not known what the equivalent modification would be in
ethanol, and in addition, this is not a bulk effect in the present context since a small-
dimensional zone is being considered, where vapour, nano-particle charged liquid,

and substrate are in close proximity, by the very nature of its being a (de)wetting
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front. Also, the local concentration of nano-particles will be considerably higher. If
such be the case, although the triple line cannot be described as strictly pinned, the
much higher local viscosity will lead to high shear forces, or alternatively, reduced
flow rate. Concomitantly, evaporation of the drop continues, and when the excess free
energy attains a value equivalent to U in the simple theory, triple line jJump may occur
as if the nano-particle deposition were simply acting as a permanent pinning barrier.

Assuming the observed drift is caused by increased effective viscosity, a comparison
can be made between (de)wetting rate for pure ethanol and that for ethanol containing
nano-particles, under the same conditions, in order to establish an order of magnitude.
We have for (de)wetting speed *:

dR . y0(1) .
— =R =222 (cos@, —cosa(t)) ~n". 6.22),
at 6L ( 0 (1) n ( )

where 7 is (local) viscosity, At) is (time-dependent) contact angle, and L is essentially
a constant (defined as the logarithm of the ratio of a macroscopic distance comparable
to R, and a microscopic cut-off, itself possibly modified by the local presence of nano-

particles) . Adopting suffixes ‘e’ and ‘n’ to represent (pure) ethanol and the nanofluid,

and using scaling to compare values of R we have:
n,=m,—=. (6.23).

Considering the linear, or drift, portions of Figure 6.10, and taking 7. to bel.2 mPas
(at 20°C), it is found that for 0.01% nano-particles (initial concentration), that the
effective viscosity, 7,, is 1.4 mPas. For 0.1% nano-particles, 7, is 2.1 mPas. This
marked increase of values of effective viscosity certainly suggests a local

concentration increase of nano-particles near the triple line.
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6.5 Conclusion

The evaporative behaviour of pure ethanol, and ethanol containing nanoparticles, on
three smooth polymeric surfaces of different hydrophobicity has been studied. Initial
tests on pure ethanol investigated the evaporative drop lifetime. It was observed that
drop lifetime was a function of intrinsic contact angle. The evaporation rate is
expected to depend on the contact radius squared, rather linearly, and this seems to be
corroborated by interpretation of the results found. Decreasing contact angle leads to
shorter drop lifetime, due to exacerbated evaporation near the drop periphery. By
using some established equations for evaporation from sessile drops, and applying a
few simplifying assumptions, a reasonable agreement between experimental results
and theory has been found. Two regimes (at least) exist. For (relatively) large contact
angles, little hysteresis is apparent and smooth triple line recession occurs. For small
angles, pinning prevents wetting line motion until near drop disappearance. For a
given (hypothetical) value of initial contact angle, drop lifetime is shorter and
therefore overall evaporation rate higher, for a pinned drop. A possible consequence
of this study is application in cooling mechanisms, where more rapid cooling may be
expected from liquids possessing small contact angles on the solid in question.
Alternatively, by inducing wetting hysteresis, or wetting line pinning (e.g. by surface
roughening or other treatment) the same effect could be obtained. The introduction of
nanoparticles in the ethanol drops was found to significantly alter the evaporative
behaviour. Pure ethanol leads to evaporation at virtually constant contact angle and
with a constantly decreasing contact radius. This system is thus very near to “ideal”.
However, nano-particle addition leads to “stick-slip” behaviour. This is attributed to
the effects of accumulation of nano-particle near the triple line, due to advective flow.
Analysis of the “slip” behaviour suggests the existence of hysteretic energy barriers to
(de)wetting, which may plausibly be compared with line tension effects. The stick
behaviour is, however, not “absolute”. Slight “drift”, or triple line recession, occurs.
Two possible explanations are proposed. One attributes the effect to a local weak,
temporary pinning by a sequence of deposited nano-particles. The other invokes the
possibility of locally increased liquid viscosity by the (higher) concentration of nano-

particles.
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7. Deposit patterns arising from the evaporation of

nanofluid drops.

7.1 Introduction

In this chapter the deposit patterns formed via the evaporation of sessile nanofluid
drops is investigated. In these experiments water based nanofluids were prepared and
investigated. Evaporative behaviour of colloidal suspensions has attracted interest in
many diverse areas, such as in biological research where evaporation induces DNA
stretching [103] and analysis, and in the formation of crystals [104]. As has been
previously discussed, many factors can affect evaporative behaviour, including
surface tension gradients (Marangoni effects), internal convection, conduction
through the substrate, temperature effects of fluid, substrate, and ambient vapour,
mass transfer through diffusion, and various other factors, such as electrostatic
attraction between the particles and substrate. As a result a wide variety of observed

deposit patterns can be observed, Figure 7.1.
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Figure 7. 1. Various deposits left upon complete evaporation of colloidal droplets. A) Ring formation
formed by aqueous suspension of 60nm polystyrene spheres (Sommer et al., 2004)[78]. B) Multiple
rings formed by aqueous suspension of 1um polystyrene spheres (Bhardwaj et al, 2009)[105]. C)
Fingering pattern formed by IPA suspension of 1pum polystyrene spheres (Bhardwaj et al, 2009)[105].
D) Uniform deposit formed by aqueous suspension of 60nm hydroxyapatite particles (Sommer et al,
2004)[78]. E) Cell patterns formed by aqueous suspension of 1um polystyrene particles and added
surfactants (Truskett and Stebe, 2003)[106].

Blood serum provides an interesting example of how understanding the nature of
evaporating drop may be useful. The complex protein stain morphologies left behind
from the evaporation of blood serum (plasma) have been shown to exhibit interesting
characteristics. Analysis of these stains could prove useful for medical purposes, as it
appears likely that the morphology of the final stain is dependent on the original
serum composition. As a result, it may be possible to use this phenomenon to aid the
diagnosis of illness. Figure 7.2 depicts samples of blood serum taken from people

with various ailments.
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a) ' b)

Figure 7. 2. Dried drops of blood serum: a) Practically healthy person. b), c), d) Persons with different
kind of diseases.

Understanding the mechanisms of solvent transport is clearly of interest in many
similar areas. In this chapter the evaporation kinetics of sessile nanofluid droplets are
investigated. The pattern formation observed with the addition of nano-particles is
discussed, and results are compared between water based TiO, and Al,O3 nanofluids
of various concentrations on both CYTOP and Teflon substrates. Particular interest is
given to the varying behaviour observed when the nanoparticle concentration and the

substrate temperature is increased.
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7.2 Experimental Setup

The apparatus used in this chapter consisted of a drop dosing unit, including an
injection pump with sabre syringe — needle outer diameter of 0.72mm, a camera lens
and CCD camera which was used to record the drop profile on the substrate; and a
fixed lamp to illuminate the drop profile. The software used to record and analyse the
drop evaporation was called FTA 32. This program was designed to allow the
controller to vary the recording parameters to adjust for different drop volatilities, and
evaporative lifetimes. Images of the experimental setup are shown in figure 7.3.

Figure 7. 3. a)The experimental apparatus: goniometer including computer with FTA-32 software. b)
Camera shooting the evaporation of a sessile drop of water on a silicon substrate. Substrate elevated by
movable platform and droplet of known volume deposited on substrate by sabre syringe.

The aim of the experiment was to conduct tests of drop evaporation, altering the
concentration and substrate temperature to observe any changes in the final deposit
patterns which are observed. The substrate temperature was manipulated and
controlled by mounting a heater pad onto the underside of an aluminium plate, a
thermocouple was then embedded into the plate and linked to a temperature
controller, enabling the temperature to be controlled. The substrates used in the
experimental tests were then deposited onto the aluminium surface, care was taken to
ensure a good contact between the heated aluminium plate and the silicon substrate. A
thermal contacting material was used to help improve the contact between the two

surfaces.
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During an experimental run, the drop profile was recorded for the entire drop lifetime.
The resulting images could then be analysed and drop characteristics such as drop
volume, evaporation rate, drop height etc could then be obtained. The resulting
nanoparticle deposits were then observed using a microscope with a camera

attachment, allowing images of the final drop deposits to be taken.

Nanofluids

Water based nanofluids were selected for testing in this chapter. Nanofluids were
prepared using Al,Os, TiO,, and Cu nanoparticles and dispersing them in water using
the same method as has already been outlined in Chapter 4. Several concentrations of

each nanofluid were prepared, 0.5,1,2 , and 5% by wt.

Substrates

The substrates used in this experiment were silicon based substrates which were
coated with a hydrophobic layer of Teflon, these were the same type of substrate
which were also used in the stick slip experiments presented in chapter 4 and care was
taken to ensure that each substrate was prepared in the same way prior to each

individual experimental run.
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7.3 Experimental Results

The results presented here are split into two sections. The first section details
experimental tests conducted to analyse the effect, if any, of the presence of nano-
particles on the overall evaporation of the drop. The second section focuses on the
wetting characteristics of the drops and analyses the interesting phenomena which is

observed.

7.3.1 Evaporation rate

The experimental equipment used in these tests consisted of a digital micro balance,
GR-202 with an accuracy of 10°g, and accompanying computer and software for
analysis. The substrates were placed carefully on the balance and the scale re-set,
drops of various volumes ranging from 2mg to 12 mg were then deposited on the
substrates and the drop mass was recorded at 10 second intervals. A picture of the set
up is depicted in Figure 7.4.

Figure 7. 4. Image depicting the experimental setup for analyzing drop evaporation rate.
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7.3.1.1 Humidity

Initial tests investigated the effect of the atmospheric humidity. In order to investigate
this, pure water drops were tested at different humidities and a graph was plotted
which depicted the evaporation rate as a function of initial drop mass. This graph can
be seen in Figure 7.5.

Pure Water at different humidity
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Figure 7. 5. evaporation rate of pure water as a function of initial drop mass.

It appears from the graph that increasing the humidity tends to inhibit the evaporation
of the drop, however the trend for the lower two humidities is not so clear. Following
this result, care was taken to ensure that all experimental measurements were taken at
humidities which were as close as possible. This was achieved primarily by taking

several runs together when the atmospheric conditions were similar.
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7.3.1.2 Nanoparticle concentration

Next the drops were tested for different nanoparticle concentrations. This was
achieved by preparing nanofluid solutions of various concentrations and depositing
them in a similar method to the pure water drops. Tests were taken at two distinct
humidities, ca 40% and ca 35%. The concentrations of Al203-Water nanofluids
which were prepared were 0.5%,1%,2%,5% and 10% by wt respectively. The graphs

representing the obtained results are shown in Figures 7.6 and 7.7.
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Figure 7. 6Comparison between pure water and different concentrations of Al,Os-water nanofluids.

There appears to be very little discernable difference in evaporation rate as
nanoparticle concentration is increased. In most cases the increase in evaporation rate
follows a similar linear increase as would be expected from literature, but the affect of
nanoparticle addition appears less clear. In figure 7.6 results are presented for the

same concentrations evaporating with an atmospheric humidity of ca. 35%.
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Figure 7.7. Comparison between pure water and different concentrations of Al,Oz-water nanofluids.

As can be seen in figure 7.7, there is considerable overlap in the evaporation rate for
each nanofluid concentration, indicating that particle concentration has little
dependence in the overall evaporation rate. Again, the linear increase in evaporation
appears to be consistent for most of the samples tested.
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7.3.1.3 Nanoparticle composition

Tests were then conducted using alternative nanoparticles to examine the effect of

nanofluid composition on the underlying evaporation rate. Tests were conducted for

Al,O3, TiO,, and Cu — Water based nanofluids at a concentration of 2% by wt. A

graph depicting the results is shown in figure 7.8
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Figure 7.8. Comparison of evaporation rates of varying nanofluid compositions.

From this graph, a distinct shift can be seen for the two sets of tests conducted at

different humidities, which is in accordance with the earlier experiments. However,

again any perceived increase in evaporation rate between the various materials is

unclear.
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An attempt was made to characterize the enhancement of evaporation rate at different
humidities for both Al,Os-Water, and TiO,-water nanofluids. The enhancement of
evaporation rate was compared with the relative enhancement in thermal conductivity
which is observed between the two materials. The results are plotted in Figure 7.9.
The two black points indicate the evaporation enhancement shown in TiO, based
nanofluids at two different humidities, the red points show the same data for a03
based nanofluids. The relative enhancement is grearter in the more conductive

aluminium oxide nanofluids.

Enhancement of rate evaporation (compared to pure water)
20 ~versus Thermal conductivity at two different humidity
18+ °
%C)’ L
g°0 = TiO2
cur- e A203
S |
Q12|
S0
S0
- 8L
O B |
E 6}
o |
5 o .
(&) L
g 2|
<
c |
w of m
10I12I14I16I18I20I22I24I26I28I30I32I
Thermal conductuvity (W/mK)

Figure 7.9. Enhancement of evaporations rate vs. thermal conductivity.
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7.3.2 Wetting Characteristics

Using the expermintal setup described earlier in the chapter, data was collected for
pure water, AL,Osz-water, and TiO,-water nanofluids. The bulk of the tests were
conducted using Al,Os-water nanofluids at concentrations of 0.5%,1%,2%, and 5%,

with additional tests being carried out using TiO2-water at concentrations of 0.01%
and 0.1%.

7.3.2.1 Temperature Effect

The effect of increasing the substrate temperature on the evaporative behaviour was
examined and results are presented in Figure 7.11.
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Figure 7.10. Graphs depicting contact angle behaviour of Al,Os-water nanofluids evaporating on
heated substrates.

As you would expect, increasing the substrate temperature increases the overall
evaporation rate characterised by the red line in Figure 7.10 a). At a lower substrate
temperature, the drop contact angle does not change significantly until later in the
evaporative process, indicating drop pinning. A normalised graph indicated a similar

evaporative trend as temperature is increased.
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7.3.2.2 Concentration effect.

The effect of nanoparticle concentration was tested to investigate whether the base
temperature played any part in the evaporative process. To allow for small
discrepancies in drop volume and base diameter due to the accuracy of the depositing
method, normalised graphs are presented depicting the base diameter in time in Figure

7.12.
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Figure 7.11. Images depicting the normalised base radii in time of various concentrations of AI203-
Water nanofluid drops evaporating on substrates at two distinct temperatures.

As can be seen from the graphs in figure 7.11, the base radius is shown to decrease
more readily on the cooler substrate, indicating contact line slip. In contrast, there is
very little slip observed in the drops on the hotter surface, with the exception of water.
The pure water trend appears to show a distinct shift in the drop radius, similar to a
stick slip drop de-pinning. To examine these results, a closer examination was made

of the resultant drop patterns formed upon complete evaporation.
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7.3.2.3 Deposit patterns

Images of the various deposit patterns left behind upon total evaporation are presented
in Figure 7.13. They depict the various formations that were produced for Al,Os-
water based nanofluids, and are arranged according to drop concentration and

substrate temperature.
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Figure 7.12. Images of nanofluid drop deposits left after the complete evaporation of Al,Os-water
drops.

An interesting array of deposit formations can be observed. Starting with the most
dilute concentration 0.5%, we can see that the deposit pattern leaves a ring of particles

around the drop periphery. For all the temperatures tested there also appeared to be a
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thin layer of particles covering the base area of the evaporation of the drop. At higher
base temperatures an internal ring is observed where there appears to be a lack of
particles. This is evident for all the higher substrate temperatures. Increasing the
concentration leads to a more distinct ring pattern, increasing the concentration leads
to a general increase in the thickness of the contact line ring, this is as would be
expected as thee are more particles present in the drop.

Upon close examination of the outer rings, distinct cracking patterns can be seen
which appear to have regular dimensions. Increasing the substrate temperature tends
to result in more concentrated outer rings, with less particles present in the drop
interior. Also, increasing the temperature leads to a general decrease in the

dimensions of the observed cracking patterns.

Figure 7.13. Large image depicting the deposit pattern left upon complete evaporation of 0.5% al203-
Water nanofluid drop on substrate held at 20°C

In Figure 7.14 a larger representation of a drop deposit shown in Figure 7.13 is given.

It can be seen that around the periphery of the drop a distinct ring is present, and that
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there are regular cracks in the ring which are more or less perpendicular to the contact
line. There also appears to be an alignment of the particles present in the interior of
the drop, although this is much less pronounced. Figure 7.15 illustrates the
evaporative behaviour which was recorded to during the evaporation of the drop

which resulted in the deposit shown in Figure 7.14.
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Figure 7.14. Normalised contact angle and base vs. time for the drop depicted in Figure 7.14.

It can be seen that the drop is essentially pinned for a large proportion of the drop
lifetime, with an element of slip evidenced later in the evaporative process. A slight

shift in the contact angle is observed during the slip stage of evaporation.

Examining the same concentration drop evaporating on a substrate at 60°C, shown in

Figure 7.16 we can see some interesting behavioural differences.
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Figure 7.15. Large image depicting the deposit pattern left upon complete evaporation of 0.5% al203-
Water nanofluid drop on substrate held at 60°C

The outer ring appears to be denser, with less cracking visible. It may be that the
cracking is thinner and more regular, resulting in less definition in the presented
image. Distinct layering can again be observed in the internal base of the deposit with
what appears to be small regular layers of particles being formed on the surface. A
distinct internal ring is also shown, which is likely the result the final stage of
evaporation after the drop has begun to recede. A figure corresponding to the
evaporative behaviour is presented in Figure 7.17. We can see from this figure that

there is a greater degree of slip shown in the base diameter in time.
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Evaporation's Evolution of Al203 0.5% drop at 60°C

T S— S ' 10
1 .- _" -F.. “'F
Hg L
0.9 L - 0.9
.J.\

o - - -

0.8 |- m_-08
) ‘\! =
j@)] - | X
< 107 &
- 0.7 |- 4 0.7 Q
Q =
©
g s
Q 06 - 0.6 ("\D‘
) o
[} i i oo
= 05} -, Ho5 &
© “ 0]
=
— B AN 7
(@) | |
Z 04} [—m— NormalizedContact Angle R \. } 0.4

—m— Normalized Base -_* /I
n
0.3+ '.'-.l —4 0.3
. ! . ! . ! . ! .
0.0 0.2 04 0.6 0.8 10

Normalized Time

Figure 7.16. Normalised contact angle and base vs. time for the drop depicted in Figure 7.16.

Two more images are going to be presented, this time depicting a higher
concentration of 5% Al203 particles. The first image is taken from a drop evaporating
on a substrate at 20°C. This image clearly shows the regular cracking patterns which
are present around the drop periphery. The patterns are reminiscent of cell like
patterns, with regular cell sizes. It appears that the concentration of the particles is
condensed into spoke like ‘tails’ which progress from the centre of the drop to the
drop periphery. Thin lines of particles can be seen which are aligned perpendicularly

to the drop contact line.

132



Figure 7.17. Large image depicting the deposit pattern left upon complete evaporation of 5% al203-
Water nanofluid drop on substrate held at 20°C

To provide a direct comparison of the substrate temperature an image depicting the
evaporative pattern observed at 40°C is presented in figure 7.19. Compared to the
image in figure 7.18, the relative cell size has grown with thick regular cells present.
Interestingly very angular saw-toothed patterns are seen on the inner edge of the
contact line ring. Again feint thin lines of particles can be seen aligned perpendicular
to the drop contact line. There also appears to be areas of the contact line ring where
the cell sizes are less than the rest. This may be indicative of an increased area of

droplet flow in this specific area.
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Figure 7.18. Large image depicting the deposit pattern left upon complete evaporation of 5% al203-
Water nanofluid drop on substrate held at 40°C

At these higher concentrations the drop is essentially pinned for almost all the drop
lifetime. Images depicting the normalised base and contact angle vs normalised time
are shown in Figures 7.20 and 7.21. There appears to be more scatter present on the
contact angle behaviour of these drops. This is probably due to the higher

concentrations and resulting deformation of the contact line due to nanoparticle build
up.
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Evaporation's Evolution of Al203 5% drop at 20°C

1.0

09

08 -

0.7 I

06 -

05

Normalized Contact Angle L()

04

0.3

T

T T
@ e

b %

vy
S

O Normalized Base

* Normalized Contact Angle LI

1 | 1 | 1 | 1

I
@
“‘"&@@(@(«@«(@r@@@:@@.ﬁ.

T

T

=
g

e

1 |

0.0

Figure 7.19. Normalised contact angle and base vs. time for the drop depicted in Figure 7.19.
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7.4 Discussion

The results obtained in this chapter provide an interesting insight into the evaporative
behaviour of sessile drops of nanofluids. The addition of varying concentrations of
particles to the bulk fluid results in some interesting phenomena.

Initial tests using a mass balance indicated that particle addition did not seem to
appreciably alter the overall evaporation rate for the materials which were tested. The
general trend of linearly increasing evaporation rate vs drop radius is well established
and is clearly seen in the presented results. In contrast, the atmospheric humidity was
shown to alter the observed evaporation rate, with a higher humidity leading to a
corresponding decrease in the evaporative process in time. As a result, care was taken
to prepare and conduct experiments at consistent evaporation rates. Increasing particle
concentration was found to increase the pinning of the drops, this is in agreement with
previously published work, and also the tests undertaken on stick slip data in chapter
6. Elements of contact line de-pinning are also observed at lower particle

concentrations.

The particle deposits formed upon complete evaporation appear to depend on
concentration and substrate temperature to a certain extent. Many distinct features can
be observed in these deposits. The results depicted for lower substrate temperatures
appear to show a concentrated ring of particles around the drop periphery, with
particles present over the bulk of the deposit area. Close inspection of this area
indicates that micro-pinning is present, this is characterised by the alignment of
particles in very thin lines running approximately parallel to the contact line. At
higher substrate temperatures a strong degree of pinning is observed, and
consequently thick dense particulate rings are present, with very little particles present
in the interior. This can be attributed to an increased rate of evaporation, leading to
increased rate of liquid loss at the drop contact line, and consequently an increased
flow of liquid (and particles) to the contact line to replenish the evaporated material.

The interesting cellular structures that are observed appear to be regular in nature. The
cellular structures were more pronounced in higher particle concentration drops. It is

clear that there is a relation between the patterns formed and nanoparticle
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concentration. A recent investigation by the university of Edinburgh studied similar
nanofluid drops evaporating in an environment where the surrounding temperature
was controlled using an oven. The results from this investigation show distinct
similarities with the work conducted in this chapter, especially with the formation of

the cellular patterns. Typical results are shown in figure 7.20
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From the results depicted in Figure 7.20 very similar behaviour to that observed in the
earlier tests is shown. The presence of distinct thermal cells is shown, as well as an
increase in the outer ring thickness as particle concentration is increased. In these tests
there was no way to isolate the surrounding vapour phase, and hence the substrate is
also heated during the experimental runs. It would be interesting to observe the
evaporative process when just the ambient vapour is heated, however this is

problematic to achieve experimentally.

7.5 Conclusions

This investigation focussed primarily on the evaporative behaviour of nanofluids of
varying concentrations evaporating on a heated substrate and the resultant particle
deposits formed as a result. Results indicate that there is no appreciable change in
evaporation rate with increasing particle concentration for the particle concentrations
which were tested. In contrast atmospheric humidity was found to alter the
evaporation rate. The enhancement shown may be correlated to the increased thermal
conductivity of the particles introduced, however at this stage this is merely a possible

suggestion and needs much further investigation.

Increasing the particle concentration and substrate temperature is found to lead to
greater pinning of the contact line, this is in agreement with the stick slip experiments
conducted in chapter 6, and also agrees with previous published work. Increasing the
concentration was found to increase the thickness of the contact line deposit, and was
found to enhance the presence of interesting patterns. Multiple concentric rings, radial
lines, and cellular cracking patterns have all been observed upon complete
evaporation. The distinct presence and formation of these patterns appears to be both

particle and substrate temperature dependent.
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8. Final conclusions and future work

The results obtained in this project provide an interesting insight into the complex
behaviour of evaporating drops of both pure fluids, and of fluids containing

nanoparticles.

It has been shown that thermal fluctuations are present in the evaporation of volatile
sessile drops of methanol, ethanol, and FC 72. The nature of the observed thermal
behaviour is liquid dependent, with similar behaviour observed for methanol and
ethanol. In these liquids spoke like radial waves are present which rotate around the
drop as evaporation progresses. The fluctuations are more numerous and appear to
rotate faster in the more volatile methanol drops. In contrast, FC-72 appears to show a
different thermal behaviour when studied using IR- thermography. In FC-72, there
appears to be cellular thermal fluctuations which emanate from the drop centre and
migrate to the drop periphery during evaporation. It was observed that the magnitude
of the temperature gradients varied as evaporation progressed. A stability analysis of
the observed results was conducted using the normal deformation of the drop surface
resulting from a combined Marangoni instability carried by the time dependent
regression motion due to evaporation. Trial functions were used to reproduce the
patterns observed experimentally. The presence of these interesting fluctuations has
not previously been reported, and understanding the physical mechanisms which
underpin their appearance is useful for future research on this topic.

In chapters six and seven, the evaporative behaviour of pure liquids and liquids with
nanoparticles suspended in the bulk fluid were investigated. In chapter six the
behaviour of pure ethanol, and ethanol containing nanoparticles, on three smooth
polymeric surfaces of different hydrophobicity was investigated. .It was observed that
drop lifetime was a function of intrinsic contact angle. Drops with low initial contact
angles were shown to pin to the various substrates which were tested for the bulk of
the evaporative lifetime. In contrast drops with larger initial contact angles were more
inclined to de-pin leading to a stick slip hysterisis effect during evaporation. As the
initial contact angle increases the tendency towards constant contact angle
evaporation is increased. A possible consequence of this study is application in
cooling mechanisms, where more rapid cooling may be expected from liquids
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possessing small contact angles on the solid in question. Alternatively, by inducing
wetting hysteresis, or wetting line pinning (e.g. by surface roughening or other
treatment) the same effect could be obtained. The introduction of nanoparticles in the
ethanol drops was found to significantly alter the evaporative behaviour. Pure ethanol
leads to evaporation at virtually constant contact angle and with a constantly
decreasing contact radius. This system is thus very near to “ideal”. However, nano-
particle addition leads to “stick-slip” behaviour. This is attributed to the effects of
accumulation of nano-particle near the triple line, due to advective flow. Analysis of
the “slip” behaviour suggests the existence of hysteretic energy barriers to
(de)wetting, which may plausibly be compared with line tension effects. The stick
behaviour is, however, not “absolute”. Slight “drift”, or triple line recession, occurs.
Two possible explanations are proposed. One attributes the effect to a local weak,
temporary pinning by a sequence of deposited nano-particles. The other invokes the
possibility of locally increased liquid viscosity by the (higher) concentration of nano-

particles.

The results obtained in chapter seven show that when a colloidal droplet evaporates,
the resulting particle deposits exhibit pattern forming properties. The deposit patterns
contained various characteristics, such as concentrated particle rings which form at
the drop periphery, spoke like particle concentrations which are aligned radially and
cellular like cracking patterns indicating complex evaporative behaviour. The
appearance of the deposit patterns could be controlled to an extent by altering various
factors such as substrate temperature, particle concentration, substrate material and
base liquid. Knowledge of how nanofluids behave is important in many areas where
two phase processes occur. Increasing the particle concentration and substrate
temperature was found to lead to greater pinning of the contact line, this is in
agreement with the stick slip experiments conducted in chapter 6, and also agrees with
previous published work. Increasing the concentration was found to increase the
thickness of the contact line deposit, and was found to enhance the presence of
interesting patterns. The distinct presence and formation of these patterns appears to

be both particle and substrate temperature dependent.

The results presented in this thesis provide an insight into the various interesting

behaviour which occurs in the evaporation of both pure volatile liquids and
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nanofluids. In addition, many interesting routes for future research have become
apparent as a result of this thesis. Techniques such as PIV may prove useful to gain an
underlying understanding of the internal flow phenomena, and this combined with IR
measurements may be able to show more conclusively how the thermal behaviour
affects the resulting flow and vice versa. Another interesting experiment would be to
investigate via IR thermography the nanofluids themselves to see how much the
addition of the particles alters the behaviour. There is scope for much further
investigation into many aspects of this work, with extending the research into the
interfacial phenomena to include more liquids and surfaces, testing more nanofluids
and concentrations on the various substrates, and manipulating the deposit patterns via
the alteration of various parameters such as substrate temperature all of possible

interest.
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