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Abstract

Droplet evaporation is one of the most common physical processes in nature. Maxwell
was the first scientist to deduce the equations of droplet evaporation based on the
diffusion process in the still air in 1877. In recent decades, droplet evaporation has been
getting more and more attention from researchers since the coffee-ring effect was
discovered and explained by Deegan in 1997. Nowadays, the physical phenomenon of
droplet evaporation is used widely in various industrial and scientific fields, such as
photoresist surfaces, spray cooling, inkjet printing, biofluid diagnostics, DNA screening,
forensics, chemical screenings, and crystal fabrication. Therefore, it is essential to
reveal the mechanism of the factors which could affect the droplet evaporation

dynamics and sedimentary pattern.

Although sessile droplet evaporation is a simple phenomenon to observe from the
outside, it contains complicated internal physical mechanisms. Therefore, the research
methods in this thesis would span from the mesoscopic scale to the macro scale for
different research issues, making it more comprehensive to analyse the overall
evaporation process. This thesis uses experimental research as the main research
method to study the two parts that affect the evaporation process of sessile droplets:
substrate surface properties (solid) and liquid properties (liquid). For surface
characteristics, due to the wide application of biomimetic functional surfaces, research
on the design of bionic surfaces has gradually received attention. The microstructure
and surface roughness play critical roles in affecting the droplet wettability and
evaporation dynamics, but the precise relationship between them still needs more

research. So, in this thesis, The mechanism by which the arrangement and design of



biomimetic surface microstructures affect droplet evaporation dynamics will be
clarified. Besides, the nanofluid droplet will also be studied in the thesis owing to the
nanofluid’s wide application in industrial and scientific research. In recent studies on
the evaporation of nanofluid droplets, it can be found that the mechanism of the effect
of loaded nanoparticles on the interfacial heat and mass transfer process needs to be
more clearly described. Based on the considerable application value of advanced
functional carbon materials in fields such as energy and electronics, the influence
mechanism of carbon-based nanoparticles, such as carbon nanotubes and graphene, on
the droplet evaporation process should be explored urgently. In addition to measuring
the heat and mass transfer processes at the interface and triple line positions during the
evaporation of sessile droplets, this thesis also explores the regulatory mechanism of
the deposition pattern of droplets loaded with nanoparticles, such as the promotion or
inhibition of the coffee ring effect, which has essential research significance in fields

such as inkjet printing and flexible electronic device preparation.

Over the past few decades, researchers have invested a lot of effort in studying the
effects of various factors on the evaporation process of sessile droplets. Even so, these
issues have not been fully revealed to this day. Therefore, the research topics of this
thesis are mainly reflected in the influence mechanism of droplet evaporation dynamics,
the heat and mass transfer process at the liquid-vapour interface, and the analysis of
nanoparticle deposition patterns, which aims to provide help and guidance for solving

these problems.
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Chapter 1. Introduction

1.1 Background

Droplet evaporation is one of the most common physical processes in nature, and
Maxwell was the first scientist who based on the diffusion process in the still air to
deduce the equations of droplet evaporation in 1877 [1]. In recent decades, droplet
evaporation has been getting more and more attention from researchers since the coffee-
ring effect was discovered and explained by Deegan et al. [2] in 1997. Nowadays, the
physical phenomenon of droplet evaporation is used widely in various industrial and
scientific fields, such as photoresist surfaces [3], spray cooling [4], inkjet printing [5],
biofluid diagnostics [6], DNA screening [7], forensic [8], cell and chemical screenings
[9], crystal fabrication [10], etc. As shown in Fig. 1.1 (a), the number of scientific papers
published in the field of droplet evaporation has increased continuously in the last ten
years, as archived in the Scopus database. In the foreseeable future, there will also be
more scientific researchers carrying out studies on the process of droplet evaporation

in various fields such as physics, chemistry, engineering, biology, medicine, etc.

1000
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Fig. 1. 1 (a) Number of articles published with “droplet” and “evaporation” as keywords from 2011 to
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2020 based on the database of Scopus®. (b) classification of factors affecting the evaporation process

of the sessile droplet.

The physical phenomenon of droplet evaporation involves lots of physical processes.
From the perspective of thermofluids, the process of sessile droplet evaporation could
be divided into the heat and mass transfer process in its inside and interface position.
Except for the inside droplet fluid flow and heat transfer processes, such as Marangoni
flow and buoyant convection, need lots of physical mechanisms to explain. The
research of droplet interfacial heat and mass transfer has always been a complex cross-
scale behaviour and multidisciplinary study. Like the quote said by the Austrian
scientist and 1945 Nobel Physics prize winner Pauli, “God made the bulk; surfaces
were invented by the Devil” [11]. So, surface and interface science research is a huge
challenge and significant in studying droplet evaporation. Physical chemistry and
condensed-matter physics were the origins of surface science, and they could be applied
to analysing the interface characteristics and surface chemical reactions nowadays [12].
For the sessile droplet evaporation, the liquid-solid interface, liquid-vapour interface
and triple line (liquid-solid-vapour interface) are the main research objects in heat and
mass transfer. For the liquid-solid interface, the wetting phenomenon research has
attracted a lot of attention [ 13]. The research on wetting and wettability has been carried
out for more than 200 years by British scientist Young [14] and French scientist Laplace
[15]. And the wetting state could be well described by the Wenzel model and Cassie-
Baxter model. The influence of wettability, such as hydrophobic and hydrophilic
surface, on the sessile droplet evaporation also has been studied a lot, but it is still a

complicated question. Under different surface wettability, the sessile droplet would
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appear at different contact angles and profiles. The movement of the contact line would
also be changed, so the process of internal flow, heat transfer, and liquid-vapour
interface diffusion during droplet evaporation would be influenced, which increase the
difficulty of research greatly. Except for the wettability of the solid surface, as shown
in Fig. 1.1 (b), the solid surface configuration such as topography and chemical
treatment, all would affect the wetting phenomenon and then influence the sessile
droplet evaporation process [16, 17]. The thermal conductivity of the substrate could
also affect the sessile droplet evaporation process [18]. Simultaneously, the droplet
characteristics will also have a significant impact on its wetting and evaporation process.
In this thesis, pure water is mainly used as a solvent, and the solute for the pure sessile
droplet is divided into solid and liquid solutes, as seen in Fig. 1.1 (b). Although some
solutes are soluble in water and some are insoluble, both could affect the liquid-vapour
interface diffusion rate, movement of the contact line, and the internal flow mode.
Besides, the influence mechanism of solutes on the coffee-ring effect, which is
significant in manufacturing, has also been studied in depth [19], which could guide the
development of coffee-ring effect suppression [20] and self-assembly technology [21].
For the liquid solutes, the concentration would affect the sessile droplet evaporation
kinetics. Besides, for the different volatility of the solution and solutes, the influence of
evaporation order on the evaporation rate also needs to be considered [22]. The
surfactant solutions also attracted many researchers to study due to their significant
application value in droplet drying and sediment control [23]. The presence of
surfactants affects the evaporation rate of the sessile droplet and the surface tension of
the liquid-vapour interface [24]. The pinning and depinning of the triple line also could

be influenced [25]. Nowadays, the influence of surfactants on evaporation kinetics
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would appear contrary conclusion, the current issues in this field are still under
discussion and try to explain perfectly [26]. Besides, biofluid evaporation such as blood
or protein solutions also gained more attention in the last decades [27]. Its non-
Newtonian fluid properties also pose many challenges to research [28], revealing the
mechanism of sediment pattern is of great help to medical diagnosis. Except for some
thermodynamic parameters of the vapour phase, the change of gravity has also been
proven to affect the sessile droplet evaporation process [29]. Besides, it is worth saying
that the research on droplet evaporation could also have a guiding role in preventing
and controlling the spread of COVID-19 [30]. Naturally, as a fluid flow and diffusion
problem, external airflow could also influence the evaporation kinetics obviously [31],
and the sessile droplet evaporation under different kinds of ambient gas will also be
discussed and reviewed in this thesis. So far, there have been a lot of studies discussing
sessile droplet evaporation. However, the research on heat and mass transfer at the
interface of sessile droplets during evaporation from the perspective of bionic
microstructure surfaces and the classification of loaded carbon-based nanoparticles still

needs to be supplemented and deepened.

1.2 Research methodology

1.2.1 Research methods on the influence of surface roughness and structure

For the influence of surface properties on the sessile droplet evaporation, as shown in
Fig. 1.2, the two key issues are paramount: i) the fabrication of the roughness and
patterned surface with different kinds of wettability; ii) the surface properties

observation and measurement. Several surface factors need to be considered for the
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fabrication of the surface. The first kind of surface is the rough surface, which would
be fabricated by the grinding & polishing mechanic and sandpaper, and the operation
and process would follow the standard specifications. The material of the rough surface
would be a regular metal sheet like copper, and the heated condition would also be
considered. Secondly, wettability also played an essential role in studying sessile
droplet evaporation. A way to control hydrophobicity precisely is through surface
micro-treatment processing. As shown, it could design and fabricate the microstructures
on the surface, which would obtain a series of surfaces with different kinds of
wettability. So, these surface properties would provide ample options for studying the
effect of surface material, roughness, and configuration on the sessile droplet
wettability and evaporation dynamics. For these kinds of surfaces, the rough surface
would be fabricated in the group's lab, and the structured surface and biomimetic
microstructures would be designed by us and fabricated through cooperation with the

other departments or universities.

Meanwhile, except for the design and fabrication of the surface, the measurement of
the surface characteristics is also very important for analysing the relationship between
the sessile droplet evaporation dynamics and the critical parameters of the surface,
which would be helpful for future surface design and revealing the fundamental factors
and laws that affect the evaporation process. As shown below, the key parameters that
need to be known in the study plan are the roughness degree, contact angle (surface
wettability), micro-structure parameters, and pattern shape & ratio. The contact angle
and surface energy would be observed and calculated in the Lab, and the other

parameters could be measured in the nmRC centre of the University of Nottingham,
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which could make the nano- & micro-scale imaging and compositional analysis like
atomic force microscopy (AFM) and Zeta Profilometer. Therefore, the surface
characteristics would be measured and fabricated with the design.

Surface design

Surface fabricated

Roughness I ________________
Copper Metal & Glass I Roughness degree
|

Contact angle

Surface wettability
&
Surface configuration

Surface measurement

Microstructures — Structure parameters

l A T‘

<4 Pattern shape & ratio

1

Fig. 1. 2 The schematic diagram of the research plan process about the influence of surface roughness

and patterned surface.

1.2.2 Research methods on the influence of nanofluid

Then, as mentioned above, the nanoparticles (nanofluid) also have a significant impact
on the sessile droplet evaporation. For the study of the effect of nanofluid on the sessile
droplet evaporation, there would be an effective way to divide the influencing factors
into nanoparticles type and based fluids type, as shown in Fig. 1.3, the study of the
effect of nanofluid on the sessile droplet evaporation dynamics would be based on the
surface effect firstly, it means the influence of surface would be unified, so the effect of
wettability, thermal conductivity, and surface energy would not need to be considered

on the nanofluid droplet evaporation study. For the nanoparticle type, nanomaterials

19



that are currently widely used and have excellent application prospects will be used,
such as carbon-based nanoparticle carbon nanotube, and graphene (or graphene oxide).
These kinds of nanoparticles are easy to get and sufficient to cover industry and
scientific research applications. Especially for the graphene-based nanofluid droplet, it
would have some unique thermal and evaporation dynamics characteristics owing to
graphene's remarkable properties. The graphene-based nanofluid droplet's rheological
behaviour and dynamic viscosity would also deserve to be studied. At the same time,
the based fluid of the nanofluid would also have a significant effect on the sessile
nanofluid droplet evaporation dynamics. In the research plan, surfactants are also
included in the study in addition to deionized water (DI water). The surfactant also has
a huge influence on droplet stability, and research about its effect on the nanofluid
droplet evaporation process is now hotly pending. The parameter of adding surfactant
would also be used as an adjustment to control the effect of nanoparticles and fluid

concentration on the evaporation process.

Meanwhile, the nanofluid sessile droplet would have a unique fluid mechanism
characteristic compared to the pure water droplet. As shown in Fig. 1.3, the evaporation
dynamics, sediment analysis, and inside nanoparticle movement will be studied in the
research plan. Firstly, the evaporation dynamics is an essential issue for the study plan,
and the unique thing that needs to be considered is that the nanofluid can sometimes
exhibit shear thickening behaviour. The physical properties would differ, so the
evaporation dynamics would not rely on previous studies. Secondly, the sediment
pattern and inside particle movement are unique phenomena for nanofluids to study.

The measurement of the sediment and movement would use the camera to record; the
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critical issue is to describe or predict the sediment pattern and movement of the
nanoparticles during the evaporation process based on the different kinds of surface
wettability, nanoparticles, and fluids. For the study of nanofluid sessile droplet
evaporation, the physical properties measure is also a critical issue that needs to be
handled owing to its effect on the theoretical analysis, and these kinds of properties of
the nanofluid still also be measured in the Lab or cooperated with the nmRC centre of
the UoN.
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Fig. 1. 3 The schematic diagram of the research plan process about the influence of surface roughness

and patterned surface.

1.3 Research aim and objectives

1.3.1 Research aims

Based on the previous introduction, it could be seen that a lot of work has been done to
reveal the law of sessile droplet evaporation dynamics and the factors that could have

a huge effect on the process. The research papers on droplet evaporation have been
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rising for decades. The reason for this would mainly be that the droplet evaporation
processes have a considerable application background in the industrial and scientific
fields, which have also been introduced in detail in the introduction of this review.
However, until now, the process of sessile droplet evaporation still has not been
understood completely, owing to the problematic and complex physical law in the
interface heat and mass transfer of the sessile droplet during evaporation. Besides, the
other components, like the nanoparticle inside the droplet, also could have a significant
influence on the evaporation mechanism of the droplet due to the inherent complexity
of the solid-liquid two-phase flow, impact on the solid-liquid-vapour interface moving,
and the change of heat and mass transfer characteristic of the droplet interface. However,
complicated issues like these have a significant meaning for practical applications in
industrial and scientific fields. Therefore, revealing this tricky fundamental physics
problem of the sessile droplet can greatly help the research and design of industrial

applications and technology products like cooling and medical tests.

1.3.2 Research objectives

As mentioned above, there are still a lot of fundamental physics issues that need to be
handled and revealed for the evaporation process of sessile droplets on biomimetic
surfaces that are loaded with nanoparticles. In this section, a series of specific objectives
are listed which could be helpful for further solving these physics and engineering

1ssues:

(1) Surface roughness is a common characteristic in industrial and scientific study; it’s
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essential to reveal the droplet evaporation dynamics dependent on the roughness degree

and have a transparent droplet analytical theory on such rough surfaces.

(i1) At present, more knowledge is needed about the mechanism of the influence of
biomimetic surface microstructure on the wettability change of sessile droplets, and this

process can be studied from the perspective of surface roughness.

(i11) The design of biomimetic functional surfaces shows excellent application potential
in regulating surface wettability and heat transfer capacity. Therefore, revealing the
relationship between surface microstructure parameters and sessile droplet evaporation

dynamics is important for proposing surface design rules.

(iv) The evaporation process of nanofluid sessile droplets is unique, and surface
roughness significantly affects its evaporation dynamics. Therefore, it is necessary to
explore the mechanism of surface roughness's influence on the coffee ring effect of the

loaded nanoparticles and the characteristics of the final deposition pattern.

(v) The effect of adding nanoparticles on the heat and mass transfer processes at the
liquid-vapour interface of sessile droplets compared with pure water will also be

investigated.

(vi) Carbon-based nanoparticles (carbon nanotubes/graphene) are energy materials with
excellent application prospects. A comparative study of the effects of carbon-based

nanoparticles on the evaporation dynamics of sessile droplets is conducted. At the same
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time, the effects of different carbon-based nanoparticle materials on the deposition

pattern will also be studied.

24



Chapter 2. Literature review

It is easy to understand that the heat and mass transfer processes are bound to undergo
during sessile droplet evaporation. The critical issue is that these two processes are
carried out at the interface. Therefore, an understanding of the interface between the
droplet and its surrounding environment is necessary. Then, the inside flow, interfacial
heat, and mass transfer mechanism will be discussed in this section to explain the

evaporation process.

2.1 Physical description of droplet interface

2.1.1 Liquid-vapour interface

The liquid-vapour interface is stable when the droplet is in equilibrium, while the
liquid-vapour interface will deform during the droplet evaporation. Therefore, the
change in the liquid-vapour interface would break the force balance. Then, a tension
force will be generated in the direction that parallels the dynamically changing surface
to achieve a new equilibrium called surface tension y (unit: N/m), also can bed
surface energy). The concept of surface tension is essential in the research of interface.
Maxwell believes that the concept of surface tension was first proposed by Johann
Andreas von Segner, a mathematician in Hungarian [32]. Surface tension can also be
explained from a micro-scale perspective [33]. There are attractive forces (red line) and
repulsive forces (yellow line) between water molecules inside the liquid, and the forces
will balance each other to keep equilibrium. However, due to the lack of surrounding
liquid molecules, a balance between the upward repulsive force and the downward
attractive force is needed for the water molecules at the liquid-vapour interface. Then,

it should be noted that the repulsive force is short-range and isotropic [34], and the
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attractive force are long-range and anisotropic [33], making the forces parallel to the
interface is not balanced, then the surface tension is causing. By the way, it worth
noticing that determining the liquid-vapour interface area and even the droplet volume
is vital for the analysis of the evaporation process. For the calculation of the liquid-
vapour interface area (A) and the droplet volume (W), most studies choose the formula
proposed by Shanahan et al. [35] in 1995:

2mR? _ mR? (1 — cos0)?(2 + cos )

= = 2.1
(1+cos0)’ 3 sin3 0 @1)

For the sessile droplet, the liquid is diffusive to the environment from the liquid-vapour
interface, and this process is determined by the interfacial heat and mass transfer
process on the surface essentially. Therefore, recognising the physical mechanism of
heat transfer and mass transfer of the liquid-vapour interface would greatly help the

study of sessile droplet evaporation.

2.1.2 Liquid-solid interface

Wetting, the ability of the liquid to remain in contact with the solid surface, which is
caused by the intermolecular interaction on the liquid-solid interface [36], also means
that liquid molecules are attracted to the surface by van der Waals forces after the liquid
contact with the solid surface [37]. Therefore, from the microscopic viewpoint, the size
of the intermolecular force will inevitably affect the wetting characteristics of the
droplet when the solid wall attracts the liquid droplet through the intermolecular force.
The difference in intermolecular interaction leads to excess energy at the interface, that
is, surface energy (unit: J/m?) [38]. Simultaneously, according to the definition of
Gibbs free energy in thermodynamics [39], surface energy can also be defined as the

increase in Gibbs free energy with the increase of unit surface area under constant
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temperature, pressure and composition. By the way, it is worth noticing that the
concepts of surface energy and surface free energy are easy to confuse, and surface free
energy can be defined as the increase in Helmholtz free energy with the increase of unit
surface area [40]. Surface energy is an intensive thermodynamic property, which means
it is only related to the atomic arrangement, composition, temperature, and pressure

itself but has nothing to do with system quality [41].

The distinction between surface energy and surface tension is unnecessary for liquids,
but it is essential to distinguish them for the solid surface. The solid surface could divide
into low surface energy surfaces with low specific surface free energies and high surface
energy surfaces with high specific surface free energies for the liquid-solid interface
[53]. From the viewpoint of qualitative, a high-energy surface usually has chemical
binding energy on the order of about 1 eV, and a low-energy surface generally has
chemical binding energy on the order of kT, where k is Boltzmann constant, and T is
temperature [42]. Therefore, solid-to-liquid adhesion and liquid-inside cohesion
compete, resulting in different wetting states when the sessile droplets evaporate on the
solid surfaces with different surface energies. In other words, cohesion will cause water
to attract each other, and adhesion will cause water to be attracted to other substances.
Therefore, the droplet will be easier to wet on the high-energy surface because the
droplet's adhesion work is more excellent than the cohesion work compared with the

low-energy surface [43, 44].

In 1805, based on the ideal smooth surface, the British scientist Thomas Young

proposed Young’s equation, which could be expressed as [14]:
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Y cos By = Ysy — YsL (2.2)
where 0y is Young's contact angle, ysy, Ysi, and y is the surface tension of solid-
vapour, liquid-solid and liquid-vapour interface, respectively. Young believes that the
surface tension of liquid-vapour, liquid-solid and solid-vapour would meet the
mechanical equilibrium in the horizontal direction after a sessile droplet located on the
ideal solid surface and reaches a steady-state, which could be seen in Fig. 2.1.
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Liquid-Vapour interface
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Fig. 2. 1 The balance of droplet surface tension based on Young’s equation.

Thomas Young has also studied the wetting phenomenon of the droplets on surfaces.
He believed that two kinds of phenomenon, complete wetting (liquid spreads on the
solid surface) and partial wetting (the liquid appears to be hemispherical on the solid
surface), would appear for the sessile droplet [14]. The wetting phenomenon could be

described by the spread coefficient S [45]:
S=vysy —(ys +v) = Y(COS Beq — 1) (2.3)
where 8¢q is the equilibrium contact angle. As shown in Fig. 2.2 (a), S > 0 means the

surface is totally wetted. Then, as shown in Fig. 2.2 (b-c), the solid surface is partially
wetted if S <0 (0°< 6 <180°), and when 0°< 6 <90° and 90°< 0 <180° indicates that the
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solid surface is hydrophilic and hydrophobic, respectively. When S < -2yLv means the
surface is non-wetting entirely, as shown in Fig. 2.2 (d), this phenomenon does not exist

in the actual situation.
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Fig. 2. 2 The different wetting conditions of sessile droplets.

As mentioned above, Young’s equation is built based on the droplet on an ideal surface,
which is hard to achieve in practice. Therefore, as shown in Fig. 2.3 (a), for the sessile
droplet on the rough surface, Wenzel put forward the conception of the roughness factor
in 1936 [46]. Then, combined with Young’s equation proposed Wenzel’s model, which
can be expressed as:
cos By = rcos By (2.4)

where Ow is (Wenzel) apparent contact angle when droplet corresponds to Wenzel’s
model, r is the roughness factor, identified as the ratio of actual surface area to the
geometric surface area. However, the Wenzel model cannot describe the droplet wetting

state appropriately for the chemically heterogeneous surface. Therefore, as shown in
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Fig. 2.3 (b), Cassie and Baxter based on the chemically heterogeneous surface, which
is flat and contains two chemical components, the Cassie-Baxter model has been
proposed and could be expressed as [47, 48]:

cos 07, = f; cos0; + f, cos 0, (2.5)
where 0; and 0, are the contact angle on the corresponding materials, f; and f,
are the proportion of the corresponding material components (f; +f, = 1). So, the
droplet could appear as Cassie-Baxter state if component 1 and 2 are regarded as solid
and air, respectively, and the Cassie-Baxter model could be modified as [49, 50]:

cosOcg =fycos0; +f; — 1 (2.6)

where O¢p is the (Cassie-Baxter) apparent contact angle.

Vapour phase (a) Vapour phase (b)

Liquid phase

Liquid phase
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Fig. 2. 3 Schematic of two kinds of sessile droplet wetting phenomenon based on the non-ideal solid

surface: (a) Wenzel's model; (b) Cassie—Baxter model.

2.1.3 Contact line region

The contact line, also known as the triple line (TL), refers to the area where the liquid
droplet contacts the solid-liquid-vapour three-phase of the substrate surface. The
research on the contact line region is a multi-scale problem, as shown in Fig. 2.4 drawn
about the research papers. The classical fluid mechanics method cannot effectively

describe the flow near the moving contact line because the moving contact line does

30



not conform to the no-slip boundary condition, which makes the stress calculation
appear unconstrained [51, 52]. To solve this problem, methods such as artificially
truncating the solution on the molecular scale can be adopted [53] or using relaxation
methods for the non-slip boundary near the contact line [54]. In addition to the macro
scale, the conception of microscopic molecular motion is also used to explain the triple
line's physical mechanism, called molecular kinetic theory (MKT) [51, 55, 56]. It
indicates that the motion of liquid molecules and their constituent atoms makes the
triple line movement. Many studies have proved the validity of MKT [57, 58]. As
shown in Fig. 2.4, the thin film is usually mentioned in the contact line research, also
known as precursor film [59]. It is a microscopic film in front of the contact line [60].
The concept of precursor film was generally considered to be proposed by Hardy in
1919 [43, 61], who divided precursor film into primary film and secondary film, whose
thickness is on the order of 1 um and 50-500 um, respectively [62]. Readers interested

in precursor film research can refer to the review paper by Popescu et al. [59].
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Fig. 2. 4 Schematic diagram of the study area and scaling of the contact line region.
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Similarly, the change of contact angle and contact line near the triple line region also
influences the droplet evaporation. In 1977, British scientists Picknett and Bexon
proposed that the droplet evaporation process on the ideally homogeneous surface could
be divided into two evaporation modes: the constant contact area mode and the constant
contact angle (CCA) evaporation mode [63]. The constant contact area mode also can
be called constant contact radius (CCR) evaporation mode [64], as shown in Fig. 2.5 (a)
and (b). Besides, Shanahan et al. [35, 65] found that the evaporation process of sessile
droplet would go through the stick-slip process of the triple line due to the phenomenon
of contact angle hysteresis, which also is called stick-slip (SS) evaporation mode, as
shown in Fig. 2.5 (c). For the SS mode, the contact line movement is a fascinating
phenomenon. Shanahan and Sefiane [66] proposed a basic theory to depict the
relationship between Gibbs free energy principle and the “stick-slip” phenomena of the
droplet. It always could be called the “Shanahan—Sefiane model” [67]. Gibbs free

energy can be expressed as:

2
G = YA + R?(ygy, + ysv) = ymR? [m — cos 0 2.7
Gibbs excess free energy can be expressed as:
~ &G R(56)?
sc = 96 _ _ YR(80) (2.8)
2mR  2(2 + cosB,)
The energy barrier U can be evaluated as:
2
Gc = YT[RE [m — COS GO] < 21TRCU (29)
UvR [ 1 cos 9 510
VRe (1 + cos6,) 2 (2.10)

The Shanahan—Sefiane model indicated that if the contact radius r reaches the critical
radius Re after a series of sticking and slipping processes, the droplet would not have
sufficient excess free energy to surmount the energy barrier U. After that, the triple line
would still anchor at the Rc, the contact angle of the sessile droplet would steadily
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reduce to zero, and the evaporation process ends [35].
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Fig. 2. 5 Schematic diagram of droplet evaporation modes: (a) CCA mode; (b) CCR mode; (c) SS

mode.

2.2 Basic physical process of droplet evaporation

2.2.1 Marangoni flow and buoyancy convection

Marangoni flow is a classic fluid mechanism issue and has an essential effect on the
field of welding [68], crystals growth [69], and electron beam melting [70]. The
Marangoni flow is named based on the researcher, the Italian physicist Carlo Marangoni,
who studied this phenomenon during his PhD degree [71]. By the way, it is worth
noticing this phenomenon has been discovered and described earlier as the form of
“tears of wine” by the British physicist James Thomson, who is a fellow of the Royal

Society and the older brother of William Thomson (Lord Kelvin) [72].
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The Marangoni flow in the droplet is that a surface tension gradient appears along the
droplet surface (e.g., liquid-vapour interface), usually caused by the non-uniform
temperature or substance concentration distribution. Therefore, these surface changes
will cause a gradient of surface energy, which generates shear stress and then pushes
the fluid to circulate flow along with the interface. The Marangoni flow can be divided
into thermal Marangoni flow and solutal Marangoni flow depending on whether it is
caused by temperature or concentration change [73, 74]. As mentioned above, the
difference in surface temperature leads to the thermal Marangoni flow. By the way, for
the surface tension gradient caused by non-uniform surface temperature, the thermal

Marangoni flow can also be called thermocapillary convection [75].

Buoyancy is a universal physical force in nature, and it was first proposed and studied
by Archimedes around 200 BC [76]. The appearance of buoyancy requires two key
factors: 1) the gravity field and 2) the density variation. In other words, for the buoyancy
flow, both the uneven distribution of temperature and concentration will cause density
changes in the corresponding space. Therefore, the flow instability caused by buoyancy
and the convection resulting can be called buoyant convection, which is widespread in

our lives and industrial applications [77, 78].

2.2.2 Evaporative cooling effect

During the droplet evaporation, the droplet liquid-vapour interface will have the heat
transfer process, and the evaporative cooling effect would also exist. The evaporative

cooling effect, so-called the interface cooling effect, is a crucial influence process that
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needs to consider during the evaporation of droplets. The evaporative cooling effect at
the droplet interface could establish a temperature gradient that induces buoyancy-
driven convection inside the droplet [79]. Two factors can cause the evaporative cooling
effect from the material properties: 1) the substrate thermal conductivity; 2) the droplet
thermal resistance [80]. From the physical mechanism, the evaporative cooling effect
is associated with the latent heat of vaporization, also known as enthalpy of
vaporization AHy,p, it can be written as: AHy,, = AUy,, + pAV. When the droplet is

evaporating in the environment, the liquid-vapour interface needs to continuously
absorb heat from the environment. During this process, the latent heat of vaporization
is increasing with the evaporation rate. Therefore, the interface temperature is further

reduced.

2.2.3 Diffusion and Stefan flow

During the droplet evaporation, to analyse from a microscopic perspective, the mass
transfer of the sessile droplet interface is the process of how liquid molecules across the
liquid-vapour interface become vapour molecules and diffuse from the liquid-vapour
interface (the surface of the droplet) to the air space. Therefore, if the sessile droplet is
not be affected by the surrounding environment in the open space, such as forced
convection or multiphysics, its evaporation could be regarded as the vapour diffusive
from the interface to the environment, which could be predicted by Fick’s law [81, 82]:
J]=-D-V (2.11)
Furthermore, based on Eq. (11), when assuming two binary mixtures of A and B that

do not react chemically, the general expression of Fick’s law also can be written as [83]:
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mjy = Ya(rhy + rhg) — pDagVYa (2.12)
where p is density, th)y and mg are the mass fluxes of matter A and B, respectively.
Y, and Yg are the mass fractions of matter A and B, respectively. Dpg means the
binary diffusivity, which is measured in m?s. Therefore, focusing on droplet
evaporation, it is easy to find that the evaporation rate depends on the concentration
gradient between the droplet liquid-vapour interface and the ambience far away if the

external convection is ignored.

Stefan flow is also one of the mass transfer mechanisms that should be considered in
droplet evaporation [84]. For a mixed gas (e.g., vapour and air mixed), assuming that
the total mss flow is , vy, then each of these gas flows can be divided into 1) the
diffusion flow due to concentration gradient; 2) the flow of the substance component
caused by the overall flow of the mixed gas. Consider liquid A and the mixture of
vapour species A and air species B flow across the top of the liquid-vapour interface.
Based on Fick’s law, it can be expressed as [83]:
s = Yatis — pDag ddl)f (2.13)

Therefore, taking the problem of droplet evaporation as an example, the Stefan flow
not only means the diffusion flow of the vapour but also includes the mass flow of
vapour, which is carried by the overall flow of the mixed gas. Besides, Hu et al.
compared the results of FEM analysis of the droplet evaporation process with the
analytical solution. They derived a simple approximate expression for the evaporation
rate, which can be described as:

m(t) = —mRD(1 — H)c,(0.2762 + 1.30) (2.14)

Where H is the relative humidity of the ambient air, cv is the saturated water vapour
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concentration, R is the contact-line radius, and D is the water vapour diffusivity.

2.3 Effect of contact surface on evaporation characteristics of sessile droplets

The droplet evaporation dynamics are strongly related to the solid surface
characteristics, such as hydrophobicity, configuration, roughness, thermophysics, and
even chemicals. Many influencing factors can produce these characteristics changes in
the substrate surface, such as the nanocomposites [85], physical processing [86], and

chemical synthesis [87].

2.3.1 Hydrophobicity of substrate surface

In the process of droplet evaporation, the wettability of the substrate surface will not
only affect the characteristics like contact angle and contact radius of the droplet, the
detailed research about this could refer to the review by Cheng et al. [88], but also can
make an effect on the evaporate rate [89, 90]. Many studies on droplet evaporation
dynamics have been carried out from the hydrophobic to hydrophilic surfaces,
including mixed hydrophilic and hydrophobic surfaces. In this chapter, the surface
materials commonly used in the related research have listed in Table 2.1. It must remind
that some evaporation time and evaporation mode listed in Table 2.1 are not the total
lifetime of droplet because the precise lifetime data have not provided in the relevant
literature. Still, the evaporation time listed in Table 2.1 indicates the final stage of

droplet evaporation, which can also be used as an approximate guide.
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Firstly, the researchers compared the evaporation process of droplets on hydrophilic
and hydrophobic surfaces [91, 92]. Gibbons et al. [93] compared the process of droplet
evaporation on the hydrophilic and superhydrophobic surface. They found that the total
evaporation time on the hydrophilic surface is shorter, and the most significant heat flux
existed in the contact line region. Similarly, Dash et al. [94] investigated the evaporation
characteristics of sessile water droplets on hydrophobic and superhydrophobic surfaces
experimentally. The results showed that compared with the hydrophobic surface, on the
superhydrophobic surface, the total evaporation time is longer in the range of substrate
temperature of 293-333 K. Besides, many studies have shown that the evaporation rate
decreases as the hydrophobicity increases [95, 96]. Pan et al. [97, 98] considered two
transmission mechanisms, buoyancy convection and evaporative cooling effect, within
the range of contact angle of 10°-160° through numerical simulation and the results as
shown in Fig. 2.6. The results indicated that the droplet on hydrophilic surfaces (smaller
contact angles) would be influenced by buoyancy convection greater rather than the
evaporative cooling effect, and the evaporation process would be promoted as shown
in Fig. 2.6 (a) and (b). Then, as shown in Fig. 2.6 (c) and (d), the effect of evaporative
cooling becomes more evident with the increase of surface hydrophobicity (contact
angle increased), thus inhibiting the evaporation process. Similarly, Sobac et al. [99]
has carried out droplet evaporation experiments with a range of contact angle of 17°-
135°, revealed that the influence of contact angle on evaporation should begin to
consider when the contact angle more than 40°. By the way, it’s interesting to notice
that He et al. [100] designed to place and squeeze droplets between two parallel
hydrophobic/superhydrophobic surfaces. They found that the droplet will have residue

on the upper surface during evaporation, but it’s will not happen on superhydrophobic
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surface. And the evaporation time of droplet on parallel superhydrophobic surface will

short than it on parallel hydrophobic surface.
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Fig. 2. 6 Contour picture of the temperature distribution and vapour mass fraction with a streamline of
the evaporating droplet when the contact angle (CA) and the substrate temperature (Tw) is (a) CA =
10°, Tw = 45.6°C; (b) CA=70°, Tw = 45.6°C; (c) CA=110°, Tw = 40°C [97].

Besides, the surface wettability also could influence the evaporation mode during
droplet evaporation. Kulinich et al. [101] indicated that the hydrophobic surface
associated with high contact angle hysteresis (CAH) and the hydrophilic surface
associated with low CAH corresponds to the CCR and CCA mode of droplet
evaporation, respectively. It could be explained from an intuitive perspective that a
surface with high CAH corresponds to a "sticky state", and a surface with low CAH
corresponds to a "slippery state". Kashaninejad et al. [102] based on four different
values of the eccentricity of microhole arrays to design polydimethylsiloxane (PDMS)
surface, and found that compared with smooth PDMS surface, the droplet evaporates
on the microhole-patterned surfaces will not go through the process of CCA mode, and
the trend of mode change was partially correlated with the trend of CAH on the
microhole-patterned surfaces. Yu et al. [103] also found that for pure water droplet, the

duration of the CCR mode would be shorter when pillar-to-pillar or hole-to-hole
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spacing of PDMS surfaces is increasing.

Table 2. 1 The summary of the water droplet evaporation process is based on different

wettability.
CA Surface material Volume Lifetime Mode Ref.
~160° Silicon wafer & Teflon 3uL ~2200 s CCA [80]
~150°  Glaco mirror coat zero (912 W/m?) 80 uL ~1920 min  CCA [104]
~150°  Carbon nanofiber (CNF) 1.6 uL ~1000 s CCR/Mixed [105]
1.90-3.05
~138° PDMS surface ~1900 s CCR/Mixed [103]
uL
~130° Multiwalled carbon nanotubes 2 ul ~1800 s CCR/Mixed [106]
~120°  Silicon wafer & Teflon (40 °C) 3uL ~677 s CCA/Mixed [94]
~110°  Indium Tin Oxide (1153 W/m?) 3uL ~426 CCR/Mixed [107]
~108°  Cytop 3uL ~2500 s CCR/Mixed [108]
~91°  PFDTS & SiO» 1 uL ~940 s CCR/CCA [109]
~83°  Polysulfone 10 uL - CCR/SS [67]
~82°  Polypropylene 10 uL - CCR/SS [67]
~63° Stainless steel A304 10 uL ~2250's CCR/Mixed [67]
~62°  Aluminum Al2024 10 uL ~2250's CCR/Mixed [67]
~55°  Oct-silicon wafer 3ul ~1800 s CCR/CCA [110]
~49°  Aluminium (40 °C) 4 uL ~380s - [111]
~28°  Glass 3uL ~870's CCR/Mixed [108]
<10°  Silica-coated copper (101 °C) 9 uL ~38's - [112]
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In addition to the research on hydrophilic/hydrophobic surfaces, the wicking
phenomenon also attracts many researchers to study. Wicking is defined by Washburn
in 1920s as a phenomenon when the droplet is absorbed and spread passively on the
superhydrophilic and porous surface, and a thin film appeared [113]. Auliano et al. [114]
shown that by changing the height of Si nanowires on the surface to adjust wicking
capability, up to 82% reduction in evaporation time can be achieved. As shown in Fig.
2.7, Chen et al. [115] based on the ZnO nanowires surface, compared with regular
nanowires, the irregular nanowires could make the droplet spread wicked more quickly,
which due to the irregular distribution could promote the process of wicking and
spreading. Poudel et al. [116] based on the porous nanochannels surface, found that the
evaporation flux of thin film on the nanochannel-pores is about two orders of magnitude
higher than that of the liquid-vapour interface of the droplet, which can make the
surface obtained about 77 W/cm? of the heat dissipation capacity. Therefore, the
hydrophilic surface wicking phenomenon can enhance the evaporation capacity of
droplets, which would have considerable application potential in the field of thermal

management [117].
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Fig. 2. 7 (a) Schematic diagram of droplet spreading and wicking on the surface of the nanowire; (b)
electron microscope image of irregular nanowires; (c¢) electron microscope image of regular nanowires

[115].

Besides, the heterogeneous surface (biphilic surface) also be studied to explore the
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effect on condensation [118] and evaporation[119, 120]. Cui et al. [106] fabricate the
hydrophilic surface with multiwalled carbon nanotubes, and part of the surface is
changed to hydrophobic by electrowetting. They found that the droplet on the
heterogeneous surface can keep the contact area constant (contact line pinned) and
improve the evaporation rate due to the increased meniscus radius of the liquid-vapour
interface. Aboubakri et al. [121] also design three kinds of mixed wetting surface, which
on the hydrophobic silicon substrate, the hydrophilic small size spots with circle, square,
and rhombic shape are fixed up, respectively. The results shown that the square-shaped
spots cannot make heat transfer of surface be enhanced, and the circle spots which size
is one-sixteenth times of the radius of the droplet has the most obvious effect of

improving heat transfer.

2.3.2 surface roughness and topography

As described above, using the physical or chemical method could change the original
natural topography of the surface, thereby further changing the surface wettability, and
the droplet evaporation dynamics could also be affected. Therefore, the substrate
surface configuration has a significant effect on the droplet evaporation process [122].
This chapter would discuss the common see influence factors of the substrate in the
research of sessile droplet evaporation, such as surface geometry, roughness, and the

chemical pattern.

Many scholars have researched the influence of surface topography on the sessile

droplet evaporation process. Misyura et al. [123] design a wave-shaped wall structure
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and found that as the decrease of distance between wave peaks, then the area of the
droplet bottom surface and the evaporation rate increase simultaneously. Shen et al.
[124] found that for a droplet evaporating on the curved substrate, the evaporation time
would be longer with the increase of tangential angles of the curved surface, which may
be owing to the thermal resistance from the bottom surface of the substrate to the liquid-
vapour interface be enlarged. Besides, the surface configuration always can influence
the shape of the droplet. Shan et al. [125] based on circular, square, and triangular cross-
sections of micropillar substrate, let the contact line exhibited as asymmetric geometry
during evaporation. The results showed that the asymmetric droplets could enhance the
transport of evaporation significantly. Especially for triangular micropillars, compared
with square and circular, due to the larger perimeter-to-area ratio and surface curvature,
the evaporation flux can increase by 8% and 45% when the substrate temperature is
60°C, respectively, this phenomenon also proved by Saenz et al. [126] earlier. It needs
to say that the changes in surface configuration are various, so it isn't easy to describe
all forms of the structure surface configuration. Therefore, in Table 2.2 just the substrate
surface configurations which are commonly used in the research of sessile droplet

evaporation are listed.

Also, the substrate surface geometry could affect the movement of the contact line and
change of contact angle [127, 128]. Kuznetsov et al. [127] found that if the cavities and
protrusions of the surface are smaller, then the movement speed of the contact line
would be higher. They also found that even if some surface with greater roughness, the
contact line movement could also be faster. The reason is that compared with the

ordered texture surface, the cavities would fill by gas in the roughness surface, which
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caused a homogeneous wetting phenomenon and made lower hydrodynamic resistance.
Wang et al. [128] found that the sharp edge of the PDMS substrate could significantly
influence the wetting and dewetting process of the droplet. For the proper edge angle
of the substrate, the contact angle of liquid with high surface tension could reach 180°.
They also revealed that both the maximum contact angle and pinned degree of contact
line would increase with the substrate edge be sharper. In addition, for the change in
contact line and contact angle, Kumar et al. [129] found that the change of micropillars
on the surface could make the wetting state switch between Cassie—Baxter and Wenzel
state, and the phenomenon of droplet wetting state could change in the micropillar
surface also found by other researchers [130]. Jiang et al. [131] fabricated pillared and
pored surfaces by soft lithography technique with PDMS. They found that the contact
line would not be distorted on the pored surface but be distorted on the pillared surface

significantly, and the degree of distortion changed with the density of pillars.

Table 2. 2 The summary of substrate surface topographies commonly used.

Schematic diagram Configuration Ref.

Convex/concave substrate [132]
Dimples substrate [95]
Wavy surface [133]
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Pored surface [131]

Micropillar

[134]
(cylinder column)
Micropillar

[125]
(square/triangular column)
Micropillar with pipeline [82]
Line-shaped microstructure [135]

The research of surface roughness is of great significance and meaning. It can affect
wear behaviour or structural integrity and could use to reflect the tool's working
condition. At present, many studies have shown that surface roughness can affect not
only the flow and heat transfer characteristics of fluids but also the wettability [136,
137]. Therefore, the effect of roughness on droplet evaporation is naturally considered
and studied [92, 112]. Wang et al. [86] based on the Wenzel model as expressed in Eq.
(4) analyses that the CA would be greater with the increase of surface roughness when
droplet CA less than 90°, and the CA would be smaller with the increase of surface
roughness when droplet CA more than 90°. Therefore, in their experimental study, the
droplet evaporation rate is faster on the 1200 pp surface than on the 400 pp surface (“pp”
represents abrasive paper grits in their research). For the substrate surface roughness,

the macroscale and the research based on the microscale can also help people
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understand the wetting mechanism of droplets better, especially near the triple line of
the droplet. As shown in Fig. 2.8, Liu et al. [138] revealed that even if the roughness of
atomic level existed on the solid surface, it could still cause static hysteresis and the
distortion of the contact line. Zhang et al. [139] based on the polytetrafluoroethylene
(PTFE) colloid droplet, also found that the roughness could promote the droplet
evaporation rate. They also indicated that the coffee-ring effect would be promoted on
the rough surface compared with the smooth surface. This phenomenon is due to the
surface roughness inhibiting the internal recycling flow and strengthening the pinning
of the contact line, making the nanoparticles remain in the edge of droplet more easily.
Hu et al. [140] based on the V-grooved surfaces which contain the parameters of depth
and pitch to study the influence of surface roughness on the thin film evaporation of
droplet and found that the rate of heat transfer would monotonic increasing with groove
depth, but for the groove pitch a critical value existed and surface roughness could
restrain the thin film evaporation if the pitch is less than the critical value. Besides, the
roughness also could make effect on the thermal management, such as the Leidenfrost
temperature also could increase with the roughness and thereby influence the spray

cooling performance [141].

100 pm

Mica RMS 0.12nm Silicon wafer RMS 0.42nm Copper plate RMS 10.32nm
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Fig. 2. 8 Three-dimensional shape around the static contact line at the nanometer scale photo by helium

ion microscopy [138] .

2.3.3 Internal thermal conductivity and external heating of the substrate

For the heat transfer process, the substrate material thermal conductivity could
influence the droplet internal and interfacial heat transfer process during the droplet
evaporation. Thereby the mass transfer of droplet also is affected. For the thermal
condition, many kinds of research have shown that it strongly influences droplet
evaporation. Shen et al. [142] found that the droplet evaporation rate is higher for the
substrates with higher thermal conductivity through numerical simulation. David et al.
[143] got the same results through experiments and found this phenomenon more
apparent for larger droplet volume. Besides, lots of research reveals that the substrate
thermal conductivity is directly proportional to the evaporation rate [144, 145]. Based
on the experimental research, Gleason et al. [146] found that not only cannot ignore the
effect of evaporative cooling on the surface with low thermal conductivity, they also
quantitatively shown that the surface temperature will be reduced effectively within
1000 pm from the triple line. Sdenz et al. [147] reveal that the average surface
temperature would essentially constant during CCA mode, and would increase during
CCR mode which can make droplet be thinner, so the evaporation rate would increase
more rapidly for CCR mode when the substrate heating is also increased. Saada et al.
[148] concluded that regardless of whether it is pinning or depinning droplet, the
decrease of the thermal substrate conductivity or the increase of substrate thickness will
have a cooling effect that could expand the cold region of the droplets near the liquid-

vapour interface. In other words, for the substrate with very high thermal conductivity
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or very thin thickness, the evaporation rate would be fast, and the energy supply from
the substrate. However, for the substrate almost adiabatic or large thickness, the
evaporation rate would be slow, and the energy supply from the vapour phase. The
substrate materials used in the research of substrate thermal conductivity effect are

listed in Table 2.3.

Table 2. 3 Summary of materials commonly used for droplet evaporation considering

the thermal conductivity

Substrate Thermal conductivity Size (L*W*H) Liquid Ref.

Glass 1.05 W/m'K 50*50*0.5 mm Water [149]
Silicon 139.4 W/m-K 50*50*0.5 mm Water [149]
Aluminium 237 W/m-K 10*¥10*1 mm Methanol [143]
Copper 401 W/m-K 10*10*10 mm Water [150]
Titanium 21.9 W/m-K 10*¥10*1 mm Acetone [144]
Stainless steel 15 W/m'K 150*150*1 mm Water [151]
Macor 1.46 W/m'K 10*¥10*1 mm Water [144]
Telfon 0.25 W/m-K - * - *3 mm Water [152]
PTFE 0.25 W/m'K 10*10*1 mm Methanol [143]
PDMS 0.23 W/m'K - * - *4 mm Ethanol & polystyrene [153]
POM 0.31 Wm-K 10*10*10 mm Water [150]
EPS 0.03 W/m-K -*-*3mm Water [152]

The heating from the substrate can also significantly influence the droplet evaporation

[154] [155], as shown in Fig. 2.9. Kadhim et al. [111] reveal that whether it is a
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hydrophilic or hydrophobic surface, the total evaporation time will decrease when the
substrate temperature increases from 40°C to 60°C. Also, many studies confirm this
conclusion [156]. In addition to the constant temperature, some researchers also have
carried out studies on the constant heat flux boundary condition [157]. Gao et al. [107,
158] studied the heat flux range of 1000-7000 W/m? and found that the droplet size
could significantly affect the evaporation time under low heat flux, but this effect would
be weakened with the increase of heat flux. Besides, with the increase of the heat flux,
the evaporation time would be shorter naturally and found that the CCA mode does not
happen during the evaporation for both hydrophobic and hydrophilic surface under the
range of heat flux. Besides, the non-uniform temperature distribution of the substrate
also be considered by Pradhan et al. [159], they found that the temperature difference

can induce the flow inside the droplet, and the flow direction could affect by droplet

volume.
AT=0°C AT=0°C
(a) (c) o o o O
AT=30°C AT=30°C
€0 O ;A
0s 100 s 200s 300s 0s 300s 600 s 900 s

Fig. 2. 9 Droplet evaporation process on the (a) hydrophilic surface and (b) superhydrophobic surfaces

with two kinds of temperature gradients (AT) [155] .

Besides, laser heating also attracted many researchers because the photothermal effect
has the advantages of non-contact control and rapid control response, realising the
precise control of the droplet evaporation or movement. Jiao et al. [160] revealed that

the droplet temperature increase rate and the maximum interface temperature were
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raised with the laser power linearly so that the evaporation rate could be good controlled.
They also found that some satellite droplets could generate near the contact line during
the local laser heating. Besides, Liu et al. [161] compares substrate heating with laser
heating and found that different heating methods can influence nanofluid droplet

deposition pattern.

2.3.4 Other kind of substrate properties

So far, for the substrate, the effect of hydrophobicity, configuration, thermal
conductivity and external heating has been introduced above. Of course, it still has some
kinds of substrates that have unique characteristics that could affect the wetting or
evaporation process of the sessile droplet, such as substrate coated by lubricating fluid
[162], porous media [163] and some materials which have unique properties [89, 164].
In this chapter, some current research about these unconventional substrates will be
introduced, and readers could refer to the review papers [162, 165] or books [42, 64] if

interested in these substrates influence.

Guan et al. [166] focus on slippery liquid-infused porous surfaces (SLIPS), a
microtextured surface immersed by lubricating liquid. They found an ideal constant
contact angle mode abided by the small sessile droplets (D ~ 2 mm) during evaporation.
Sharma et al. [167] also put the water droplet on the lubricating fluid coated slippery
(LCS) surface. As shown in Fig. 2.10, they found that the total evaporation time would
be longer than the droplet put on the dry surface, which due to the formation of the
wetting ridge (WR) and cloaking film could suppress the evaporation process. They

also indicated that only CCA and mixed mode on the LSC surface existed, but on the
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dry surface, the CCR mode would also appear, as shown in Fig. 2.10 (a) and (b).
However, Chen et al. [168] based on the vary soft PDMS films substrate, found that the
evaporation kinetics can be influenced by vertical and horizontal motions of the WR
simultaneously. The pinning force was associated with the vertical rise of the WR and
resulted in a CCR mode, and the authors also found that on the very soft substrate, the
WR can be dragged by the contact line horizontally and which is the reason for the

mixed mode.

(a) Dry

Os 660 s 3000s 3500 s
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CCR CCA Mixed
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Fig. 2. 10 the evaporation process of the same volume of the water droplet on the (a) dry and (b) LCS
surface [167].

The effect of porous media also attracted lots of researchers to study. Pham et al. [169]
found that the liquid droplet shedding properties would maintain longer with the porous
substrate thickness based on the lubricant-infused porous surface. Arrabito et al. [170]
proposed a novel method that put the DNA-rich aqueous droplets on the hydrophilic
nylon porous substrate to make DNA that existed inside the droplet covered
homogeneously. Besides, the heat transfer rate of droplet evaporation could also be

promoted on the porous substrate due to its higher wicking rate [171], and the time scale
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of the spreading and wicking process after the droplet touched the porous substrate is
microsecond and millisecond, respectively [171]. Zhou et al. [172] indicated that the
coffee-ring effect would disappear with the increase of pore diameter and depth of the
porous structure, so the wetting ability of porous substrate could be adjusted by
changing the structure parameters, by the way, the process of spreading and penetration
is a competitive relationship [173]. Goh et al. [174] found that the droplet on the
graphene nanoplatelets (GNPs) coated surface could achieve high evaporation rates due
to the wetting and spreading ability be improved and the wetted area also is enlarged.
The experimental results showed that the cooling effective could promote 4866%

compared to the bared surface under the substrate temperature of 75 °C.

2.4. Effect of liquid properties on evaporation characteristics of sessile droplets

The influence of substrate configuration and physical properties on droplet evaporation
have been discussed in section 3, which indicates that the solid phase would have a
crucial impact on the evaporation dynamics. Naturally, it is not difficult to consider that
the liquid phase would also influence the evaporation process significantly. The droplet
liquid thermofluid physical properties, such as viscosity, thermal conductivity, and mass
diffusivity, would vary with the liquid composition changes, and the interfacial heat and
mass transfer characteristics could also be influenced during the sessile droplet
evaporation. This section will mainly discuss the influence mechanism of loaded
nanoparticles and added surfactants on the droplet interface heat and mass transfer and

the change of evaporation mode based on the research in this thesis.
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2.4.1 Evaporation process of droplets loaded with nanoparticles

Nowadays, nanofluid has been used widely after Choi et al. [175] proposed it in 1995,
whose initial purpose was to improve the fluid heat transfer characteristics. Naturally,
nanofluid not only applied in the field of chip cooling, vehicles thermal management,
fuel cells and solar collectors etc. [176], but the influence of nanofluid properties on
droplet evaporation also attracted a lot of researchers’ attention [177]. The main
scientific problems of nanofluid droplet evaporation are how the nanoparticles
influence the evaporation dynamics and the particles deposition pattern after
evaporation. Therefore, the deposition of nanoparticles can refer to the review of Zhong
et al. [177] and would not be focused mainly on in this section. Therefore, the nanofluid
droplet evaporation process, included the impact of nanoparticles on the interfacial heat

and mass transfer and the evaporation mode, would be discussed in detail.

It is not difficult to realize that nanoparticles can impact the evaporation rate and have
been studied widely in recent decades. Wei et al. [178] revealed that insoluble
nanoparticles could make the evaporation process deviation from the classical d* law.
Zhu et al. [179] found that the evaporation time would extend with nanoparticle
concentration. This trend may explain by the study of Wang et al. [180] based on the
molecular dynamics simulation, which reveals that the evaporation rate could be
suppressed at the liquid-vapour interface where the nanoparticles exist caused the latent
heat of evaporation increase. However, Sefiane et al. [181] based on the ethanol solvent
and Al nanoparticles, revealed that even though the pure liquid droplet evaporation rate
is faster than nanofluid during pining stage, but the overall droplet evaporation time of
nanofluid is less than pure fluid. This could attribute to the pinning time of pure liquid
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is less than nanofluid (pinned stage lasted about 80-90% of the total lifetime). Shin et
al. [182] also found that the total evaporation time would decrease with the increase of
concentration for the Al2Os-water nanofluid droplet on the hydrophilic glass substrate.
They explained that it might be due to the perimeter increasing with the concentration
and expanding the contact area, improving the heat transfer performance. Zaaroura et
al. [183] found that the evaporation rate of the gold nanofluid droplet on the unheated
surface is lower than water but higher when the substrate is heated. They also found the
higher evaporation rate is also associated with the higher life of the convection cell. It’s
related to the thermal Marangoni flow and the Brownian motion, which is also revealed

by Jiang et al. [184].

The above contradictory conclusions about the influence of nanoparticles on the
evaporation time may be due to the nonlinear relationship between the concentration of
nanoparticles and the evaporation rate. Chen et al. [185] found that the Ag-water
nanofluid droplet evaporation rate would not be influenced by low concentration. Still,
it could decrease when the concentration continued to increase during the evaporation,
which means that a transition or critical point existed in the nanofluid droplet
evaporating process. This phenomenon is also shown in the research of Chen et al. [186],
who based on graphene-PEG-water nanofluid, found that the droplet evaporation rate
would reach the maximum at the concentration of 0.25 mg/ml and would decrease with
the increase of concentration. Recently, Xu et al. [187] proposed the phenomenon of
critical concentration in their research of solar-driven nanofluid droplet evaporation.
They indicated that the evaporation rate would increase with the increase of nanofluid

concentration until ~10 ppm. When the concentration is beyond 10 ppm, the
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evaporation rate will become constant due to the effective nanoparticle layer that can
absorb solar energy no longer change. Besides, there also have a lot of nanofluid droplet
evaporation research based on all kinds of nanoparticles. Some of the common to see

in the studies have listed in Table 2.4.

Table 2. 4 Summary of nanofluid droplet commonly used (unless noted specifically,

all solvent is water).

Material Concentration Volume Time CA Sub. Temp. Ref.

Gold 100 ppm ~1.98 uL  ~340s ~84.8°  35.6°C [188]
Ag 0.1% <100 nm ~3 uL ~1340 s ~140° 22°C [189]
Fe304 1.0% - ~2.0 uL ~2760 s ~60° 25°C [190]
CuO 0.5% ~80 nm ~10 uL ~47 s ~73.5° 86.1°C [191]
AlLO; 0.4% ~40 nm ~0.5 uL ~310s ~34° 22°C [192]
TiO,-ethanol 0.1% <50 nm ~3 uL ~240 s ~44° 20 °C [193]
SiO, ~272 nm ~2.5 uL ~2120's ~150° 22°C [194]
GNP* 0.1% - ~3 uL ~360 s ~10° 22 °C [189]
Polystyrene 0.23% ~24 nm ~7 uL ~2600 s ~67.5° 25°C [195]

* Graphene Nanoplatelets (GNP)

Besides, Yan et al. [196] based on solar-driven gold nanofluid droplet evaporation,
found that the evaporation would follow CCR mode on the hydrophilic surface. A
similar process was also observed by Liu et al. [197] and Sefiane et al. [181] on heated
glass and PTFE substrate, but on the hydrophobic surface would transform into SS
mode. It may be due to the residual surface energy cannot be counteracted by pinning

55



force which is weakened during evaporation. Besides, Saroj et al. [190] based on the
Fe3O4 nanofluid, found that SS and CCR mode and the CCA mode could also be
observed on the PDMS substrate. They have also shown that both the static and
receding contact angle of the nanofluid droplet could decrease with the increase of
concentration, and consistent with the research by Shin et al. [182]. Moffat et al. [193,
198] based on the pure ethanol liquid droplet, found that the evaporation mode would
change from CCA to the SS after the TiO2 nanoparticles are added. They explained that
it might be due to the pinning by nanoparticles’ deposition being weak or the viscosity
increased with the concentration. Yamada et al. [194] also revealed that with the
increase of nanoparticles concentration, the contact line would be moving more
continuously but not jump, which can be seen in Fig. 2.11 (a-c) and (d-f). It may due to
contact line movement would be limited due to a large number of nanoparticles are
deposited on the triple line region with high concentration, as shown in Fig. 2.11 (g-h).
Therefore, the movement of the contact line would be more continuous with the

concentration. The change of contact angle is for the same reason.
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Fig. 2. 11 Schematics of particle behaviour in a droplet at (a) low and (b) high concentration [194].

Besides, there has a research focus on the nanoparticles combined with fuel droplet,
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which improves its thermo-physical properties, such as the thermal conductivity, and
found nanoparticle could improve the evaporation performance for colloidal suspension
fuel droplets [199]. Therefore, the nanofluid droplet evaporation process has common
to see in life. It is not difficult to conclude that all the nanoparticle concentration
parameters, such as material, size, structure and even chemical properties, could
influence the heat and mass transfer and wetting ability of nanofluid droplet during
evaporation. It still has many nanofluid droplets' mechanism and characteristics that

need to be studied deeply and have great significance to industry and scientific research.

2.4.2 Evaporation process of a droplet with added surfactant

Surfactants are self-assembled molecular clusters called micelles in solution. It could
be adsorbed to the interface between the solution and other vapour or solid-phase [200].
It has been widely used in the industry and life [201, 202]. For sessile water droplets
containing surfactants, the presence of surfactants will change the droplets' geometry
during evaporation and affect the heat and mass transfer process and the surface tension
distribution of the liquid-vapour interface. Therefore, the evaporation dynamics would

be influenced interactively.

Many researchers have studied how surfactants can influence the droplet's evaporation
rate for years. Moroi et al. [203] found that the surfactant could make the evaporation
rate of the air-water interface covered by insoluble monolayer decrease and have no
effect on the kind of air-water and air-surfactant solution interface, which also be found

by Lunkenheimer et al. [204]. Gutiérrez et al. [205] also found that non-ionic and ionic
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surfactant solutions could suppress the evaporation rate. However, Fang et al. [206]
found that the surfactant can accelerate the evaporation of water droplets, which was
also proved earlier [207, 208]. In response to this apparent contradiction, Nguyen et al.
[26] noticed and proposed a new model which focused on the Hildebrand solubility
parameter that could analyse the energy density of cohesion and does not need to
consider the effect of both hydrophobicity of surface and the mode of evaporation. It
can effectively solve the contradiction of the surfactant in the literature. Similarly, Zhou
et al. [209] also observed this non-linear relationship between the evaporation rate and
surfactant concentration. They found that the droplet evaporation time with surfactant
on the hydrophilic cotton leaves would decrease when the concentration ranged from
0% to 0.01% but increased from 0.01% to 0.10%. This phenomenon may be due to the
surfactant molecules, which could enlarge the liquid-vapour interface area initially, but
with the increase of concentration, a self-assembled structure would be formed, and

then the evaporation process would be suppressed.

Besides, the effect of surfactant on the contact line region was also studied in detail.
Gokhale et al. [210] revealed that surfactant solutions mainly existed at the solid-liquid
and liquid-vapour interface near the contact line. Simultaneously, they also found that
compared with the pure ethanol liquid droplet, the contact line would be pinned after
adding the surfactant so that the contact angle would decrease during the evaporation.
The pinning of the contact line for the droplet with surfactant could be explained by
Fig. 2.12, proposed by Nguyen et al. [26]. It can be seen that the concentration would
increase during evaporation. Surfactant micelles take shape when the surfactant

concentration is over the critical micelle concentration (CMC), which means that under
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specific concentrations, the surface tension of water will decline [211]. The surfactant
micelles will flow to the triple line region through the capillary flow, so the triple line
is pinned due to the accumulation of surfactant finally, and the evaporation rate could
also be influenced. Semenov et al. [212] put the SILWET L77 surfactant solution
droplet on the hydrophobic surface. They found that the initial contact angle would be
reduced with the increase of surfactant solution concentration. The evaporation process
contains four stages (spreading, CCR, CCA and mixed modes), and CCR and CCA
modes occupy the primary time during the evaporation. The surface tension would also
be significantly influenced by surfactant, which could affect the evaporation mode.
Marin et al. [213] found that the surface tension would decrease after adding the non-
ionic surfactant polysorbate 80 (P80) into a large droplet, and the surface tension
gradients would disappear when the concentration over the CMC. However, when the
ionic sodium dodecyl sulfate (SDS) is in a small droplet, the surface tension would
increase with the concentration below the CMC and decrease significantly at the triple
line region when the concentration is above 2 CMC. Kim et al. [24] also found that a
vital Marangoni recirculation would form inside biopolymer droplets with the existed
of surfactant, which meets the previous study by Sefiane et al. [214], indicated that due
to the non-uniform evaporation, the concentration of surfactant also would not be
distributed evenly at the liquid-vapour interface so then the solute Marangoni flow be

triggered.
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of TPCL

Fig. 2. 12 schematic about the influence mechanism of surfactants on droplet wetting and pinning [26].
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Chapter 3. Effect of photoresist microstructure arrangement on droplet

evaporation dynamics

Control of the wetting properties of functional surfaces is a desired functionality in
many applications. In this chapter, the photoresist SU-8 was used as fabrication material.
Assilicon wafer was used as a substrate to prepare a biomimetic surface with hydrophilic
properties and micro-pillars arranged in array morphology. The evaporation dynamics
and heat and mass transfer processes of deionised water droplets on the bioinspired

hydrophilic photoresist micro-pillar substrate were experimentally studied

3.1 Chapter introduction

Among the many parameters that affect the morphology of solid surfaces, surface
roughness, as a parameter that determines surface texture and flatness, significantly
affects the physical and chemical properties of the surface [215]. Naturally, research on
the effect of roughness on biomimetic surface properties has also been widely
conducted [216]. However, based on the literature review in Chapter 2, most of these
studies on biomimetic surface roughness are based on biomimetic hydrophobic or
superhydrophobic surfaces. In contrast, studies on biomimetic hydrophilic surfaces are
rare. In addition, regarding the preparation process of bionic surfaces, many studies are
based on etching micro-pillar structures to study the impact of surface configuration on
the physical and chemical properties of bionic surfaces as well as droplet wettability
and heat and mass transfer processes [217]. In this process, different materials will be
tried to prepare micro-pillar structures, and the impact of their structural parameters on
biomimetic surface properties will be studied [218]. As mentioned above, in addition

to numerical simulation methods, the current preparation of surface bionic
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microstructures is based on common metal or non-metallic materials. In contrast, based
on semiconductor and electronic technology, the biomimetic structured surfaces
prepared directly based on photoresist materials are rare. In summary, biomimetic
functional surfaces are being increasingly studied due to their broad applicability and
unique characteristics [219-221]. Among them, the design and processing of
microstructures on bionic surfaces has become a significant research field. However,
most of these studies are usually based on achieving hydrophobic or super-hydrophobic
functions, and there are few studies on conventional hydrophilic biomimetic surfaces.
In addition, various etching techniques are usually used to achieve pattern engraving
on the substrate in the design of biomimetic surface microstructures. However, as an
essential material in electronics, the production and research of biomimetic
microstructures directly on photoresists based on photolithography technology is
sporadic. Therefore, it becomes necessary to research photoresist-based biomimetic
functional surfaces. Based on the above, in this chapter, SU-8 photoresist was selected
to prepare hydrophilic biomimetic surface microstructures, and the surface roughness
of the biomimetic surface was regulated by quantitatively controlling the spacing and
height of the surface micro-pillars. The study in this chapter hopes to guide the design,

fabrication and application of bionic functional surfaces based on photoresists.

3.2 Materials and experimental setup

The experimental devices and operation process used in this study are shown in Fig. 3.
1. The IR camera (FLIR A655sc, United States) is used to observe the temperature

distribution of the liquid-vapour interface of the droplets. The droplet shape analyser
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(Biolin Theta Flex, Sweden) measures the nanofluid droplet contact angle, contact line,
and volume changes. Besides, the optical profilometer (KLA Zeta 20, United States) is
also used in the study to measure the sedimentary pattern after evaporation. Meanwhile,
the substrate is placed on a temperature-controlled heating panel. In this experiment,
the temperature control in this article is achieved through a constant temperature water
bath. A tubular heater is placed inside the water tank for heating. The internal sensor
converts the water temperature into a resistance value, amplified by an integrated
amplifier. It outputs a control signal to control the heating power of the electric heating
tube to keep the water at a constant temperature between 50 °C and 80 °C. Silicone
grease (RS PRO, UK) is used between the substrate and the heating panel, reducing
contact thermal resistance. And the droplets were extracted and placed using pipettes
(Eppendorf Research plus, Germany) during the experiments. The ambient temperature
of each test in the laboratory was controlled at 22 + 2 °C, and the relative humidity was
controlled at 55 + 5%. In addition, in all experiments in this thesis, the emissivity of the

infrared camera is uniformly set to 0.95.

i I ’ Temperature Distribution
— ™

Optical Infrared
Profilometer Camera
Drop
Shape
Analyzer Contact angle &
Geometric parameters
Data collection &
Result analysis
Heating -~ .

Fig. 3. 1 Experimental process and equipment schematic diagram.
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Bionics is the invention of new science and technology based on the study of the
structure and function of organisms. This process is also due to natural species richness
and unique biological properties, and some typical examples are shown in Fig. 3.2 (a).
The regular production of microstructures on the surface can maximise the quantitative
control of the overall structural parameters of the biomimetic surface, such as roughness,
which is conducive to subsequent research. Therefore, this study selected the method
of etching micro-pillars on silicon wafers to realise the production of biomimetic
functional surfaces and to carry out research on droplet wetting and heat and mass
transfer characteristics. This study used negative photoresists SU-8 2010, which has the
advantages of high chemical resistance, temperature resistance and good mechanical
stability [222], to fabricate micro-pillars and the specific processing flow and method
are shown in Fig. 3.2 (b). It is worth mentioning that due to the complexity of the micro-
pillar processing process, it is difficult to control the height of the micro-pillars with
extremely high accuracy. Therefore, in this thesis, the height of the micro-pillars is
characterised by calculating the overall average height. Finally, six types of biomimetic
surfaces were fabricated in this study, as shown in Fig. 3.2 (c). besides, a 3D optical
profilometer also explicitly characterised its surface morphology, as shown in Fig. 3.2
(d). The specific configuration parameters of these bionic functional surfaces are shown

in Table 3.1.
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Fig. 3. 2 (a) Plant surfaces or animal skins with unique surface properties in nature; (b) Photoresist
micro-pillar preparation process based on photolithography; (c) Different biomimetic surfaces under

the microscope; (d) Biomimetic surface profile measured by an optical profilometer.

Table 3. 1 Parameters of biomimetic surface photoresist micro-pillars

PBS-S1 ~ PBS-S2 PBS-S3 PBS-SH1 PBS-SH2 PBS-SH3

Spacing s (um) 15 20 40 15 20 40

Diameter d (um) 20 20 20 20 20 20

Average height h (um) 50 50 50 40 40 25
Roughness factor r 3.565 2.963 1.873 3.052 2.571 1.436

Table 3. 2 Some physical properties of the DI water under the condition of 60°C

Density Viscosity Heat capacity Surface Tension

DI water 0.98321 g/cm? 0.4688 mPa-s 4.1843 J/(g'K) 66.18 mN/m
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Besides, the droplet wetting study is mainly divided into the Wenzel state and the
Cassie-Baxter state, and the Wenzel state equation could be defined as [46]:
cos B, = rcos By 3.1)

and the roughness factor r in this study could be defined as:

_(d+s)*+m-d-h
B (d+5s)?

At the same time, the adhesion work is defined based on the Dupré equation [223] can

(3.2)

be described as:

Wag = Ya + Yg — Yag (3.3)
where A and B mean phase or object, when the two objects are solid and liquid,
respectively, the work of adhesion can also be described as:

Wg, = 05 + 0, — Og, 34
where os means surface free energy, oL means surface tension of liquid, and osL means
interfacial tension between solid and liquid phase. Then, the simplified work of
adhesion per unit area could be described as:

WpsL, = WsL/A (3.5)
where A is defined as the two-dimensional contact area of the liquid-vapour interface.
Meanwhile, the average evaporation rate Eavg is defined as:

Eavg = Mo/ Tiotal (3.6)
My = po - Vo (3.7)
where Mo and Vo are the initial mass and volume of the droplet, respectively. Tiotal is

the total evaporation time, and po is the DI water density at 60°C.
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3.3 Results and discussion

3.3.1 Effect of surface biomimetic pillar arrangement on droplet wetting

properties

For biomimetic surfaces, the wettability has always been of excellent research
significance. Therefore, this chapter first studied the wettability of biomimetic surfaces
under different roughness conditions. The changes in the contact angle (CA) and
dimensionless contact line (CL) with time when the droplet volume is 0.25, 0.5, 0.75
and 1.0 pL, respectively, are shown in Fig. 3.3 (a-d). It is worth noting that the change
of the dimensionless contact line is expressed as D/Do, where Do is the contact diameter
of the droplet in the initial equilibrium state and D is the contact diameter in the real-
time state. First, as shown in Fig. 3.3 (a), when a 0.25 pL DI water droplet evaporates
on the three kinds of biomimetic surfaces, the initial contact angle increases by about
15% as the roughness increases. At the same time, the contact line of the droplet also
shows the same change trend. In the initial stage of droplet evaporation, the contact line
is in a pinned state. As the evaporation process proceeds, approximately in the middle
and later period of the overall evaporation process, the contact line of the droplet begins
to move and shrink until the end of evaporation, with an overall shrinkage of about
20%-30%. It can also be seen from this that the evaporation mode of the droplet goes
through a constant contact radius (CCR) mode in the first half where the contact radius
remains unchanged while the contact angle continues to decrease, and a mixed
evaporation mode in the second half where both the contact angle and the contact line
decrease simultaneously. At the same time, as shown in Fig. 3.3, the change trends of

the contact angle and contact line of the droplet remain roughly the same when the
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droplet volume increases. As a biomimetic surface with overall hydrophilicity, when its
surface roughness increases, regardless of the size of the droplet volume, it will increase
its surface wettability. This phenomenon is consistent with the description of the Wenzel
equation, as shown in Eq. (3.1). Besides, the biomimetic surface will also impact the
change of the droplet evaporation mode. As the roughness decreases, the time point of
evaporation mode changes from CCR to mixed will also be later due to the increase in
roughness delaying the time point when the surface tension of the liquid-vapour
interface reaches the depinning force of the contact line. At the same time, in the
observation process of the droplet contact angle, in some cases, the contact line of the
droplet is not a perfect circle, which may cause specific errors in the observation of the
contact angle. Still, it does not affect the observation of the change trend. Therefore,

this error is acceptable in the research of this thesis, and this is hereby stated.
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Fig. 3. 3 Changes of contact angle and dimensionless contact diameter of (a) 0.25 pL; (b) 0.5 pL; (c)
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0.75 uL; (d) 1.0 pL DI water droplet on biomimetic surfaces over time.

At the same time, under different droplet volume conditions, the changes in the work
of adhesion between the three biomimetic surfaces of PBS-S1, PBS-S2, and PBS-S3
and the DI water droplets are shown in Fig. 3.4 (a-d). It is worth mentioning that the
work of adhesion, as an essential concept in interfacial physical chemistry, is of great
significance in describing the characteristics of interfaces. Assuming that the surfaces
of two immiscible objects are in contact with each other, the physical meaning of
adhesion work is the work required to separate the two objects [224]. This chapter uses
the simplified per unit area work of adhesion (WrsL) for description, and the specific
calculation principle is shown in Eq. (3.3-3.5). Taking 0.25 pL of DI water as an
example, as shown in Fig. 3.4 (a), the work of adhesion between the droplet and the
biomimetic surface decreases as the roughness declines, and the adhesion work of the
liquid-solid interface decreases by about 17% when the surface changes from PBS-S1
to PBS-S3. At the same time, with the droplet volume increase from 0.25 pL to 1.0 pL,
the changing trend of the work of adhesion remains consistent. That is, the influence of
the change of the biomimetic surface roughness on the change of the adhesion work
will not change with the change of the droplet volume. This is because the work of
adhesion is one of the biomimetic surface properties, and the biomimetic surface
microstructures play a dominant role in it by changing the wettability. Besides, the
variation trend of the dimensionless height (H/Ho) of the droplet is also shown in Fig.
3.4 (a-d), where Ho is the initial height of the droplet, and H is the real-time height of
the droplet. As the surface roughness increases, the rate of change of the dimensionless

droplet height also increases, and this trend is not affected by the droplet volume. This
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can also be attributed to the increase in roughness, which enhances the mass transfer

rate at the droplet liquid-vapour interface.
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Fig. 3. 4 Variation of work of adhesion (WPLS) with (a) 0.25 pL; (b) 0.5 uL; (c¢) 0.75 pL; (d) 1.0 uL DI

water droplets on different biomimetic surfaces over time.

3.3.2 Effect of surface biomimetic pillar height on droplet wetting properties

In the above, we describe how to change the roughness of the biomimetic surface by
changing the micro-pillar spacing and then explore its effect on wettability. In this
section, based on the same spacing arrangement, the height of the micro-pillars is

changed to study the effect of the change in their roughness on the wettability of the
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biomimetic surface. After changing the height, the biomimetic surfaces are named PBS-
SH1, PBS-SH2 and PBS-SH3, respectively. The wetting phenomenon and evaporation
characteristics of the DI water droplets on these biomimetic surfaces are shown in Fig.
3.5 (a-d). As shown in Fig. 3.5 (a), when the volume of the droplet is 0.25 pL, as the
surface roughness of the droplet increases, the contact angle declines by about 13%.
The evaporation mode of the droplets still undergoes a transition from the CCR mode
to the mixed mode. As the roughness decreases, the time node of the droplet evaporation
mode transition is also delayed. At the same time, when the droplet volume increases
to 0.5 ul, 0.75 pL, and 1.0 pL, it can be seen from Fig. 3.5 (b-d) that the change trends
of the wetting characteristics on the biomimetic surface remain unchanged. And the
evaporation process of the droplet also goes through the two modes of CCR and mixed.
In summary, when the roughness of the biomimetic surface is controlled by changing
the height of the micro-pillars, the evaporation process of the DI water droplets still
follows the same change law described before. It can also be seen that the change in the
height of the micro-pillars has no noticeable effect on the transformation of the
evaporation mode. The change in surface roughness still has the dominant influence on

the evaporation process of droplets.
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Fig. 3. 5 Changes of contact angle and dimensionless contact diameter of (a) 0.25 pL; (b) 0.5 pL; (c)

0.75 uL; (d) 1.0 uL DI water droplet on biomimetic surfaces over time.

At the same time, after the height of the micro-pillar structure on the biomimetic surface
changes, the work of adhesion between the droplet and the biomimetic surface is shown
in Fig. 3.6 (a-d). As shown in Fig. 3.6 (a), when a 0.25 pL DI water droplet was placed
on the PBS-SH1 surface, its initial work of adhesion was about 76 mJ/m?. In contrast,
when the droplet was placed on the PBS-SH2 and PBS-SH3 surfaces, the work of
adhesion decreased to about 69 and 62 mJ/m?, respectively, also reduced by about 10%
and 18%, respectively. This can be attributed to the fact that as the roughness of the
biomimetic surface decreases, the wettability of the biomimetic surface also weakens,
reducing the work of adhesion at the solid-liquid interface of the droplet. At the same
time, as the droplet volume increases from 0.25 pL to 1.0 pL, as shown in Fig. 3.6 (b-
d), on these three kinds of biomimetic surfaces, the work of adhesion between the
droplet and the surface keeps following a trend of gradually increasing as the
evaporation process proceeds. As the evaporation reaches the final phase, no matter on

what kind of surface, the work of adhesion between the droplet of each volume and the
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biomimetic surface will approach about 132 mJ/m?, which is jointly determined by the
biomimetic surface characteristics and the physical properties of DI water. The most
significant difference is that the work of adhesion on the PBS-SH3 surface always

reaches the constant value at the latest, which can be attributed to its surface having the

worst hydrophilicity.
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water droplets on different biomimetic surfaces over time.

In addition, to comprehensively compare the effects of biomimetic surfaces of various
structures on the wetting characteristics of droplets with different volumes, the changes
in the initial equilibrium angle of the droplet with surface parameters were sorted out,
as shown in Fig. 3.7 (a). As seen in Fig. 3.7 (a), the initial equilibrium contact angle of

the droplet is linearly related to the roughness of the biomimetic surface. That is, as the
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surface roughness increases, the contact angle of the droplet declines. For example,
when the droplet volume is 0.25 pL, as the roughness increases, the contact angle can
decline from about 92° to about 77°, a reduction of about 17%. At the same time, it can
also be seen from Fig. 3.7 (a) that when the volume of the droplet increases to 0.5 pL,
0.75 pL, and 1.0 pL, respectively, the maximum decrease in the initial equilibrium
contact angle of the droplet can also reach 16%, 19%, and 22%, respectively. The reason
for this phenomenon can be attributed to the different sizes and arrangements of the
micro-pillar structures on the biomimetic surface, which will significantly change the
overall surface roughness and then, based on the Wenzel state of the droplet, will have
a crucial impact on the wettability of the biomimetic surface and the apparent contact
angle of the droplet. At the same time, the droplet volume also has a minor effect on the
initial equilibrium contact angle. For example, on the PBS-SH3 surface, the initial
equilibrium contact angle does not change significantly when the droplet volume
increases from 0.25 pL to 0.5 pL but decreases by about 5% when the volume increases
to 1.0 puL. The reason for this phenomenon is the same as described before. It has
nothing to do with the wettability of the biomimetic surface but mainly depends on the
effect of gravity. Therefore, the larger the droplet volume, the more pronounced the
gravity effect (overcoming the surface tension of the liquid-vapour interface), and the
more significant the reduction in the contact angle. In addition, based on the series of
biomimetic surfaces, the variation in the magnitude of the adhesion work of DI water
droplets with different volumes is shown in Fig. 3.7 (b). Like the initial equilibrium
contact angle, the initial adhesion work also shows an apparent linear relationship with
the roughness of the biomimetic surface. The more significant the surface roughness,

the greater the work of adhesion, and the maximum increase is approximately 23%.
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3.3.3 Effect of surface roughness on droplet h

The previous mainly introduced the effects of

microstructures on the wetting characteristics of DI water droplets. In addition to the
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wetting state of the liquid-solid interface, different biomimetic surfaces will also
significantly impact the heat and mass transfer process at the liquid-vapour interface of
the droplets, which will be discussed in this section. Firstly, the temperature difference
AT between the droplet centre and the contact line areas is defined. It can be used to
describe the strength of the evaporative cooling effect, which is usually caused by
evaporation from the interface [97]. At the same time, Fig. 3.8 (a-d) shows that AT
will also change under different biomimetic surfaces. As the surface roughness
increases, the AT of the droplet will decrease significantly. For example, when a 0.25
uL DI water droplet evaporates on the biomimetic surface, as shown in Fig. 8 (a). When
the droplet is placed on the PBS-SH3 surface, AT is about 4.8 °C. In contrast, when the
droplet is placed on the PBS-S3 and PBS-SH1 surface, AT is about 4.6 °C and 4 °C,
which decreases by about 4% and 17%, respectively. This phenomenon can be
attributed to the fact that when the roughness of the biomimetic surface increases, the
surface wettability is enhanced. The contact angle of the droplet is reduced, which
enhances the heat transfer process inside the droplet and improves the temperature
uniformity of the liquid-vapour interface while also inhibiting the evaporative cooling
effect of the liquid-vapour interface. At the same time, at the initial equilibrium moment
of the droplet, the infrared thermal images of a 0.25 uL droplet on different biomimetic
surfaces are shown in the inset of Fig. 3.8 (a). The liquid-vapour interface of the droplet
has a pronounced evaporative cooling effect at the initial moment and produces an
apparent temperature gradient distribution. Afterwards, as shown in Fig. 3.8 (b-d), when
the droplet volume increases from 0.25 ulL.to 1.0 uL, the AT change trend of the liquid-
vapour interface remains unchanged. It maintains a linear relationship with the

roughness degree. Under various droplet volume conditions, the AT difference
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between the PBS-S1 and PBS-SH3 surfaces can vary by 34%.
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Fig. 3. 8 The temperature difference between the central and contact line region of (a) 0.25 pL; (b) 0.5
uL; (c) 0.75 pL; (d) 1.0 pL droplet on different biomimetic surfaces.

Meanwhile, the temperature distribution of the droplet liquid-vapour interface changes
with time is shown in Fig. 3.9, where tiwotal refers to the total evaporation time of droplet.
Fig. 3.9 (a) and (b) show the evaporation process of a 0.5 pL DI water droplet on the
PBS-SH3 and PBS-S3 surfaces, respectively. As the evaporation process proceeds, the
temperature distribution at the droplet liquid-vapour interface tends to be uniform. This
can be attributed to the dual effects of enhanced thermal conductivity inside the droplet
and weakened evaporative cooling effect on the interface. It can also be seen that at the
same time point, the temperature distribution inhomogeneity at the droplet liquid-
vapour interface on the PBS-SH3 surface is more evident in the early stage. In contrast,
the difference in temperature distribution between the two surfaces is not significant in

the later stage.
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Fig. 3. 9 Evolution of the temperature distribution at the liquid-vapour interface of a 0.5 pL droplet on
the (a) PBS-SHI1, (b) PBS-SH3, and (c) PBS-S3 surfaces.

In addition, different biomimetic surfaces will also affect the mass transfer process,
which will significantly impact the evaporation rate of droplets. As shown in Fig. 3.10
(a-d), the average evaporation rate of the droplet during the entire evaporation process
is aggregated, which is defined as Eq. (3.6-3.7), showing the effect of different
biomimetic surfaces on the evaporation rate. It can be seen from Fig. 3.10 (a) that as
the biomimetic surface roughness increases, the sessile droplet average evaporation rate
also rises. For example, when the droplet is converted from the PBS-SH3 surface to the
PBS-S1 surface, the average evaporation rate increases from 4.73x107 g/s to 6.0x107
g/s, improving about 27%. Meanwhile, when the droplet volume increases from 0.25
puL to 1.0 pL, the average evaporation rate of the droplet on different biomimetic
surfaces is shown in Fig. 3.10 (b—d). At the same time, when the droplet volume
increases from 0.25 pL to 1.0 pL, the average evaporation rate of the droplet on different
biomimetic surfaces is shown in Fig. 3.10 (b-d). The change in the droplet volume does

not affect the trend of the average evaporation rate. When the droplet volume is 0.5 pL,
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0.75 pL and 1.0 pL, the maximum increase in the average evaporation rate is 17%, 28%

and 17%, respectively.
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Fig. 3. 10 Average evaporation rate of (a) 0.25 uL; (b) 0.5 pL; (c) 0.75 uL; (d) 1.0 puL droplet located

on different biomimetic surfaces.

3.4 Chapter summary

In this study, the bioinspired micro-pillar structures were fabricated on a silicon wafer
based on a photoresist material SU-8, and the biomimetic surface roughness was

precisely controlled by quantitatively controlling the size and arrangement of the micro-
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pillars. First, this study set three different micropillar spacings: 15 pm, 20 um, and 40
um. The results show that the surface roughness gradually decreases as the spacing
increases, weakening the biomimetic surface wettability. The biomimetic surface will
also cause the evaporation mode of DI water droplets to change from CCR mode to
mixed mode. At the same time, the changing trend of the work of adhesion between the
biomimetic surfaces with different microstructures and the droplets is also different.
The smaller the roughness, the lower the adhesion work for droplets of the same volume.
After that, at the corresponding spacing, this study also adjusted the micro-pillar
average height from 50 pm to 40 um and 25 pm. In addition, after adjusting the height
of the micro-pillars, the surface roughness changes, affecting the biomimetic surface
wettability. Considering the combined effects of the micro-pillar spacing and height,
the results show that as the surface roughness increases, the wettability of the
photoresist biomimetic surface gradually increases. The contact angle can be reduced
by up to about 22%, enhancing the adhesion work between the droplet and the
biomimetic surface by up to 23%. There is an apparent linear relationship between them,
which can all be controlled based on the design of the microstructures. Similarly, the
microstructure of the biomimetic surface will also affect the droplet heat and mass
transfer process. During the evaporation process, apparent evaporative cooling will
occur at the liquid-vapour interface of the droplets, and this phenomenon will become
more evident as the roughness increases. The temperature difference between different
surfaces can be increased by up to 34% on average. At the same time, this phenomenon
will also inhibit the overall average evaporation rate by up to 28%. This study
demonstrates the feasibility of preparing hydrophilic biomimetic surfaces based on the

photoresist. At the same time, by regulating the parameters of the surface microstructure,
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the wettability of the biomimetic surface can be precisely controlled, thereby affecting
the interfacial heat and mass transfer process. This study is expected to help expand the

application of biomimetic surfaces in manufacturing electronic devices.
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Chapter 4. Effect of the photoresist microstructure configuration on droplet

evaporation dynamics

As the cornerstone of the electronic manufacturing field, the photolithography process
determines the performance of advanced electronic equipment and products mentioned
above [225, 226]. Therefore, applying photolithography technology to prepare
functional surfaces is significant to the design of electronic equipment. In this chapter,
based on photolithography technology, SU-8 photoresist was still used as raw material
to prepare biomimetic surfaces with microstructures in various arrangements, and the
micro-pillar structure will have cylindrical and square structures. The study in this
chapter aims to guide the optimal design of biomimetic surfaces prepared based on

photoresist.

4.1 Chapter introduction

The functional biomimetic surfaces can give the surface the required unique functions
by simulating the various microstructures, physics, chemistry, and other characteristics
of the surface or skin of plants and animals, which have broad application prospects
[227, 228]. Especially with the development of the electronics industry, applying
photolithography technology to prepare biomimetic surfaces is significant to the bionic
design of electronic equipment. Regarding the preparation of biomimetic functional
surfaces, whether using photolithography or other means, the design of biomimetic
surface microstructures is always crucial, and an essential part of this is the choice of
micro- and nanostructure configuration [229, 230]. Still, most of the research is based
on achieving the super-hydrophobic properties of the biomimetic surface [231], and

research based on conventional hydrophilic biomimetic surfaces or transformation of
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surface wettability is still relatively rare. Besides, in the preparation process of
biomimetic functional surfaces, in addition to the design as mentioned above of the
surface configuration, choosing the material used to fabricate the microstructure also
has a crucial influence on the overall performance of the biomimetic surface [232, 233].
However, research on biomimetic functional surfaces directly based on photoresist
materials is still rare, and the influence of photoresist material characteristics on the
wetting properties of biomimetic surface microstructures remains to be studied.
Therefore, in this chapter, the SU-8 photoresist is still used to prepare biomimetic
functional surfaces with various microstructures on silicon substrates based on bio-
inspiration. The work in this chapter explores the influence of biomimetic surface
microstructure design on wettability and the effective properties of biomimetic

microstructures in photoresists.

4.2 Material and experimental setup

The bionic functional surface in this study is designed based on the concept of bionics,
which was proposed in 1958, and the term “Biomimetics” evolved in 1991 [234]. As
shown in Fig. 4.1 (a), plant surfaces and animal skin in nature will have some unique
characteristics, and then, based on observing the microstructure of their surfaces, bionic
microstructures can be designed. Among a series of bionic microstructures, etching the
micro-pillar on the surface is one of the most widely used design strategies [235, 236].
Based on this, as shown in Fig. 4.1 (b), this study also used SU-8 as raw material to
prepare micro-pillar structures on the silicon wafer to realise the preparation of

biomimetic functional surfaces. The morphology of the prepared biomimetic functional
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surface is shown in Fig. 4.1 (¢). Some physical properties of the photoresist SU-8 2000

series are shown in Table 1.
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Fig. 4. 1 Bio-inspired preparation process of biomimetic functional surfaces.

Table 4. 1 Basic physical properties of photoresist SU-8 2010

Physical Properties Approximate Values
Glass Transition Temperature (°C) 210
Thermal Stability (°C @ 5% wt. loss) 315
Thermal Conductivity (W/mK) 0.3
Coeff. of Thermal Expansion (ppm) 52
Adhesion Strength (mPa) 38

The specific process of preparing the micro-pillar structure on the silicon wafer surface
is shown in Fig. 4.2. As shown in the figure, the substrate is first cleaned with acetone

solvent, and after cleaning, it is baked at 200°C for 30 minutes to remove surface water
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molecules. After that, the SU-8 photoresist is dispersed and spin-coated onto the
substrate surface using a spinner. The photoresist is then soft-baked and then slowly
cooled. After that, the photoresist is exposed to ultraviolet light through a mask reticle
to prepare the desired pattern and a solvent is used to remove the unexposed areas. Then,
the final stage is to hard bake the photoresist at 150-200°C to permanently solidify it,
ultimately obtaining the microstructure required for the design. Meanwhile, it also can
be seen in Fig. 4.2 that the parameters that determine the configuration and arrangement
of the prepared micro-pillars are mainly the pillar spacing S, the pillar height H, and
the pillar diameter (cylindrical pillar)/side length (square pillar) D. The configuration
parameters of each surface are shown in Table 4.2. At the same time, based on various
configuration parameters, the roughness factor on the surface can also be calculated

based on Eq. (4.1) and (4.2), and the result is also listed in Table 4.2.
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Fig. 4. 2 Photoresist biomimetic surface production process.

Table 4. 2 Biomimetic surface microstructural parameters.

CS-1 CS-2 CS-3 SS-1 SS-2 SS-3

Average height H (um) 15 50 30 30 30 40
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Diameter/Side Length D (um) 20 20 30 30 20 20
Spacing S (um) 15 40 20 20 20 20

Roughness factor (f) 1.769 1.873 2.131 2.44 2.50 3.0

In addition, the experimental equipment and process used to study the evaporation of
sessile droplets are the same as those shown in Fig. 3.2. The heating device at the
bottom controls the bottom surface temperature between 50 and 80°C. During the
evaporation process of the droplet, the droplet profile, such as the change in its contact
angle and height, is measured in real time. At the same time, during the evaporation
process, the temperature distribution at the droplet liquid-vapour interface is also
recorded by the IR Camera (FLIR LLC, USA). At the same time, as the bottom
temperature changes, the temperature of the droplet will also change, and its
thermophysical properties will also change. The changes in the thermophysical
parameters of deionised (DI) water under different temperature conditions are shown
in Table 4.3. In addition, there are different calculation methods for the roughness factor
for square and cylindrical pillars. When the surface microstructure is a square pillar, the
roughness factor can be calculated by Eq. (1):

_(S+L)*+4-L-H

f (S + L)?

(4.1)

Besides, when the surface microstructure is a cylindrical pillar, the roughness factor can
be calculated by Eq. (2):

_(S+D)*+m-D-H

f (S + D)2

(4.2)

At the same time, the Wenzel model could be expressed as:
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cos0™ =r - cosO (4.3)
where 0* is the measured contact angle, 0 is the contact angle with a smooth surface,
and r is the surface roughness,

Besides, the Cassie—Baxter equation could be expressed as:
cos®® =r-fg - cosO + fg — 1 (4.4)

where the fsi is the proportion of the actual wetted surface.

Table 4. 3 Physical properties of deionized water at different temperatures

50°C 60°C 70°C 80°C
Density (g/cm?) 0.98804 0.98321 0.97778 0.97180
Viscosity (mPa-s) 0.5494 0.4688 0.4061 0.3635
Surface Tension (dyn/cm) 6791 66.18 64.42 62.61
Thermal Conductivity (mW/m-K) 640.60 650.91 659.69 667.02

4.3 Results and discussion

4.3.1 Effect of microstructure configuration on droplet wetting performance

This study first investigated the effect of micro-pillar shape on the performance of
biomimetic functional surfaces. First, two surfaces, SS-1 and CS-3, were selected,
whose surface microstructures have similar dimensions (pillar height: 25 um; pillar
spacing: 20 pum; pillar side length/diameter: 30 pm). During the evaporation of a 1.0
uL DI water droplet on the surface, the changes in the contact angle and dimensionless

contact diameter of the droplet are shown in Fig. 4.3, where do is the initial contact
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diameter, and d is the real-time contact diameter during the evaporation process. It is
worth noting that in actual experiments, the size of the contact angle is not constant and
has a dynamic fluctuation range during repeated experiments. The size of the contact
angle in this study is the average size after multiple tests. At the same time, since the
droplet contact line cannot always remain in a perfect circle during the droplet's
evaporation process, the measured contact line length also fluctuates. Still, in this study,
it is uniformly considered to be of constant shape to simplify the calculation. When the
substrate temperature is 50 °C, the evaporation process of the droplet is shown in Fig.
4.3 (a). The contact angle of the droplet on the SS-1 surface is more significant than
that of the droplet on the CS-3 surface, with a difference of about 10%. It is also worth
noting that the contact angle on the SS-1 surface is greater than 90°, which is
hydrophobic, while the contact angle on the CS-3 surface is less than 90°, which is
hydrophilic. As evaporation proceeds, the contact angle gradually decreases. At the end
of evaporation, since the measurement of the contact angle of the droplet becomes
difficult, the change in the contact angle of the droplet is represented by a dotted line.
Therefore, in this chapter, since the last stage of evaporation occupies a very short
period of the entire process and has a minimal impact on the overall process, it is
ignored to simplify the calculation and analysis. At the same time, the contact line
remains fixed on the SS-1 or CS-3 surface in the early stage of droplet evaporation.
Still, as the evaporation proceeds, the contact line of the droplet begins to shrink, and
the contact diameter decreases by about 15%. Therefore, the droplet experiences two
evaporation modes on the biomimetic surface: constant contact radius (CCR) mode and
Mixed mode. The CCR mode refers to the contact radius remaining unchanged. In

contrast, the contact angle decreases during evaporation, while the Mixed mode refers
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to the contact radius and contact angle decreasing simultaneously. In addition, when the
substrate temperature increases from 50°C to 60°C, 70°C, and 80°C, the change process
of the droplet is shown in Fig. 4.3 (b), (¢), and (d), respectively. The total evaporation
life of the droplets decreases with the increase in temperature, and the evaporation mode

of the droplets still maintains the two modes of CCR and Mixed.
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Fig. 4. 3 Changes of contact angle and contact line of a 1.0 pL droplet on SS-1 and CS-3 surfaces at a
substrate temperature of (a) 50°C; (b) 60°C; (c) 70°C; (d) 80°C.

At the same time, the changes in the dimensionless height of the droplet on CS-3 and
SS-1 under different substrate temperature conditions are shown in Fig. 4.4 (a), where
ho is the initial height of the droplet and h is the real-time height of the droplet during
the evaporation process. With the increase in temperature, the rate of change of droplet
height gradually increases, increasing by about four times from 50°C to 80°C, which is

caused by the significant acceleration of the evaporation rate. At the same time, the
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height reduction rate of the droplet on the CS-3 surface is always slightly higher than
that on the SS-1 surface, which is due to the stronger wettability of the CS-3 surface.
In addition, the changes in the droplet's initial equilibrium contact angle (ECA) under
different surface and substrate temperatures are shown in Fig. 4.4 (b). Both on the CS-
3 and SS-1 surfaces, the contact angle of the DI water droplet decreases with the
increase of the substrate temperature, and the average decrease rate is -0.19°/°C and -
0.18°/°C, respectively. In addition, the droplets on the CS-3 surface are always in a
hydrophilic state (ECA < 90°), while the droplets on the SS-1 surface are basically in a
hydrophobic state (ECA > 90°). This phenomenon can be attributed to the fact that the
droplets on the CS-3 surface are in the Wenzel state, while the droplets on the SS-1

surface are in the Cassie-Baxter state.
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Fig. 4. 4 (a) Dimensionless height of a 1.0 uL droplet over time for different surfaces and substrate
temperatures; (b) Initial equilibrium contact angle of a 1.0 pL droplet on different surfaces and
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4.3.2 Effect of microstructure arrangement on biomimetic surface wettability

The previous chapter studied the influence of the shape of the micropillar structure on
the wettability of biomimetic surfaces. The previous section studied the effect of the
shape of micro-pillar structures on the wettability of biomimetic surfaces. In this section,
we will comprehensively explore the effects of the configuration and arrangement of
micro-structures on the wettability of biomimetic surfaces. When the substrate
temperature is 50°C, 60°C, 70°C, and 80°C, the evaporation process of the droplet on
the different surfaces is shown in Fig. 4.5 (a), (b), (¢), and (d), respectively. Furthermore,
the contact angle of the droplet on the SS surface is always greater than that on the CS
series surface, which indicates that the wettability of the CS series surface is always
more substantial than that of the SS series surface. In addition, as the evaporation

proceeds, the contact angle of the droplet continuously decreases, while the contact line
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is in a pinned state in the first half and then shrinks as the evaporation proceeds.
Therefore, no matter what surface, the droplet evaporation process will transition from
CCR to Mixed mode. In addition, it can be seen from Fig. 4.5 (b-d) that when the
substrate temperature increases, its evaporation process does not change significantly
except that the lifetime is significantly reduced. The evaporation mode of the droplet
still undergoes a transition from CCR to Mixed mode. The wettability of the CS series
surface is always more substantial than that of the SS series surface. Besides, it can also
be found that the SS series surfaces maintain the droplet pinning state for a longer time,

contributing to its ability to produce a hydrophobic state.
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Fig. 4. 5 Changes of contact angle and contact line of a 1.0 uL droplet on different surfaces at a

100



substrate temperature of (a) 50°C; (b) 60°C; (c) 70°C; (d) 80°C.

In summary, the size and arrangement of biomimetic surface microstructures
significantly impact wettability. For the overall comparative study, the magnitudes of
the initial equilibrium contact angles of the droplets on the CS and SS series surfaces
are shown in Fig. 4.6 (a). The ECA of the droplets on the SS series surface is greater
than 90°, and they are all hydrophobic. However, the ECA of the droplets on the CS-1
surface is greater than 90° at low temperatures (Tsub<70°C), and the ECA gradually
decreases and is less than 90° as the temperature rises to 80°C. This phenomenon can
be attributed to the change of the droplet contact angle from the Cassie—Baxter state to
the Wenzel state. Besides, on the CS-2 and CS-3 surfaces, the ECA of the droplets was
consistently below 90°, indicating their hydrophilicity. Moreover, SS series surfaces
can increase the contact angle by about 12% on average compared with CS series
surfaces. This could be attributed to the square pillar microstructure having denser gaps,
making it easier for droplets to be in the Cassie—Baxter wetting state. At the same time,
on any surface, the ECA of DI water droplets decreases with increasing temperature,
and the average decrease rate is about 0.17°/°C. At the same time, under different
substrate temperatures and surfaces, the changes in the work of adhesion (WoA)
between the solid-liquid interface at the initial equilibrium state of the droplet are shown
in Fig. 4.6 (b). The work of adhesion on the CS series surface is always greater than
that on the SS surface, with the maximum difference reaching up to 36%. This means
that more work is required to separate the droplet on the CS series surface or that more

energy is released during the wetting process of the droplet on the CS series surface.
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Fig. 4. 6 (a) The initial equilibrium contact angle of the droplet changes under different surface and
substrate temperature conditions; (b) The initial adhesion work of the droplet changes under different

surface and substrate temperature conditions.

4.3.3 Effect of microstructure arrangement on interfacial heat transfer

In addition to the wetting characteristics, the research will continue exploring the

influence of biomimetic functional surface microstructure on the sessile droplet
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interfacial heat transfer characteristics. Taking the CS-3 and SS-3 surfaces as examples,
when the substrate temperature is 50 °C and 80 °C, the temperature distribution changes
at the droplet liquid-vapour interface are shown in Fig. 4.7 (a) and (b), respectively. It
can be seen intuitively that no matter the substrate temperature increases from 50 °C to
80 °C, the temperature distribution of the liquid-vapour interface of the droplet on the
CS-3 surface will be more uniform in each period. Besides, as the evaporation process
proceeds, the temperature of the droplet liquid-vapour interface gradually increases.
These phenomena can be mainly attributed to the fact that as evaporation proceeds, the
height of the droplets gradually decreases, which enhances the heat transfer inside the

droplets and thus gradually increases the temperature of the liquid-vapour interface.

D
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position

553
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pclnt
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Fig. 4. 7 Temperature distribution of the droplet liquid-vapour interface on the CS-3 and SS-3 surfaces
at different periods when the substrate temperature is (a) 50 °C and (b) 80 °C.

In addition, it can be seen from Fig. 4.7 that the temperature distribution of the liquid-
vapour interface of the droplets on the SS-3 surface is more uneven at almost every

stage of droplet evaporation. At the same time, the temperature distribution at the
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central line position of the droplet at the beginning, middle, and end of evaporation
under the substrate temperature range from 50 to 80 °C is shown in Fig. 4.8. Among
them, when the droplet is located on the CS-3 surface when the substrate temperature
increases from 50°C to 80°C, the temperature distribution is shown in Fig. 4.8 (a), (¢),
(e), and (g), respectively. As the temperature increases, the temperature non-uniformity
of the droplets in the initial stage also increases, up to 37%, and tends to be uniform in
the final stage. This phenomenon also occurs on the SS-3 surface, as shown in Fig. 4.8
(b), (d), (), and (h). In addition, by comparison, it can be found that under the same
substrate temperature conditions, the temperature distribution of the droplet liquid-
vapour interface on the SS-3 surface is more uneven, which could be attributed to the

hydrophobicity of the SS series surface.
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Fig. 4. 8 When the substrate temperature of the CS-3 surface is (a) 50°C, (c) 60°C, (e) 70°C, (g) 80°C,
the temperature distribution at the centre-line of the droplet liquid-vapour interface at different periods;

when the substrate temperature of the SS-3 surface

In addition, the droplet liquid-vapour interface maximum temperature difference (Tairr,
max) under various surface and substrate temperature conditions is shown in Fig. 4.9 (a).
The maximum temperature difference refers to the temperature difference between the
centre of the droplet liquid-vapour interface and the contact line, such as the mark in
Fig. 4.7. On any surface, the maximum temperature difference of the droplets always
increases with increasing substrate temperature, up to a difference of 37%. At the same
time, when the substrate temperature increases, the gap of the maximum temperature
difference between different surfaces remains unchanged basically, such as the
maximum temperature difference between the SS-3 and CS-3 surfaces kept at 2.5°C
when the substrate temperature rises from 50°C to 80°C. At the same time, when the

substrate temperature is 50°C -80°C, the CS surface can reduce the maximum
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temperature difference by about 18% compared with the SS surface. These phenomena
indicate that as the substrate temperature or hydrophobicity increases, the evaporative
cooling effect at the droplet liquid-vapour interface will be enhanced. Besides, the
changing trends of the average evaporation rate of droplets on various surfaces under
different substrate temperature conditions are also shown in Fig. 4.9 (b). As the
temperature increases, the evaporation rate of the droplets increases significantly,
increasing by about 4 times on average from 50°C to 80°C. Besides, the evaporation
rate of the droplets on the SS series surface is always lower than that on the CS series
surface, with an average decrease of about 13%, which can be attributed to the dual
effects of decreased internal heat transfer of the droplets and enhanced interfacial

evaporative cooling effect.
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Fig. 4. 9 (a) Temperature difference at the droplet liquid-vapour interface in the initial state under
different surface and substrate temperature conditions; (b) Variation of the overall average evaporation

rate of the droplet with the surface and substrate temp

4.4 Chapter summary

Inspired by natural bionics, this study designed the bionic functional surface with the
micro-pillar structure through photolithography technology. Based on this, the effects
of the microstructure structural parameters and arrangement on the biomimetic surface
wettability and the heat and mass transfer process at the liquid-vapour interface of the
sessile droplets were further studied. The research results show that square micropillars
have denser voids under the same or similar size and arrangement conditions, achieving
a more significant roughness factor, which may help achieve the hydrophobic state. In
addition, the substrate temperature will also affect the wettability. As the temperature
increases, the contact angle of the droplets on any surface will decrease, enhancing the

biomimetic surface wettability. In addition, the microstructure of the biomimetic
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surface also significantly impacts the heat and mass transfer process at the liquid-
vapour interface of the sessile droplets. Studies have shown that compared with the CS
series surfaces, the liquid-vapour interface of the droplets on the SS series surfaces has
a more uneven temperature distribution, with an average difference of up to 18%. This
can be attributed to the fact that the SS series surface not only increases the thermal
resistance inside the droplet but also causes a more obvious evaporative cooling effect
at the liquid-vapour interface. Naturally, under the combined effect of these factors, the
evaporation rate of droplets on the SS series surface is suppressed, and the reduction
can reach 13% compared with the CS series surface. This study hopes to contribute to
applying and researching biomimetic functional surfaces, especially those prepared

based on photoresist lithography technology.
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Chapter 5. Effect of surface roughness on silica nanoparticle-laden droplet

evaporation dynamics

This chapter focuses on the influence of copper surface roughness on the evaporation
dynamics and deposition mode of fixed silica nanofluid droplets. Copper is selected as
the droplet-bearing surface in this section because of its wide application in thermal
management and even industrial manufacturing. This experimental study reveals the
critical influence of the roughness of copper, a widely used heat dissipation material,
on the heat and mass transfer process and sedimentary pattern of silica nanofluid droplet

evaporation.

5.1 Chapter introduction

As mentioned above, droplet evaporation is one of nature's most common physical
processes. Among them, due to nanofluid efficient energy transport characteristics, the
evaporation of nanofluid droplets has received widespread attention and has been
widely used in various fields [177, 237-239]. Therefore, it is natural to associate that in
addition to nanofluidic properties, the characteristics of the surfaces contacted by the
droplets will strongly influence their evaporation and deposition processes. Hence, as
one of the primary surface properties, surface roughness has been widely considered in
engineering and scientific research [240], and surface roughness will significantly
impact the heat dissipation effect of thermal management methods based on droplet
evaporation, such as spray cooling. Therefore, it is crucial to reveal the impact of
surface roughness on the nanofluid droplet evaporation dynamics and sedimentary

pattern. However, studies about the influence of surface roughness on the sessile
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nanofluid droplet evaporation process are not much, and the mechanism of the effect of
surface roughness on the evaporation heat transfer of nanofluid droplets still needs more
research. Not many reports have clarified the relationship between the surface
roughness and the nanofluid droplet sedimentary pattern until now. Therefore, the study
in this chapter helps reveal the interaction mechanism between surface roughness,
nanofluid droplet evaporation dynamics, and sedimentary process, which is expected

to guide related industrial applications and scientific analysis.

5.2 Experimental setups and methodology

Before the experiment, the environmental conditions of the closed laboratory were
measured. The relative humidity in the laboratory was about 50 + 5%, which was
detected automatically; the ambient temperature and air pressure were 293 + 2 K and
0.1 MPa, respectively. Under these well-controlled conditions, the experimental
measurements are highly reproducible. The experimental processes are shown in Fig.
3.2. The characterisation of the surface roughness of the S1 to S4 surfaces is shown in

Fig. 5.1.

st

— < <

0 pm I 200 pm

Fig. 5. 1 The optical profiling of the sample surface.

The fluids used in the experiments are deionised (DI) water and silica nanofluid, in
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which silica nanoparticles (SNP) were dispersed in DI water (RS PRO, UK) and
followed by ultrasonication for two hours based on the two-step method. The silica
nanoparticles (Sigma-Aldrich, USA) with a diameter of 0.007 wum were used in this
study and were prepared at a fixed particle concentration of 0.5% volume fraction,
respectively. A pipette (Eppendorf Corporate, Germany) generates the nanofluid droplet,
ensuring a constant volume by smoothly pushing the working fluid out. Meanwhile, 2,

4, 6, and 8 pL are the droplet volumes used during the experiment.

5.2.1 Substrate surface preparation

As shown in Fig. 5.1, the copper discs were polished with emery paper (3M Science,
USA) through a lapping machine. The grid size of the emery papers is P120, P240,
P400, and P1200, respectively. The optical microscope (OPTIKA Microscopes, Italy)
with cold LED light observed the surface image and the deposition appearance. Besides,
in this study, the surface roughness parameters of the substrate listed in Table 5.1 and
the 3D colour view images shown in Fig. 5.1 were measured by the 3D optical
profilometer (KLA Corporation, USA). The surfaces S1 to S4 are fabricated by P120,
P240, P400, and P1200 emery paper through a grinding machine. The surface

roughness parameters include S, which means the roughness average, S; means the
root mean square roughness, S, means the highest peak height, S, means the

absolute value of maximum pit height, and Sg; means the surface skewness. The
calculation formula is shown in Eq. (5.1-5.5). The copper discs are fixed on the water
bath heater with silicone grease (RS PRO, UK), and the surface temperature is

controlled at about 40 + 2 °C.
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Table 5. 1 Surface roughness measurement data of copper disc samples

Samples No. S, (um) Sq (um) Sp (um) Sy (um) Ssk (um)
S1 15.86 20.64 96.19 84.25 -0.0343
S2 14.88 19.78 90.73 112.32 -0.6768
S3 13.97 18.83 99.02 110.05 -0.6919
S4 9.389 12.05 80.97 51.61 0.2265
1
Sa= Kﬂ |z(x, y)| dx dy (5.1)
A

1 2
Sq = JK HA (z(xy))" dxdy (5.2)

Sp = max z(X,y) (5.3)
Sy = |mAin z(x, y)| (5.4)
1|1
S = 35 || 29 dxey (55)
Sq” [A )

It is essential to determine if the sessile droplet on the rough copper surfaces is a
spherical cap to analyse the subsequent changes in the droplet shape. The effect of
gravity on the droplet could be confirmed by the Bond number (Bo), a dimensionless
number defined as the ratio of gravitational force to surface tension force. And usually,
when the Bo is less than 1.0, the effect of the influence of gravity can be ignored, and
surface tension dominates. The maximum value of the Bo number in this study is about
0.85, so all experimental groups can be regarded as meeting the requirements. The Bo

can be calculated by using Eq. (5.6),
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Apri?g
0 =
O-lg

(5.6)

where Ap is the density difference between the liquid and air, r is the radius of the

contact line, g is the gravitational acceleration, and oy is the surface tension of the

liquid.

5.2.2 Silica nanofluid preparation

In this experimental study, the one-step method was used to prepare nanofluids, a
standard method for preparing nanofluids [241-243]. The one-step method usually has
the advantages of good dispersion and high suspension stability. In this thesis, the silica
nanoparticles were directly dispersed into the base liquid deionized water, and then an
ultrasonic generator was used for ultrasonic vibration and stirring for 2 hours. In this
experiment, the mass percentage concentration of silica nanofluid was 0.5 wt%. Besides,
it needs to be mentioned that based on previous studies on the surface tension of silica
nanofluids [244, 245], the surface tension of 0.5 wt% nanofluid at 40°C was estimated

to be 63 mN/m.

5.3 Results and Discussion

5.3.1 The effect of surface roughness on the droplet wettability

The surface wettability could be influenced significantly by the surface roughness. As
seen in Fig. 5.2 (a-d), the surface wettability also improved with the increase of the
surface roughness degree. As shown in Fig. 5.2 (a), for the 2 pL silica nanofluid droplet,

when it is located on the S1 surface, the contact angle (CA) appears as 43°
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approximately. When the surface changes to the S2, S3, and S4, the apparent contact
angle also increases to about 60°, 77°, and 92°, respectively. This is attributed to the
inverse relationship between contact angle and roughness under hydrophilic surfaces.
It also could be described as cos8* = r - cosO, which is also known as the Wenzel
equation [64], where 0* is the apparent contact angle, 0 refers to Young’s contact angle,
r refers to surface roughness degree. As shown in Fig. 5.2 (b-d), this phenomenon still
occurs when the volume of silica nanofluid droplets increases. Although the initial
apparent contact angle changes somewhat with the volume change, the overall
difference is insignificant. It can be concluded that the impact of droplet volume on
wettability is very limited. In addition, it is worth mentioning that on surfaces with
different roughness, the difference in the contact angle hysteresis of the droplet is not
apparent, which shows that the surfaces are generally hydrophilic. Then, as shown in
Fig. 5.2 (a-d), the surface roughness degree also significantly affects the silica nanofluid
droplet evaporation lifetime. It is worth noting that the contact angle is too small in the
final evaporation stage, making it difficult to measure directly. Therefore, for the
convenience of analysis, the endpoint of the evaporation time of the curve in Fig. 5.2 is
taken as an integer multiple of 50s, and the final stage of evaporation is described by a
dotted line fitting. As shown in Fig. 5.2 (a), as the substrate surface changes from S1 to
S4, the evaporation lifetime extends from about 250 s to 400 s, increasing by about 60%.
As shown in Fig. 5.2 (b-d), as the surface roughness degree decreases, the evaporation
lifetime of the sessile droplet also maximum prolongs about 66.7%, 71.4%, and 75%,
respectively. It can be concluded that on a hydrophilic surface, the increase in roughness
will reduce the life of the silica nanofluid droplet, which may owe to the increase in

roughness increases the contact area of the solid-liquid interface, enhances the heat
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transfer process, and promotes evaporation. Besides, the wettability can significantly
affect the evaporation mode of droplets [246]. Similarly, in this study, the surface
roughness could also significantly affect the silica nanofluid evaporation mode. As
shown in the dotted line in Fig. 5.2 (a-d), regardless of the droplet volume, the
evaporation mode of the droplets on the S1, S2, and S3 surfaces always remains in the
constant contact radius (CCR) mode [247], which means that the droplet contact line
(CL) is pinned. The contact angle continues to decrease during the evaporation process.
However, on the S4 surface, during the last 10%-20% stage of evaporation of the
droplet, the evaporation mode of the droplet will change from CCR to mixed mode [63],
which refers to the process that the contact line and contact angle of the droplet move
simultaneously. It may be because smoother surfaces have more minor energy barriers,
lowering the energy and tension requirements needed to move the droplet contact line.
Thus, as evaporation proceeds, the surface tension at the liquid-vapour interface drives

the contraction of the contact line, which in turn gives rise to the slip phenomenon.
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Fig. 5. 2 Evolution of the contact angle of a sessile droplet with a volume of (a) 2, (b) 4, (c) 6, (d) 8 uL
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when located on substrates with different roughness.

At the same time, the quantitative trend of droplet height H changes is shown in Fig.
5.3 (a-d). The degree of surface roughness has a significant effect on profile-changing
trends. As shown in Fig. 5.3 (a), with the increase of the surface roughness degree, the
height of the silica nanofluid also keeps decreasing. Then, the inverse ratio of
dimensionless height change with time is also shown in Fig. 5.3 (a). Regardless of the
surface roughness, the rate of change of the reciprocal of the dimensionless height of
the droplet (Ho/H) increases significantly as the evaporation process proceeds, and they
all rise sharply about fifty seconds before the evaporation process ends. As shown in
Fig. 5.3 (b-d), this trend also has the same appearance at the droplet volume of 4-8 pL.
This may be because, during the evaporation process, the height of the droplets
decreases. In the final evaporation stage, the evaporative cooling effect is weakened.
This makes the relative evaporation rate of the droplets more significant, which in turn

accelerates the droplet height shrinking velocity.
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Fig. 5. 3 The height shrinkage process of the (a) 2 pL, (b) 4 puL, (c) 6 puL, and (d) 8 uL droplets.
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To further study the effect of copper surfaces with different roughness on the wettability
of silica nanofluid droplets, based on the experimental results, the change of the work
of adhesion (WoA) at the liquid-solid interface of the droplet during the evaporation
process was calculated according to Eq. (5.7-5.9), as shown in Fig. 5.4 (a-d). As the
surface roughness decreases, the work of adhesion between the droplet solid-liquid
interface also decreases. Based on the individual volumes, the initial work of adhesion
of the silica nanofluid droplet decreases by an average of about 45% when the surface
goes from S1 to S4. During the evaporation of the droplet, the magnitude of the
adsorption work at the liquid-solid interface of the droplet on the surface with minor
roughness is always lower. As time goes by, the work of adhesion of the liquid-solid
interface gradually increases and eventually reaches a maximum value of about 137
mJ/m?. These calculations show that the greater the roughness, the more work is

required to separate the droplet from the surface and the stronger the wetting ability.
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Fig. 5. 4 Variation of adhesion work at the liquid-solid interface of a (a) 2 puL; (a) 4 uL; (a) 6 pL; (a) 8

pL droplet during evaporation.

5.3.2 The effect of surface roughness on the droplet interfacial heat transfer

The effect of surface roughness on wettability was introduced in the previous section.
This section will also introduce the influence of the surface roughness on the silica
nanofluid droplet heat and mass transfer. Under different surface roughness, the
temperature change trend at the top of the 2 pL silica nanofluid droplet with time is
shown in the line chart in Fig. 5.5 (a). It can be seen from Fig. 5.5 (a) that with the
increase of the surface roughness degree, the temperature at the top of the droplet (Ttop)
keeps increasing. The Ttop increased from about 34.4°C to 37.4 °C, improving 8.7%,
when the substrate surface changed from S4 to S1. This may be because as the surface
roughness degree increases, the droplet height becomes lower, which enhances the heat
conduction process inside the droplet, thereby increasing the temperature of the liquid-

vapour interface. Under other droplet volume conditions, the maximum increase in Ttop
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is also around 8.7%, meaning that volume changes have little impact. On the other hand,
it can also be seen from the bar chart in Fig. 5.5 (a) that as the roughness decreases, the
maximum difference between the temperature at the top of the droplet and the
temperature in the contact line area (Tdiffmax) also becomes more significant. The Tair,
max Of the silica nanofluid droplet increased from about 1.3°C on the surface S1 to about
2°C on the surface S4, which is an increase of approximately 54%. As the roughness
increases, the evaporative cooling effect of the liquid-vapour interface is also enhanced,
which may be due to the reduced surface wettability, inhibiting the heat transfer process
inside the droplet, thus promoting the evaporative cooling effect. The Taitrmax difference
on the surface of S1 and S4 also change to 40%, 35%, and 32% as the volume increases
to4 uL, 6 uL, and 8 pL, respectively. Then, these kinds of trends also remain unchanged,
with the droplet volume gradually increasing to 4 uL., 6 uL, and 8 pL. As shown in Fig.
5.5 (b-d), the temperature at the droplet's top gradually increases and stabilizes at about
40°C. With the silica droplet volume increase, the Tiwop also decreases in the initial stage,
like the S1 surface decline of about 2%. It may be due to the droplet height increasing
with droplet volume, suppressing droplets inside heat transfer and further enhancing
the evaporative cooling effect, making the temperature of the liquid-vapour interface
decline. At the same time, with the increase of silica nanofluid droplet volume, Tdiff,max
also increases significantly, such as increasing by 25% on the S4 surface from 2 pL to

8 uL, which could be attributed to the enhanced evaporative cooling effect.
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Fig. 5. 5 The temperature change of the droplet top region T, with time and the maximum temperature
difference in liquid-vapour interface Tgismax When the droplet volume is (a) 2 uL; (b) 4 uL; (c) 6 uL; (d)
8 uL.

Then, as shown in Fig. 5.6, the temperature distribution of the liquid-vapour interface
of the silica nanofluid droplets of different volumes on the S4 surface. It can be seen
from Fig. 5.6 (a-d) that on the S4 surface, droplets with various volumes have a
relatively pronounced evaporative cooling effect in the initial stage. At the liquid-
vapour interface, the temperature in the top centre region is significantly lower than in
the contact line region. As the evaporation proceeds, the temperature distribution at the
liquid-vapour interface gradually becomes uniform, stabilising at about 40 °C in the

final evaporation stage.
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Fig. 5. 6 The evolution of interface temperature distribution of (a) 2 uL; (b) 4 uL; (c) 6 uL; (d) 8 uL
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droplet on the S4 surface with time.

5.3.3 The effect of surface roughness on the nanofluid droplet sedimentary pattern

The previous sections analysed the effects of roughness on the surface wettability and
silica nanofluid droplet interfacial heat and mass transfer processes during the
evaporation process. In this section, we will discuss the sedimentary pattern of silica
nanofluid droplets after the evaporation process and analyse its relationship with
surface roughness. In this experimental study, nanofluid droplets produced a coffee-
ring effect after evaporating on surfaces with different degrees of copper roughness.
The sedimentary pattern of 2 pL silica nanofluid droplets on the surfaces S1 to S4 is
shown in Fig. 5.7 (a-d). As the surface roughness decreases, the sedimentary pattern
becomes more precise and complete. It may be owed that as the surface roughness
decreases, the substrate surface wettability decreases, and the evaporative cooling effect
of the droplets is also enhanced. In this way, the temperature difference between the top
and edge regions of the sessile droplet becomes more significant, which enhances the
Marangoni effect inside the silica nanofluid droplet, which in turn leads to a faster and
more massive aggregation of silica nanoparticles inside the droplet to the contact line
region via Marangoni flow. It can be concluded that increasing the roughness of the
copper surface can inhibit the coffee-ring effect to a certain extent. At the same time, it
can also be seen from Fig. 5.7 (a-d) that as the roughness increases, the coffee-ring
sedimentary pattern becomes unclear, and its shape also becomes more irregular. This
is because during the wetting process, after the droplet adheres to the surface, the

contact line is restricted by the large grooves on the rough surface and cannot move
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evenly around but is hindered, limiting the contact line's roundness and further affecting

the sedimentary pattern.

Fig. 5. 7 The sedimentary pattern after the evaporation of 2 pL silica nanofluid droplet on the (a) S1,
(b) S2, (¢)S3, and (d)S4 surfaces, respectively.

At the same time, the relative height distribution statistics of the coffee-ring
sedimentary pattern of silica nanofluid droplets under different roughness surfaces are
shown in Fig. 5.8 (a-d). As shown in Fig. 5.8 (a), the range of horizontal coordinates
represents the width of the sedimentary coffee-ring pattern marked by the white line in
the illustration within Fig. 5.8 (a). h/havg represents the dimensionless height of the
sedimentary coffee-ring pattern, which means the ratio of the height of each location to
the overall average height. In the dimensionless height distribution of the coffee ring
formed on the surface of S1, the maximum value differs from the minimum value by a
factor of about 2.6. Meanwhile, as shown in Fig. 5.8 (b-d), the difference between the
maximum and minimum values of the dimensionless heights of the silica nanofluid
droplets increased to about 2.7, 5.9, and 8.5 times when the droplets were located on
the S2, S3, and S4 surfaces, respectively. This phenomenon is due to several reasons.
Firstly, as the surface roughness degree increases, the coffee-ring phenomenon of the
silica nanofluid droplet is suppressed. This makes the coffee-ring sedimentary pattern
relatively insignificant, leading to a flatter distribution of dimensionless heights.

Second, as the roughness decreases, the copper substrate surface becomes smoother,
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allowing the silica nanoparticles to be deposited chiefly on the surface rather than in

the grooves, contributing to a more differentiated distribution of dimensionless heights.
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Fig. 5. 8 Dimensionless height of the cross-section of the sedimentary ring after evaporation of a 2 uL.

silica nanofluid droplet on the (a) S1, (b) S2, (c) S3, (d) S4 surface.

Also, the pattern of sedimentary coffee rings formed on the surface of the copper
substrate after the evaporation of different volumes of silica nanofluid droplets is shown
in Fig. 5.9, where only the roughest S1 surface and the smoothest S4 surface were
selected for comparison to clarify the differences. As shown in Fig. 5.9 (a-c), the

diameter of the sedimentary coffee-ring pattern increases as the droplet volume
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improves. At the same time, the sedimentary coffee-ring patterns remain visible as the
droplet volume increases, and all these have about 1-4 fractures. As shown in Fig. 5.9
(c), a localized 3D surface measurement of the fractures by optical profilometer shows
that there are almost no residual silica nanoparticles left at the fracture regions, which
indicates that the fractures appeared abruptly after the silica nanofluid droplet
evaporation and the formation of the sedimentary coffee-ring patterns. Meanwhile, it
can be seen in Fig. 5.9 (d-f) that the coffee-ring effect appears regardless of the increase
in droplet volume. Still, the sedimentary coffee-ring pattern produced by the droplet's
evaporation is not apparent, and the ring deposition pattern has many fractures (more
than 10). Although the sedimentary coffee-ring patterns fractured on both surfaces, the
causes differed. On the smooth surface (S4), the sedimentary coffee-ring pattern formed
gradually and entirely during evaporation. In contrast, the fracture may be attributed to
the bottom heating, which caused the sedimentary coffee-ring pattern to receive thermal
stresses. Some localized thermal stresses were stronger than the inherent strength of the
silica sedimentary ring itself, and thus, a sudden fracture occurred after the evaporation
was completed. Meanwhile, on the rough surface (S1), the surface grooves were much
more numerous than those on the smooth surface and had a greater depth, resulting in
a poorer flatness. In this way, when the nanoparticles gather and deposit toward the
contact line area during the evaporation process, the coffee-ring sedimentary pattern
formed by them is subject to natural uneven stress distribution at the bottom, which
makes many fractures generated, so it may not be possible to form a complete and

continuous ring sedimentary pattern during the evaporation process.
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Fig. 5. 9 Microscope images of the sedimentary coffee-ring patterns of (a) 4; (b) 6; and (c) 8 puL silica
nanofluid droplets placed on the S4 surface; Microscope images of the sedimentary coffee-ring patterns

of (d) 4; (e) 6; and (f) 8 pL silica nanofluid droplets placed on the S1 surface; (g) and (h) is the optical

profile of the selected area.

5.4 Chapter summary

In this chapter, the effect of copper surface roughness on the evaporation dynamics of
the sessile silica nanofluids droplet is investigated experimentally. There are many
studies on the evaporation phenomenon and deposition pattern of silica nanofluid
droplets [248] [249, 250], including its deposition mechanism or the effect of surfactant
addition. However, this chapter is unique in that it studies the effect of surface
roughness on the coffee deposition cracks of silica nanofluid droplets. The results show
that based on the hydrophilic copper surface, the surface wettability increases with
increasing roughness, reducing the contact angle of the nanofluid droplets.
Correspondingly, the height change of droplets is not significantly affected by
roughness, and the change rate is slow in the early evaporation stage and increases

sharply in the later stage. Meanwhile, the evaporation of nanofluid droplets on the S1,
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S2, and S3 surfaces follows the CCR pattern regardless of the droplet volume. However,
on the S4 surface, the evaporation is in the CCR mode in the beginning and middle
stages but changes to the mixed mode in the last 10%-20% of the total process
approximately. In addition to wettability, the experiment also observed the effect of
roughness on the heat transfer process at the liquid-vapour interface of silica nanofluid
droplets. As the surface roughness decreases, the adhesion work between the droplet
and the solid-liquid interface also decreases. When the surface changes from S1 to S4,
the initial adhesion work, on average, decreases by about 45%. At the same time, as the
roughness decreases, the temperature at the apex of the liquid-vapour interface also
decreases, and the temperature difference between the top liquid-vapour interface and
contact line region also increases, up to about 2.5°C, indicating that increasing the
surface roughness can suppress the evaporative cooling effect of the nanofluid droplet
during evaporation. Similarly, substrate roughness also impacts the coffee-ring effect
of silica nanofluid droplets. As the roughness increases, the coffee-ring sedimentary
pattern of the nanofluid droplets becomes less pronounced due to the dual reasons of
deep surface grooves for greater roughness and suppression of the Marangoni flow.
Experimental results show that forming rounded droplet and coffee ring deposition
patterns on rough surfaces is challenging but accessible on smooth surfaces. On the
smoother surface, there are fewer fractures in the coffee-ring sedimentary pattern, and
the relative height difference of the sedimentary pattern is more pronounced, with a
maximum amplitude of up to 8.5 times. Besides, regardless of the change in droplet
volume, the effect of surface roughness on the sedimentary pattern remains unchanged.
In inkjet printing, paint coating, plant fertilization, and even medical testing, regulating

the shape and cracks of the coffee ring deposition pattern will significantly affect its
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effect. This study hopes to guide the research related to the effect of roughness on the

evaporation of nanofluid droplets and its subsequent practical application.
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Chapter 6. Effect of loaded carbon-based nanoparticles on the evaporation

dynamics of sessile droplets

This chapter prepared the nanofluid droplets based on two common carbon-based
nanomaterials, multi-walled carbon nanotubes (MWCNTSs) and multi-layer graphene
(MLG). The monocrystalline silicon wafer is used as the substrate, and the substrate
temperature is controlled between 50 °C and 80 °C as the external factors. The effects
of adding different carbon-based nanoparticles on droplet wettability, contact line
movement, and heat and mass transfer processes at the liquid-vapour interface were
explored under different heating conditions. At the same time, the experimental study

would also focus on the effect of nanoparticle type on the sedimentary pattern.

6.1 Chapter introduction

Carbon-based materials mainly refer to materials with carbon as the main body, among
which high-performance materials such as graphene and carbon nanotubes have been
widely used in industrial production and scientific research [251, 252]. So far, although
there have been many studies focused on carbon-based nanofluids, not many studies
have been done on the evaporation of loaded droplets in multi-walled carbon nanotubes
and multilayer graphene, which are typical and widely used carbon-based
nanomaterials, and comparative studies on its evaporation dynamics on heated silicon
wafers are even rarer, which also need to be explored further. Besides, in the process of
evaporation of carbon-based nanofluid droplets, the sedimentary of nanoparticles is
inevitably accompanied, and the sedimentary process would not only affect the

enhanced heat transfer process of the cooling system but also should be considered in
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the manufacture of electronic equipment [253, 254] and inkjet printing [255]. Therefore,
exploring the evaporative and sedimentary processes of nanofluid droplets from
different carbon-based materials and the influence of substrate temperature on them is
significant. In this chapter, based on the multi-wall carbon nanotubes and multilayer
graphene nanoparticles, the influence of substrate temperature on the evaporation
dynamics and the sedimentary pattern of the nanoparticles-laden droplet was
investigated experimentally, which is expected to guide the direct cooling or printing

of electronic devices based on carbon-based nanofluids.

6.2 Experimental methods

6.2.1 Experimental setup

The experimental devices used in this study are also shown in Fig. 3.2. At the same
time, a 1-inch diameter monocrystalline silicon wafer was selected as the substrate for
placing the nanofluid droplets, and the surface of the silicon wafer was polished. The
morphology parameters of the polished surface are shown in Table 6.1. Meanwhile, the
monocrystalline silicon wafer is placed on a temperature-controlled heating panel. In
this experiment, the substrate temperature is controlled between 50 - 80 °C. Before each
experiment, each silicon wafer was cleaned by ultrasound in an isopropyl alcohol
solution for at least 10 min and then dried using an air jet. And the droplets were
extracted and placed using pipettes (Eppendorf Research plus, Germany) during the
experiments. The ambient temperature of each test in the laboratory was controlled

between 20 and 24 °C, and the relative humidity was controlled between 50% and 60%.
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Table 6. 1 Silicon wafer polishing surface parameters

Surface parameters Value
surface flatness (Total Indicator Reading, TIR) TIR <3 pm
Warp (Total Thickness Variation, TTV) TTV <10 pm
Wafer curvature (BOW) BOW <10 pum
Surface roughness <0.5nm
Surface granularity <10 (for size > 0.3 pm)

6.2.2 Nanofluid preparation

This study uses multi-walled carbon nanotubes (MWCNTs) and multilayer graphene
(MLG) nanoparticles as carbon material, and their physical properties are shown in
Table 6.2. Both MWCNTs and MLG nanofluid were prepared using the two-step
method [243], which can enhance the stability of nanofluids. In this experiment, the
deionised water was selected as the base fluid. The nanoparticles were then dispersed
into the base liquid, and the surfactant sodium dodecyl sulfate (SDS) was also added to
the nanofluid, which purpose to make the MWCNTs and MLG nanoparticles uniformly
and stably dispersed in the liquid so that the stability of the nanofluid was further
enhanced. The nanoparticles are then mixed with the solvent using ultrasonic vibration
and stirring for at least 30 minutes. In the finally prepared nanofluid, the mass
concentration of MWCNTs and MLG was controlled at 0.5 wt%, and the mass

concentration of the surfactant SDS was controlled at 1.0 wt%.

Table 6. 2 Basic physical parameters of nanoparticles
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MWCNTs MLG

Diameter Inner: 3-5; Outer: 8-15nm 7-10 pm
Length/Thickness 3-12 pm < 100 nm (1-3 layers)
Carbon content > 95 wt% > 98 wt%
Density (g/cm®) 0.15 0.08-0.13
Thermal conductivity (W/m-k) 2000-6000 [256] 2000-6000 [257]

6.3 Results and discussion

6.3.1 Effect of different carbon-based nanoparticles on the heat and mass transfer

process

In this study, the effect of different additions of carbon-based nanoparticles on droplet
wetting properties and evaporate modes compared to pure DI water was carried out,
and the substrate heating temperature was controlled at 50 °C. As shown in Fig. 6.1 (a-
d), compared with pure DI water, adding MWCNTs and MLG nanoparticles can
significantly reduce the contact angle and evaporation time of droplets. From Fig. 6.1
(a) to Fig. 6.1 (c), when the droplet volume increases from 0.5 pL to 1.5 uL, the contact
angle of the carbon-based nanofluid droplets is all around 15°, while the contact angles
of the pure water droplets are all around 72°. At the same time, compared with pure
water, adding MWCNTs and MLG nanoparticles can reduce the total evaporation time
of droplets by an average of 55% and 66%, respectively. This should be due to the
addition of carbon-based nanoparticles, which significantly increase the thermal
conductivity of the droplets, thus enhancing the heat transfer and evaporation efficiency.
At the same time, the addition of nanoparticles also considerably changes the
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evaporation mode of droplets. As shown in Fig. 6.1 (a), when pure water droplets
evaporate on the Si wafer, it is in the early stage's constant contact radius (CCR) mode.
Then, the droplets change to the mixed evaporation mode in which the contact line (CL)
and contact angle (CA) decrease simultaneously. As the evaporation proceeds further,
the contact line of the droplets continues to decline, but the contact angle increases,
which kind of state could be called mixed stick—slip (MSS) mode [258]. Afterwards,
the evaporation mode returned to the mixed mode, and the contact angle jumping
behaviour appeared in this process. At the same time, when a 0.5 uL MWCNTs
nanofluid droplet evaporates on the Si wafer, the droplet is also in the CCR mode in the
initial stage, then transitions to the mixed mode and CCA mode and ends in the mixed
mode in the final stage of evaporation. Meanwhile, when 0.5 pLL. MLG nanofluid
droplets evaporate on the Si wafer, the droplet evaporation remains in the CCR mode
and changes to the mixed mode in the final stage. Also shown in Fig. 6.1 (b) and (c),
when the droplet volume increases to 1.0 and 1.5 pL, the evaporation modes
experienced by the three droplets remain unchanged. Among them, the CCR mode takes
the longest time during the evaporation process of MLG nanofluid droplets, and it may
be attributed to the addition of MLG nanoparticles and surfactant that reduces the
surface tension, making it insufficient to drive the movement of the contact line. In
addition, as shown in Fig. 6.1 (d), compared with MWCNTs, the addition of MLG can
always lead to better wettability of droplets and higher evaporation efficiency, which

can be mainly attributed to the enhancement of thermal conductivity and wettability.
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Fig. 6. 1 Changes in contact angle and contact line during evaporation for (a) 0.5 uL, (b) 1.0 uL, (c) 1.5
puL DI water, MWCNTs, and MLG nanofluid droplets and (d) the carbon-based nanoparticles

comparison.

Subsequently, under the same external conditions, during the evaporation process of
different types of droplets, the temperature difference between the top of the droplet
and the contact line area (Tdifr) changes with time, as shown in Fig. 6.2 (a-d). As shown
in Fig. 6.2 (a), when the droplet volume is controlled to 0.5 uL, the Taifr of the DI water
droplets is significantly higher than that of MWCNTs and MLG nanofluid droplets. For
example, in the initial stage, the Taifr of DI water droplets is about 3.7 °C, while the Taifr
of MWCNTs and MLG nanofluid droplets are about 0.9 and 0.5 °C, respectively. This
may be attributed to the enhanced liquid thermal conductivity and wettability
suppressing the evaporative cooling effect. At the same time, it is also evident from the
illustration in Fig. 6.2 (a) that as the evaporation process proceeds, the temperature
uniformity of the droplet liquid-vapour interface is improved, and the evaporative
cooling effect is also suppressed. Similarly, when the droplet volume increases to 1.0

and 1.5 pL, the Tdisr of the three kinds of droplet changes with time, as shown in Fig.
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6.2 (b) and (c). As the droplet volume increases, the Taifr also increases at the initial
moment, such as the Taifr of DI water droplet increased by 11% and 24% when the
volume rises to 1.0 and 1.5 pL, respectively. In addition, the changes of Taisr with time
for MWCNTs and MLG nanofluid droplets under different volume conditions are
shown in Fig. 6.2 (d). Compared with MLG nanofluid, the Tditr of MWCNTSs nanofluid
droplets is always larger. For example, under the conditions of 0.5, 1.0, and 1.5 pL, the
Taitr increases by 80%, 75%, and 71%, respectively. It may be owed that the addition of
MLG nanoparticles makes the surface tension of the liquid more minor, and the droplet
wettability is more muscular, which strengthens the thermal conductivity inside the

droplet, thereby inhibiting the evaporative cooling effect.
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Fig. 6. 2 Temperature difference at the edge and top of liquid-vapour interface of (a)
0.5 uL, (b) 1.0 puL, (c) 1.5 pL DI water, MWCNTs, and MLG nanofluids with time.

At the same time, the dimensionless volumes (V/Vo) of different volumes change with
time during the evaporation process, as shown in Fig. 6.3 (a-d). It can be seen from Fig.
6.3 (a) that when the droplet volume is 0.5 pL, the average evaporation rate of the
carbon-based nanofluid droplets is greater. Compared with pure DI water, adding
MWCNTs and MLG nanoparticles increases the average evaporation rate of the
droplets by approximately 1.2 and 2.1 times, respectively. Similarly, as shown in Fig.
6.3 (b), when the droplet volume is 1.0 pL, adding MWCNTs and MLG nanoparticles
increases the average evaporation rate of the droplets by approximately 1.2 and 1.9
times compared with pure DI water droplets. When the droplet volume increased to 1.5
pL, this value became 1.36 and 2 times. At the same time, the comparison of different
carbon-based nanofluid droplet average evaporation rates at different volumes is shown
in Fig. 6.3 (d). It can be seen from Fig. 6.3 (d) that the evaporation rate of the MLG

nanofluid droplets is still faster than MWCNTs nanofluid droplets. At the same time,
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with the increase of the droplet volume, the evaporation rate of the droplets loaded with
carbon-based nanoparticles increases faster than that of the DI water droplets, which
can be attributed to the fact that the evaporative cooling effect at the liquid-vapour

interface is more obvious on the DI water droplets, thereby inhibiting evaporation more

severely.
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6.3.2 Effect of substrate temperature on the droplet evaporation dynamics

After exploring the effects of different materials, this study is also conducted on the
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effects of different substrate temperatures on the droplet evaporation process. As shown
in Fig. 6.4, different droplets exhibit different evaporation processes at various
temperatures. As the substrate temperature increases, the total evaporation time
shortens significantly. The effect of substrate temperature on the evaporation of the DI
water droplets is shown in Fig. 6.4 (a). When the temperature increases from 60 °C to
80 °C, the total evaporation time is shortened by approximately 63%. Under different
substrate temperature conditions, the contact line will jump during the droplet
evaporation. For example, when the substrate temperature is 60 °C, around the 58th
second of the evaporation process of DI water droplets, the contact angle immediately
increases from 21° to 52° after jumping, and the contact line is also instantly reduced
by about 34%. At the same time, as shown in Fig. 6.4 (b), as the substrate temperature
increases, the total evaporation time of the carbon-based nanofluid droplets also
significantly decreases. When the substrate temperature increases from 60 to 80 °C, the
total evaporation time of MWCNTs and MLG nanofluid droplets decreases by about
54%. Meanwhile, the initial contact angle also increases significantly with the increase
in temperature. When the substrate temperature increases from 60 to 80 °C, the contact
angles of MWCNTs and MLG nanofluid droplets increase by about 1.1 times and 0.9
times, respectively. As the temperature increases, the evaporation process of the MLG
nanofluid droplets only experiences the CCR mode and the mixed mode. Still, the
MWCNTs nanofluid droplet base has CCR, CCA, and mixed evaporation modes during

the entire evaporation process.
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Fig. 6. 4 Changes in contact angle and contact line of 0.5 uL (a) DI water and (b) carbon-based

nanoparticle-laden droplets during evaporation.

Under the same conditions, when the volume of the droplets increases to 1.0 pL, the
evaporation process of DI water, MWCNTs, and MLG nanofluid droplets is shown in
Fig. 6.5. With the volume increased to 1.0 puL, the DI water droplets still showed
apparent jumping behaviour at the substrate temperature of 70 and 80 °C. At the same
time, the entire evaporation process was relatively smooth at the substrate temperature

of 60 °C. For 1.0 pL MWCNTs and MLG nanofluid droplets, the increase in substrate
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temperature significantly shortened the total evaporation time. At various temperatures,
the increase in droplet volume did not affect the evaporation modes of MWCNTs and
MLG nanofluid droplets. Meanwhile, when the droplet volume increases to 1.5 pL, the
droplet evaporation process changes with time, as shown in Fig. 6.6. As shown in Fig.
6.6 (a), the 1.5 pLL DI water droplet contact line only jumped at 80°C. The droplet
contact angle increased instantly from 30° to 56° at about 25th seconds. Likewise, as
shown in Fig. 6.6 (b), the evaporation mode of MWCNTs and MLG nanofluid droplets

also do not change with increasing droplet volume and are the same as those at 0.5 pL

and 1.0 pL.
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Fig. 6. 5 Changes in contact angle and contact line of 1.0 uL (a) DI water and (b) carbon-based

nanoparticle-laden droplets during evaporation.
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Fig. 6. 6 Changes in contact angle and contact line of 1.5 pL (a) DI water and (b) carbon-based

nanoparticle-laden droplets during evaporation.

As the substrate heating temperature increases, as shown in Fig. 6.7 (a-1), the maximum

value of the temperature difference (Tuifr, max) at the top and edge of the droplet's liquid-
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vapour interface also changes. The Tuifr, max of DI water droplets with different volumes
would be changed with the substrate temperature, as shown in Fig. 6.7 (a-c). When the
droplet volume increases from 0.5 pL to 1.5 pL, Taift, max Will also rise as the substrate
temperature increases. This may be due to the increased evaporation rate at the liquid-
vapour interface. This causes the surface to absorb much heat, promoting the
evaporation-cooling effect. In addition, as the droplet volume increases, the Taiff, max
will also increase. For example, when the substrate temperature is 80 °C, the Taiff, max
will increase by about 17% from 0.5 to 1.5 pL. This is because, with the increase in
droplet volume, the distance between the liquid-vapour interface and the substrate also
increases, inhibiting heat transfer and making a more significant temperature difference
between the top and edge of the interface. Similarly, the changes in Taiff, max of
MWCNTs and MLG nanofluid droplets under different volumes and substrate
temperatures are shown in Fig. 6.7 (d-f) and (g-1), respectively. It can be seen that the
Tuifr, max of carbon-based nanofluid droplets, is still lower than that of DI water. For
example, when the substrate temperature is 80 °C and volume is 0.5 pL, the Taiff, max of
MWCNTs, and MLG nanofluid droplet are 37% and 45% lower than DI water,
respectively. This is due to the addition of carbon-based nanoparticles significantly
enhancing the droplets' wettability and internal heat conduction, which can effectively
suppress the evaporative cooling effect of the liquid-vapour interface and improve its
temperature uniformity. Compared with DI water and MWCNTs nanoparticles, adding
MLG nanoparticles could make Taifr, max with a max reduction of up to 3.7 °C and 1.0 °C,
respectively. It means that the addition of MLG nanoparticles will make the effect of
inhibiting evaporative cooling more apparent, which can be attributed to MLG

nanofluid droplets having better wettability.
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Fig. 6. 7 Based on different substrate temperatures, the maximum temperature difference between the
top and edge of (a) 0.5 uL, (b) 1.0 uL, (¢) 1.5 uL DI water droplet, (d) 0.5 puL, (e) 1.0 uL, (f) 1.5 uLL
MWCNTs nanofluid droplet, and (g) 0.5 pL, (h) 1.0 uL, (i) 1.5 pL MLG nanofluid droplet.

At the same time, the change in substrate temperature on the dimensionless volume
(V/Vo) of the DI water and carbon-based nanofluid droplets is shown in Fig. 6.8 (a-d).
It can be seen from Fig. 6.8 (a) that as the droplet volume is 0.5 pL, the substrate
temperature would significantly affect the change of the V/Vo. With the increase in the
substrate temperature, the slope of the curve gradually increases, which means that the
droplet's evaporation rate also gradually increases. Similarly, when the droplet volume
increases to 1.0 uL and 1.5 pL, the changing trend of V/Vo of the droplets remains
consistent, and the effect of temperature on V/Vy is still pronounced. Moreover, the
slope of the V/Vo curve of the droplets loaded with MLG and MWCNTs is always
greater than that of the DI water, indicating that adding carbon-based nanoparticles can
significantly enhance evaporation. Meanwhile, the overall average evaporation rate
change is shown in Fig. 6.8 (d) under the combined effect of droplet volume and
substrate temperature. It can be seen that when the base temperature is 60 °C, 70 °C
and 80 °C, the evaporation rate of the MLG-loaded droplets can be increased by up to
1.9, 1.3 and 1.2 times compared with DI water. Besides, the average evaporation rate

of MLG nanofluid droplets is always higher than that of MWCNTs nanofluid droplets.
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As shown in Fig. 6.8 (d), when the droplet volume is 0.5 pL, the average evaporation
rate of MLG nanofluid droplets is 27% higher. When the droplet volume increases to
1.0 and 1.5 pL, this value becomes 20% and 25%, respectively. At the same time, when
the substrate temperature increases, the difference in the average evaporation rates of
MLG nanofluid droplets and MWCNTs nanofluid droplets becomes more extensive.

That is, the enhanced heat transfer effect of MLG nanofluid droplets becomes more

evident with the increase of the substrate temperature.
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Fig. 6. 8 Dimensionless volume changes under different substrate temperatures of (a) 0.5 puL, (b) 1.0
pL (¢) 1.5 uL DI water and carbon-based nanofluid droplets, (d) the average evaporation rate of DI

water and carbon-based nanofluid droplets with different volume and temperature conditions.

6.3.3 Macroscopic effects of carbon-based materials on the sedimentary pattern

After evaporation, the nanoparticles loaded in the carbon-based nanofluid droplets will
be deposited on the silicon wafer's surface, creating a coffee-ring effect. The
sedimentary patterns formed after evaporation of carbon-based nanofluid droplets of
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different volumes when the substrate temperature (Tsuv) is 50 °C are shown in Fig. 6.9.
It can be seen from Fig. 6.9 (a-c) that as the droplet volume increases, the area of the
sedimentary pattern formed after the MLG nanofluid droplets evaporate also increases.
The deposition pattern has an apparent coffee-ring effect. This is because MLG
nanofluid droplets mainly follow the CCR evaporation mode during evaporation, so
MLG nanoparticles will always accumulate in the contact line area through the
Marangoni flows inside the droplet during the evaporation process, which will lead to
a noticeable coffee-ring effect. At the same time, it can be seen from Fig. 6.9 (d-f) that
the area of the sedimentary pattern formed after the MWCNTs nanofluid droplets
evaporate also increases with the increase in droplet volume. However, compared with
MLG nanofluid, the coffee ring effect of the deposited pattern is weaker. This
phenomenon is because the droplets of MWCNTs nanofluids mainly follow the CCA
and Mixed modes during evaporation, making the contact line shrink inward. Then, the
loaded MWCNTs nanoparticles are evenly distributed throughout the deposition area

through the Marangoni flows.
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Fig. 6. 9 When the substrate temperature is 50 °C, the sedimentary pattern of (a) 0.5 uL, (b) 1.0 pL, (c)
1.5 uL MLG nanofluid droplets, and (d) 0.5 pL, () 1.0 uL; (f) 1.5 pL MWCNTs nanofluid droplets.

In addition, the effect of different nanoparticles on the surface roughness Sa is also
shown in Fig. 6.10. At the same time, regions 1 and 2 are located inside the sedimentary
pattern, region three near the coffee ring, and region four outside the sedimentary
pattern. The comparison between Fig. 6. 10 (a) and (b) shows that the deposition of
MLG particles leads to a rougher sedimentary pattern caused by the uneven deposition
distribution inside the coffee ring. At the same time, it can be seen from Fig. 6. 10 (a)
that in the deposition of MLG nanoparticles, the roughness decreases as it approaches
the outside, and the surface roughness of region 3 decreases by an average of 28%
compared with regions 1 and 2. Besides, Fig. 6. 10 (b) shows that in the deposition of
MWCNT nanoparticles, the roughness in region 2 of the sedimentary pattern is the

lowest, and an average of 32% reduces its surface roughness compared with regions 1
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Fig. 6. 10 Effect of the deposition distribution of (a) MWCNTSs nanoparticles and (b) MLG

nanoparticles on the surface roughness of regions 1-4 under different volume conditions.

In addition, when the substrate temperature is increased from 60 to 80 °C, the
sedimentary patterns of carbon-based nanofluid droplets of different volumes are
shown in Fig. 6.11. The sedimentary pattern of MLG nanofluid droplets still shows a
more apparent coffee-ring effect with increased substrate temperature. From the
comparison of Fig. 6.11 (a), (c), and (e), the substrate temperature has no noticeable
effect on the sedimentary pattern of MLG nanofluid droplets. However, with the
increase in droplet volume, the number of nanoparticles deposited in the central region
increases. This may be because as the volume increases, the number of loaded
nanoparticles and the total evaporation time also increases, and they will be deposited
in the central area based on gravity during the evaporation process. This can be
attributed to the fact that as the volume increases, the number of loaded nanoparticles
also increases and will be deposited in the central region based on gravity during
evaporation. At the same time, from the comparison in Fig. 6.11 (b), (d), and (f), the

volume change has no noticeable effect on the sedimentary process of MWCNTs

157



nanofluid droplets. Still, the change in the substrate temperature will have an impact on
the sedimentary pattern. The deposition of MWCNT nanoparticles in the central area
becomes lighter when the substrate temperature increases from 60 to 80 °C. This is
because as the temperature increases, the duration of the CCA mode becomes shorter,
and more nanoparticles accumulate toward the contact line area, which results in less

deposition in the central area.

V,=0.5pul
A

Vo=15uL
A

(f)

MLG MWCNTs MLG MWCNTs MLG MWCNTs

Fig. 6. 11 Under different volume conditions, the sedimentary patterns of MLG nanofluid droplets
when the substrate temperature is (a) 60 °C, (¢) 70 °C, (e) 80 °C, and the sedimentary patterns of
MWCNTs nanofluid droplets when the substrate temperature is (b) 60 °, (d) 70 °C, (f) 80 °C.

In addition, Fig. 6. 12 (a-c) shows the effect of temperature change on the roughness of
the sedimentary pattern. It can be seen that when the temperature increases, the average
surface roughness in the MWCNTs sedimentary pattern increases slightly. From 60 to
80 ° C in each volume, the average increase in the Sa is about 25%. This phenomenon
is caused by the uneven distribution of internal particle deposition caused by the rise in
substrate temperature. At the same time, when the temperature increases, the average
surface roughness of the MLG sedimentary pattern fluctuates, and the average
fluctuation range is about 16% from 60 to 80 ° C in each volume. This shows that the

158



temperature change has little effect on the roughness distribution of the sedimentary
pattern of the MLG droplet. In addition, it can be seen that no matter what the conditions
are, the average surface roughness of the non-deposition area constantly fluctuates
between 1.0-2.0, and the deposition of MLG particles always causes a greater surface

roughness, which increases by about 1.8 times compared with MWCNTs.
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Fig. 6. 12 Variation trend of average surface roughness inside and outside the coffee ring in the
deposition pattern of (a) 0.5 uL, (b) 1.0 uL, (c) 1.5 uL droplets under different substrate temperature

conditions.

6.4 Chapter summary

This chapter compared the effects of two typical carbon-based nanomaterials, MLG and
MWCNTs, on droplet evaporation dynamics with DI water droplets. At the same time,
monocrystal silicon is selected as the substrate, and the substrate heating is controlled
between 50 °C and 80 °C to better fit the thermal management situation of high heat
flux electronic devices such as chips. These results show that adding carbon-based
nanoparticles can significantly improve evaporation efficiency by up to 2.1 times
compared with pure DI water, effectively enhancing the heat transfer process. At the

same time, droplets loaded with MLG nanoparticles have the fastest evaporation
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efficiency, owing to the MLG nanoparticles can make the droplets better wettability. At
the same time, with the increase of substrate temperature, MLG nanofluid droplets
always have a better heat transfer effect. As the substrate temperature increases, the
initial contact angle of the carbon-based nanofluid droplets also increases, while that of
the DI water droplets decreases slightly. At the same time, the change in substrate
temperature has no noticeable effect on the evaporation mode of carbon-based
nanofluid droplets. Still, the simultaneous change of droplet volume and substrate
temperature significantly affects the jumping behaviour of the DI water droplets.
Furthermore, based on various substrate temperatures and droplet volumes, MLG
nanoparticles consistently have the best effect of suppressing the evaporative cooling
phenomenon, reducing the initial Tdifr, max by up to 3.7 °C compared to DI water. In
addition, after evaporation, the MLG and MWCNTs nanoparticles also had different
effects on the sedimentary pattern. The sedimentary pattern of MLG nanofluid droplets
showed a noticeable coffee-ring effect, while loaded MWCNTs nanoparticles inhibited
the coffee-ring effect. This research will guide industrial applications such as spray

cooling and inkjet printing based on carbon-based nanofluids.
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Chapter 7. Conclusion and outlook

7.1 Conclusion

To summarise, sessile droplet evaporation continues to be widely applied in physics,
chemistry, engineering, and medical research. Simultaneously, although it is a simple
phenomenon to observe from the outside, it contains complicated internal physical
mechanisms. The research methods also span from the micro-scale to the macro-scale
for different research regions, making it more challenging to analyse the evaporation
process. Even so, in the past few decades, researchers have put a lot of effort into
studying the effect of various influencing factors on the evaporation process of sessile

droplets.

According to the objective, this thesis first classified the influencing factors from the
perspective of solid and liquid phases. It summarised the latest progress in experimental
research on the influence of various factors on the change of droplet interface during
evaporation, specifically the influence on evaporation rate, mode and deposition pattern.
Therefore, the in-depth exploration of the droplet evaporation mechanism is a
systematic problem of multidisciplinary collaborative research. Based on this, this
thesis uses experimental research methods to study the influence mechanism of contact
interface and liquid characteristics on the evaporation dynamics and deposition pattern
of sessile droplets from several perspectives, such as surface roughness, bionic
microstructure configuration and loaded nanoparticles. The main research conclusions

of this thesis can be summarised as follows:
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1. The study not only proves the feasibility of preparing hydrophilic biomimetic
functional surfaces directly through photoresist materials and photolithography
technology but also shows that by adjusting the structural parameters and arrangement
of the surface micro-pillar structure, the wettability of the biomimetic surface can be
significantly linearly regulated, thereby effectively affecting the heat and mass transfer
process at the droplet liquid-vapour interface. Analysis of the results shows that by
controlling the biomimetic surface microstructure, the wettability can be enhanced by
about 22% at most, the uniformity of the temperature distribution at the liquid-vapour
interface can be improved by about 34%, and the average evaporation rate can be
increased by about 28%. This study also demonstrates the feasibility of biomimetic

surface design based on photoresist materials.

2. The research results show that, based on the photoresist surface, the transformation
of the surface microstructure shape (square or cylindrical) can change the hydrophilicity
of the bionic surface. At the same time, the effects of surface microstructure
configuration and roughness on the heat and mass transfer process of droplets were also
comprehensively studied. The results show that the shape of the bionic microstructure
affects the roughness factor, which in turn affects the droplet evaporation dynamics.
For example, the biomimetic surface with cylindrical micro-pillars can effectively
inhibit the evaporative cooling effect of the liquid-vapour interface. This effect becomes
more evident with the increase in roughness, and an average of 18% can reduce the
interface temperature difference. Similarly, the biomimetic surface with cylindrical
micro-pillars can also effectively promote the evaporation rate of sessile droplets, and

the difference is approximately 13%. In addition, the research also shows that
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regardless of the structure, substrate temperature changes will significantly impact the

wetting phenomenon of the biomimetic surface.

3. The results show that roughness significantly impacts copper surface wettability. As
roughness decreases, the evaporation lifetime of silica nanofluid droplets would be
prolonged by up to 75%. Increasing the roughness will also increase the temperature of
the droplet apex and the temperature difference between the top of the droplet; the
contact line area will also be reduced by up to 54%, inhibiting the evaporative cooling
effect. Roughness also significantly impacts the deposition pattern of nanofluid droplets.
The coffee ring effect is produced on all kinds of surfaces. Still, the coffee ring effect
is suppressed as the roughness increases, and the coffee ring deposition has a very small
number of fractures on smooth surfaces with more minor roughness. In contrast, on

rough surfaces, the number of fractures increases significantly.

4. The experimental results show that droplets loaded with MLG nanoparticles and SDS
could significantly improve the evaporation efficiency, which can be improved by up
to about 2.1 times compared with DI water. Furthermore, compared with the variable
evaporation mode of the DI water droplets, the evaporation process of MLG nanofluid
droplets is dominated by constant contact radius mode. At the same time, it can also
effectively suppress the evaporative cooling effect. Compared with DI water and
MWCNTs, it can reduce the liquid-vapour interface temperature difference by up to

3.7 °C and 1.0 °C, respectively.
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7.2 Outlook

Based on the abovementioned, droplet evaporation is a physical process with complex
internal mechanisms, so it is necessary to carry out the study using two experimental
and numerical simulations, which would make this problem more fully understood. For
the experimental study, the equipment currently available in the laboratory can meet the
needs of the droplet evaporation experiment. The CCD camera could record the droplet
liquid-vapour interface's deformation and the contact line's movement during
evaporation. Besides, the IR camera and macro lens also provide the ability to observe
the droplet temperature distribution and change during evaporation in this research. In
addition, other equipment in the Lab could also provide support to obtain other kinds
of experimental conditions, such as heating temperature, surface wettability, inclined
substrate, etc. On the other hand, many numerical simulation methods could study the
droplet evaporation process. However, the interfacial heat and mass transfer would be
the main focus of my research proposal, and the multi-scale issues will be involved if
the interface issues have been addressed. Therefore, the LBM (Lattice Boltzmann
Method) has been chosen to study the droplet interfacial heat and mass transfer during
evaporation. The LBM has the advantage of studying fluid mechanics problems on the
mesoscopic scale, which is between the micro and the macro scale and is very suitable
for problems such as droplet evaporation. Based on the laboratory conditions and the
numerical simulation method, the intrinsic physical mechanism of the droplet

evaporation process and the effect of external factors will be studied fully and deeply.

All in all, combined with the aim and objectives proposed during the PhD study, the
following research plans would be carried out, and the schedule is also listed:
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Carry out a study on the influence of surface roughness on the evaporation rate and
liquid-vapour interface deformation of the droplet and propose a mathematical

model to describe it.

Clarify the influence mechanism of surface wettability on the droplet contact line
movement and combine the Gibbs free energy principle to propose a more accurate

prediction model.

Using the LBM to simulate the interfacial heat and mass transfer during droplet

evaporation reveals the influence of various external conditions on the evaporation

process.

Develop the liquid-solid two-phase flow LBM model to simulate the nanofluid

droplet evaporation.
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