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Abstract
Over the past few decades, liquid drops and droplets are the ubiquitous in nature,

which have attracted many investigations’ attention. Droplets interaction with
solid surface plays a crucial role in many industrial applications, such as inkjet
printing, spraying cooling, biosensors, DNA microarrays, Nanotechnology, and
so on. However, the behaviours of droplets interaction with solid surfaces are
unexpected, resulting in adverse or beneficial effects for these applications.
Therefore, a large amount of literature focuses on exploring the mechanism
behind this phenomenon and finding effective strategies to control it. This study
aims to explore how to control the distribution of deposition patterns with
various strategies and advance the understanding of the droplet impact
behaviours on the surface with different roughness and substrate morphology.
In this dissertation, the study of the behaviours of droplets interaction with solid
surfaces is divided into two parts. Firstly, the evaporation process and deposition
patterns of a saline droplet on a copper substrate have been experimentally
studied by adjusting the surface roughness and substrate temperature. The
experimental results show that the coffee ring effect is suppressed by increasing
substrate roughness, and the deposited patterns transit from uniformity, ring-like
structure to dual ring patterns with substrate temperature increasing. Secondly,
the dynamic behaviours of droplet impact on a conical structure with different
cone angles and surface roughness have been experimentally investigated with
the help of a high-speed camera. The experimental results show that the
maximum spreading factor B,,,, increases as the Weber number increases and

the increase in the surface roughness and cone angle reduces the B,,,.. In



addition, the splashing can be promoted by increased the surface roughness and

cone angle, which is characterized by critical Weber number We,.,.

The investigation of the thermal performance of a closed loop pulsating heat
pipe(CLPHP) is also conducted. Nowadays, the energy crisis and serious
environmental pollution are threatening people all over the world. Efficient
energy management is one of the feasible methods to solve the existing energy
crisis and has attracted extensive attention. Pulsating heat pipe (PHP), as a
potential thermal management system, has great potential in application due to
its simple structure, low cost and excellent heat transfer performance. The
thermal performance of the PHP is affected by many factors. Although there are
many investigations are carried out to understand the effects of various factors
on the thermal performance of the PHP, the optimal conditions have not been
found. This section devotes to experimentally explore the strategy of enhancing
the thermal performance of PHPs and further reveal the working mechanism of
PHPs. The experiments are conducted using a glass PHP with micro
encapsulated phase change material suspension(MEPCMS). The micro
encapsulated phase change material suspension(MEPCMS) is selected for the
working fluids containing microencapsulated phase change materials. The
results show that the thermal performance of PHP can be enhanced by applying
the MEPCMS working fluid dependent on the filling ratio and concentration of
the working fluid. Increasing the filling ratio not only improves the maximum
heat transfer capacity of PHP but also enhances the requirement of driving force
which limits the thermal performance of the PHP. With the increasing
concentration of working fluid, the heat transfer capacity also can be enhanced

while increasing the viscosity of the working fluid which hinders the motion of



the working fluid. Therefore, the influence of filling ratio and concentration on
the PHP should consider the combined effect of passive effect and negative
effect of them. The best thermal performance is 0.37 <C/W when the filling ratio,
input power, and concentration of the MEPCMS are 40%, 90W, and 4wt% in

this study.
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HY apparent contact angle
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St true area of the solid surface



Sa the apparent area

Orougn contact angle on a rough surface
Osmooth contact angle on a smooth surface
01 interface area fraction of the solid substrate
R, Rayleigh number
l length
v kinematic viscosity
g acceleration due to gravity
a thermal diffusivity
B coefficient of thermal expansion
T surface temperature
To ambient temperature
n dynamic viscosity
p liquid density
C concentration
Bmax maximum spreading factor
Donax diameter of the final lamella at the surface
Dy droplet initial diameter
We Weber number



Re Reynolds number

Oh Ohnesorge number

U viscosity

o surface tension

Vs impact velocity

ho thickness of the pre-existing liquid film
Roax maximum spreading radius

V; tangential impact velocity
Ca critical capillary number
Kspiashing splashing parameter
Ryk average height of protruding peaks above
roughness core profile
R, mean width of a profile element
R, surface roughness parameter
h height between the syringe and cone tip
t time
Req equilibrium spreading diameter
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D it critical diameter
Pliq densities of working fluid at liquid phase

Pvap densities of working fluid at vapor phase

Rin thermal resistance
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Q heat input
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measuring point i of the PHP

p1 density of DI water

o density of test sample
Uy viscosity of water

Us viscosity of test sample

Abbreviations

PHP pulsating heat pipe

MEPCMS micro encapsulated phase change

material suspension

TPLC Triple-Phase Contact Lines
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CCA Constant Contact Angle
CRE coffee-ring effect
CAH Contact Angle Hysteresis
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SDS sodium dodecyl sulfate
CTAB cetyltrimethylammonium bromide
CLPHP closed loop pulsating heat pipe
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Chapter 1 Introduction

1.1 General background

Over the past few decades, liquid drops and droplets are the ubiquitous
phenomena occurring in nature. Theses phenomena attracted many
investigations’ attention. It can be not only observed in nature, such as spilled
coffee on the desk or rain droplets on the lotus, but also applied to different
industrial applications, like inkjet printing [1], spray cooling [2], biosensor [3],
DNA microarrays[4], Nanotechnology [5-6] and so on. However, the behaviours
of droplets interaction with solid surfaces are an unexpected result in adverse or
beneficial effects for these applications. Therefore, a great number of studies
have been carried out to understand and control this process. This work aims to
extend the understanding of behaviours of droplets interaction with solid
surfaces and provide fundamental support for the relevant applications. Two
behaviours are focused on in this work, they are droplet evaporation and droplet
impingement. The coffee ring effect is one of the sub-sections of droplet
evaporation, which is deposited by non-volatile solute of liquid after evaporation
and was firstly proposed by Deegan et al. [7-8]. This effect should be firstly
illustrated to understand the formation of deposition patterns because it widely
occurs in industrial and practical applications, such as inkjet printing, polymer
coating, micro/nanotechnology, biomedical analysis, and diagnosis. Over the
past decades, deposition pattern formation has attracted much attention, which
has encouraged many investigations to contribute to understanding and to
control the distribution of deposition pattern formations by different influencing
factors such as droplet properties, substrate properties, ambient conditions, and

particle size.
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Droplet impingement is one ubiquitous phenomenon widely existing in nature,
which has similar practical applications to droplet evaporation such as ink-jet
printing [9] and spray cooling [10]. The droplets impact on solid and liquid
surfaces are a common phenomenon that occurs in daily technical applications,
such as ink-jet printing, spray cooling of hot surface incinerators, surface
coating[11] and 3D printing[12]. These impacts were started to investigate in
the early 20th century. In 1908, Worthington [13] investigated the impact of a
droplet and solid-ball on deep liquid pools, and many photographs
accompanying this phenomenon were contained in his book as Figure 1-1 shown.
Although the impact is common, the phenomenon is still not fully understood
over 100 years of research and continue to attract investigations to study this

topic.

Figure 1-1 water droplet impact on a deep pool of milk mixed with water
(Worthington)[13]

The accompanying phenomena shows an extreme variety, complexity, and
unexpected behaviours. The behaviours are affected by plenty of factors. During
the impact process, the droplet can be changed to spherical or elliptic shape. For
the impacted target, the impact can be happened on a dry solid surface, on the
free surface of a liquid deep pool, in the air, or in vacuum. The place can be

16



perpendicular or oblique. The liquid droplet can be mixed with the
pool/film(miscible) or not dissolve in the pool/film(immiscible). The solid
surface can have different properties, it can be hydrophilic or hydrophobic,
porous, flat or curved. The droplet spreading, receding, and rebounding happens
when the droplet impacts the solid surface. The crown formation, propagation
breakup, and bubble trapping can be observed when the droplet impacts a liquid

film.

Therefore, the result of droplet impact can be influenced by the impact velocity,
solid surface property (roughness and wettability), the properties of the liquid
(density, viscosity), thermal effects(evaporation), drop size, impact direction
relative to the surface, ambient condition, surface tension, interfacial tension and
so on. The droplet impact can be governed by the below equation, which is the

main dimensionless groups to determine the droplet impact.

D,V
We = P20 (1.1)
o
DV,
e = 2000 (1.2)
u
1
We?2
on=—Fr = — (1.3)
(paDy)2
2
K =We-0hs (1.4)

Where We, Re and Oh represent the Weber, Reynolds and Ohnesorge
numbers, respectively. K denotes composite group. p is liquid density, u
represents viscosity and o is surface tension. D, denotes drop initial diameter.

V, represents the impact velocity.
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The droplet impact is hard to explain in a comprehensives single topic because
the phenomena accompany an abundance of behaviours and is influenced by a
number of factors. Therefore, the studies of droplet impact can be classified into:
(1) droplet impact on thin liquid layers;(2)droplet impact on dry solid
surfaces;(3)droplet impact on deep liquid pools. The present work mainly
focuses on the droplet impact on a dry solid surface. Rioboo et al.[14]
summarized the dynamics behaviours of droplet impact on a dry solid surface.
Upon the droplet contacting the surface, the impact and substrate parameters
affect the droplets impacting outcomes. When the impact velocity is relatively
small, the droplet deposits on the surface without splashing. Upon the droplet
touching the surface, the droplet spreading outwards driven by the horizontal
momentum which is converted from vertical momentum, until it reaches a
maximum spreading diameter. Subsequently, the liquid lamella keeps static or
retracts back relates to the interaction between the liquid surface tension, the
inertia, and the liquid viscous. When droplet impacts on a superhydrophobic
surface, the partial or complete rebound can be observed during retracing stage.
When the impact velocity increases enough, the droplet will splash, which
detaches tiny droplets from the periphery of the lamella and number of
secondary droplets are generated. The studies of droplet impact on a solid
surface can be divided into three sub-titles in the thesis, e.g., maximum
spreading factor, splashing threshold, and the effects of substrate properties.
Chapter 2 presents the advances and relevant literature reviews of droplet

evaporation and droplet impingement.

Another aim of my research is to explore an effective method to enhance the

thermal performance of a PHP. Nowadays, the energy crisis and serious
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environmental pollution, and the global demands for sustainable energy are
threatening people all over the world. The sustainable development of energy
and environment can be realized by reduced the irreversibility of energy transfer
process, especially the heat transfer process. Pulsating heat pipes (PHPS) are
high-efficiency two-phase heat transfer devices with high heat transfer capacity,
which is taken as an effective method to improve heat transfer efficiency. As
opposed to conventional heat pipes, the PHP is more compact and design simpler,
which does not need a wick structure to assist the working fluid back from
condenser to evaporator. This technology is currently still being further
developed for the purpose of solar energy utilization, waste heat recovery,
aerospace thermal management and so on. The heat transfer performance of the
PHP is affected by the different factors, which can be categorized into three
groups:(1) geometric parameter of PHP; (2) properties of working fluid;(3)
operational parameters. Although there are many investigations are carried out
to understand the effects of various factors on the thermal performance of the
PHP, the optimal conditions have not been found, which can give the best

thermal performance over the wide range of operation.

So, the third aim of the present work is to find an effective method to enhance
the thermal performance of PHP and further understand the working mechanism
of a PHP. This part focus on the effects of various factors of PHPs, and the effect
of the MEPCMS on the thermal performance of PHP. In order to further
understand the operating mechanism of a PHP, with the help of a high-speed
camera, a visualization experiment was carried out in the research to observe the
flow motion and flow patterns occurring in the PHP and correlate them with the

thermal performance of PHPs.
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1.2 Research objectives

There are three main aims for the present work. For the droplet evaporation,
most method try to control the distribution of pattern formations by adjusting
characters of original solution with chemicals. In many applications, the
characteristics of solution can’t be changed to control deposition patterns.
Therefore, the first aim is to explore effective thermal strategies to control the
distribution of deposition patterns without chemicals. On the other hand, the
impact happens in various kinds of scenarios, the droplet does not always impact
on flat surfaces but could impact on surfaces with complex structures As one of
the most representative geometric shapes, droplet impact on conical structures
is relatively less studied. So the second aim of my research is study the

behaviours of droplet impact on a conical structure

The third aim is to explore effective fluid to improve the performance of a PHP
and further develop the understanding of the working mechanism of the PHP.
The thermal performance of the PHP is influenced by filling ratio, working fluid,
heat input and so on. Working fluids is probably the most important factors
affecting heat transfer performances of PHPs. The nanofluids and alcohols are
commonly used as working fluid in PHP in recent advances. However, both
working fluid has their disadvantage. Therefore, the research keep finding some
novel fluid to enhance the thermal performance of PHP. To achieve these aims

above, the research can be divided into several scopes as below:

Explore the relationship between the distributions of pattern formations and
different influencing parameters (surface roughness and substrate temperature)

and analyze the mechanism underlying the different pattern formations.

20



® Experimental investigation on the droplet impact on a conical structure with
different roughness and cone angle and further reveal effect of the surface

roughness and substrate morphology on the droplet impact behaviours.

® Experimentally investigate the effective methods to improve the performance of
a PHP and present the relationship between the performance of the PHP and
various parameters (filling ratio, heat input, and concentration of working fluid).
Furthermore, analyzing the working mechanism of the PHP by different

advanced instruments.

1.3 Outline of work

Three related parts are carried out to achieve research objectives of this thesis.
The first part focuses on experimental investigations of saline droplet
evaporation on a solid substrate with different surface roughness and varying
substrate temperature. The second part states the study of the droplet impact on
a conical structure with different surface roughness and cone angle. The third
part experimentally investigates the PHP operating with MEPCMS working

fluid. The main works are outlined and presented in the following chapters.

Chapter 1 introduces the background and necessity for this research. Recent
advances in the behaviours of droplets interaction with solid surfaces and PHPs

are reviewed briefly. The main objectives of this research are stated clearly.

Chapter 2 introduces the background and relevant theories of droplet
evaporation and droplet impact. Meanwhile, the recent advances in droplet

evaporation and droplet impact are summarized. In terms of droplet deposition
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pattern, the important concepts, mechanisms, and various influencing factors
studies are comprehensively concluded in this chapter. In addition, it also
provides an overview of the PHPs and the recent studies of the PHPs. The recent
studies include the effects of different parameters on its thermal performance

and visualization study of PHP.

Chapter 3 presents the experimental study of droplet evaporation on the copper
substrate with different surface roughness. It discusses the effect of surface
roughness on the droplet deposition pattern, and it also reveals the influence of

droplet evaporation driven flow and the fundamental of pattern formation.

Chapter 4 experimentally investigate the effect of substrate temperature on
distributions of droplet deposition pattern formations and further explore its

mechanism with the help of a CCD camera and IR camera.

Chapter 5 is an experimental study of the droplet impact on 9 conical structures
with different cone angles and surface roughness. A high-speed camera is used
to record the whole impact process and analysis the droplet impact behaviours
on the conical structures, especially the effect of surface roughness and substrate

morphology on the droplet impact behaviours.

Chapter 6 gives an experimental investigation of a PHP with MEPCMS working
fluid. This Chapter includes an outline of the overall experimental setup, an
overview of the common devices, and measurement instruments, and an
introduction to the test setups in this study. This study focuses on the effects of
the various parameters (filling ratio, heat input, working fluid) on the thermal
performance of the PHP. It explores the relationship between the thermal

performance of PHP and various influencing factors. Furthermore, a high-speed
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camera is used to record the whole oscillating process of PHP in order to analyze
the working mechanism of the PHP. It further describes the flow pattern, flow

motion and bubble generation in the PHP.

Chapter 7 summarizes the key findings of this research. It also presents
suggestions for future works related to droplet evaporation, droplet impingement

and PHP.

Chapter 2 Literature review of droplet evaporation
and droplet Impact

2.1 Background of sessile droplet evaporation

The spreading and wetting phenomena were earliest recognized by Galileo in
1612[15]. He observed a flat thin solid floating on the liquid, but he did not have
any knowledge of surface tension and the contact angle can’t measure. Therefore,
he can’t further analysis this phenomenon. After a long period time, Gudris and
Kulikowa[16] firstly studied sessile droplet evaporation in micro-scale. Mangel
and Baer[17] began to investigate droplet evaporation on a solid surface in 1962.
After that, many investigations further investigated the effect of various
influence factors such as surface roughness, particle size, and so on. Droplet
evaporation is a common phenomenon that occurs in nature. However, its
complicated mechanism retards the development of its application such as

drying patterns for medical applications, dropping of the whole flood, and so on.

The investigations have conducted the studies on the topic of droplets and
evaporation over the past 50 years, and published more than 6800 papers in

journals, as archived in the Scopus database. Mechanical and chemical
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engineering account for more than 40%, fundamental physics, and chemistry
account for 27%, material science account for 10% and energy application

account for 7%[18].

In chapter 2, the necessary concepts of sessile droplet, typical deposition pattern
and influencing factors for deposition pattern are introduced in the following

section.

2.2 Sessile droplet and wetting

A sessile droplet is defined as a symmetry droplet located on top of a horizontal
solid substrate. The droplet with asymmetric shape is defined as asymmetric
droplet when the substrate rotates to a vertical position. The asymmetric droplets
are investigated and applied for diagnostic purposes [19][20]. The Triple-Phase
Contact Lines(TPLC) is used to describe the intersectant position of
substrate(solid), droplet liquid(liquid) and ambient and vapour (gas), which

occurs in the sessile droplets[21].

The profile of the sessile droplet on a horizontal substrate can be determined by
the apparent contact angle 6y. For an ideal flat surface, the apparent contact
angle 6, can be described by the Young-Dupré&equation which also expresses
the wettability between the droplet and the substrate. The equation is shown

below:

v — Ogl

()
C0S0y == (2.1)

O

The o,,, 04 and oy, represent the interfacial tensions of the solid—vapor,
solid—liquid and liquid—vapor interfaces, respectively. Figure 2-1 shows the

illustration of the definition of static contact angles formed by sessile droplets
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sitting on a homogeneous surface. Figure 2-1 (a) demonstrates that the droplet
is easier to spread on the surface if the contact angle is smaller than 90 °. On
the contrary, Figure 2-1 (b) indicates that the spreading of the droplet is hindered

on the surface, and which contact angle is larger than 90 °[22-23].

O solid
(a) 8 <90° (b) 8 > 90°

Figure 2-1 Schematic of surface tensions acting on sessile droplets and definition of static
contact angles[22][23]

Hence, surface wettability is indicated by the contact angle of the sessile droplet.
The schematics of solid surfaces with different wettability classifications are
summarizes in Tables 2-1. The solid surface can be categorized into four types
based on different wettability classifications: superhydrophobic surfaces,
hydrophilic surfaces, hydrophobic surfaces and superhydrophilic surfaces. The
contact angles normally change between 30° to 150° on smooth and
homogeneous surfaces[24]. The superhydrophobic/superhydrophilic states can
be achieved by further increasing or decreasing the contact angles on

hydrophobic/hydrophilic surfaces with surface texturing technology.

Table 2-1 Illustration of solid surfaces with different wettability[24]

Contact angle Wettability Ilustration

6 < 30° Superhydrophilic
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30°< 6 <90° Hydrophilic

90° < 6 Hydrophobic

< 150° \
150° < 6 Superhydrophobic

< 180°

S

The wetting state of droplets on a smooth surface is different from that on a
rough surface. There are two wetting models of sessile droplets: the Wenzel
model and the Cassie-Baxter model. Figure 2-2 shows the schematic of these
two wetting models. The Wenzel is defined as the protrusions are wetted
completely by a king of fluid which fill in the gaps between each protrusion

without any spaces occurring between the fluid and substrate[25].

The apparent contact angle for the Wenzel model[26] on the rough surfaces or

micro/nanostructures decorated surfaces can be incorporated as

S
CoSO,pugn = S—tCosesmooth (2.2)
a

S
The equation(2.2) is called Wenzel equation. Here, S—t represents the surface
a

roughness factor, S; and S, are defined as the true area of the solid surface and
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apparent surface, respectively. Ogn.0:n represents the contact angle on a

smooth surface and 6,,,4, denotes the contact angle of rough surface.

The apparent contact angle for the Cassie-Baxter model[27] is defined as
CosB; = CosOspmpotn " 01 — 1 + 04 (2.3)

The o, represents the interface area fraction of the solid substrate. If the wetting
model of a droplet is the Wenzel model, it has high contact angle hysteresis and
pinning of the contact line[28-29]. The continuous removal of droplets can be
achieved by further understanding the transition mechanism between the Wenzel
wetting model and the Cassie-Baxter wetting model on a superhydrophobic

surface[30].

NNNNNN HENNNN

(a) (b)

Figure 2-2 lllustration of drop wetting on a rough surface(a) Wenzel’s model (b) Cassie-
Baxter model[31]

2.3 Sessile droplet evaporation
2.3.1 Different modes of drying
Generally, the droplet evaporation mode can be categorized as two modes based
on the behaviours of the contact line and contact angle, which is defined by
Picknett and Bexon in 1977[32]. First, The Constant Contact Radius(CCR)

mode which describes that the droplet keeps a constant contact area, but the
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contact angle of the droplet decreases with time during the whole drying process.
Second, The Constant Contact Angle(CCA) mode which describes that the
contact angle remains constant, and the contact area of the droplet varies with
time though out the drying process. Picknett and Bexon studied the deposition
process of methyl acetoacetate drop on a poly surface. Their results revealed the
transition of the shape of the liquid droplet affected by this two evaporation

modes, as shown in Figure 2-3.

Birdi et al.[33] found that the liquid evaporation rate can be influenced by
contact angle. When the contact angle <90°, the evaporation rate is linear with
time whereas the evaporation rate is non-linear when the liquid contact angle >
90° on a substrate. Rowan et al.[34] also used the same kind of working fluid to
observe the evaporation in CCR mode on methyl methacrylate polymer surface,
which exposes to open air and they explain the reason of linearity in evaporation
graph in CCR mode. The CCR-CCA mode transition process is influenced by
rapid drying as well as slow drying[35]. The CCR mode happens when the weak
Marangoni factor fluid is deposited on a high-energy surface, which contact
angle is less than 90°[36]. The CCR mode is hampered by different factors. For
example, the modes of drying are strongly affected by substrate temperature[37].
In some cases, the pinning of the droplet increases with the increase of surface
roughness[38], which is dominated by CCR mode. The CCA mode always
exhibits on smooth and hydrophobic substrates when evaporation, which is

typical for low-energy surfaces [39-40].
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Figure 2-3 Schematic diagram of (a) Constant contact radius(CCR) (b) Constant Contact
angle (CCA)[32]

2.3.2 Droplet evaporation driven flow and its fundamental

There are two distinct sources that occur inside drops, which are called buoyancy
convection and capillary convection, resulting in convection inside drops. The
vertical gradient of temperature is the origin of the buoyancy convection inside
a drop. The buoyancy convection can be widely characterized by the Rayleigh

number which is shown below.

_ 9B

R. =22
¢ va

(Ty — T,)13 (2.4)

The [ represents the characteristic length. In the case of the sessile drops, the
characteristic length is considered as the height from drop apex to substrate. g
expresses the coefficient of thermal expansion; v is the kinematic viscosity,
which can be obtained by v = n/p, wheren is the dynamic viscosity; g is
defined as the standard acceleration due to gravity; a represents thermal
diffusivity; T, represents the surface temperature; T, represents the ambient
temperature. Convection is the dominating factor instead of conduction when
the Rayleigh number high enough the characteristic of that fluid. The cause of
‘coffee-ring’ could be induced by buoyancy convection. The capillary
convection maybe arises in another two distinct effects. Above all, A gradient

of Laplace pressure is produced by any distortion of the equilibrium shape of
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drop free surface. The outward and inward flows can be produced by this

gradient, which depends on the shape of the free surface.

The Laplace number describes the ratio of the momentum-transport to the

surface tension within a fluid, which is shown below:

_ ,DlO'l,;
= 772

(2.5)

The capillary convection also results from Marangoni flow, which is induced by
the gradient of surface tension in sessile drops. The gradient is produced by the
non-uniform evaporation flux along the interface of the droplet, which causes
differential temperature distribution on the surface. This temperature
distribution causes a temperature gradient that, in turn, results in a surface
tension gradient along the droplet interface. Therefore, the Marangoni flow is

induced by this surface tension gradient.

In terms of the thermal properties of both substrate and fluid, the edge
temperature or the apex of the droplet is the highest. Since surface tension
increases as temperature decreases. The convection that appears in this situation
can be characterized by the thermal Marangoni number. Thermal Marangoni
number can be described by the ratio of adhesive force to surface tension

induced by the temperature gradient along the interface of the droplet.

dO‘lv IAT

Ma; = —
r dT na

(2.6)

The concentration of dissolved substances is another factor that influence the
surface tension. The solutal Marangoni effect can be observed during the

evaporation process of binary mixture droplets and saline[41].
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This effect is gave rise to the occurrence of different solutes/dispersions, such
as saline, polymer or colloids [42], and surfactants [43]. Therefore, the solutal
Marangoni number is necessary to characterize this effect, which presents the
ratio of surface tension induced by a concentration gradient to adhesive force.
The surface tension increases with the increase of the concentration of
electrolytes, and by contrast, the surface tension decreases as the concentration

of colloids or polymers increases.

dal,, AT

Ma, = —
e dC na

(2.7)

Where C is the concentration

To sum up, the Marangoni flow can be induced by the gradient of surface tension,
which has two possible resources. First, the gradient of surface tension can be
achieved through non-uniform temperature distribution, such as evaporate
cooling or heated substrate. Second, the evaporation of binary mixture droplet
or saline solution also can cause a gradient of surface tension. This can achieve

by drying the multicomponent droplet or adding surfactant to the droplet[44][45].

2.3 Different deposit pattern on the substrate

Deposition patterns is ubiquitous phenomena occurring in nature and practical
application. Over the past decades, a number of studies have conducted to
understand the mechanism behind different deposit patterns and find effective
strategies to control morphologies of drying patterns with various parameters.
In this section, the most well-known drying patterns are introduced in the

following.
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2.3.1 Ring-structure pattern

The coffee ring pattern is one of the deposition patterns of droplet evaporation,
which is deposited by non-volatile solute of liquid after evaporation. The fluid
transport to the contact line of the droplet is driven by capillary convection. The
ring shape generates along the contact line is dominated by CCR mode due to
the dissolved or suspended inclusions is transported outward of the droplet until
the droplet is completely evaporated. This phenomenon is known as the coffee
ring effect[46]. However, the ring shape cannot be generated by the completed
evaporation of every droplet. In 2006, Hu and Larson found that the contact line
has low temperature than the rest part of the droplet due to the higher evaporation
rate at the contact line, the higher evaporation rate leads to a higher solute
concentration. The surface tension gradient is caused by the higher concentration,
which further induces the Marangoni flow. This leads to the fluid moving to the
opposite side of outward capillary flow. Thus, there is a tradeoff occur between
the Marangoni flow and capillary convection and the coffee ring pattern only
generates when the Marangoni flow is weak within the droplet, as figure 2-4

shown[47].

Figure 2-4 Schematic diagram showing (a) coffee ring formation due to capillary flow, (b)
Marangoni flow due to temperature gradient or surface tension gradient.[48]
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2.3.2 Dome-shaped structure pattern

In the previous study, the dome-shaped structure pattern happens in CCA mode,
which particles accumulate at the central region of the droplet drying pattern
shown in figure 2-5. Thokchom et al. [49] investigated the evaporation process
of an inkjet-printed droplet. They found that the dome-shaped occurred when
the Marangoni flow dominates the flow field, which transported and delivered
particles from the contact line to the central region wherever self-assembly
occurred. Finally, the dome-shaped structure form which was induced by
Marangoni flow. Uno et al.[50] studied the droplet deposition patterns formed
on hydrophilic and hydrophobic surfaces. During the evaporation process, the
particles were prevented accumulating at the fixing contact line by the shrinking
edge. The dome-shaped pattern was formed when the concentration achieved a

certain value and aggregate in the central region.

Time

Figure 2-5 the formation of the dome-shaped pattern[51]

2.3.3 Stick-slip pattern

As Figure 2-6(a) shows, the stick-slip pattern contains a series of concentric
rings after complete evaporation, which combine the ring-structure pattern and
dome-shaped pattern. Moffat et al.[52] investigated the evaporation behaviours

of ethanol droplets containing TiO, particles. They reveal that the stick-slip
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pattern always happens in mixture of CCA and CCR drying mode. The ring
structure form due to the particles transport outward along the contact line when
the evaporation mode is CCR mode of mixture modes. When it comes to CCA
mode, the particles are delivered from the edge to the central region of the
droplet and accumulate at the central of droplet. Eventually, the multiple
concentric rings forms when the CCR mode and CCA mode occur alternately.
However, many experimental results show that the particles are not shrink
inward simultaneously but contract from one side of the droplet. Adachi et al.[53]
numerical study the suspension droplet dries on the substrate. Their model
describes the oscillatory motion of the stick-slip process, which includes friction
force. The friction force hinders the particles transfer from central region to the
edge. On the other hand, the striped stain pattern forms at the contact line due to
the oscillatory motion induced by surface tension and friction force. As a result
of the tradeoff between the surface tension and friction force, leading to the
oscillatory motion of droplets and forming stick-slip pattern, rather than

evaporation modes.
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(a)
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Figure 2-6 (a) evaporation of ethanol containing TiO: particles. Each ring of particles
corresponds to the stick-slip pattern. (b) Magnified image of stick-slip pattern [54]

2.3.4 Crystal pattern

The crystal pattern appears when the NaCl solution drops completely
evaporation at the pinned TPCL. The mixture of CCA and CCR modes is the
key parameter for the formation of crystal patterns [55-56]. Many investigations
interested in crystal patterns, because it is widely applied in medical science.
Dutta Choudhury et al.[57]investigated the drying of a droplet of gelatin
containing NaCl under various relative humidity. As figure 2-7 shows, they
reveal that the crystal growth is more regular and symmetric with increased

humidity. Due to the absorbing ions on the macromolecules, the crystalline
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property of the polymers increases as the saline concentration increases, which
further influences the distribution of the deposits. This effect has been studied
on human serum albumin(HSA) and salt solutions[58-59]. At present, the
mechanisms of crystal patterns are not well understood, as the main components

of crystal patterns are difficult to distinguish by analytical techniques[60].

Figure 2-7 (a)deposition behaviours of NaCl in gelatin base with RH 45% (b) RH 35%
[57]

2.4 Influencing factors for deposition pattern

In the previous section, the different typical deposition pattern have been
introduced and also mentioned various influencing factors that affecting the
distribution of drying patterns, such as solution, substrate property, ambient

conditions, morphology of droplet and magnetic field.

2.4.1 Droplet properties

As equilibrium (advancing) contact angle depends on the liquid/air and
solid/liquid interfacial tension, the surfactants or nano-particles can affect the
duration of the spreading state by adsorption kinetic from them thus the duration
can be enhanced than those that without surfactant or nano-particles. The

surfactant can affect the deposition pattern and the reason are summarized below.
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The surface tension along the droplet interface is controlled by the concentration

of surfactant which in turn affects the Marangoni flow within the droplet[61].

Gaalen et al.[62] predicted the flow within droplets with soluble surfactant
during evaporation by using a developed numerical model. They observed that
the Marangoni flow circulation is suppressed by stronger evaporation, slower
adsorption kinetic and lower solubility of the surfactant. Their results prove both
experimental and numerical results from current studies and also state the
differences in flow behaviour of droplets with surfactant. Tim Still et al. [63]
investigated drying patterns about surfactant sodium dodecyl sulfate (SDS)
modified solution. In their study, they found that the addition of SDS surfactant
induced the Marangoni flow along the air-liquid interface, reversing the ring-
like structure at the edge and formed a more uniform deposition pattern of
colloidal particles. In contrast to these studies, graphite nanofluids droplet with
cetyltrimethylammonium bromide (CTAB) surfactant promoted the formation

of ring-like structure, but not uniform patterns shown in Figure 2-8 [64].

Side view

.&' > i

Side view
t=600s

Figure 2-8 (a) A ring-shape pattern was formed without CTAB due to capillary flow (b)
A uniform pattern was formed with CTAB caused by the strong Marangoni flow. [64]
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The edge deposits of colloidal particles and long chain-polymers [65-66],
colloidal particles [67-68] and living bacterial systems[69]also can be
suppressed by surfactant. Dier et al.[70] reported a fingering instability at pinned
TPCL. They stated that this pattern occurs before the Marangoni flow which is
produced by surfactant as well as thermocapillary flow. Kajiya et al.[66] studied
the influence of surfactant in the drying and film formation processes of polymer
solution droplet. The number of surfactant particles is increased by the
convection flow along TPCL during the pinning of the droplets. The local
interfacial tension is decreased by surfactant particles at the liquid-air interface
adjacent to TPCL, inducing ‘‘Marangoni vortex’” or ‘“Marangoni eddies’’ there.
This lead to a “‘levelling effect’” in a droplet and provides Marangoni flow
which reverses to the coffee ring effect with a fixed contact line during drying
process. In addition, the surfactant also can control the ordered array of organic
nanoparticles at the boundary of the droplet[71]. Small et al.[72] observed that
the evaporation of droplets with surfactant can modify the single-walled carbon
nanotube networks. To sum up, the coffee ring effect of nanofluid droplets forms
easier by adding surfactant. Crivoi et al.[73] also investigated the evaporation of
nanoparticles with surfactant by using mathematical modelling. They found that
the patterns followed by surfactant induced nanoparticle flow can be considered

by a sticking factor of particles at the contact line.

Nanofluid is another solution that affect the distribution of deposition patterns.
Sefiane et al.[74] observed the Al>,O3 nanofluids with 0.1%,0.5%.1% and 2%
concentration. Their experimental results show that the coffee-ring structure
exhibited all the concentrations. Furthermore, the thickness of the ring structure

increases with concentrations and cracking patterns become more obvious at
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higher concentrations. Covor et al.[75] in 2004 used 6nm nano-particles of
CoPt3 at concentration below 1%, leading to rings measuring 0.6-1.5 pym in
diameter. They experimentally studied the formation of a bilayer stricture caused
by phase separation. The CoPt3 can be found at the contact line and meanwhile
accumulated along the line. In their research, the particles with smaller spheres
than their nano-particles also were used, and the droplet assembled more
pronounced at the droplet boundary. D.Brutin[76] investigated the pattern
formation of nano-particles of iso-density water based nanofluid drops. Nine
various nanofluids concentrations were used. Their results show that the
deposition pattern switched to a flower pattern when the nanofluids
concentration increased to 1.15wt.%. In addition, the thickness increases with

increasing of concentration, while the number of flower shapes decreases.

2.4.2 Substrate property

The deposition pattern of the droplet is strongly affected by the substrate
property which influences the adhesion of the liquid droplet with the substrate.
The molecular interactions between the droplet and the surface molecules of the
substrate depend on the substrate property, such as surface roughness, surface
energy and thermal conductivity of the substrate. The smooth hydrophilic
substrates were applied in most of studies focusing on the coffee-ring effect[77-
79]. The formation deposition pattern is affected by the Contact Angle
Hysteresis(CAH)[80] which manifested the heterogeneity of the substrate
because of the roughness and composition variation. The adhesion with droplets
can be influenced by any heterogeneity of the substrate. In the case of the
substrate with weak CAH, the droplet recoil when the evaporation starts and

then generates a dot on the substrate after completely evaporation. On the
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contrary, the coffee ring is easy to produce on the substrate with strong CAH,
such as the polymer substrates. Li et al.[81] investigated the distribution of
deposition patterns of polymer particles. Their results show that the ring-line
deposit pattern was generated on the substrate with strong CAH, and a dot left

on the substrate with weak CAH, as shown in figure 2-9.

vl

(a) (b)

Figure 2-9 Deposition pattern of polymer particles on substrate with various
CAH(a)strong CAH(b) weak CAH[81]

The solute particles show different deposition behaviours when the evaporation
mode transfer from CCR mode to CCA mode. When the difference between the
receding angles and advancing angle is higher enough, resulting in a stick-slip
drying pattern [82]. The multi-ring shape, spider web and foam occur due to the
various contact line velocities with the particle deposition growth(figure 2-10).
Applying heat can influence the stick or slip behaviours on both hydrophilic or
hydrophobic substrate[83]. Nagesh D. Patil et al. [83] compared different
surface wettability with the non-heated and heated substrates. In the case of a
hydrophilic substrate, the thermal Marangoni flow induces the droplet to leave

a uniform peripheral ring pattern in the centre after evaporating completely
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without heating. When applying heat to the substrate, the Marangoni effect
becomes more intense, resulting in a thinner ring shape. When it comes to
hydrophobic substrate, the inner deposit pattern can be observed on non-heated
substrate due to depinning contact line. In the case of hydrophobic substrates
with heat, the pattern deposit at the contact line and leave peripheral deposition
rather than depositing at the centre of the droplet. The generation of the
peripheral deposition is caused by the reverses the surface tension gradient in
the droplet due to the temperature at the centre of the droplet higher than the
contact line temperature, finally leading to a thin ring with an inner deposit. Lee
et al.[84] investigated the droplet evaporation on the different substrates
including glass, stainless steel and Teflon, with contact angle of 55.2< 80.9<
and 90.4< respectively. They found that the ring shape pattern easier forms on
the substrate with a lower contact angle, while the patterns can be observed at

the centre of the peripheral ring on the substrate with a higher contact angle.

Figure 2-10 Deposition morphologies inside colloidal drops under 40% relative humidity
with 20nm particles at different particle volume fractions: (a)0.5%,(b) 0.25%,(c)
0.1%0[82]

2.4.3 Ambient conditions
The ambient pressure is another factor affecting the droplet pattern, which can
change the effective diffusion coefficient of water vapour in the environment

and therefore alter the evaporation rate at the contact line. Askounis et al.[85]
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investigated the water based SiO> nanofluid evaporated at various ambient
pressure, ranging from 750mbar to 100mbar. When the pressure is 750 mbar,
the well-established “stick-slip” behaviour dominates the whole process. At
500mbar, a single and uniform ring formed. If the pressure was continuously
decreased to 250mbar, the ring structure becomes wider. Their results show that
the evaporation rate increases with decrease of pressure, which result in fasted

evaporation cycles and, in turn, leads to different patterns.

Relative humidity also influences the distribution of droplet deposition patterns,
which also belongs to ambient conditions. Brutin et al.[86] applied 24-nm-
diameter polystyrene sphere at relative humidity ranging from 13% to 85%.
Their results show that relative humidity only affects the drying rate which is
proportional to the humidity but no effect on pattern formation. Chhasatia et
al.[87] investigated the evaporation of a pico-liter droplet of a nanofluid under
different relative humidity. They observed that the spreading effect increases
with the increase in relative humidity for the pinned droplet mode. They
concluded that the evaporation process as well as the deposited pattern are
strongly affected by the relative humidity. Furthermore, the increased humidity

increases the initial spreading of the droplet.

2.4.4 Particle size

Particle size inside the droplet is another factor affecting the distribution of
droplet deposition patterns. Chon et al. [88] experimentally investigated the
thermal characteristics of evaporating nanofluids droplets with different
particles size: 2nm, 11nm, 30nm and 47nm. Their results show that the dry-out
stain pattern strongly relates to particles sizes. With the increasing particles size,

the temperature span between the droplet center and edge increases. Because of

42



the large difference in thermal conductivity between nanoparticles and water,
more particles accumulate at the edge of large nanoparticles, leading to a larger
temperature span and distinct ring shape. For the case of nanoparticles, a
relatively smaller temperature span is formed by the less distinction between the
edge ring and central deposited. Jung et al.[89] studied the motion of micro and
an evaporating colloid droplet with nanoparticles on a hydrophilic surface. They
found that different size scales show various distributions of droplet deposition
patterns and their results are shown in Figure 2-11. For the case of nanoparticles,
the pinning effect enhances due to the accumulation outward of particles. While

microparticles move inward toward the centre of the droplet because of the

surface tension of liquid.

Figure 2-11 Self-assembly of small particles (0.5 pm diameter) and large particles (5 pm
diameter) in a dried-out droplet. (a) 0.5 pm diameter (b) 5 um diameter[89]

2.5 Literature review for droplet impact on a dry solid surface
The droplet impact is firstly studied from 1876, despite 140 years of study, the
mechanism of the rapid dynamics of the impact process understand poorly until

the past 20 years, the development of high-speed video technology began to
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allow time-resolved observations, which helped the investigations further
investigate the droplet impact dynamics[90]. Studies of droplet impacts are
driven by several areas relevant both in nature and in industry. In the case of
nature, a stone is hollowed by a droplet, and aerosols is generated by splashing.
In the case of industry, spray interacts with the wall during coating, cleaning,
cooling and combustion processes. The inkjet droplet plays an important role in
the manufacture, from the soldering of electronics to microarrays in

biotechnology[91].

This work mainly focuses on the droplet impact on the dry solid surface, I
emphasize relative theory and recent works below, which dealt with droplet
impacts on the solid surface. Due to the influence of surface property, the
outcome of droplet impacts on a dry surface shows more complicated flow shape
than those on wetted surfaces[92]. As Figure 2-12 shows, Rioboo et al.[92]
observed different flow patterns of droplet impact on a dry solid surface in his

experiment.
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Figure 2-12 outcome of drop impacting onto a dry solid surface (a) Deposition (b)Prompt
splash(c)Corona splash(d)Receding break-up(e)Partial rebound(f)Complete rebound [92]

There are two stages contain in the deposition pattern formation: the kinematic
and actual deposition, shown in Figure 2-12(a). During the kinematic stage, the
radius of drop can be predicted by R ~ tY2 which is not be affected by the
physical properties of the surface and the liquid. However, these parameters
influence the actual deposition stage. The maximum spreading factor can be
obtained through the ratio of the maximum spreading diameter of the lamella at

the surface D,,,, to the droplet initial diameter D,,, shown as below.

Dmax

Dy

(2.8)

Bmax =

The initial phase of droplet impact on a dry surface is constituted by these stages,
which included the prompt splash scenario, corona splash, receding break-up,

partial rebound, and complete rebound. As Figure 2-12(b) shows, in the case of
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the prompt splash scenario, the tiny droplets are separated from the boundary of
the liquid lamella during the droplet spreading, which is strengthened by
increased impact velocity on a rough surface. The impacting droplet continues
to spread and stays on the surface finally. The reduction of the surface tension
results in the liquid lamella being separated from the surface and this pattern is
called the corona splash scenario shown in figure 2-12(c). The kinetic energy of
droplet impact is partly converted into the surface energy if the free-surface area
increases enough and is partly consumed by the viscous forces, further the
surface wettability strongly affects the subsequent behaviour of the lamella.
Rioboo et al. observed that the diameter of the spreading lamella exceeds the
maximum diameter D,,,, When the kinetic energy of the impact droplet is high
enough. After spreading the droplet start to recede necessarily due to the surface
tension. As Figure 2-12 (d) shows, the receding breakup scenario is observed on
non-wettable surfaces, which detached a number of fingers from the shrinking
lamella, the fingers able to further breakup due to the capillary. At the end of the
spreading stage, there is sufficiently large kinetic energy remaining in the liquid,
which does not fully dissipate during the receding stage. In the case of mention
above, the receding velocity stays high and the shrinking lamella almost
disappears near the impact point. The collapse can still provide enough kinetic
energy to bring the liquid upward from the surface and further produce a rising
liquid column from the surface. Due to the capillary instability, a part of liquid
remains at the surface and one or more droplets bound at its top, which is named
the partial rebound scenario and shown in figure 2-12 (e), or and intact droplet
is detached from the surface which defined as complete rebound scenario (last

line in figure 2-12). Specially, the receding break-up, partial rebound and
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complete rebounds can be observed when droplets impact on non-wettable or

partially wettable surfaces.

Rioboo et al.[92] summarized the effect of each parameter on the six-impact

pattern, which shown in Table 2-2.

Table 2-2 summary of the effect of each parameter on each of the six scenarios[92]
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The experimental studies of droplet impact dynamics can be mainly categorized
into: the maximum spreading factor, the splashing threshold and the effect of
substrate properties. For the maximum spreading factor f,,,.. , the studies
mainly investigated the factors influencing the f,,4, and further developed the
empirical correlation to evaluate the maximum spreading factor under different
conditions. The splashing threshold plays an important role in many applications
such as spray cooling and spray impingement occurs in a variety of liquid-fueled
engines. It is necessary to find the splashing threshold for the transition from
spreading to splashing, which affects the performance of relevant application.
Thus, the thesis also focuses on the factors affecting the splashing threshold.
With the development of different applications, the enhanced surfaces were
designed to meet diverse requirements rather than flat or smooth surfaces. There
are amount of research have been conducted to study the effect of surface
roughness and substrate morphology on droplet impacting behaviours. In

addition, the rebound is observed on hydrophobic surfaces, which relates to
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many engineering applications, such as self-cleaning[93], anti-icing[94] and
anti-bacteria[95]. The investigation on droplet rebound aim to reduce the contact
time of duration of whole droplet impact process, which benefits to these
applications. Therefore, many strategies were found to reduce the contact time,

such as changing the property of the substrate.

2.5.1 Maximum spreading factor
The maximum spreading factor B,,,, IS an important quantity to define the
outcome of a droplet impact on a solid substrate, which defined by the ratio

between the maximum spreading diameter and the initial diameter of droplet.

Dmax

Dy

(2.9)

Bmax =

Recently, the empirical and theoretical models of f,,,, have been developed
and proposed, which correlate 3,4, With non-dimensional parameters. All
these relations aim to predict the maximum spreading size, and there have been
recent advances in the understanding of the mechanism behind this phenomenon
from both numerical, experimental, and theoretical works. Singh et al.[96]
observed the drop impact on a polymethyl methacrylate when airflow is incident.
Their results reveal that the maximum spreading diameter increases with the

Re,;, and for a give We,  er - They also proposed a theoretical model

Bonax~ \/W“’W‘“‘”“zﬂwe“”). Lin et al.[97] experimentally studied the impact
3(1—cosby)

behaviours of droplets on solid surfaces with different wettability. The droplet

deposits on the surface when reaching the maximum spreading diameter on the

superhydrophilic surface. On the superhydrophobic surface, the droplet

behaviours depend on the droplet viscosity and impact velocity. They proposed
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a scaling law to predict the maximum spreading ratio

0.92We~%43 (where y is surface tension, R,q, iS maximum spreading

ts

3
Rmax

Y

radius), which considers the effects of liquid viscosity and surface wettability.

The most commonly used formulas are presented in Table 2-3, summarized by

Josserand and Thoroddsen[98].

Table 2-3 Different models for the maximum spreading factor

polystyrene glass

Reference Droplet-surface Expression
Scheller & Water, ethanol droplet | B ~ 0.61 (Re?0Oh) 6 =
Bousfield[99] impact on the smooth | 0.61 Re'*(We Re %)

1/6

Clanet et al.[100]

Water droplet impact
on the smooth super-
hydrophobic surface

B ~ We0.25

Roisman[101]

Water impacts on the
smooth surface of
different material

B ~ 0.87 Re'® — 0.4
Re2/5 We*l/Z

Sen et al.[102]

Biofuel droplet impacts
on the stainless steel
surface

B ~ 1.73Wed%

2.5.2 Splashing threshold studies

When the impact velocity increases enough, droplet splashing can be observed.
The splashing threshold can be defined by the minimum impact velocity
resulting in droplet breakup and generation of secondary droplets. There are
three typical types of splashing occur: prompt ,corona and fingering splashes. A
prompt splash happens when a droplet impact on the rough surface, which

releases tiny droplets from the periphery of the advancing lamella. Corona
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splash is always observed on a smooth surface, which liquid lamella is detached
from the substrate and forms a bowl-like structure, subsequently breaks up into
fine droplets. Fingering splash is caused by the Rayleigh-Taylor instability at

the rim of the expanding lamellae[103].

Classically, Stow and Hadfield[104] and Mundo et al.[105] proposed a splashing

parameter to characterize the splashing threshold, which is shown below
Ksplashing = We VRe (2.10)

The splashing parameter K relates to liquid inertia, viscous stress and surface
tension, and the splashing will happen when the force associated with surface
tension is much smaller than the inertial forces. Range et al. [106]
experimentally studied the dynamics behaviours of water droplet impacts on the
aluminum surfaces. They found that substrate roughness plays an important role
in the critical value of We +Re. Bird et al.[107] observed an inclined liquid
droplet impact on surfaces. They proposed a splash threshold(equation 2.15) for
inclined droplet impact and the equation predicts that the threshold velocity for

splash increases for higher liquid viscosity.

1 Ve  _1\?
WeReZ(l —357 Re z) > 127 (2.11)

n

Where V, and V;, denotes the tangential impact velocity and normal impact
velocity, respectively. Van der Wal et al.[108] investigated the droplet with
different viscosities impact on a very smooth surface. They proposed a critical
capillary number Ca = We/Re to predict the splash threshold. Their
experimental result contradicts with the Bird’s equation, in which threshold

velocity decreases for higher viscosity. Xu et al.[109] observed the droplet
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impact on the smooth substrate by adjusting the surrounding air pressure. They
demonstrated that the corona splash can be suppressed by reducing the
surrounding air pressure. Stevens et al. [110] developed the Xu’s discovery and
investigated the liquid viscosity effects on the impact behaviours under varying
surrounding air pressure. They demonstrated that increasing the liquid viscosity

results in threshold surrounding air pressure becomes non-monotonically.

Moreira et al.[111] ,Marengo et al.[112] and Roisman et al.[113] summarized
variants of the above power laws and current findings exist in the
literature(figure 2-13). The current studies devoted to find the critical values of
K for various impact condition and effect of various factor on splashing
behaviours. However, the influence of different factors have not well understood

and do not have a universal correlation of the splash threshold [114].
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Figure 2-13 Map depicting the outcome of drop impact at normal ambient pressure[113]

2.5.3 The effects of substrate properties
With the development of different applications, the enhanced surfaces were

designed to meet diverse requirements rather than flat surfaces. The enhanced
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surfaces manufacture with different surface wettability, surface morphology and

surface roughness.

Motivated by the lotus leaf, superhydrophobic surfaces have been widely used
in various applications to make an impacting drop bounce. Due to the weak
adhesion of the surface and small impact area, the droplet rebounds after the
spreading, retracting stage when it impacts on superhydrophobic surfaces. The
contact time is always used to define the duration of the whole process of droplet
impact. For some engineering application, the performance can be enhanced by
reducing the contact time, such as self-cleaning, anti-icing and anti-bacteria.
Richard et al. [115] investigated the droplet impact on a smooth hydrophobic
surface, and they mainly observed the impact velocity and droplet size effect on
the contact time. They revealed that the contact time increases as the droplet size
increases. However, the contact time remains constant when the droplet impact
on the surface with different velocity. Bird et al.[116] designed a flat
superhydrophobic surface with macro-ridge structure which is slightly lower
than the spreading film. They found that the contact time was reduced by 37%
due to the faster retraction process than those that impact on flat surfaces. Shen
et al.[117] designed a dome convex superhydrophobic surface and investigated
the bouncing dynamics of impact droplets on the surface. They found that
droplets rapidly bounce off with a 28.5% reduction in the contact time compared

with that on flat superhydrophobic surfaces.

Currently, there are amount studies have conducted on the droplet impact on a
surface with various geometries such as pillars[117][118][119], ridges[120],
cones [121][122] and spheres[123]. The droplet impacts on the pillars surface is

more common in practice, so most of the research focused on the pillars surface.
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Juarez et al. [119] machined 8 surfaces with different cross-sectional geometries.
“n” represents the number of vertices in their study. They found that the shape
of expanding lamella resembles the cross-sectional geometries when 3 <n <
8. When the n further increased, the lamella breakup from the outer rim and does
not resemble the geometric cross-section of the target. Hu et al.[117]
experimentally investigated behaviours of droplet impact on the
superhydrophobic surfaces with a single pillar of different sizes. They
demonstrated that the maximum width of droplet decreases with the increasing
of pillar size. Furthermore, they proposed a theoretical model to predict the
maximum width of the droplets which impact on superhydrophobic surfaces
with a single pillar. Chen and Bertola[124] manufactured convex surfaces with
different diameters and conducted the droplet impact experiments on these
surfaces. Their results show that the retraction phase was strengthened when
droplet impact on the surfaces with higher curvature. Luo et al.[125] released a
droplet above copper cone structure with different cone angles and found that
the contact time decreases with increasing cone angle, while We higher enough,
the cone angle does not affect the contact time. When the droplet impact on a
surface with decorated morphology, the droplet impact behaviours are strongly
affected by the redistribution of mass and momentum transfer during impact

processes[126][127].

The surface roughness also strongly affects the droplet behaviours. However,
there is a few studies have considered the effects of the surface roughness. Stow
and Hadfield et al.[128] in 1981. They reveal that the surface roughness affected
the critical value K. of droplet splash. Mundo et at.[129] and Range and

Feuillebois’s[130] proposed the splashing threshold was depended on the critical
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Weber number which is related to the surface roughness. Cossali et al.[131]
developed an empirical correlation demonstrated that corona splash only
happens on very smooth surface. With increasing of surface roughness, the
corona splash transforms into prompt splash. Roisman[132] studied the droplet
deposition and splash on rough and porous surfaces. They found that the splash
threshold is mainly affected by Weber number and substrate morphology,
Ry /Rsm (Where Ry, Rg, represents average height of protruding peaks
above roughness core profile and mean width of a profile element, respectively).
Miguel et al.[133] experimental investigated the water and ethanol droplets
impacting on smooth hydrophilic, hydrophobic and superhydrophobic surfaces.
They demonstrate that the maximum dynamic contact angle increases as the
surface roughness increase and the splashing behaviour on substrates can be
characterized by the roughness ratio R, /Rsy, in his work. Tang et al.[134]
observed the various droplet impact on a flat stainless-steel surface with
different surface roughness. They found that the droplet impact behaviours
changes from spreading to splashing with increasing the surface roughness.
Meanwhile, the critical value of (We/Oh)Y/? was found to characterize the
transition from spreading to splashing. Wang et al.[135] recorded the droplet
impact on surface with the help of digital inline holographic imaging. The
surface roughness affects the diameter, velocity, angle, height and mass-loss rate
of splashing droplet. In addition, they developed a new empirical correlation to

characterize the secondary droplets.

In existing research, the effects of the conical structures with different roughness

on droplet impingement have not been considered. Therefore, an experimental
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investigation on droplets impact on conical structures with different surface

roughness is carried out in this thesis.

2.6 literature review for pulsating heat pipe

2.6.1 General introduction

Nowadays, the energy crisis and serious environment pollution are threatening
people all over the world. Efficient energy management is one of the feasible
methods to solve the existing energy crisis and realize the sustainable
development of energy and environment. A heat pipe is referred to as
superconductors of heat, which can transfer heat from one point to another
without any heat loss[136], as a potential thermal management system to
improve the heat transfer efficiency and minimize the energy consumption in
the heat transfer process. Heat pipe was first produced around early 1960s, and
since then different shapes and forms was developed based on this technology.
A conventional heat pipe includes three sections: evaporator part, adiabatic part
and condenser part. The working principle of a conventional heat pipe is shown
in Figure 6-1[137]. The heat is absorbed at the evaporator, then working fluid
evaporates and formed vapor flow through the adiabatic part towards condenser
due to the pressure difference. The vapor flow condenses and dissipates heat at
the condenser section, and then transfers into liquid flow returns evaporator via

the wick structure driven by capillary force.
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Figure 2-14 Working principles of traditional heat pipe[137]

However, the restriction of capillary force and complex structures limit the
application of such heat pipe which is hard to minimize to the microscale.
Therefore, Akachi et al.[138] invented an efficiency heat transfer device called
pulsating heat pipe or oscillating heat pipe in 1990s with economical solution
for solar energy collecting[139],and cooling of electronics and fuel cell[140],
micro-electronic device [141], automotive technology [142] and many more.
The issues of high heat flux of modern electronic devices directly relate to the
PHP heat management system which has compact structure, low cost and simple
design[143]. The working mechanism of traditional heat pipes is different from
PHP. Although, the PHP also has evaporator, adiabatic and condenser these
three parts. Especially, as Figure 6-2 shows that there is no wick structure in the
PHP to assist the working fluid back from condenser to evaporator. Therefore,
the structure of PHP is more compact and design simpler compared with
conventional heat pipes[144]. As Figure 6-3 shows, the pulsating heat pipe
include three types: closed loop PHP, closed loop PHP with additional control

check valves and open loop PHP [145].
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Figure 2-15 Schematic of close loop PHP with closed ended[144]

As Figure 6-3(a) shows, a closed loop PHP is defined as both ends of the tube is
connected to form a closed loop. Figure 6-3(b) shows a CLPHP with a check
valve which can control the movement of working fluid and adjust to a specific
direction. On the contract, the definition of an open loop pulsating heat pipe is
two ends of tube are not connected to each other, which is shown in Figure 6-
3(c). Most investigations proved that the heat transfer performance can be
improved by the potentiality of fluid circulation within the pipe, thus the

performance of CLPHP is better than the other two types[146].
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Figure 2-16 (a) closed loop PHP (b) closed loop PHP with check valve (c) open loop
PHP[145]

In the CLPHP, the heat will be absorbed in the evaporator section and transferred
to the condenser section where is cooler than evaporator section. When the
evaporator absorb heat, working fluid evaporates and formed vapor flow through
the adiabatic part towards condenser due to the pressure difference. During the
working process, the growth, generation and collapse of bubbles are induced by
the temperature gradient and temporary pressure within the tube. Therefore, the
CLPHP can dissipates the latent heat during vaporization at the evaporator and
release the sensible heat during condensation at the condenser. Therefore, the

CLPHP is regarded as common type of pulsating heat pipe.

Although PHPs have many advantages such as high efficiency, low cost, good
reliability and simple construction, the working mechanism of PHP has not been
fully understood yet, resulting in the PHP cannot operate successfully at all
situations. Therefore, the topic of development for PHP has attracted attention

of a large number of investigations. The investigations are focused on exploring
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and understanding the working principle, thermodynamics and hydrodynamics

of the PHP and influencing factors affects its performance.

The thermal resistance is taken as the performance measuring criterion. The
thermal resistance can be obtained by the temperature different between the
evaporation section and condensation section and the heat input. Thus, the
thermal resistance of the device can be given by the equation below:

Te - Tc
Q

Ry = (6.2)

where R, denotes thermal resistance (K/W'), T, represents the average
temperature of the evaporation section(K), T, denotes the average temperature

of condensation section (K), and Q denotes heat input(W).

The thermal performance of the PHP is influenced by various parameters. First,
the geometry of PHP, which includes thickness and diameter of tube, length of
the tube and number of turns of the PHP. Second, the condition of operation
such as the filling ratio, heat input, number of turns, etc. Third, working fluid
which have different surface tension, latent heat of vaporization, specific heat
capacity, boiling point, thermal conductivity, thermal conductivity, thermal
diffusivity. There are amount of research have been conducted to understand the

these parameters effect on the thermal performance of the PHP at the moment.

2.6.2 Influence factor for PHP

2.6.2.1 Tube diameter

The thermal performance is affected by the internal diameter of the PHP. The

limitation of the internal diameter of PHP can be determine by Bond number
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(Bo). In terms of the surface tension, the minimum internal diameter of the PHP
can be determined by the below equation which expresses the surface tension

drives the flow inside the tube and opposed by the gravity[152].

” 7
Diype < Deyie = 2 l l (6.3)
g(pliq - pvap)

Dq.pe represents the acceptable diameter of capillary tube, D.,;; represents the
critical diameter, g represents the acceleration of gravity, ¢ denotes surface
tension, and p;, and p,q, denote the densities of working fluid at liquid

phase and gaseous phase, respectively.

If the diameter of PHP is not allowable, there are four situations will occur. As
Figure 6-4 shown, the oscillations will cease and the surface tension will reduce
when Dgype>>D,,(Case A). If the Dy = D, (Case B), circulation will
generate in the tube, but most of the liquids adhere to the capillary wall with
larger plugs of liquid. On the other hands, if D, < D, (Case C) the
continuous and efficient heat transfer was assisted by the formation of liquid
plugs which is induced by the annular flow with surface tension inside PHP.
However, annular flow cannot be developed, and the there is only bulk

movement of fluid when Di,;. < D..(Case D)[146].
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Figure 2-17 The working condition of PHP under 4 different situations[146]

2.6.2.2 Number of turns

Number of turns also a parameter to influence the heat transfer performance of
PHP. The volume capacity of the PHP increases by increasing the number of
turns and more heat absorb in the evaporator because of wider area. However,
the total heat flux is related to the number of turns, the optimum number of turns
have not been found yet. Pouryoussefi et al.[147] and Rahma et al.[148]
investigated the PHP with 4 turns and 16 turns, respectively. Their results shows
that the thermal performance can be enhanced by increase the number of turns.
Mameli et al.[149] tested a copper PHP with 32 turns in micro/hyper gravity
condition. They found that the thermal performance of PHP is strongly affected
by the variation of gravity field. Akachi et al.[150] designed a PHP with 80 turns
for experimental study the thermal performance of PHP. They indicate that the

inclination does not affect the thermal performance of PHP when the number of
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turns is high enough. There are no works to explain why the number of turns
affects the performance of PHP. Therefore, the relationship between the number

of turns and thermal performance of PHP is not very clear.

2.6.2.3 Length of pipe and each section

The thermal performance of PHP is also affected by the length of each section
which includes evaporator, condenser, and adiabatic. Otherwise, the
performance of PHP is also affected by the entire capillary length of tube which
affects the volume of working flow. In previous studies, investigations found
that the performance of PHP increases if the heat flux of the evaporator
completely dissipates in the condenser area. The heat transfer strongly relates to
the effective heat transfer length of the length of the evaporator and condenser.
Therefore, making the length of the condenser area equals to the length of
evaporator or longer than the evaporator is a more effective consideration to
design the PHP operations. Charoensawan et al. [151] investigation the
relationship between the evaporator length and thermal resistance. They utilize
two copper PHPs with length of each section as 50mm and 150mm. They found
that the length of evaporator did not affect the thermal resistance of PHP. The
thermal performance was increased by lowing the evaporator length. The
variation in thermal resistance for different evaporator length are shown in

Figure 6-5.
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Figure 2-18 The relationship between the evaporator length and thermal resistance[151]

Wang et al. [152] investigated a 2D single loop closed-loop pulsating heat pipe
by CFD and experiment. By compare the experimental result and simulative
result, they found the start-up accelerates and thermal resistance decease if
increase of the length ratio of evaporator to condenser in same condition.
Rahman et al. [153] advises that the PHP work more efficient when the heat
absorption area of evaporator smaller than the exposed area of condenser.
Therefore, they design a PHP which condenser length was 3cm larger than the
evaporator. Their result shows that the temperature of condenser did not rise too
much when the PHP working and the thermal resistance is gradual decrease
when heat supply was increased from 10W to 80W. The length of condenser
determines how much heat will release to the surrounding, so for larger length
of condenser region, the effective area will be higher and promotes condensation
of vapour phase of working fluid inside PHP. Kim et al. [154] experimentally
investigated the effect of the condenser length on the thermal performance of a
micro pulsating heat pipe under various condenser temperature. They found that

the evaporator temperature decreases with decreasing condenser length when
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the condenser temperature is low. When the condenser temperature high enough,

the evaporator temperature increases with decreasing condenser length

2.6.2.4 Filling ratio

The filling ratio (FR) is defined as the ratio of the volume of the working fluid,
which is initially filled by the liquid. The FR corresponding to PHP's best
performance depends on a variety of factors. There are many research have been
conducted to find the optimal filling ratio for PHP operation under different
condition. Therefore, there are many research have been conducted to find the
optimal filling ratio for PHP operation under different condition. Gamit et al.
[155] experimentally investigate the performance of PHP and used the water as
the working fluid. The test was conducted for 40%, 50% and 60% filling ratio
at various heat supply. They found that the better performance at lower filling
ratio and higher heat load. However, different working fluid has different
optimal filling ratio. Because different working fluid has different thermal
properties. Rahman et al. [156] select the ethanol as the working fluid with 40%,
50%, 60%, 70% filling ratio. The experiment was conducted for different
inclination of angle of 0530<45<.60and different heat supple. It is observed
that the better performance of the PHP with ethanol can be obtained when FR is
40% and low heat supply. Bastakoti et al.[157] investigate the thermal
performance of PHP with different fill ratios of Methanol, Ethanol, CTAC and
DI water at varying thermal loads ranging from 15W to 80W. It is understood
from the study that the lowest thermal resistance of the PHP with DI water was
0.34K/W achieved with 50% FR at 75W. Rahman et al.[158] experimental

investigated thermal performance of a Vertical PHP with Acetone and DI water
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working fluid. They found that the optimal FR for PHP with acetone was 70%
and the optimal FR for PHP with DI water was 50% due to the different surface

tension and latent heat of vaporization.

At the lower filling ratio, less driving force is needed to make the working fluid
oscillate in the PHP, which increase the thermal performance of PHP. On the
contrary, small amount of working fluid limits the heat transfer capability of the
PHP with lower filling ratio. With increase of the filling ratio, the heat transfer
capability of PHP increases, but the requirement of driving force also increases.
Therefore, the research of PHP with various filling ratio aim to find the optimal
FR for different working fluid under different working conditions thus obtain

the best thermal performance of PHP.

2.6.2.5 Working fluid

Working fluids is probably the most important factors affecting heat transfer
performances of PHPs[159]. In present, many research focused on working
fluids and their properties on the thermal performance of PHPS. The working
fluid can be categorized into two types based on its property: conventional fluid
(pure fluid, mixed fluid) and non-conventional working fluid (such as

nanofluids).

For most applications, water and alcohols are commonly used as pure working
fluids(conventional fluids) in PHPs[160]. However, these two fluids have
different thermos-physical properties(surface tension, thermal conductivity, and
viscosity) resulting in different performance when they are used as working fluid
in PHP. Kim et al.[161] experimentally investigated the thermal performance of

2 turns PHP with Ethanol and Deionized (DI) water with 50% filling ratio. Their
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results indicates that PHP with ethanol shows better performance than those that
with water at low heat input. Because the boiling point and specific heat capacity
of water is higher than ethanol, PHP with water need to absorb more heat to
attain the start-up point, in turns, increasing the start-up time compared to PHP
with ethanol. Miura et al.[162] used ethanol as working fluid for experimental
investigating the thermal performance of PHP. Their results shows that the best
filling ratio of working fluid is 50% when the evaporation section and
condensation section are equal in length. In addition, the thermal performance

of PHP related to the oscillation frequency and amplitude.

However, the thermal properties of pure working fluids are single, which cannot
satisfy all requirement for the start-up and oscillating motion of PHPs. Thus,
more favorable thermal properties can be obtained by using mixed working fluid

for enhancing the thermal performance of PHPs[163].

Zhu et al.[164] studies the start-up and heat transfer performance of PHP with
pure water and water-acetone mixtures with different mixing ratios. The results
indicated that the PHP with water-acetone mixture has lower thermal resistance
and higher start-up performance than that of PHP with pure water. Xu et al.[165]
set up an experiment to study the thermal performance of PHP with different
mixing ratio(20, 30, 40, 50 and 75vol%) of ethanol-water. They found that 30vol%
ethanol-water mixture has best thermal performance than DI water and ethanol-
water mixture (20, 40, 50 and 75vol%). It is mainly attributed to synergistic
effects between ethanol and water increase the velocity of liquid, in turns,

enhanced the thermal performance of PHPs.
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Nano-fluid is taken as non-conventional working fluids, which have higher
thermal conductivity and dynamic viscosity compared with pure water.
However, the thermal performance will decrease which is due to increase in
dynamic viscosity of working fluid when the concentration of Nano fluid higher
than a certain value. Because the fluid motion will be impeded by high dynamic
viscosity in the PHP [166]. Nazari et al. [166] investigated experimentally the
effects of heat input and concentration of graphene oxide nanofluid in PHP.
They found that the thermal resistance of PHP can be reduced up to 42% by
utilizing graphene oxide. In addition, high concentration (1.5g/lit) of the
nanofluid has worsen thermal performance of the PHP in comparison with pure
water, due to relative higher dynamic viscosity. Qu et al.[167] use Al.Os/water
as working fluid with five different mass fractions at 0.1%, 0.3%, and 0.6%,
0.9%, 1.2% in PHP. They found that the maximal thermal performance
enhancement of PHP was obtained when the mass fraction of the alumina

nanofluids is 0.9% which is taken as the optional mass fraction.

The nano-fluids were known as strong method for future to enhance the
performance of PHP. However, there is also lack of clearly understand the
relationship between concentration of nano-fluids and thermal performance of
PHP. Generally, the addition of nanoparticles can significantly improve the
thermal conductivity of base fluids, and the presence of nano-particles the
nucleation sides. But the presence of nanoparticles also increases the dynamic
viscosity and pressure drop inside PHPs, which are not benefit to the fluid
oscillation flow and heat transfer. Therefore, more experiment should be carried

on and explained how the nano-fluids affect the thermal performance of PHP so
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that the optimal nanofluids and optimal concentration of nanofluid can be found

easier.

2.6.2.6 Heat input

The beginning of the pulsating action is the “start-up time” which also terms the
onset of pulsation and this is dependent on the total heat input. V.M.Patel
et.al.[168] investigated the start-up mechanism for water(Figure 6-6).They
found that 20.87W is the minimum heat input to attain the pulsating flow inside
the PHP(Figure 6-7). Meanwhile, with increase of heat input, the start-up time
of PHP decreases. Wang et al.[169] used water and sodium solutions as working
fluid to investigate the thermal performance of PHP with heat input range of 0-
160W. They revealed that the thermal performance of PHP depends on the heat
input. With increasing of heat input, the thermal resistance of PHP charged with

water and sodium solution both decreases.

Q) -

Evaporator
80 = First stage
(No puisation)
Thurd stage
(Quasi-steady
Second stage | pulsation)
(Pulsation)

Gl) -
Condenser

S() - " t=tsteady
(5500 sec)

Femperaturel )

10 = Onset of pulsaion
t= t start{ 1222 sec)

0 1 | 1 R | 1 L |
0 2000 4000 6000 S000
Time(second)

Figure 2-19 The start-up mechanism for water[168]
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Figure 2-20 Start-up time for different heat input[168]

Heat input play an important role in thermal performance of PHP, but it cannot
be an individual parameter to regulate the operational characteristic of PHP.
When study the effect of heat input on the thermal performance of PHP, all
functional parameters should be considered not just heat input. Hu et al.[185]
experimental study the effect of various parameters on thermal performance of
PHP. They found that the start-up time is not only affected by heat input but also
filling ratio and heating mode. The pulsation of PHP easy to start with bottom

heating mode.

In addition, the heat input must not be so high that it results in dry-out of the
working fluid. If the supplied power is too low, there will be an insufficient
amount of working fluid being supplied to the vapor region of the pipe, resulting

in the dry-out condition.

As mentioned above, there is a minimum heat input induce the onset of pulsation
inside the PHP. However, the start-up time is not only affects by the heat input

but also filling ratio of PHP, mode of heating and so on. Thus, the investigations
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focus on the start-up of PHP should consider the combined effects of such

parameters.

2.6.3 Visualization study of PHP

From the full visualization experiment of PHP, it is very easy to observe the
start-up characteristics and flow phenomena which includes the growth and
collapse of bubbles, the distribution of vapour-liquids plugs and changes of the
flow pattern. According to the existing research, the thermal performance of
PHP have a direct relationship with the flow pattern in the tubes[170]. Many
visualization studies have been conducted, which using a transparent PHP with

the aid of high-speed camera to observe the inner flow of PHP.

In the PHP, the self-sustained thermally driven flow oscillations attributed to the
effect of combined the bubble growth, expansion, shrinking and collapse, which
provide a pumping action drive the liquid slugs transport between the
evaporation section and condensation section[171]. Therefore, observe and
analysis the behaviour of bubble in a PHP contribute to further understand the
thermo-hydrodynamic  characteristics in PHPs. Hosoda et al.[172]
experimentally and analytically investigated the heat transport rates and fluid
flow patterns of meandering closed-loop heat-transport tube. They found a new
propagation phenomena there is a new vapour plug appears in the turn adjacent
to the turn including the grown-up vapour plug when the shrinking plug
disappears. This phenomenon results in large temperature differences between
the liquid and tube wall. Further, The PHP has the best performance when the
charging ratio is 60%. Sun et al.[173] mainly focused on the interaction of
bubble size distribution, bubble movement, temperature variation in a PHP

which made of glass. Their results shows that oscillation frequency and
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amplitude of bubble movement can be strengthened by increasing the heat input
and filling ratio, in turns, enhance the performance of PHP. Senjaya et
al.[174]reveal that the motion of liquid slugs and vapor slugs is induced by
bubble generation and growth. The generation of TS bubbles(diameter of bubble

equal to diameter of tube) accelerates the motion of liquid-vapor interfaces.

The flow pattern is affected by the many parameters such as properties of
working fluid, geometrical parameters of PHP and operating parameters during
experiment. There are five different types of flow pattern occur in the PHP. At
the evaporation section. the annular, semi-annular, slug, and churn flow can be
observed at the evaporation section. The major flow pattern at the condensation
section are bubbly and annular flow. The discrepancy between these two
sections may attributed to the difference of boiling and condensing during heat
transfer process[175]. Kim et al.[176] investigated the flow behaviour inside a
PHP with different criterion of a diameter ratio(Dy, /Dy, o) - They found that the
flow behaviour changes from oscillation mode to circulation mode when the
Dy /Dy crie reached 0.5. Ahmed et al.[177] designed a 2 turns PHP for
visualization study the relationship between flow patterns and input power. The
results showed that the flow pattern changes from liquid slugs and vapor plugs
to larger vapor plugs and annular vapor plugs as heat input increased. Patel et
al.[178] also studied the heat input effects on the flow pattern. They revealed
that the amplitude of flow increases with the increasing of the heat input. The
flow patterns also can be change by adding mixture working fluid. Xu et al.[179]
conducted a visual study on flow pattern in PHP with mixture of water and HFE-
7100. The results showed that the rate of bubble generation and oscillation

frequency can be enhanced by applying the HFE-7100 mixture due to its smaller
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latent heat of vaporization than water. Gandomkar et al.[180] and added CTAB
surfactants into working fluid. They indicated that the churn and annular flow
was developed by adding CTAB at low heat input, which due to reducing surface

tension.

Recently, nanofluids also attracted many research’ attention, which also change
the flow pattern inside the PHP. Zhang et al.[181] experimentally investigated
the effect of the SiO,-H>0 nanofluids on the performance of PHP. They found
that there are amounts of small bubbles generated at the evaporation section after
adding the nanoparticles into base fluid, thus the volume fraction of vapor phase
is increased which enhanced the heat transfer of PHP. Gandomkar et al.[182]
studied flow patterns in two-turns Pyrex PHP and copper PHP using magnetic
nanofluids as working fluid. They indicated that the heat input strongly affects
the flow pattern. With the increasing of heat input, the slug-plug flow changed
to annular flow. At the low heat input, the semi-annular and annular flow are

developed with increasing the concentration.

To sum up, the visualization study on PHP mainly focuses on the behaviours of
bubble, characteristics and mechanism of different flow patterns which is
affected by various parameter. Xu et al.[183] proposed that the visualization
experiments need to consider combination of various parameter effect on the
flow pattern, such as velocity, the number of nucleation sites, liquid film
thickness and so on, in turn, reveal the flow pattern transition conditions and

thus further clarify the operation mechanisms of PHPs.
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Chapter 3 Experimental study of droplet evaporation
on copper substrate with different roughness

3.1 Introduction

The coffee ring effect is one of sub-section of droplet evaporation, which is
deposited by non-volatile solute of liquid after evaporation. However, this effect
is an unexpected result in adverse effect during the manufacturing process
involving inkjet printing[184], spray cooling[185], substrate patterning[186],

and DNA/RNA microarrays[187].

Therefore, many investigations have been carried out to understand and control
the process of solute deposition in the presence of the coffee-ring effect (CRE).
In 1996, Parisse et al. [188] developed a theoretical model to predict the film
thickness upon complete evaporation first time. Later, Deegan et al. [189]
studied the mechanism of coffee-ring formation by observing the colloid droplet
evaporation and their results show that uneven evaporation is the most important

role of capillary flow on mass transport.

Thenceforth, there are many investigations studying unceasingly the mechanism
of the CRE. The formation of CRE is a complex process and mainly relates to
the contact line pinning and contact angle hysteresis (CAH) [190]. Due to the
relatively larger proportion of liquid-air interface at the contact line, the
evaporation rate is higher there, as a result the flow rate there is also relatively
higher [191]. For the evaporation of droplets containing colloidal suspension,
the magnitude of Capillary flow affects the order of the particle deposition at the
contact line. Marin et al.[192]observed that the capillary flow diverges at the end

of the evaporation process, and the particle deposition also transforms from
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ordered to disordered. Thus, the final arrangement of solute particles in the
coffee ring can be controlled by different methods such as solution, substrate
property, ambient conditions, morphology of droplet and magnetic field.
Meanwhile, the CRE is contributed by a number of other factors such as
Marangoni flow [193-194], the geometry of the substrate and particle
surface[195-196], the ratio of the thermal conductivities of the substrate and

liquid[197]

Thus, the final arrangement of solute particles in the coffee ring can be
controlled by different methods such as changing the PH value of
dispersion[198], adding surfactant to solutions[199] and using the Nano-
fluid[200-201]. The substrate plays one of the most important roles in the drying
pattern of droplets. Additional, Zhang et al.[202]revealed that a high-purity
vapor-deposited film is hard to be produced by changing the droplet composition,
for example, by introducing polymers or changing the particle shape although
these methods made a significant advance in controlling the coffee-ring effect

during droplet evaporation.

Therefore, the role of the substrate with different morphology and deposition of
particles has been studied by several investigations. A part of investigations
focuses on the interaction between the droplet and different substrates. Wei
Gong et al. [203] used a lattice Boltzmann approach to numerically study the
water droplet wetting transitions on the biomimetic surface and clarified the
mechanism of wetting transitions. Zu et al. [204] investigated the wetting
behaviours of a single droplet on biomimetic microstructure surfaces with
different roughness and the results of theoretical analysis can effectively predict

the wetting transition. The contact angle hysteresis [205-208] is a factor
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affecting the pattern formation. The CAH increases with increasing the
roughness of the substrate [209]. The droplet evaporates mainly in the pinning
mode with a high contact angle hysteresis, whereas the contact line slips easily
and the stage of constant contact angle is dominant with a small contact angle

[210].

Recently, some investigations investigated the evaporation of the droplets on
different morphology substrate. Pham et al. [211] mathematically studied drying
of droplets of colloidal suspensions on rough substrates. Their mathematical
model can describe several phenomena that were investigated experimentally
and therefore, it is suggested that the pinning of droplets to a defect arises out of
a competition between the capillary-pressure and disjoining-pressure gradients.
In 2018, after investigating the evaporation and patterns of colloidal suspension
droplets on glass substrates with different surface roughness, Zhang et al. [212]
found that under room temperature, the coffee-ring phenomenon is more
obvious than on smooth substrate, and the cross-section of the ring is wedge-
shaped with its thickest part on the edge. Lohani et al. [213] investigated the
factors affecting the pattern formation process, such as nanoscale roughness,
topography, and skewness of roughness. Drops containing polystyrene colloidal
particles are adopted in their experiment. Their results showed that with the
increase of nanoscale roughness, the wetting property as well as Van de Waals
interaction decreases. In 2011, Smith et al. [214] used microscopy and a
modified cantilever deflection technique to investigate the crack formation and
the evolution of stress in drying films of colloidal particles. They found that the
cracking length scale was found to increase with decreasing substrate modulus.

Darbha et al. [215] studied the deposition of latex colloids on a nanopatterned
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surface. They mainly focus on the effects of hydrodynamics and colloidal
interactions in transport and deposition dynamics of a colloidal suspension in a
parallel plate flow chamber. The results show that the impact of surface
roughness on retention is more significant for smaller colloids and explains the
differences in retention efficiency of mineral colloids in the environment as a

function of particle size.

Most of experiments are carried out when the ambient temperature is near room
temperature and the contact angle of a droplet is smaller than 90°. Currently,
there are small amount of research about the droplet evaporation under relatively
high ambient temperature and the droplet with a large contact angle. Thus, we
studied the evaporation and the deposition patterns of saline droplet on a copper
substrate with different roughness and the ambient temperature is controlled at
40<C by a water bath. The Marangoni flow is induced under the high substrate
temperature because of the temperature gradient. The Marangoni flow also
affects the distribution of deposit. In addition, the saline was used as working
fluid in the experiment. Due to the significant application on medical science,
many researchers focus on crystal patterns. However, there is less studies
focused on the effect of substrate temperature and roughness on the dying pattern
of saline droplet. We aim to explore the effect of roughness on deposition pattern

of saline droplet at 40 <C ambient temperature.

3.2 Experiment set up

The Figure 3.1 shows the set-up of the experiment. A droplet of the saline
solution was deposited by a micro-syringe on the copper substrate. Meanwhile,
the substrate is attached to the aluminium heat exchanger which is connected to

the water bath to control substrate temperature. The volume and concentration
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of the droplet is 0.2 pL and 2wt%, respectively. The 2wt% saline can be obtained
by adding 2g sodium chloride powders to 98g DI water. A CCD camera(basler
acA2040-90uc), which was mounted on the microscope(OPTIKA 400), was
placed vertical to the saline droplet and records the whole process of the droplet
evaporation on substrates with different roughness (201pm, 35um, 15um, and
0.2um) per 1s. Besides, the gooseneck lamp is used to ensure that the CCD
camera has enough exposure. To achieve the substrates with different roughness,
the copper substrate was polished by abrasive paper with the help of grinding
and polishing equipment. The 35um substrate and 15um substrate were polished
by 400pp and 1200pp abrasive paper. “pp” represents the grits of abrasive paper
and the average particle diameter of 400pp and 1200pp abrasive paper is 35um
and 15um, respectively. Additionally, a high polish copper substrate was
polished by the hemp(0.2um). The 201um substrate was without any polishing
and it was taken as original surface in the study. In the whole experiment, the
substrate temperature is set to 40°C, which is higher than normal temperature
and controlled by a water bath and the relative humidity is 40%+5%. The data
taker (Agilent 34970A) is used to measure the substrate temperature, which
connected to two K-type thermocouples with the accuracy of 0.1K. The

thermocouples were placed at the centre and boundary of the substrate.
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Figure 3-1 The set-up of the experiment

3.3 Contact angle measurement and analysis
The Wenzel model can be used to present and verify the relationship between

the roughness and contact angle, which is written as below:
cos®* = rcos0 (3.1)

where 0% is the apparent contact angle which corresponds to the stable
equilibrium state, r represents the roughness ratio, and 6 is the contact angle of
the substrate also called young contact angle. When the roughness increases and
6 isconstant, the r will increase. Therefore, the apparent contact angle of the
droplet is inversely proportional to substrate roughness when the 6* smaller
than 90°. When the 8* larger than 90°, the apparent contact angle of a droplet
in direct proportion to substrate roughness. To investigate the relationship

between the substrate roughness and contact angle of the saline droplet. Droplet
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apparent contact angle is measured for different surfaces, which was carried out
via a contact angle meter (CAM200,KSV Instruments). Figure 3-2(a) — Figure

3-2(d) show the results.

i Rage © 198,11 degerns -
L s
o a1 e
T
e
= 7] e (1]
M- IS e

Figure 3-2. apparent contact angle of saline droplets on copper substrate (a) droplet on
201pm surface (b) 35um (c) 15pum (d) 0.2 um

Figures 3-2(a) and 3-2(b) show the 201um surface and 35um surface
respectively. They are classified as rough surface in the experiment, in which
the droplet contact angle is large than 90°. With the increase of the roughness
from 35um to 201um, the contact angle increases gradually from 100.11° to
121.37¢, the increase of the roughness can reduce the wetting of droplet on rough
surface and the hydrophobicity became stronger. Thus, the contact angle of
droplet increases as the roughness increases on the rough surface. Figures 3-2(c)
and (d) show the 15um and 0.2um surface and they are classified as the smooth
surface which droplet contact angle is smaller than 90°. With the increase of the

roughness from 0.2 um to 15um, the contact angle decreases gradually from

79



25.96° to 16.14°, the increase of the roughness can promote the wetting of
droplet on the smooth surface and enhance the hydrophilicity of the surface.
Thus, the contact angle of droplet decreases as the roughness increases on the

smooth surface. Therefore, the experimental results follow the Wenzel model.

3.4 Result and discussion

3.4.1 Deposited patterns on difference roughness substrates

The top view of deposited patterns of saline droplets on the rough and smooth
substrate are shown in Figure 3-3. The resolution of figure is 96 dpi and the
dimension of figure is 2040x2046 pixels. The particle distribution is different
between rough surface and smooth surface. The particle distribution of rough
surface is much uniform than smooth surface. For the smooth surface, the
particles are closer to boundary and tendency more obvious. Meanwhile, the
tendency of 0.2um surface is more obvious than the 15um surface. The width of
the drying pattern decreases with the increase of the roughness on the rough
surface, as shown in Figure 3-3(a) and 3-3(b) (3.10mm, 3.26mm, respectively).
As Figure 3-3(c) and 3-3(d) show, the width decreases as the roughness
decreases on the smooth surface (6.89mm, 6.35mm, respectively). The boundary
thickness of the droplet decreases as the roughness decreases on the rough
surface. On the contrary, the boundary thickness decreases as the roughness
increases on the smooth surface. As shown in Figure 3-3(a) and 3-3(d), the

boundary thickness are 0.42mm, 0.4mm, 0.43mm and 0.6mm respectively.
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Figure 3-3 Deposition patterns of saline droplets on copper substrates with different
surface roughness (a) 201pm (b) 35pum (c)15pm (d) 0.2 um

3.4.2 Evaporation Dynamics of Saline Droplet

The boundary thickness of the droplet on smooth surface is larger than the
droplet on rough surface. Several factors contribute to this result, as shown in
Figure 3-4. For droplet evaporation, the edge temperature of the droplet is the
highest. Thus, the evaporation rate of the edge is faster than other parts, which
results in more saline evaporating at the droplet edge than the centre of droplet.
Therefore, the saline moves from the centre to the edge of the droplet to offset
the losing part. When the whole process of evaporation completed, the
concentration of the boundary is higher than the centre of droplet due to the
transported and deposited of the saline. However, due to the larger contact angle,

there isn’t a thin liquid layer at the contact line on a rough surface, unlike on a
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smooth one. Hence, the evaporation rate at the contract line is smaller than that
on a smooth surface, and there is less saline particle move to the edge of the

droplet and distribute in the centre of the droplet on the rough surface.

Second, the Capillary flow is hindered by roughness of the substrate. This factor
results in the particles hard to transport to edge from the centre of the droplet
and remain at the centre. It also can explain why the boundary thickness of
droplet on the 0.2um is larger than 15um surface, despite the boundary
evaporation rate of droplet on the 15um surface is faster than that on the 0.2um
surface. Therefore, the capillary flow is weakened by increasing the roughness

of substrate result in more particles remain in the centre of droplet.

For the particle distribution, the particles can be easily transported to the edge
on the 15um and 0.2um surface because of the relatively faster evaporation rate
and stronger capillary flow than the 35um surface and 201um surface.
Meanwhile, the uniform distribution of 35um and the 201um surface due to the
height of the droplet on the rough surface is larger than that on the smooth
surface. The Marangoni flow also affects the particles to remain in the centre of
the droplet. Thus, more particles keep at the central region and then attenuation

on the rough substrate.

On the rough surface, as can be observed in the comparison between Figure 3-
3(a) and 3-3(b), the boundary thickness on the 201um is larger than that on the
35um surface, despite that the Capillary flow is more suppressed by its rough
substrate. That could be a result of contact line moving speed. As can be seen in
Figure 3-2, the contact angle of the droplet placed on the 201um is larger than

that on the 35um substrate, thus with the evaporation ongoing, assuming the
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evaporation mode remains constant contact angle (CCA) mode, the contact line
moves slower than that on 35um substrate. Since the sediment is precipitated
mainly on the ring area where the evaporation rate is the highest, it is fair to

think that is the reason for a thicker coffee-ring being observed [216].

As the figure 3-4 shows, the contact angle of droplet depends on the substrate
roughness, this is most important factor contribute to the results. The droplet
with smaller contact angle leads to an increased evaporation rate at edges,
resulting in more particles move to the contact line and strengthen the coffee-
ring effect. In addition, the capillary flow is hindered by the substrate roughness,
so more particles distribute at the center of droplet at rough substrate than those

that at smooth surface when the Marangoni flow keeps constant.
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Figure 3-4 the evaporation patterns on a different roughness substrate. (a)(b) On the
original substrate(201pm), the contact angle is the largest, there are more particles
transported to the edge than that on the 35um surface due to evaporation mode. A lot of
particles remain at the center because of weakened capillary flow while Marangoni flow
remains constant; (c)(d) On the 400pp surface(35um), a few particles move to the edge
and a large number remain at the center; (e)(f) on the 1200pp surface(15pm), more
particles move to the edge than that on the rough surface and few particles in the center;
(9)(h) on the high polishing surface(0.2pum), most of the particles move to the edge
because of stronger capillary flow and high evaporation rate at the edge.

3.5 Summary

In the present research, the evaporation of saline droplets on four different
roughness substrates at 40 °temperature have been studied. We found that the
boundary thickness of the evaporation pattern on smooth surface is larger than
that on a rough surface and the particles are closer to boundary and tendency

more obvious on a smooth surface. These factors contribute to this result:

(1) On the smooth surface, the contact angle decreases and hydrophilicity enhances
with increasing of the roughness. On the rough surface, the contact angle

increases and the hydrophobicity stronger with the increase of roughness. With
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contact angle decreasing, the evaporation rate at the boundary increases leading

to the particles at the boundary more easily sedimentate.

(2) The capillary flow is hindered by increasing the substrate roughness. On the
rough surface, most of the particles remain in the centre of droplet due to the
weakened capillary flow while Marangoni flow remains constant. However, the
boundary thickness on the 201um is larger than that on the 35um due to their

evaporation motion.

To sum up, the coffee ring effect is suppressed by increasing substrate roughness.

The smooth substrate helps to produce a ring shape.

Chapter 4 Experimental study of droplet deposition
behaviours affected by substrate temperature

4.1 Introduction

In Chapter 3, the effects of surface roughness on the deposit pattern at 40C
ambient temperature are discussed. The results show that the droplet deposit
pattern is affected by Capillary flow and Marangoni flow. Therefore, Chapter 4
further studied Capillary flow and Marangoni flow inside a droplet during
evaporation process, especially the Marangoni flow. In this chapter, the
deposition behaviours of saline droplet are observed by adjusting the substrate
temperature, ranging from 15<C to 70<C. Furthermore, the mechanism of the
deposition pattern was analysed with the help of the CCD camera mounted with
microscopy and IR camera, which is used to record the whole evaporation
process of droplet and analysis the temperature distribution of air-liquid

interface of sample droplets, respectively.
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4.2 Experimental set up

The experimental set-up is shown in Figure 4-1. The water can be passed the
internal of the aluminium heat exchanger which is connected to a water bath to
control the substrate temperature. A side glass is attached to the aluminium
substrate, which is used to support the saline droplet. Meanwhile, two K-type
thermocouples placed at boundary and century of the side glass to measure the
substrate temperature. The substrate temperature will be set to 15<C, 20<C, 25<C,
55, 70<C. The concentration of saline is set as 2wt% and dropped by the
micropipette with volume 2 uL. The 2wt% saline can be obtained by adding 29
sodium chloride powders to 98g DI water. In order to observe the flow motion
and analysis the mechanism of different deposition pattern, the Latex micro-
beads with average diameter of 3.0um made of polystyrene applied in the
experiment, which is used to track the motion of internal particles. A CCD
camera(basler acA2040-90uc) mounted with Microscopy(OPTIKA 400) is
placed perpendicular to the droplet and record the evaporation process of droplet.
Meanwhile, IR camera(SC7600M) is applied to analysis the effect of
temperature distribution along droplet surface interface on deposition patterns.
In addition, the gooseneck lamp is used to ensure that CCD camera has enough

exposure.
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Figure 4-1 Experimental Set-Up

4.3 Results and discussion
In this section, it mainly investigated the droplet deposition pattern affected by

different substrate temperature (15C, 20C, 25<C, 55<C, 70<C). The below

figures show the saline deposition pattern under different substrate temperature
when the evaporation process was completed. These results can be categorized
as three types based on the substrate temperature: low temperature (15<C and
20C), normal temperature(25<C) and high temperature (55 and 70<C). In order
to analysis the feature of deposition pattern more clearly, the dying pattern is
divided into three area: central region, gap region and edge region. The central
region is defined as the very central area of the whole pattern. For the edge
region, it refers to the area close and along the contact line. The area between
the edge region and central region is defined as gap region. In addition, the

micro-beads are added into the saline droplet to track the flow motion inside the
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droplet and further reveal the mechanism of formation of deposit patterns at

different substrate temperatures.

4.3.1 Deposition pattern of Saline droplets and flow patterns of
micro-beads at low temperature (15°C and 20°C)

The final deposition pattern of saline droplet at low temperature is shown in
Figure 4-2. After complete evaporation, several large-size crystals distributed
uniform within all patterns due to the saturation, but obvious coffee ring effect
cannot be observed. The gap cannot be observed at low temperature. Meanwhile,
the size of the crystals decreases, and quantity increases with increase of

substrate temperature.

(b)

Figure 4-2 The final deposition pattern of saline droplet at low temperature(a) 15<C (b)
20<C

The surface temperature distributions of droplet at low temperature are shown
in Figure 4-3. As marked in Figure 4-4, the micro-beads are transported from
central area to edge area at the early stage of the evaporation process(0~30s).
Because the apex along the air-liquid interface temperature is slightly lower than
the temperature along the contact line. Thus, the evaporation rate of the edge is
faster than other parts, which results in more saline evaporating at the droplet
edge than the centre of droplet. Therefore, the saline moves from the centre to

the edge of the droplet to offset the losing part. Due to slow evaporation rate at
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low temperature, this flow is weak. Meanwhile, the capillary flow also drives
the Micro-beads to edge area of the droplet. When the evaporation comes to
middle stage(30~80s), the Micro-beads travel from edge to the central region
along the air-liquid interface due to the temperature gradient induces the
Marangoni flow, and this process are shown in Figure 4-5. However, the
Marangoni flow is not intensive due to a relative lower temperature gradient.
When the time comes to (300~450s), the Micro-beads do not have obvious
movement until complete evaporation as shown in Figure 4-6. Because the
evaporation mode is CCR mode, the temperature difference decreases with

reduced height of droplet, which means the Marangoni flow further decreases.

At low temperature, both flows in droplet are weak, the particles did not have
obvious movement during the evaporation. Therefore, the Micro-beads tend to

distribute uniform on both edge and interior.

() (b)

Figure 4-3 Surface temperature distribution (a)substrate temperature= 15<C, (b)
substrate temperature= 20C

Figure 4-4 The footprint of Micro-beads at early stage of the evaporation process
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Figure 4-5 Micro-beads travel from edge area to central area

Figure 4-6 Footprint of Micro-beads keep static when the evaporation almost complete

4.3.2 Deposition pattern of Saline droplets and flow patterns of
micro-beads at normal temperature (25°C)

Figure 4-7(a) shows the final deposition pattern of saline droplet at normal
temperature. Comparing to low temperature, the amount of salt particles
distributed at interior significantly reducing. Most of the salt particle crystallized
on the boundary region and formed a ring shape structure. As Figure 4-7(b), the
temperature along the contact is higher than temperature at apex along the air-
liquid interface, meanwhile the maximum temperature differences is larger than
that at low temperature, resulting in larger Marangoni flow. As Figure 4-8 shows
Micro-beads movement at the early stage of evaporation process at 25<C. During
185s~220s, particles with red mark and yellow mark transported to contact line
from edge area to replenish the loss at the contact line, and this flow is
strengthened due to the increased evaporation rate at the contact line. The
particles movement between the gap area and central area along liquid-air

interface are chaotic as the white mark shown. Because it is affected by
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Marangoni flow the direction of which is from edge area to apex of droplet, and
Capillary flow the direction of which is toward the edge area. The particles
closed to the substrate were not affected by Marangoni flow, which flow towards
edge of the droplet during evaporation process. As Figure 4-9 shows, at final
stage, the particles closed to the substrate continue transport towards edge area
(yellow mark), while the Marangoni flow drives the particles from edge to apex
(red mark). At normal temperature, the deposit pattern presents a typical coffee
ring pattern due to dominant Capillary flow. Meanwhile, the particles in the

central region are distributed due to the Marangoni flow.

a) Ib)

Figure 4-7 (a)The final deposition pattern of saline droplet at normal temperature(b)
surface temperature distribution at 25<C

Figure 4-9 Micro-beads movement at final stage at 25°
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4.3.3 Deposition pattern of Saline droplets and flow patterns of
micro-beads at high temperature (55°C,70°C)

Figure 4-10 shows the final deposition pattern of saline droplet at high
temperature. The ring shape structure can be observed in both patterns.
Furthermore, a secondary ring is formed near the contact line. With increases of
temperature, the size of crystals decreases, while quantity of crystals increases
at the central area, and the particles tend to accumulate at secondary rings rather
than central area. As Figure 4-11 shows, the temperature different further

increases at high temperature than those at lower temperature.

At early stage, the flow motion of particles at high temperature is similar to that
at normal temperature. The capillary flow dominates edge and gap region, which
drives the particles to edge region. Meanwhile, the Marangoni flow is
strengthened due to the larger temperature difference, which drives more
particles from edge to apex of droplet. As shown in Figure 4-12, at the final stage,
the tracked particle flow outward when t=90s, as when the particles is closed to
the substrate it is majorly affected by Capillary flow. And when it reaches the
edge area of the droplet(t=95s), it is pull upward by Marangoni flow and flow
toward the apex then. However, as Figure 4-13 shows, as the height of the
droplet is very low when evaporation is almost completed, the particles moving
outward will easily collide with those moving inward and accumulate in the gap

area, in turn, forming a secondary ring.
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70C

Figure 4-12 Micro-beards movement at middle stage at 55°
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Figure 4-13 Final pattern distribution of Micro-beads at 55<C

4.4 Summary

In this chapter, the effects of substrate temperature on deposition patterns have
been carried out. The results show that the coffee ring shape easily forms at high
temperature substrate. With the increase of substrate temperature, the
evaporation rate at the edge increases, resulting in more solvent to replenish the
loss at the boundary of droplet, and accumulate at boundary, in turn, forming the
coffee ring shape. Meanwhile, a secondary ring formed at gap area of deposit
pattern when the droplet evaporates at high temperature substrate (55<C and
70<C). This attributes to the collision between the Marangoni flow and outward

flow when evaporation is almost completed.
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Chapter 5 Investigation on droplet Impacting on a

Conical Structure

5.1 Introduction

Droplet impingement is one ubiquitous phenomenon widely existing in nature,
which has been studied for more than 140 years since the works of Worthington
in 1876[217]. This phenomenon has attracted great attention for many years, due
to its importance in many industries such as spray cooling [218], surface
spraying[219] inkjet printing[220] and meatal quenching[221]. The outcomes of
the droplet impact on a solid surface can be characterized into three typical

groups: deposition, splash, and rebound[98].

Luxford[222] summarized the conclusion of past research in 2005,

dimensionless numbers can be used to describe the dynamics of droplet impact

_ pPDoVy
e = —

p (5.1)
pDoV§
We = p (52)
W 1
2
on=—*" - = ¢ (5.3)
(paDy)? ke

Where Re,We,Oh and K are the Reynolds number, Weber number,
Ohnesorge number and Mundo impact parameter, respectively. u, o, and p
represent the viscosity, surface tension and density of water droplets. D, and

V, denote the droplet initial diameter and impact velocity.

95



For the experimental studies on droplet impact dynamics, it can be categorized
into three aspects: the maximum spreading factor Bp.. (Where Boax =
Dinax/Do+ Dmax 1S the maximum spreading diameter, D, is the initial
diameter of water droplet), the splashing threshold and the effect of substrate

properties.

When the impact velocity is relatively small, the droplet deposit on the surface
without splashing. After the droplet contacting the surface, its vertical
momentum is partially converted to horizontal momentum, driving the droplet
to firstly spread outwards until it reaches a maximum spreading diameter D, ..
Subsequently, the liquid lamella keeps static or retracts back depending on the
interaction between the liquid surface tension, the inertia and the liquid viscous.
The evaluation of f,,,, corresponding to empirical and theoretical models
have been summarized[21][99][100][223][224][225], showing the commonly
used formulas to fit the experimental/numerical results. When the impact
velocity is high enough, the droplet splashing can be observed, as tiny droplets
detached from the periphery of the lamellae and a number of secondary droplets
were generated. However, there are two different types of splashing occurs:
prompt and corona splashing. It is necessary to identify the splash thresholds
which are used to define the minimum impact velocity leading to drop breakup
and generation of secondary droplets. A prompt splashing happens when
droplets impact rough surface, which releases tiny droplet directly from the
periphery of the advancing lamella. Corona splashing is always observed on
smooth surfaces, which liquid lamella is detached from the substrate and forms
a bowl-like structure, subsequently breaking up into fine droplets. The splashing

threshold have not been well understood, and the role of air and surface
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roughness need to be pinned down. In 1977, Stow and Hadfield[104] revealed
that the droplet splashing can be strengthened by surface roughness. Xu et
al.[109] observed the droplet impact on smooth substrates by adjusting the
surrounding air pressure. They demonstrated that the corona splash can be
suppressed by reducing the surrounding air pressure. Josserand[98] and Moreira
et al.[111] reviewed and concluded the difference between the various
proposed splashing thresholds. The current research is devoted to finding the
critical values of K for various impact conditions and the effect of various factors
on splash behaviours. However, the influence of various factor is not well
understood and there is yet to be a universal correlation between the splash

threshold and the factors[114].

With the development of different applications, enhanced surfaces were
designed to meet diverse requirements rather than flat surfaces. T Many
researchers have used both experimental and numerical methods to study droplet
impact on surfaces with different structures such as pillars[117][118][119],
ridges[120], cones [121][122] and spheres[123]. The droplets’ dynamic
behaviours are influenced by the redistribution of mass and momentum of during
the process of droplets interaction with the structures. The droplet impacts on
conical structures is relative less studied, which is one of the most representative
geometric shapes, thus some research focus on the dynamics of droplet
impacting on a conical substrate recently. Luo et al.[121] numerically and
experimentally studied the droplet rebounding dynamics behaviours on
superhydrophobic cone surface with different cone angles. They observed the
three different phases depending on the selections of Weber number and cone

angle. When the droplet impacts the surface with a low Weber number, the
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contact time decreases as the cone angle increase. With the increase of the Weber
number, the contact angle does not affect the contact time and the reduction of
contact time is about 54% compared with flat surfaces. Furthermore, a phase
diagram was revealed for distinguishing three phases under various conditions
and the critical We numbers were proposed for each phase. In 2017, Shen et
al.[122] designed a dome convex superhydrophobic surfaces and investigated
the bouncing dynamics of impacting droplets on the surface. They found that
droplets rapidly bounce off with a 28.5% reduction in the contact time, compared

with that on flat superhydrophobic surfaces. Recently,

However, these investigations focus on the droplet impingement on the
superhydrophobic surface, which aim to reduce the contact time during the
bouncing process of droplet and further increase the performance of applications
of droplet impacting such as self-cleaning, anti-frosting and anti-icing. For spray
cooling, the mechanism is more complex, which is not only affected by the

surface geometry [226] but also affected by surface roughness [227].

In recent years, many investigations investigated the droplet impact on surfaces
with different roughness and their results showed the droplet impacting
behaviours are strongly affected by surface roughness. The earliest research on
droplet impacting on dry surfaces was carried out by Stow and Hadfield et
al.[104] in 1981. They revealed that the surface roughness affected the critical
value K. of droplet splashing. Mundo et at.[105] and Range and Feuillebois[106]
proposed that the splashing threshold depends on the critical Weber number and
is related to the surface roughness. Cossali et al.[131] developed an empirical
correlation which demonstrated that corona splashing only happens on very

smooth surfaces. With the increase of surface roughness, the corona splash
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transforms into prompt splashing. Roisman[113] studied droplet deposition and
splashing on rough and porous surfaces. They found that the splash threshold is
mainly affected by Weber number and substrate morphology, R, /R, (where
Ryk, Rsm represents the average height of protruding peaks above roughness
core profile and mean width of a profile element, respectively). Miguel et al.
[133] experimentally investigated the water and ethanol droplets impacting on
smooth hydrophilic, hydrophobic and superhydrophobic surfaces. They
demonstrated that the maximum dynamic contact angles increase as the surface
roughness increases and the splashing behaviours on substrates can be
characterized by the roughness ratio R,y /R, in his work. Tang et al. [134]
observed various droplets impacting on flat stainless-steel surfaces with
different surface roughness. They found that the droplet impacting behaviours
change from spreading to splashing with increased surface roughness.
Meanwhile, the critical value of (We/0Oh)'/? was found to characterize the
transition from spreading to splashing. Wang et al.[135] recorded the droplet
impacting on surface with the help of digital inline holographic imaging. The
surface roughness affects the diameter, velocity, angle, height and mass-loss rate
of splashing droplet. In addition, they developed a new empirical correlation to

characterize the secondary droplets.

In existing research, the combined effects of the surface roughness and conical
structure on droplet impingement have not been considered. Therefore, an
experimental investigation on droplet impact on 9 conical structures with
different cone angles and surface roughness is carried out in this chapter. A high-
speed camera was used to record whole impacting process and analyse the

behaviours of droplets impacting on the conical structure, especially the effect
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of surface roughness on the droplet impacting behaviours. We expect that this
work will not only extends the understanding of the droplet impacting against a
conical structures but also provide fundamental guidance for related applications

such as spray cooling.

5.2 Experiment set up

Figure 5-1 shows the schematic of the experimental apparatus. The droplet is
generated by a syringe connected to a pump which can adjust the volume of the
droplet. The pump has two pulleys on the back side which are attached to a
vertical slide. The impacting velocity can be controlled by adjusting the height
of the pump, and can be obtained by v, = \/ﬂ where g and h represent the
gravity acceleration and the height between the syringe and cone tip,
respectively. In our experiment, the initial droplet diameter is Dy=3+0.05mm
and impacting velocity v, ranges within 0.63 < v, < 3.49(m/s),
corresponding to Weber number from 16 to 501(Here, We = pvZD,/o,where
p is the density of water droplets, o is surface tension, v, and D, are
impact velocity and droplet diameter, respectively).The droplet falls vertically
and impact the conical structure under gravity. The whole impact process is
record by a high-speed camera (Phantom v12.1) at 6000 frames per second(fps)
and two light sources are placed opposite the camera. The exposure time is set
as 3 us and the video has a resolution of 1024x769 pixels. A laptop is used to
store all data for further analysis. The cone is made of aluminum and is
manufactured with three cone angles (60< 90< 1209. To achieve different
roughness(125um,21.8um and 0.2um), the structures are polished by abrasive
paper with the help of grinding and polishing equipment. The 125um structure

and 21.8um structure were polished by 120pp and 800pp abrasive paper. The
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0.2um structure is polished by the hemp wheel(0.2um) and it represents the
relative smooth surface in this paper. There are 9 different aluminium conical
substrates applied in the experiment. Fig. 5-2 shows the apparent contact angle
of droplet on the flat aluminum substrate with different roughness, which is
carried out via a contact angle meter(CAM200, KSV Instruments).

Syringe Pump+injector
o0

(s ]s]
oo

Computer

Vertical Slide

1| 4 =5

Light source

E

Figure 5-1 Schematics of experimental apparatus
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Figure 5-2 Surface contact angle of water droplet on aluminium substrate (a) droplet on
smooth surface (b) 21.8pm (c) 125pm

5.3 Results and discussion

In this section, the typical images of a droplet impacting on the smooth cones
and rough cones with varying Weber numbers and cone angles are shown. These
images mainly demonstrate the beginning of impingement, spreading state,
retracting state, relaxation stage and equilibrium state. The “t=0ms” is taken as
the beginning of impingement and the dash-dot line denotes the instance of the

droplet contacting the cone tip.

5.3.1 Droplet impacting on a relative smooth conical structure
Fig. 5-3 to Fig. 5-5 show the processes of droplets impacting on the smooth

aluminium conical structure (R,=0.2um) with 60< 90<and 120 “cone angle at
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different Weber numbers. As the figures show, the outcomes of droplet
impacting on different conical structures with different cone angles are similar.
When the droplet contacts the cone tip, the horizontal fraction of momentum
drives the droplet to firstly spread downwards along the side of the cone from
the cone tip and this stage is dominated by inertial force. At a low Weber number
(We=16, shown in Fig. 5-3 case 1, Fig.5-4 case 4, Fig.5-5 case 5), the droplet
reaches the maximum spreading radius R,,gx at tpq =17ms in case 1.
Subsequently, two boundaries can be observed. The upper boundary is formed
by the penetration of water film due to the outward velocity vector at the cone
tip. The lower boundary represents the rim of the lamella which is formed during
the droplet spreading. After reaching the R,,.., the rim liquid retracts slightly
under capillary force with the velocity vector upward along the surface until it
merges with the upper boundary which moves downwards along the surface of
the cone under gravity and surface tension. Later an annulus is formed at t=30ms
in case 1, which subsequently oscillates for several periods of time and the liquid
attains a final equilibrium spreading radius R.q,, which is slightly smaller than
Rinax - The length between the R.,, and Ry, represents the retracting
amplitude. The initial kinetic energy of the droplet is partly dissipated by
oscillation at relaxation stage. For droplet impacting a conical structure, the
contact line advances in the spreading stage and recedes in the retracting state

and settles in the equilibrium state.

When the Weber number becomes larger (We=258, shown in Fig. 5-3 case 2,
Fig.5-4 case 5 and Fig.5-5 case 8), R, increases and the spreading velocity
is larger than those that when We=16 due to the larger initial vertical momentum,

while the “finger-like” perturbations can be observed at the rim of the lamella in
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case 5 and case 8 during the spreading stage. The reason of the perturbations can
be concluded by Rayleigh-Taylor Instability (R-T Instability). The instability
occurs at the interface between two fluids of different density when the lighter
fluid(air) is pushing the heavier one(water) and the instability increases as the
impact velocity increases[228]. After reaching the R,,.., the rim liquid
retraction is stronger than We=16 due to increased capillary force. This is
because according to the Young-Laplace equation, the capillary pressure can be

obtained by:

20cos6

Dc = (5)

Te

Where o is surface tension, r. represents the effective radius of the interface,
6 is the wetting angle of the liquid on the surface. Therefore, the larger R,
increases the wetting area of spreading, resulting in a thinner rim of the lamella,
thereby enhancing the capillary force. Meanwhile, the two boundaries also can
be observed in the case 2, 5 and 8, which are more obvious than case 1, 4 and
5(We=16). Subsequently, both the upper and lower boundary start to retract until
they merge into an annulus, whereafter the annulus separates into several
droplets(t=40ms) due to the surface tension at the relaxation state rather than
oscillation, which is different from the droplet impacting on a relative smooth

conical structure at low We(We=16). The R.g, is much smaller than R,

due to the strengthen retracting stage when We =258.

As We further increased (We=501, shown in Fig.5-3 case 3, Fig.5-4. case 6 and
Fig.5-5. case 9), R,,., further increases and the spreading is faster, the
spreading droplet reaches its R,,,, at t,q,=8ms, 9ms and 8ms for case 3, case

6 and case 9, respectively. The fingering perturbations can be observed around
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the outer rim of the spreading lamella for all cases when We =501. During the
retracting stage, the rim liquid tends to retract back while the “finger” is not able
to be pulled back and is pinched off from the outer rim, resulting in secondary
droplets which settle in the maximum spreading contact line, as shown by Fig.
5-3 case 3(t=15ms), Fig.5-4 case 6(t=12ms), Fig.5-5 case 9(t=12ms). Because,
with the increase of R, , the thickness of rim of lamella decreases, which
causes the rim liquid to more easily be detached from the outer rim of lamella
[118] at higher We(We=501). This can be explained by Plateau-Rayleigh
Instability (P-R Instability) as well. As the rim moves downwards along the
surface, the perturbations grow with time resulting in an increased unevenness
in the thickness of the rim. When approaching the maximum spreading radius,
the capillary force caused by surface tension starts to overtake gravity and pull
the rim backwards. However, the capillary force is not strong enough where the
radius of rim is larger, thus, some of the liquid fails to be pulled back and detach
from the rim, forming into secondary droplets. Subsequently, the residual rim
liquid retracts toward the cone tip and tends to form back into an annulus,
however most of the liquid is transferred to secondary droplets, and the retracted
liquid forms some droplets distributed randomly between the maximum
spreading contact line and upper boundary(t=26ms) in case 3. For the case 6 and
case 9, the rim liquid retracts and merges with the upper boundary and form an
annulus, whereafter the annulus separates into several droplets due to the surface

tension before the equilibrium state.
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t= Oms 5ms 17ms(tmax) 22ms 30ms
Case1 We=16, cone angle=60°

t= Oms ims 10ms(tmax) 17ms 40ms

Case 2 We=258, cone angle=60°

t= Oms ims 8ms(tmax) 15ms 26ms

Case 3 Wae=501, cone angle =60°

Figure 5-3 Images of a water droplet impacting on a relative smooth aluminium conical
structure with 60°cone angle at different Weber numbers

106



t= Oms 5ms 14ms(tmax) 18ms 30ms

Case4 We=16, cone angle=90°

t= Oms ims 9Ims(tmax) 23ms 40ms

Case5 We=258, cone angle=90°

t= Oms ims 9ms(tmax) 12ms 26ms

Case 6 We=501, cone angle =90°

Figure 5-4 Images of a water droplet impacting on a relative smooth aluminium conical
structure with 90°cone angle at different Weber numbers
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t= Oms 5ms 14ms(tmax) 18ms 30ms
Case 7 We=16, cone angle=120°

t= Oms ims 9Ims(tmax) 23ms 40ms

Case 8 Wae=258, cone angle=120°

t= Oms ims 8ms(tmax) 12ms 26ms

Case9 We=501, cone angle =120°

Figure 5-5 Images of a water droplet impacting on a relative smooth aluminium conical
structure with 120°cone angle at different Weber numbers

5.3.2 Droplet impacting on a rough conical structure

Fig.5-6 and Fig.5-7 show the images of a water droplet impacting on a rough
aluminum conical structure with different surface roughness and cone angle=60°.
As the figures show, the outcomes of droplet impact a rough surface are similar
to those that impacting a relative smooth conical structure. The spreading state,
retracting state, relaxation stage and equilibrium state also occur during the
impacting process of Case 10-Case 15. When the droplet impacts rough
conical structure, the droplet spreads downwards along the side of the cone from

the cone tip under inertial force until it reaches the maximum spreading radius
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R.qx Which increases as the We increases. Subsequently, the rim liquid retracts
towards the cone tip and merges with the upper boundary which is formed by
the penetration of droplet film. Besides, the secondary droplets also can be

observed when Weber number is 501(Fig.5-6 case 12, Fig.5-7 case 15).

t= Oms 5ms 15ms(tmax) 18ms 30ms
Case 10 We=16, cone angle=60°, R,=21.8um

t= Oms ims 11ms(tmax) 15ms 40ms

Case 11 We=258, cone angle=60°, Rs=21.8um

t= Oms ims 10ms(tmax) 13ms 26ms

Case 12 We=501, cone angle =60°, R,=21.8um

Figure 5-6 Images of a water droplet impacting on the 21.8pum aluminium conical
structure with 60 °cone angle at different Weber numbers
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t= Oms 5ms 14ms(tmax) 18ms 30ms
Case 13 We=16, cone angle=60°, Rs=125um

t= Oms ims 10ms(tmax) 17ms 40ms

Case 14 We=258, cone angle=60°, Rs=125um

t= Oms ims 10ms(tmax) 14ms 26ms

Case 15 We=501, cone angle =60°, Ra=125um

Figure 5-7 Images of a water droplet impacting on the 125pm aluminium conical
structure with 60 °cone angle at different Weber numbers

Specially, when We = 16, cone angle =120 the cone tip is not covered by the
liquid on the smooth conical structure(case 7) at the final equilibrium stage as
shown in Fig. 5-8. In the case of roughness = 21.8um (case 16) and roughness
=125um (case 17), the cone tip is covered by the liquid at the final equilibrium
stage due to the contact angle of the droplet on rough surfaces(CA=74° and 80°,
respectively for R, = 21.8um and 125um) is larger than that on smooth
surfaces (CA=70°), while the maximum spreading factor decreases with the
increased of roughness, making it more likely for the droplet to wrap the cone
tip.
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t= Oms 5ms 14ms(tmax) 18ms 30ms
Case 7 We=16, cone angle=120°, Rs=0.2um

~

= Oms ims 9Ims(tmax) 23ms 40ms

Case 16 We=16, cone angle=120°, R,=21.8um

t= Oms ims 8ms(tmax) 12ms 26ms

Case 17 We=16, cone angle =120°, Rs=125um

Figure 5-8 Images of a water droplet impacting on the aluminium conical structure with
different surface roughness for We=11 and cone angle =120°

5.4 Impact dynamic

5.4.1 Dynamic process analysis

Due to the visual difference between the droplet impacts a smooth conical
structure and a rough conical structure is not obvious, in order to further analyse
the effect of We number, cone angle and surface roughness, the droplet
impacting dynamics is quantified by the variation of the droplet spreading factor
(B = R/Ry,where R is the spreading radius, which is defined as the parallel
distance along the cone surface between the cone tip and the contact line; R,
represents the droplet initial radius) as a function of the impacting time t for all

test cases are presented in below. The variation of  represents the movement
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of the outer rim of the lamella not considering the secondary droplets. The
figures only describe the droplet spreading factor during the spreading stage and
retraction stage, because the variation of the spreading factor after the retraction

stage is not obvious.

Fig 5-9 depicts the variation of droplet spreading factor 3 of droplet impacts
a smooth conical structure with different cone angle. With increasing We, the
curve of B becomes steeper during the spreading stage, which indicates a larger
spreading velocity. Meanwhile, the B, increases significantly as We
increases. As Fig. 5-9 (a) shows, when the cone angle is 602 the largest
maximum spreading factor is 8 when We=501, and the smallest one (Bqax = 3)
can be obtained when We=16. The largest maximum spreading factor is 6.67
and 6 at We =501 and the smallest f,,,, iS 2.8 and 2.6 at We=16, when the
cone angle is 90and 1202 respectively (Fig. 9(b)(c)). According to Clanet et
al., Roisman et al. and Yarin[229][230][231], they proposed theoretical models
for predicting the evaluation of S, their results show that the B,,,, ranges
from 1.25 to 5 when droplets impacting on a flat surface. However, the  S,,,4x
is higher than 5 when We is 501 in our experiment. This may attribute to a
smaller momentum loss when the droplet impacts on a conical structure, as the
conical structure redirects the way the droplet moves in a less steep way.
Therefore, the B4, is also affected by the geometry of the substrate. The
“finger-like” perturbations can be observed when the We is higher than 258,
which is induced by the R-T Instability and increases as the impact velocity

increases.

When the We reaches 501, the droplet splashing appears and the secondary

droplets are detached from the outer rim of the lamella, which is attributed to the
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P-R Instability and larger inertial force. After the spreading stage, the retracting
amplitude increases with the increase of We. For the conical structure with
different cone angles at We = 16, the retracting amplitude is neglectable during
retracting stage. As the We reaches 258, the retracting amplitude increases to
0.97~1.6. When the We further increases to 501, the retracting amplitude ranges
from 2~2.19. The larger retracting amplitude is mainly attributed to the stronger
capillary force due to the thinner rim of the lamella at higher We. Meanwhile,
droplet splashing occurs at We=501, resulting in the formation of secondary
droplets and volume reduction of the rim of the lamella, and further decreased
rim thickness. Therefore, the rim of the lamella can be pulled back more easily

due to its lighter weight and stronger capillary force when the impact outcome

is splashing.
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Figure 5-9 The variation of droplet spreading factor of droplet impacts on a relative
smooth conical structure(Ra=0.2um) as a function of time for different conical structure
with various cone angle;(a) cone angle = 60< (b) cone angle=90<,(c) cone angle=120<

Fig.5-10 shows the spreading factor of droplets impacting a smooth conical
structure with different Weber number as a function of time. At low We(We=16,
Fig.10(a)), the variation of droplet spreading factor for all cases are similar. The
Bmax 1S 3, 2.8 and 2.6, when the cone angle is 60°, 90° and 120° respectively.
The effect of cone angle on B,,4, IS not obvious at low We due to the smaller
initial momentum. When We=258 and We=501(Fig.5-10(b)(c)), with the
increase of cone angle, the variation of droplet spreading factor becomes steeper
during spreading stage, which means a larger spreading velocity. Meanwhile,
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the maximum spreading factor increases with decreases in the cone angle. For
We=258, the S,.qx 1S 5.6, 4.93 and 4.27 when the cone angle is 60°,90° and
120° respectively. For We=501, the B, IS 8, 6.67 and 6.13 when the cone
angle is 60°, 90° and 120° respectively. This is mainly attributed to the vertical
fraction of momentum that increases with decreasing cone angles, which means
a larger inertia force drives the droplet spreading, thereby increasing the
maximum spreading factor pB,,.. - Therefore, the varying cone angle

redistributes the momentum transfer during the impacting process.
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Figure 5-10 The variation of droplet spreading factor of droplet impact on a relative
smooth conical structure(Ra=0.2um) with different Weber number as a function of
time;(a) We = 16, (b) We=258,(c) We=501.

Fig.5-11 shows the effect of surface roughness Ra on the  for water droplet
impact on a conical structure with different R. and cone angle =602 The
maximum spreading factor ,,,, Of droplet impact on a smooth surface is
larger than those that impact on a rough surface for all case in Fig.11. A larger
Raresults in a smaller B,,4,. In addition, the retraction amplitude is weakened
at rough surface when the We reaches 258 and 501. As Fig.5-11(b)(c) shows,
the curve of evolution of droplet spreading factor of droplet impact on a smooth
surface is steeper than those that impact on a rough surface after the spreading
stage. During the spreading stage, the friction increases as the Ra increases,
which hinders the motion of the contact line resulting in more energy loss and
decreasing the maximum spreading factor. For the retracting stage, the retracting
liquid need to overcome the extract friction on a rough surface, leading to the

decrease of retracting amplitude.
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Figure 5-11 The variation of droplet spreading factor of droplet impacts on a conical
structure with different Raand cone angle =60° as a function of time;(a) We = 16, (b)
We=258,(c) We=501.
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5.4.2 Splashing threshold

The critical Weber number We,, for the transition from spreading to splashing
is one of significant importance for the spray impingement. First, the chamber
walls of gasoline direct injection engines were impacted by spray, the splashing
droplets that affect the mixture formation ,resulting in the emission of unburned
hydrocarbon. Second, splashing affects the nucleation site generation and local
film behaviours, which can enhance the heat transfer ability of spray

cooling[232].

Fig. 5-12 shows We,, for the transition from spreading to splashing, as a
function of the roughness parameter R, . It indicates that the splashing
behaviours are strongly enhanced by the increase in surface roughness and
decrease in cone angle, especially for the conical structure with R, between the
0.2um to 21.8um. There are two reasons why surface roughness will enhance

droplet splashing.
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Figure 5-12 The variation of the critical Weber number for splashing, with the surface
roughness parameter, Ra/pm of various cone structure with different cone angle

First, Because the roughness hinders the retracting liquid during the retracting
stage, resulting in the generation of secondary droplets, promoting the splash.
Fig.5-13 shows the formation of the secondary droplets. The rim liquid is still
attached to the rim of the lamella when it reaches the maximum spreading radius.
Subsequently, the rim of the lamella starts to retract towards the cone tip.
However, some of the liquid where the thickness of the rim is larger cannot
overcome the friction force and gravity, and stay static, resulting in the formation

of secondary droplets.

119



Figure 5-13 Snapshot of the formation process of secondary droplets

Second, Hao et al.[233] reported that the reduction of the wetted area promotes
the water droplet splashing. As Fig.5-11 shows, the maximum spreading factor
of droplets impacting the rough surface is smaller than those that impacting the
smooth surface, which means the wetted area of a rough conical structure is
smaller than the smooth substrate. Therefore, the increase of surface roughness

decreases the wetted area resulting in the enhancement of droplet splashing.

In addition, the decreased cone angle also can promote droplet splashing. As
Fig.5-12 shows, the We,, reduces from 379~484 to 290~323 when the cone
angle decreases from 120° to 60°. Because the vertical component of the
momentum which drives the droplet spreading increases with the decrease of
cone angle, resulting in larger inertia of outer rim around lamella, thus the liquid
is detached more easily from the rim of the lamella and generate secondary

droplets.

5.5 Summary

In the present research, the droplet impacting dynamics and evolution of droplet
spreading factors on aluminum conical structures have been studied. The whole
process of droplet impingement on different conical structures are recorded by
high-speed camera. When the droplet contacts the cone tip, it firstly spread
downwards along the side of the cone from the cone tip until it reaches maximum
spreading factor B,,,.. After reaching the B,,,, the rim liquid retracts back
towards the cone tip and tends to form an annulus. In order to further analyses
the droplet impacting dynamics, the variation of the droplet spreading factor
is used to quantify the spreading behaviours. The B,,.. IS strongly affected by

the We, surface roughness and cone angle, which increases with increasing We,
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and decreasing surface roughness and cone angle. At higher We, the droplet
impact outcome changes from spreading to splashing. The critical Weber
number We,, for transition from spreading to splashing can be decreased by
increase in the surface roughness and decease in the cone angle. Our findings
extended the understanding of the droplet impacting on a conical structure with
different cone angles and surface roughness, which provide a fundamental guide

for related applications such as spray cooling.

Chapter 6 Experimental Investigation on thermal
performance of PHP with MEPCM suspension

6.1 Introduction

Many research have been done to enhance the thermal performance of PHP by
applying different working fluid such as mixed fluids [234][235], nano
fluids[236][237][238], refrigerant[239]. Thermophysical properties of working
fluids is one of the important factor affects the thermal performance of PHP.
There are 2 common method to vary the thermophysical properties of working
fluid, i.e., adding the mixed fluid, nanofluids. In the recently, some research
explored novel cost-effective working fluids such as micro encapsulated phase
change material suspension(MEPCMS). The MEPCMS can absorb and release
a large amount of latent heat during its phase change process thus increase the
thermophysical properties of working fluid. Wang et al.[240] proposed a novel
method for improving the thermal performance of PHP by adding encapsulated
phase change materials to working fluid of PHP. Their results show that the

thermal performance of PHP can be improved by adding FS-39E microcapsule

121



and Al>,O3 nano-particle to working fluid under various conditions. The working
fluid with FS-39E shows best performance when using vertical bottom heat
mode and best concentration is 1 wt%. Li et al.[241] studied the anti-dry-out
ability of PHP with MEPCM by using the Computational Fluid Dynamics(CFD)
technique. They found that the anti-dry-out ability, start-up performance and
heat transfer performance of PHP can be improved by adding MEPCM
suspension within a certain phase change temperature. The optimal phase
change temperature range should be selected around the evaporation section
temperature when the PHP transforms from the circulating flow stage to the dry-
out state. Heydarian et al.[242] used a mixture of water and paraffin
nanocapsules as working fluid in their study. Their results show that The thermal
performance of PHP can be increased by adding paraffin nanocapsules in all
investigated orientations. The lowest thermal resistance can be obtained in a
vertical orientation. Shi et al.[243] experimentally investigated the start-up and
running performance with 0.5% mass concentration MEPCM suspension in a
PHP. Their results show that the start-up performance of PHP charged with
MEPCM suspension is unstable at lower heat input(30-90W), while the start-up
runs stably when the heat input increasing to 120W. Meanwhile, the thermal
performance of PHP increases with decreasing the filling ratio from 70% to 35%.
At present, there are just a few visualization studies on thermal performance of
PHP with MEPCM suspension, which can further explain the mechanisms of

thermal conductivity enhancement in MEPCM suspension.

In this study, a guideline for the best working condition of MEPCM suspension
working fluid in a pulsating heat pipe is developed based on an experimental

investigation. Experiments are conducted using a glass PHP, which allow for
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internal flow visualization. The MEPCM suspension is selected for the working
fluids, which contains paraffin micro-capsule. The thermal performance of PHP
is evaluated under various heat input, filling ratio and working fluid
concentration in order to observe the best working condition of the novel
working fluid. Furthermore, with the aid of a high-speed camera, the bubble
generation, flow pattern and the typical fluid oscillatory motion are recorded. By
combining the simultaneous visual and thermal investigation is conducted to
further understand the thermo-hydrodynamics involved into the operation of a

PHP with microcapsule working fluid.

6.2 Experiment set up

Figure 6-8 shows the schematic of the experimental set-up. The heat pipe is fully
made of Duran borosilicate 3.3 glass capillary tubes. The inner and outer
diameter of the glass tube are 1.5mm and 4mm, respectively. The total length of
PHP is 280mm, and the lengths of the evaporator section, the adiabatic section
and the condenser section are 100mm,80mm and 100mm, respectively. The
evaporator section of the PHP is heated by Nichrome Wire of which the diameter
is 0.345mm and the resistance is 11.486o0hm/m. It’s wrapped on the outer wall
surface of the tubes. The heat input was set to 30W, 40W, 50W, 60W, 70W,
80W and 90W which is achieved by an DC power supply (KEYSIGHT
AC6902A). The condenser section is cooled by a transparent cooling box which
is connected to a water bath. The inlet temperature of cooling water is
maintained at 20<C with #1<C fluctuation. The motion of vapour bubbles and
liquid slugs are recorded by a CCD camera (BASLER a2A1920-160uc PRO).
The pressure of PHP is gauged by a Druck pressure sensor (RS PRO-7975037)

and the PHP is evacuated by a vacuum pump(CPSVP8D).
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Figure 6-1 Schematic of the Experiment Set Up

There are 10 K-type thermal couples distributed as shown in Figure 6-9 to
measure the temperature of the evaporator and condenser section of the PHP.
Four thermocouples T1 to T4 are distributed in different tubes to measure the
average temperature of evaporator. Ts to Tio are placed in the corresponding
tubes to give an average value of temperature of condenser. Additionally, there
are 2 thermocouples Tin and Tout placed at the inlet and outlet of cooling box and
measure the inlet and outlet temperature of water. A data acquisition instrument
(Agilent 34970A) is used to record all temperature data and is connected to a PC
for data monitoring and analysis. Filling ratios were 20%, 40%,60% and 80%.

In order to determine the amount of working fluid to use, the total volume of the

124



pipe is measured, which is 13ml. The vertical heating was used for all test

conditions, which means the inclination angle of PHP was maintained at 90<
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Figure 6-2 The location of thermocouples

6.3 Preparation of working fluid

In this experiment, the working fluid was deionized water (DI water) and
MEPCM suspension. The MEPCM with paraffin as core and melamine as shell
was prepared. The phase change temperature of MEPCM is 43<C. The
MEPCM’s particle size and its phase change latent heat is 20um and 180J/g,
respectively. The MEPCM were added into DI water with 5 different weight
concentrations: 1wt%, 2wt% 3wt%, 4wt% and 5wt%. The dispersion process
was achieved by magnetic stirrer (HYCC MX-8K) and sonicator (GEX 750).
The stirring rate and ultrasonic vibration frequency was set to 300RPM and

40KHz. The stirring time was 24h and 0.2wt% Tween 80 surfactant is added
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into the suspension during stirring process, which can improve the dispersion
stability of MEPCM suspension [244]. Then, the mixed solution is treated by

ultrasonic vibration for 2h to improve its stability.
6.4.3 Viscosity measurement

The viscosity of each working fluid is determined using Ostwald Viscometer.

The viscosity can be calculated by below equation:

p2ts
= —= 6.1
Uz o1ty 251 (6.1)

Where p; and p, represents the density of DI water and test sample,
respectively. u, is viscosity of water. t represents the time it takes for the fluid
to flow through the measuring length of the viscometer. The viscosity of the
working fluid is shown in table 6-1. With the increasing of the concentration of

MEPCM, the viscosity of working fluid increases.

Table 6-1 Viscosity of each working fluid

Working Fluid | Mean Density(p)(g/ml) | Viscosity(u)(Centipoise)
time(t)(Sec.)

Water t; = 4.54s 0.997 g/ml 1.0cp

1wt% MEPCM | t, = 4.72s 0.984 g/ml 1.02 cp

suspension

2wt% MEPCM | t, = 4.93s 0.975 g/ml 1.07 cp

suspension

126



3wt% MEPCM | t, = 5.23s 0.97 g/ml 1.12 cp
suspension
4wt% MEPCM | t, = 5.56s 0.964 g/ml 1.18 cp
suspension
5wt% MEPCM | t, =5.73s 0.960 g/ml 1.21 cp

suspension

6.4 Data processing

The thermal resistance R, can be used to assess the thermal performance of

the PHP, which can be obtained from the following equation

Te - Tc

R;, =
th Q

(6.2)

where R is the thermal resistance of PHP; @ is the heat input; T, and T, are

the average wall temperatures of the evaporator and condenser, respectively. T,

and T, can be calculated by

6
1
Te = gz Ti
=1
4
1
TC = ZZ Ti
=1

(6.3)

(6.4)

Where T; represents average temperature from thermocouple measuring point i

of the PHP.
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6.5 Uncertainty analysis

The uncertainly of the experiment mainly comes from the instrument error and
measurement error. The temperature data of this experiment were measured by
K-type thermocouples and its margin of error is + 0.1 °C. The measurement
margin of error of Agilent-34980A data acquisition module is + 0.1 °C and the
minimum temperature is 18 °C. The maximum temperature error can be

determined by

ST ST\ (8T,

7= o) * () 69

T Tmin Tmin
In this work, the electric voltage and current are obtained by AC power supply,
whose display accuracy is 1%. The range is 0-55 V and 0-2 A for the electric
voltage and current, respectively. When the heat input is 40 W, the voltage and

electric current is obtained as 34V and 1.17A, respectively. Therefore, the

uncertainty of the input power can be obtained as follows:

I TN

The uncertainties of the thermal resistance can by calculated by:

) () e

Table 6-2 Summary of Experimental Uncertainties

Measurement parameters Uncertainty

Heat input 2.3%
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Thermal resistance 2.03%

Temperature 0.78%

6.6 Experimental result analysis

In this chapter, the effects of filling ratio, concentration of working fluid and
heat input on the thermal performance of PHP are investigated. The influence of
the filling ratio was tested for 4 values, equaling to 20%,40%.60% and 80%. Six
different working fluid were prepared, respectively 1wt%, 2wt%, 3wt%, 4wt%
and 5wt% MEPCM suspension and DI water. The heat input varies in a range
of 30W-90W. By changing those parameters in totally there were 168
experiments carried out. Each experiment was performed over a 20 minutes

period.

The PHP failed to start-up for all condition when the heat input is 30W.
Meanwhile, the directional flow does not occur regardless of working fluid type
in the case of FR =20% when the heat input was high than 70W(dry-out), while
the temperature was constantly increased when continuously applied heat input.
For safety considering, the power supply was off when the local temperature
exceeds 120<C. Therefore, the data analysis didn’t contain the case of heat input

equal to 30W and local temperature exceed 120<C.

6.6.1 Effect of filling ratio on thermal performance of PHP
When the PHP with a lower filling ratio, average length of liquid plug is smaller,
pulsating velocity and amplitudes are higher [245] and less driving force is

needed to make the working fluid oscillate in the PHP, which increase the
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thermal performance of PHP. Although, the thermal performance increases due
to the high oscillation velocity and amplitudes and less driving force requirement,
the small amount of the working fluid limits the heat transfer capability of the
PHP with lower filling ratio. In the case of FR=20%(Figure 6-10), the thermal
resistance has not significant decreased when the heat input higher than 60W
due to the dry-out phenomenon which occur at lower filling ratio and higher heat
input. The directional flow does not occur, and the temperature was constantly
increasing due to all working fluid remains at the condenser section. The dry-
out phenomenon limits the heat transfer performance of PHP at lower filling
ratio, which is induced by the boiling heat transfer intensive at higher input
power. On the contrary, more driving force was needed to oscillate the working
fluid and accompanying with larger heat transfer capability at higher filling ratio.
Meanwhile, the movement of the working fluid at higher filling ratio was
weakened by the restriction of the generation and growth of bubbles due to the
smaller vapor phase space in PHP, which limit the heat transfer performance of

PHP.

The thermal resistance of PHP with various heat input in the filling ratio range
of 20%-80% are shown in Figure 6-10. It could be clearly found that the thermal
resistance of the PHP with DI water, 1wt% ,2wt%, 3wt%. 4wt% and 5wt%
MEPCM suspension is influenced by the filling ratio. The best thermal
performance of PHP was obtained when the filling ratio of the PHP was 40%
for all working fluid concentration. Meanwhile, the thermal performance
decreases with the increase of heat input except case of FR=20%. When the

FR=40%, the liquid plug inside PHP needs smaller driving force to oscillate thus
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oscillates with higher velocity and amplitude than those with higher filling ratio

accompanying by larger heat transfer capacity than the PHP at lower filling ratio.

For the FR=20% and FR= 60% cases, their thermal resistance is almost same
when the heat input lower than 60W. When the heat input is higher than 60W,
the thermal resistance of FR=60% is obvious higher than that of FR=20%.
Therefore, the oscillation motion of working fluid is limited by the insufficient
driving force when the heat input is lower than 60W for case of FR=60%. When
the heat input is higher than 70 W, the boiling heat transfer in the evaporation
section was intensive enough to make the working fluid oscillate well in the PHP
and the heat was efficiently dissipated under this condition. Meanwhile, the
“dry-out” phenomenon occurs at cases with 20% filling ratio and higher heat
input. Although the FR=80% has the highest heat transfer capacity in this
research, it shows the worst thermal performance compared with other filling
ratio due to the restriction of smaller vapor phase space and higher driving force

requirement.

The effect of various filling ratio on the PHP thermal resistance can be
summarized as below. With the increase of filling ratio, more driving force is
needed to make the working fluid oscillate in the PHP. It means that it is easier
to realize the pulsating motion at the PHP with lower filling ratio under same
heat input. However, the heat transfer capacity of working fluid decreases with
decreasing filling ratio. Therefore, the overall influence of the filling ratio on
thermal performance of PHP is the trade-off result between the required driving

force and heat transfer capacity of the working fluid.
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Figure 6-3 Thermal resistance at different filling ratio.(a) DI water; (b) 1 wt% MEPCM;
(c) 2wt% MEPCM; (d) 3wt% MEPCM:;(e)4wt% MEPCM;(f)5wt% MEPCM

6.6.2 Effect of the concentration of the MEPCMS on the PHP

This experimental study also focuses on the effects of concentrations of the
MEPCM on the thermal performance of the PHP. Experiment was carried out
with Owt%, 1wt%, 2wt%, 3wt%, 4wt% and 5wt% of MEPCM suspension
concentrations to observe the thermal performance of the PHP. The Owt%
represents the DI water in the experiment. The concentration of MEPCM
suspension not only affects the heat transfer capacity of the PHP but also
influence the viscosity of the working fluid. To show the effect of the
concentration of the MEPCM suspension on the PHP thermal characteristics, the
thermal resistance of PHP when the filling ratio were 20%, 40%, 60% and 80%
are shown in Figure 6-11. Meanwhile, the viscosity of each working fluid is
shown in section 6.4.3, the viscosity of working fluid increases with the
concentration of MEPCM suspension. Therefore, higher concentration leads to
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higher viscosity which provides more friction force, in turn, hindering the

motion of working fluid.
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Figure 6-4 Thermal resistance of PHP at different concentration. (a)filling ratio=20%
(b)filling ratio=40%; (c) filling ratio=60%; (d) filling ratio=80%
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As Figure 6-11(a) shows, the concentration of the working fluid does not affect
the thermal performance obviously at 20 % filling ratio. This attributed to the
lower volume of working fluid due to the smaller liquid plug. When the filling
ratio increases to 40% (Figure 6-11(b)), the influence of the concentration more
obvious. The thermal resistance decreases rapidly when applied the MEPCM
suspension. When the concentration equal to 2wt%, the PHP shows better
thermal resistance than other concentration when the heat input is lower than
90W. This attributes to the relative smaller viscosity than the 3wt%, 4wt%, 5wt%
suspension and higher heat transfer capacity than DI water and 1wt% suspension.
With the increase of the heat input, the PHP with 4wt% solution shows better
performance than the PHP with 2wt% solution, due to enough driving force
supply which counteract the negative effect of the viscosity. In the case of
FR=60% (Figure 6-14(c)), the thermal performance of PHP with lower
concentration MEPCM suspension (1wt%, 2wt%) is better than those that with
higher concentration and DI water. With the increase of heat input, the negative
effect of the viscosity cannot be offset for the PHP with higher concentration
MEPCM suspension(3wt%, 4wt%, 5wt%), because more driving force needed
when the FR=60%. The PHP with higher concentration MEPCM suspension
may shows better performance than those that with lower concentration if the
heat input further increases. When the filling ratio achieves 80%, the thermal
performance of PHP with DI water is higher than the PHP with MEPCM
suspension at all heat input. The thermal performance of PHP decreases when
applying the MEPCM suspension at 80% filling ratio compared to PHP with DI
water due to much higher viscosity. In addition, the PHP failed to start-up when

the concentration higher than 3wt% at 40W heat input. In this case, the heat input
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of evaporator section is not enough to push the liquid slugs to the condenser
section. Therefore, the start-up time of PHP may be delayed, even fails to start-

up when the PHP with high filling ratio and high concentration.

It could be found that the thermal performance of PHP can be enhanced by
applying the MEPCM suspension in an optimal filling ratio and concentration.
The experiment results can be explained as follows: the PHP with MEPCM
suspension at 40% and 60% filling ratio showed better performance than the
PHP with DI water mainly due to more sensible heat transferred to latent heat
during the melting process of PCM and then dissipates at condenser section.
However, the viscosity of the MEPCM suspension increases with the
concentration, which increases the requirement of driving force to oscillate the
working fluid. Besides, a relatively higher concentration of MPCM solution may
hinders the start-up of PHP. Therefore, the overall influence of concentration of
working fluid should consider the combined effect of the viscosity and heat

transfer capacity of working fluid.

6.6.3 Summary
In this chapter, the thermal performance of the PHP with MEPCM suspension
have been experimentally investigated. Meanwhile, the effects of filling and
working fluid concentration also carried out in this chapter. The conclusions are
shown as follow:

(1) The PHP has better thermal performance at optimum filling ratio 40% in this

experiment. The filling ratio affects the heat transfer capacity of working fluid
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and required driving force to make the pulsating motion of working fluid. For
obtaining an optimum filling ratio, both effects of heat transfer capacity of
working fluid and required driving force on thermal performance of PHP need
to be considered.

(2) The thermal performance of PHP can be enhanced by using the MEPCM
suspension with optimum concentration. The overall influence of the
concentration of the working fluid is affected by the combined effect of the
viscosity and heat transfer capacity of the working fluid.

(3) Compare with the PHP with DI water, the best thermal performance is 0.37 <C/W
when the filling ratio, heat input and the concentration of the MPCM were 40%,

90W and 4wt%, respectively.

Chapter 7 Conclusion and future work

7.1 Conclusions of current work

The presented thesis not only investigated the behaviours of droplets interaction
with solid surfaces but also applied a novel working fluid to enhance the thermal
performance of the PHP. Both experimental studies were carried out for each

part. The main conclusions can be summarized as follows:

In Chapter 3 and Charter 4, two strategies for controlling the distribution of
deposit patterns have been experimentally investigated. First, the effects of
substrate roughness on deposit pattern are investigated. On the smooth surface,
the contact angle of droplet increases as the roughness decreases. On the rough
surface, the contact angle increases as the roughness increases. With contact

angle decreasing, the evaporation rate at the boundary increases leading to the
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particles at the boundary easily sedimentate. Moreover, the capillary flow is
hindered by increasing the substrate roughness, while the Marangoni flow
remains constant, resulting in more particles remain in the centre of the droplet
on the rough surface. To sum up, the coffee-ring formation is suppressed by
increasing the substrate roughness on a copper substrate at 40 °C temperature.
Second, an experiment is presented for controlling the deposit patterns with
different substrate temperature ranging from 15 °C to 70 °C. The deposit patterns
transit from uniformity, ring-like structure to dual ring patterns with substrate
temperature increasing. The coffee ring shape easily forms at high temperature
substrate, due to the outward flow is strengthen by increased substrate
temperature. In addition, a secondary ring forms at gap area of the deposit
pattern when the droplet evaporates at high temperature substrate, due to the
collision between the Marangoni flow and outward flow when evaporation is

almost completed.

In Chapter 5, the behaviours of droplets impacting on the conical structure with
different surface roughness (125um,21.8um and 0.2um) and cone angle (60°,
90° and 120°) were investigated experimentally. The effect of Weber number
and the surface roughness and cone angle of conical structure are investigated in
detail. The results show that the impacting droplet firstly spreads downwards
along the side of the cone from the cone tip until it reaches its maximum
spreading factor f,,.,. Subsequently, the rim of lamella starts to retract towards
the cone tip and tend to form an annulus after reaching f,,4.. The droplet
splashing can be observed at higher We(We=501). The B,,4, increases as the
We increases and the increase in the surface roughness, and the increase in cone

angle reduces f,,4x- The splashing can be promoted by increasing the surface
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roughness and cone angle, which is characterized by critical Weber number

We,, for the transition from spreading to splashing.

In Chapter 6, the thermal performance of PHP using MEPCM suspension were
carried out. Experimental results show that the heat transfer performance of PHP
can be enhanced by applying the MEPCM suspension dependent on the filling
ratio and concentration of MEPCM suspension. With the increase of filling ratio,
the heat transfer capacity of working fluid increases while increases the required
driving force to make the pulsating motion of working fluid. The PHP with 40%
filling ratio shows better thermal performance than those with other filling ratio
in this experiment. For the concentration of MEPCM suspension, the heat
transfer capacity of working fluid increases with increasing concentration. The
increasing concentration of MEPCM suspension also increases the viscosity of
working fluid which hinders the pulsating motion of working fluid. The overall
influence of the concentration of the working fluid is affected by the combined
effect of the viscosity and heat transfer capacity of the working fluid. In this
experiment, the best thermal performance of PHP is 0.37 °C/W when the
filling ratio, heat input and the concentration of the MEPCM suspension was

40%, 90W and 4wt%, respectively.

7.2 Suggestions for Future work

Apart from conducting an extensive investigation in the current study, new
questions have arisen that need to be addressed in the future to fill the gap in the
knowledge of pulsating heat pipe and droplet behaviours, which are

recommended based on current work as follows:
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® For droplet evaporation, more temperature points need to be investigated, for
instance, 5T and over 70<C. In this way, the effect of both Marangoni flow and
Capillary flow on saline droplet will be more comprehensive understanding. The
evaporation of different droplet also can be investigated such as nanofluids. The
evaporation behaviours and deposition pattern of nanofluids droplet may be
different from the saline droplets.

® In terms of droplet impingement on solid substrate, this thesis focuses on the
effect of surface roughness, cone angle and Weber number. The impact
behaviours are strongly affected by these factors. Different working fluid can be
applied in the experiment, such as saline droplet and nanofluid. In addition, the
droplet impact on heated cone substrate also need to study in the future, which
is poor understanding and few study observe this situation at present.

® The present experimental studies the thermal performance of pulsating heat pipe
adding the MEPCM suspension. Although the thermal performance of PHP
enhances by adding the MEPCM suspension, the reason and mechanism are not
well known. Therefore, more visualization study and numerical study need to
conduct in the future to further reveal the interaction between the fluid in the

PHP and MEPCM suspension.
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