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Abstract

Nucleate boiling is an efficient heat transfer process, which is crucial for numerous
industrial applications such as cooling of electronic devices, spray cooling, mixing
and cooling in nuclear power plant. Common methods to enhance the heat transfer
rate in nucleate boiling, include modification of wettability and surface roughness
using structured surfaces. While the physical mechanisms of boiling phenomena
on smooth surfaces have been extensively investigated, studies of boiling processes
on structured surfaces have been lacking, in particular on surfaces fabricated with
passive structures such as micro-structures, nano-structures, and micro-nano hybrid
structure, as well as on surfaces fabricated with active structures.

The first part of this thesis focuses on enhancement of boiling heat transfer using
surfaces fabricated with passive nanopillars. The pillar length and surface area
enhancement ratio were varied and demonstrated to correlate with the heat transfer
coefficient of the boiling process. Furthermore, a predictive model of critical heat
flux and critical temperature for boiling on such surfaces is proposed which shows
that the predicted results are consistent with the experimentally measured ones.

The second part focuses on the dependence of convective boiling heat transfer on
actuation of strip arrays fabricated on a surface. Actuation of the strip array as a
novel method was introduced to dissipate the heat from the surface in a controllable
way. By regulating the frequency of actuation, the heat flux through the surface can
be controlled dynamically. Also, a model was derived which related the enhancement
of convective heat transfer with the extra mass transfer rate caused by the array
actuation. During the derivation, a new coefficient was proposed which represented
for the extra mass transfer process, which can be used to further develop the model
with different properties of actuators such as shape, stiffness or surface roughness.

The last part is an exploratory research on the nucleation, growth and detach-
ment of individual vapour bubbles generated from a heated cavity with the present
of a nearby actuated strip. It was proposed to fabricate on the heated surface an
actuated strip and a micro-cavity with a precise position and size. The dynamics of
the vapour bubble using high-speed imaging coupled with measurement of the lo-
cal temperature on the heated surface using micro-sensors fabricated on the surface
were studied. It was found that the actuation caused the bubble to oscillate around

the cavity and to depart faster from the surface with a smaller departure diameter.
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Chapter 1

Introduction

Boiling is a natural phenomenon that takes place when a liquid is heated to its
saturation temperature. One of the most common situations for boiling to occur is
when a liquid comes into contact with a heated surface with temperature sufficiently
higher than the liquid’s saturation temperature. Boiling can be considered as the
most efficient heat transfer method, due to its main mechanism to remove heat
is latent heat, which is essential higher than other heat transfer process such as
conduction or force convection. It allows to reduce size and volume of heat exchanger
devices and enhance the operating performance of thermal element in industry and
power plants. Therefore, boiling plays a crucial and increasingly important role in
various industrial applications, especially in energy production such as power plane,
nuclear reactor, automotive engine cooling, steel industry, metallurgy and electronics
cooling [1, 2].

A cooling system using boiling process can be very flexible in practical. It can
handle very high heat fluxes, as in a nuclear reactor, where the heat flux needed to
remove up to 10-15 MW /m?. Also, it works well with electrical devices, which need
to operate at moderate heat flux and low surface temperature (below 80 °C). One of
the most important application of nucleate boiling is the cooling system encountered
in nuclear facilities. Inside the nuclear reactors, nucleate boiling occurs at significant
flow rates through the reactor. The vapour bubbles are taken away from the heat
transfer surface and are carried along the liquid flow. Moreover, the nucleate bubble
at the surface effectively disrupts the stagnant liquid layer and therefore significantly
improves the heat transfer process from hot surface to bulk fluid.

Nowadays, boiling can be found in more and more applications, which is previ-



ously the field of other heat transfer process such as conduction or force convection.
One example of the development of boiling application is in the field of modern
automotive design. The traditional design concepts for engine cooling are almost
depended on force convection, which may not enough for the new engine to operate
at its maximum load conditions. In a recent study, Steiner et al. suggested a com-
bination system, in which the cooling mechanism can be switched from convection
to nucleate boiling depend on the engine loading [3].

The cooling application of nucleate boiling can also be used in the heat ex-
change equipment in extreme environments such as deep ocean and space. National
Aeronautics and Space Administration (NASA) have recently started the project
Nucleate Pool Boiling eXperiment (NPBX) to investigate heat transfer process and
bubble hydrodynamic in microgravity. This data is very important to optimize the
design of heat exchange equipment in submarine or in the spaceship.

Due to the development of dielectric coolant liquid, boiling can be applied safely
in cooling application of electrical devices, which require relative low operation tem-
perature (usually not higher than 80 °C). Liquid cooling for electrical devices can
be either convective cooling through a heat pipe system as in a gaming PC or im-
mersion cooling for large data centres, in which nucleate boiling directly occurs on
the hot surface of the target chipset.

Another application of nucleate boiling is the thermal inkjet print head. Thermal
inkjet technology uses heat to eject a thin jet of ink from the print head to the
substrate. A microscopic heater is put inside the ink chamber and is close to the
print nozzle. Once it is activated, a vapour bubble will be nucleated and expands
rapidly in a very short duration, causing the ink to explode onto the paper.

Despite its importance in such engineering applications, the lack of understand-
ing of the mechanistic mechanism of the boiling phenomenon leads to inefficient
utilisation of boiling in such applications. [4] Situations in which boiling occurs can
be broadly classified into two categories: flow boiling and pool boiling. In the former
case, the boiling liquid is forced to move along a hot solid surface, whereas in the
latter case, the liquid is heated by a hot surface and forced into motion by natural
buoyancy [1, 2].

In order to obtain better insight and physical understanding of the boiling process

and how it depends on contributing factors such as temperature, liquid, and solid



properties, numerous boiling experiments consisting of a heated surface surrounded
by a stationary liquid have been carried out. Several different boiling regimes with
distinct hydrodynamic and thermal behaviours have been identified: pure convec-
tive, nucleate boiling, transition boiling, and film boiling. Typically, these regimes
are characterised using a boiling curve, which is the relation between the surface
heat flux ¢ and the surface superheat (Figure 1.1). Here the surface superheat is de-
fined as AT = T — T4, where T and T,; are the surface temperature and saturation

temperature of the liquid, respectively.

b d

— i — — A — —— —— N—— —— — ———— W——

AT

Figure 1.1: The original boiling curve by Nukiyama: ¢ — AT (abcd) curve with four
main regimes: pure convection (close to point a), nucleate boiling (from a to b),
transition boiling (from b to ¢) and film boiling (from ¢ to d). The second curve in
this plot (a't/c’d’) shows the relation of the corresponding heat transfer coefficient o

and surface superheat AT [5].

Based on the boiling curve, there are two important parameters normally used
to measure the pool boiling performance: critical heat flux (CHF) and heat transfer
coefficient (HTC). CHF is the maximum heat flux that a surface can transfer to a

boiling liquid before the individual bubbles coalesce into an insulating vapour layer



and determines the maximum power density that could be handled by a boiling heat
transfer device. HTC can be defined as the ratio of the heat flux to the difference
between the surface temperature and the saturation temperature of the liquid and

hence it describes the thermodynamic efficiency of the boiling exchange [1, 6].

1.1 Summary of aims and methods

The consensus of numerous investigations on boiling heat transfer is that transient
conduction and micro-convection are the most dominant mechanisms of heat dissi-
pation from a heated surface. Thus, enhancement of the heat transfer rate, which
is the main goal of most practical applications, can be achieved by improving the
transient conduction mechanism, in particular by using different types of porous
materials to modify the surface properties. Nonetheless, heat transfer enhancement
using micro-convection has not been fully explored. The project’s aim is therefore
to improve the heat transfer rate in the boiling processes with the focus on the en-
hancement of the micro-convection mechanism. This can be done by using actuated
flexible structures fabricated on the heated surface.

To achieve this objective, there are several major steps that need to be con-
ducted. The first one includes design, fabrication, and calibration of a boiling rig
that enables measurement of the heat flux across the heated surface. This rig should
also be integrated with a mechanism to actuate the flexible structure. The second
step consists of design, fabrication and calibration of a micro-heater on top of the
substrate. This allows precise control temporally and spatially of the nucleation of a
vapour bubble. In the third step, active or passive flexible microstructures are to be
fabricated on top of the boiling surface. The performance of the modified surfaces

in nucleate boiling heat transfer will be evaluated thereafter using the boiling rig.

1.2 Project motivation and objectives

Electronic cooling is one of many technological applications that require effective
heat removal at relatively low surface temperature. This is because electronics
components can properly operate only if the temperature does not exceed 70°C.

Traditional heat removal methods, either single phase or two-phase cooling ones,



have been relying on passive means such as surface enhancement or modification of
the cooling liquid. Active methods such as forced cooling might require excessive
power consumption and space to install the necessary components such as fans or
pumps, which is a significant drawback to its enhancement on heat transfer efficiency.

The main objective of the proposed project is to develop an understanding of
the hydrodynamics, heat transfer, and phase change of the nucleate boiling process,
which includes nucleation, growth, detachment or possible collapse of an individ-
ual vapour bubble, on a controlled surface fabricated with magnetically-actuated
(passive/active) flexible micro-structures. This understanding will then be used to
pinpoint the parameter range for which the heat transfer rate from the surface is
maximised for a given surface temperature

By introducing a novel element into the boiling process, namely, passive/active
flexible micro-structures, the aim is to enhance either the mixing in the thermal
boundary layer adjacent to the surface or the mass transferring inside the liquid
body, and therefore the heat transfer rate. This relies on the fact that the heat
transfer rate due to nucleate boiling on smooth surfaces is generally dominated by the
micro-convection induced by the dynamics of vapour bubbles. Active actuation of
the micro-structures, as well as elasto-capillary effects, provide extra mechanisms to
induce micro-convection, thus potentially enhance the heat transfer rate, especially

for applications that need to be operated at moderate temperature.

1.3 Project scope

This study focuses on the mechanism of boiling heat transfer on passive and active

micro-structured surfaces. The scope will be included with multiple tasks:
(i) Design and build boiling rigs for the experiments.
(ii) Design and fabricate of microheater and microsensor on boiling surfaces.
(iii) Fabricate actuated strip or pillar array onto the substrate surface.
(iv) Conduct the experiments on passive and active substrate.

(v) Discuss and analyse the results to better understand the mechanism of the

boiling phenomenon.



1.4 Thesis outline

The report comprises seven chapters, namely, introduction, literature review, design
and fabrication of experimental setup and components, the three chapters with
experimental methods and results and finally conclusions and future work.

In the chapter Literature review, we will explore in detail reported investiga-
tions relevant to the study of nucleate boiling on active and passive flexible micro-
structured surfaces. First, detailed description of evolution of vapour bubbles formed
on the heated surface will be provided. This will be followed by descriptions of var-
ious theoretical models and numerical simulations on mechanisms such as transient
conduction, contact line heat transfer, and microlayer evaporation. Experimental
conditions and measurement techniques will also be presented in sufficient detail.
These includes heating and sensing methods, boiling data using liquid crystal, mi-
crolayer evaporation, effects of surface modifications, bubble coalescence, and sat-
urated and subcooled boiling. A summary of recent experimental study on boiling
enhancement using various surface modification methods will also be provided.

The chapter Design and fabrication of experimental setup will provide detailed
description of the design of the experimental setup. It consists of design and fab-
rication of boiling rig, microsensor, microstructures and actuated structures. This
chapter will explore these manufacturing techniques and will present the effort made
in various stages of fabrication process.

In next three chapters Fxperimental methods and results, we will discuss vari-
ous experimental conditions, methodologies, and results. This chapter consists of
data validation of the boiling rig and measuring method, tests on the operation of
micro-heater to induce a single bubble with a power pulse, experimental study of
vapour bubbles in nucleate boiling in ethanol, a predictive model of CHF and criti-
cal temperature of the nanopillar substrates (passive) and a model of heat transfer
enhancement due to extra-convective on actuated flexible structures.

Finally, the chapter Conclusion and future work will present main conclusions

from the presented studies and future works.



Chapter 2

Literature review

Nucleate boiling is an effective heat transfer process that takes place when the rate of
heat transfer across a heated surface to the surrounding liquid is below the critical
heat flux (CHF). This complex phenomenon comprises various physical processes
such as transfer of mass, momentum, energy, and phase transition during evolution
of vapour bubbles that are formed on the heated surface [4]. In this chapter, we
will provide an overview of the boiling process and related studies in three main
sections.

First, we would like to introduce a qualitative description of the nucleation pro-
cess, which will give us a fundamental understanding on the hydrodynamic be-
haviour of an individual vapour bubble such as initial growth, growth and detach-
ment process. This section provides important information on cavity properties,
pressure condition and critical diameter of a vapour bubble.

In the next section, we will introduce three classical models of boiling heat trans-
fer on smooth surface, which is used as the initial assumption in most of recent
studies. These models include transient conductive, contact line heat transfer and
microlayer heat transfer.

The last section will provide the overview of recent studies on boiling heat trans-
fer. We will review the recent experimental studies in multiple aspects such as exper-
imental approach, measuring methods, substrate fabrications and the new proposed

mechanism of each approaching respectively.



2.1 Qualitative description of nucleation process

2.1.1 [Initial growth of a nucleate bubble

The process of inducing an individual bubble from a heated surface typically involves
a micro-scale cavity on the surface and a liquid-vapour interface inside the cavity
(see Figure 2.1). At the beginning, subcooled liquid enters the cavity and forms
an interface between the cool liquid and trapped air. This liquid-vapour interface
is stabilised when the vapour pressure P, is less than the system pressure Fy. The
pressure difference between P, and F; is known as the Laplace pressure and can be

used to estimate the curvature R of vapour bubble:
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Figure 2.1: Nucleation at a base cavity [7].

The contact angle between the cavity surface and this interface layer depends on
the wettability of the cavity surface. For a poorly wetted surface, the contact angle

will be larger than 90° (Figure 2.1a). Reversal of inter-facial curvature when 6 is



much less than 90° requires a re-entrant geometry (Figure 2.1c). When the cavity
surface is heated, the vapour pressure inside the cavity increase gradually until the
curvature of vapour-liquid interface reverses (contact angle 6 > 90°). At this point,
the trapped vapour become unstable to growth by evaporation and the growth of
the vapour is faster until a visible bubble emerges from the cavity (Figure 2.1b).
At some point during the growth of bubble from the cavity, the local surface
temperature fluctuates and makes the bubble’s growth rate unstable. This is due to
the fact that heat from the superheated surface is lost to the vapour bubble causing

it to expand and the local surface temperature to temporarily decrease.

2.1.2 Growth and detachment of a nucleate bubble

Once a bubble emerges from the cavity, it grows continuously to reach a time de-
pendent radius, R(¢) in the form of a hemisphere (Figure 2.2). It is noted that
the hemisphere is partly separated from the superheated surface by a thin layer of
liquid. This layer, which is typically called microlayer, grows almost linearly with
the radius of the bubble until it reaches the value ranging from a few microns for
small, fast-growing bubbles to tens of microns under slow-growing bubbles in pool

boiling at low surface superheat [7].
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Figure 2.2: Bubble growth and detachment [7].



During this period, the microlayer of liquid acts as a conductive layer between
the superheated solid surface and the bubble, as well as a reservoir to supply vapour
to the bubble. During the growing period of the bubble, its boundary layer contacts
with cooler liquid that is further away from the superheat surface. The growth rate
of the bubble decreases and the effect of the hydrostatic and hydrodynamic force
become stronger due to the increasing volume of the bubble. Fritz [8] was the first
to correlate the bubble departure diameter by balancing surface tension force and

buoyancy in related with contact angle (Figure 2.3).
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Figure 2.3: The balancing between buoyancy force and surface tension force on a

vapour bubble. (a) On a hydrophilic surface and (b) On a hydrophobic surface [8].

gV (pi — pg) = posinb. (2.2)

where V' = (4/3)7R?f,(0) is the volume of vapour bubble and p = 27 Rf5(0) is
the perimeter of vapour bubble base. In these equations, the modified geometry
functions fi(0) and f5(0) are used to account for the different between full spherical

shape and the real shape of the bubble, which is entrusted.

Thus:
D = 2R ~ 0.02080, | ——— (2.3)
9(pr — p2)
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Several mechanisms of heat transfer during the departure of the bubble from the

solid surface can be summarised in Figure 2.4
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Figure 2.4: Mechanisms of heat transfer in nucleate boiling. (a) Conduction between
the superheat solid surface and the vapour bubble across the microlayer of liquid; (b)
Transient conduction between the replaced cool liquid bulk around the bubble on
the surface when the bubbles round off and detach; (c¢) Localised convective cooling
by the cool liquid around when the bubble detach; (d) Turbulence of the liquid close
to the surface; (e) Evaporation at the base and condensation between the vapour
bubble and the upper cooler liquid. The plot shows the distribution of temperature

along vertical direction of the bubble from heated base [7].

2.2 Classical boiling heat transfer models

Several models were proposed regarding the transfer of energy to vapour bubbles
during the nucleate boiling process. The different mechanisms of isolated bubble
heat transfer have led to emergence of several mutually exclusive models [9-15].
Among these models, enhanced convection, transient conduction, contact line heat

transfer, and microlayer evaporation have been the most prominent mechanisms
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[16]. Most of the classical models on bubble nucleation considered bubble agitation

and micro-convection the primary heat transfer mechanisms.

Transient conduction model.

Mikic and Rohsenhow [17] proposed a bubble heat transfer model based on the
work of Han and Griffith [18]. The model relied on the assumption that a departing
bubble pulled along the superheated liquid volume immediate to the bubble with
an area double the diameter of the departing bubble. This model is illustrated in
Figure 2.5.

_@_
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O

Nucleation of new bubble > 2D
within superheated layer

~

Bubble departure and
removal of superheated layer

. =

Growth of new
superheated layer

Figure 2.5: Bubble heat transfer mechanism suggested by Mikic and Rohsenhow
[16].

In the transient conduction model, the heat transfer from the surface during the
bubble growth was not considered. Transient conduction into the bulk liquid after

bubble departure was considered as the major mode of heat transfer.
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Contact line heat transfer model.

Stephan and Hammer [19] developed a contact line heat transfer model based
on the assumption that the principal heat transfer was evaporation of a thin liquid
meniscus at the three-phase contact line. The meniscus near the contact line can
be stretched to very thin, high heat transfer region in which liquid molecules can-
not evaporate due to molecular adhesion forces. The evaporation rate therefore is
affected by two competing effects. On the one hand, the evaporation rate increases
with increasing film thickness due to reduction in of the adhesion force. On the
other hand, decreasing the film thickness leads to a larger temperature gradient and
hence larger conduction heat transfer through the film. Thus, the most favourable
conditions for high rate of heat transfer happen at moderate film thickness, which
occurs when the adhesion forces are small enough while still maintaining high rate
of heat conduction across the film. As the film becomes thicker, the conduction
resistance dominates leading to lower rates of heat transfer. In this model Stephan
and Hammer assumed that heat could be transferred through the micro-region and
the macro-region of a growing bubble. Here the micro-region refers to the vicinity
of the three-phase contact line and the macro-region describes the liquid adjacent

to the micro-region and the surface.

Microlayer heat transfer model.

Snyder and Edwards [20] proposed that it was possible for growing bubbles to
trap a thin liquid layer at the surface that would eventually evaporate and transfer
a significant amount of energy. Moore and Mesler [21] reported the temperature
fluctuations on the surface under the bubbles and Hendricks and Sharp [22] showed
fast reduction in surface temperature associated with bubble growth. The microlayer
heat transfer model predicted a significant heat transfer below the bubble during its
growth due to the evaporation of microlayer and a slight heat transfer outside of the
bubble footprint. This model assumed that the heat transfer at the time of bubble

departure was only due to the evaporation of the residual microlayer.
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2.3 Numerical studies

Due to the large number of involving physical parameters, numerical simulation
provides a valuable tool to study nucleate boiling heat transfer. Son and Dhir [23]
conducted a numerical study of nucleate boiling on a horizontal surface at high
heat fluxes by solving the equations governing conservation of mass, momentum
and energy in the liquid and vapour phases. The simulation was based on the level
set method in order to investigate the effects of surface superheat, nucleation site
density, and waiting period on bubble dynamics. Sanna et al. [24] performed a
numerical investigation of nucleate boiling heat transfer on thin substrates. The
authors also discussed the capability of the proposed numerical model to reproduce
experimental results for various conditions and analysed the obtained results for a
large number of nucleation sites.

Genske and Stephan [25] studied heat transfer during growth of single vapour
bubbles through numerical simulation. In this paper the authors divided the area
around a single growing bubble into: a small, ring-shaped zone between heating
surface and bubble called micro-region, the bubble itself, and its surrounding liquid
referred to as the macro-region. Zhuan and Wang [26] reported the results obtained
from numerical simulations of nucleate boiling in micro-channel. They analysed
the Marangoni heat transfer through the bubble surface and compared with the
incipient heat flux at the onset of nucleate boiling in micro-channels using VOF
multiphase flow model. Narumanchi et al. [27] conducted numerical simulations of
nucleate boiling in impinging jets, which occur in electronics cooling applications.
They have used Eulerian multiphase model and validated the numerical results for

boiling water and R113 jets, against existing experimental data in the literature.

2.4 Experimental studies

In order to gain better insight into the physical mechanism of the boiling process, it
is necessary to obtain quantitative data of the relation between the bubble dynamics
and the surface conditions such as temperature and heat transfer rate. Numerous

experiments [28-63] were conducted to gain more insight and verify the models.
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2.4.1 Investigation of surface temperature during bubble

nucleation using micro-heaters and micro-sensors

There are several reports where researchers have designed microheaters [64-73] and
microsensors [74-81] with different shapes for boiling experiments. Yaddanapuddi
and Kim used microheater arrays, which consisted of small heaters and sensors, to
obtain detailed measurement of the surface temperature and its spatial distribution
under an individual bubble. While an individual bubble was induced at a micro
heater, the other micro heaters were kept at constant temperature by a feed-back
circuit. The required power for each micro heater to maintain its temperature was
measured. The measured power indicated the heat transfer across each heater as

shown in Figure 2.6 [82].
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Figure 2.6: Single FC72 bubbles growing on a surface [82].
Demiray and Kim conducted a similar experiment with a smaller array of micro

heaters [83]; each micro heater was of 0.1 x 0.1 mm? in dimensions. Their results

showed that conduction and micro-convection during bubble growth and after bub-
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ble departure were the major mechanisms through which energy was supplied to
the bubble. Additional heat transfer measurements and comparison with a simple
model under sliding and oscillating bubbles also indicated that transient conduction
during the rewetting process was dominant. A schematic of boiling substrate with
16 temperature micro sensors designed by Hutter et al. [4] is shown in Figure 2.7.
The substrate was made of silicon, with a micro-fabricated heater on the back and 16
temperature micro-sensors, with an artificial cavity etched in the geometrical centre
of each sensor layout, distributed in two rows on the front side. They have used this

substrate to study the interactions between bubbles during nucleate boiling.
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Figure 2.7: Location of the 16 sensors of the silicon substrate [4].

Moghaddam and Kiger [38] performed direct measurements of the heat transfer
rate under isolated bubbles nucleated from an artificial site by using two layers of
temperature sensors. They measured the temperature change at a distance very
close to the nucleate site (20-40 pum). They divided the inducing of the bubble
into two cases: with and without waiting time base on various temperature of the
heater. They indicated that microlayer heat transfer accounted for between 16.3%
and 28.8% of the total heat transfer, and the combination of transient conduction
and micro-convection was the remainder for the cases without waiting time between
bubbles. They also confirmed that the transient conduction and micro-convection
were the most dominant mechanisms in terms of heat transfer rate. Moreover, the

micro-convention became more important when the surface temperature increased.
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2.4.2 Studies on nucleation site interaction and bubble co-

alescence.

Chai et al. [84] conducted boiling experiments on surfaces of different materials
and different thicknesses to explore interactions of bubbles generated from different
nucleation sites. Zhang and Shoji [85] investigated the average bubble departure fre-
quency of two artificial cavities on a thin silicon surface for different dimensionless
cavity spacing and found out three significant effect factors of nucleation site inter-
actions: hydrodynamic interaction between bubbles, thermal interaction between
nucleation sites, and horizontal and declining bubble coalescences. Coulibaly et al.
[86] studied bubble coalescence during subcooled nucleate pool boiling using constant
surface temperature as boundary conditions. They reported that coalesced bubble
size and departure frequency decreased with the increase of subcooling. Bubble coa-
lescence was classified by Buyevich and Webbon [87] into three different categories,

as shown in Figure 2.8.
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Figure 2.8: Types of direct bubble — bubble interaction (a) vertical coalescence; (b)

horizontal coalescence and (¢) declining coalescence [4].

Bonjour et al. [49] reported that the coalescence of bubbles from three artificial
sites showed higher heat transfer coefficients than single site. Chen and Chung [88]
conducted experiment on bubbles coalescence during nucleate boiling with micro-

heaters and found an increase in bubble departure frequency and an enhancement
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in surface heat transfer rate with the bubble coalescence. Hutter et al. analysed
interactions between bubbles nucleated from artificial cavities during nucleate pool
boiling on a silicon substrate with integrated microsensors [4]. Bi et al. [89] experi-
mentally studied the effects of the nucleation site spacing on the bubble coalescence
characteristics with a microheater array with five nucleation sites. The nucleation
site was about 300 x 300 pm and the dimensionless spacing were 0.49, 0.80, 0.98
and 0.94.

2.4.3 Verifying microlayer thickness using laser interference

Utaka et al. [90] conducted a study of the structure of microlayers in nucleate boiling
of water and ethanol at atmospheric pressure. Sharp [91] measured the microlayer
thickness by interferometric method and reported that it is 4.2 pm for water. With
the same method, Jawurek [92] found the microlayer thickness for ethanol on a glass
surface to be 0.5 ym. However, experimental studies by Wagner and Stephan [93]
indicated that microlayer evaporation only had an insignificant role in bubble heat
transfer.

Voutsinos and Judd [95] used a laser light source to measure the thickness of
microlayer in dichloromethane and reported a range from 1 to 6 um. Utaka and
Nakamura [90] employed a laser extinction method by using a specially designed de-
vice comprised of a thin optical fibre in a thin tube of stainless steel. This method
allowed direct thicknesses measurement of microlayers under a vapour bubble and
a simultaneous high-speed recording of bubble dynamics. They observed a linearly
increase of microlayer thickness with distance from the bubble site. The results
obtained by Yabuki and Nakabeppu [96] also support those obtained by Utaka and
Nakamura [90]. As this method failed to determine the initial microlayer thickness
effectively, Utaka et al. [90, 94] developed a method to measure the microlayer thick-
ness during early stages of bubble formation. A schematic of the laser measurement

system used by Utaka et al. [94] is shown in Figure 2.9.
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Figure 2.9: The process of measuring of microlayer thickness and value of microlayer

measured for ethanol and water [94].

2.4.4 Studies on the effect of surface modifications to pool
boiling

Surface modification of the superheated surface is one of the most effective ways to
improve the heat transfer coefficient in nucleate boiling. Several studies [97-108] in

this area are useful for validating nucleate boiling models (Table 2.1).

Table 2.1: Summary of pool boiling on modified surface.

. Experimental | = | Major
Reference | Configuration Liquid
condition conclusion

Ng et al. | Copper-foam metal Subatmospheric | water | Improved CHF
[109] pressure and heat trans-

fer

Continued on next page
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Table 2.1 — continued from previous page

Reference | Configuration Experimental Liquid Major
condition conclusion

Vazquez Nichrome ribbon | Heat flux up to | water | Improved CHF

and  Ku- | heater surface 1000 kW /m?, 1 and heat trans-

mar [110] atm fer

Ahn et al. | Oxidized zirc aloy sur- | Heat flux up to | water | Improved CHF

[97] faces 2000 kW /m?

Benjamin | Stainless steel and | Power supply: | n- Improved CHF
et al. [98] | Aluminium with | 3 kW Hexane | and heat trans-
different polished fer

surface.
Chen et al. | Silicon nanowires (20— | Heat flux up | DI wa- | Larger than
[99] 300 nm in diameter, | to 300W/cm?, | ter 100% improve-
40-50 pm long) and | 1 atm ment of CHF
copper nanowires (200
nm in diameter and
40-50 pm long) over
plain Si and SiOy sub-
strates
Hendricks | ZnO deposition on Cu | Heat flux up to | water Heat transfer
et al. [101] | and Al substrates with | 1000 kW /m?, 1 enhanced, im-
average surface rough- | atm proved CHF up
ness ranging from 79.6 to 2.56 times
to 5863.2 nm
Kim et al. | Silicon plate with | Heat flux wup | water | Improved HT,
[104] an array of ZnO | to about 2350 about 2.2 times
nanorods of height | kW /m? improvement in

ranging from several
hundred nanometres

to over 1 pm

CHF

Continued on next page
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Table 2.1 — continued from previous page

Reference | Configuration Experimental Liquid Major
condition conclusion
Li et al | Copper nanorods of | Heat flux up to | water | Improve  heat
[105] 40-50 nm in diame- | 170 W/cm? transfer and
ter and pitch 50 nm, CHF
nanorod height 450
nm on Cu substrate
Ho et al. | Plain Al-6061 surface | Heat flux up | FC-72 | Improve heat
[111] and AlSil0Mg intrin- | to 47.9 W/cm? transfer and
sic micro-cavity and | and 70% en- CHF
micro-fin surfaces fab- | hancements in
ricated by SLM heat  transfer
coefficient
Ho et al. | Carbon nanotube | Heat flux up | FC-72 | Improve heat
[112] (CNT) coated sur- | to 20.1 W/cm? transfer and
faces with different | and heat trans- CHF in com-
orientations fer  coefficient pare with bare
0.45 W/em? K surface, the
enhancement in
CHF reduces
with surface
angle
Pranoto et | Graphite foam with | Heat flux up to | FC-72 | Improve heat
al. [113] different  structures | 120 W/cm? and transfer  coeffi-
(block and  fins) HFE- | cient for block
and  thermophysical 7000 structures
properties
Jin et al. | Highly conductive | Heat flux up to | FC-72 | Improve = CHF
[114] graphite foam 112 W/cm? and and reduce ther-
HFE- | mal resistant
7000
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This surface modification approach usually includes either treatments to enhance
surface wettability, or surface morphological alternation with porous coatings, arti-

ficial fins and nano/microstructures:

2.4.4.1 Surface wettability.

Matevz et al. [115] used a hydrophobic/superhydrophilic PDMS-Silica patterned
surface (Figure 2.10) made by a laser in their boiling experiment. In this study, they
investigated the effect of wettability transition from hydrophobic to superhydrophilic
on saturated boiling. By using high-speed IR camera, they confirmed that the
increased wettability reduced the bubble contact diameter, allowed a higher density
of active nucleation sites, and delayed the dry-out. Therefore, the superhydrophilic
surface exhibited a larger critical heat flux enhancement than the biphilic surface
with differently sized hydrophobic spots. However, surfaces with larger hydrophobic
spot promoted boiling incipience and showed higher heat transfer coefficients at low

heat fluxes.

PDMS-silica coating on Laser treated PDMS-silica
stainless steel foil coating
(hydrophobic) (superhydrophilic)

Figure 2.10: Sample of a laser-made biphilic pattern on a stainless-steel foil [115].

Takata et al. [108] applied a well-known phenomenon in which TiO, surface
changes its wettability under UV light to their boiling experiment. The contact
angle for water on TiOy surface reduce dramatically to nearly zero when being
exposed with UV light. This exhibited a CHF enhancement up to two times larger

the normal surface. They also found that the Leidenfrost temperature increases as
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the contact angle decreases.
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Figure 2.11: Photo-induced superhydrophilicity [115].

2.4.4.2 Surface morphological alternation with porous coatings.

Mori and Okuyama [116] investigated the enhancement of the critical heat flux
in saturated pool boiling using honeycomb porous media. The schematic of their
experiments setup is shown in Figure 2.12. They reported an increase in CHF with
the decrease of height of the honeycomb porous plate on the heated surface. The
reported CHF value was about 2.5 times that of a plain surface (1.0 MW /m?). They
concluded that the porous plate must have micro-pores with strong capillary suction
and vapour escape channels in order to enhance the CHF. Also, the arrangement of
honeycomb porous plates on the heated surface may remove the high heat flux over

the large heated surface area.
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Figure 2.12: Shape of the honeycomb porous plate [116].
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Wong and Leong investigated the enhancement of saturated pool boiling heat
transfer using an innovative porous lattice structures produced by Selective Laser
Melting [117]. The structure used in the experiment was a repeating geometry of

octet-truss unit cell as in Figure 2.13.

(b)

Figure 2.13: (a) Unit cell representation of the structure. (b) Fabricated structures

with different size of unit cell [117].

All structured substrates showed a significant enhancement in critical heat flux
(CHF) and a large delay in Leidenfrost temperature in compare with the bare sur-
face, which means that the modified substrates are able to maintain high level of
heat flux even at relative high surface temperature. The enhancement in heat trans-
fer coefficient was measured up to 1.35 W/cm?-K, which is among the highest value
reported for FC-72 on porous surfaces. Furthermore, they also observed two modes
of boiling with different size of the structure: the stable mode, in which the lig-
uid return pathway was separated with the vapour path and the unstable mode, in
which there was a disruption in the liquid replenishment pathway (Figure 2.14).

For surface modification at smaller scales, Hendricks et al. [101] used nanostruc-
tures fabricated on aluminium and copper surfaces to improve the pool-boiling heat
transfer. In this work, nanostructures made of ZnO were deposited on Al and Cu
substrates (Figure 2.15). They observed a CHF of 82.5 W/cm? with water as fluid
for ZnO on Al, in comparison with a CHF of 23.2 W/cm? for bare Al surface with
a surface superheat reduction of 25-38 °C. These critical heat flux values on ZnO

surfaces correspond to a heat transfer coefficient of ~23,000 W-m~2.K~* [101].
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(b)

(a)

) Unstable boiling pattern [117].

(b

Figure 2.14: (a) Stable and

Figure 2.15: (a) ZnO on Al and (b) ZnO on Cu structures [101].
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2.4.4.3 Artificial fins and nano/microstructures.

Zhong et al. [118] studied the effect of inclined surfaces with artificial cavities on
saturated boiling. They found that the inclination angle has significant effect on
critical heat flux and surface superheat. There is an optimum angle that maximize
CHF and this enhancement is even amplified further by increasing the deep of cav-
ities on the test surfaces. Compared with the plain surface the CHF increases on

the downward-facing surfaces with cavities were not significant.

28 kW/m® (b) g=351 kW/m’ (c) g=707 kW/m?
I } ,

&) d=1

(d) g=907 kW/m’ (e) q=1083 kW/m’ (f) CHF+

Figure 2.16: Copper test sections with cavities [118].

Li et al. [119] carried a series of boiling experiment on various substrates modified
with multi scale structures. First, they used copper nanocavity surface to examine
the role of contact angles in lateral Rayleigh-Taylor wavelength to vertical Kevin-
Helmholtz wavelength for the onset of CHF. On the second set, they investigated the
effect of pillar pitch on hydrodynamic instability at CHF. Last, a multiscale copper
structure is studied to examine the collective role of both millimetre, microscale and
nanoscale structures on CHF and HTC of pool boiling. The experimental results

show a better enhancement of combined nanostructures and porous pillar than that
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of individual structures.

Figure 2.17: Test substrate with micro cavities, copper porous pillars and combina-

tion of copper porous pillars with nano-porous coating [119].

Rahman et al. [120] reported a new method to improve boiling heat transfer
by integrating an array of non-conductive strips onto the substrate surface. The
modified surface created a liquid and vapour pathway inside the liquid body, in
which the liquid and vapour will have their own separating movement path and
therefore increase the heat transfer efficiency. By replacing 18% of the surface with
a non-conductive epoxy, they achieved five times more heat transfer rate at the same
superheat temperature.

Dhillon et al. [121] and Rahman et al. [122] have conducted a systematic exper-
iment on the effect of rewetting and wickability on pool boiling. They also proposed
their own model to explain the phenomenon observed. The common conclusion is
that the rewetting and wickability had a significant role on the extra heat transfer
through the hot surface. This extra heat is due to extra liquid which is wicked to
the surface by micro/nano-combined structures.

Generally, most of the reported studies on surface modification utilised small-
scale layers of structures deposited on to the heated surface. This method, while

improves heat transient conduction, prevents micro-convection, which is one of the
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Figure 2.19: Structured surface and methodology of boiling experiments in Dhillon

study [121].
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most dominant mechanisms of nucleated boiling.

Most of the modelling approaches of nucleate boiling give a lower result of heat
transfer coefficient than in reality. The possible reasons are the sensitivity of nucleate
boiling to the micro-geometry of the surface and its wettability. In other words, small
changes in these two factors may result in significant change in locations, as well as
numbers of nucleation sites. Thus, a detailed experimental study of how a bubble is
induced and detached from a nucleation site will allow better control of the boiling

heat transfer process.

2.5 Classification of boiling condition and general

heating methods

In this section, we would like to introduce the classification of boiling experiment
that are usually considered in most of recent experiment as the first important
boundary condition. Also, the general heating methods as well as the data cor-
relation will be described as a preparation steps for our next experiment in the

proceeding chapters.

2.5.1 Studies on boiling with different liquid temperature

condition: saturated and subcooled boiling

According to the heating method, general pool boiling experiments can be divided
into saturated pool boiling and subcooled pool boiling. In a typical saturated pool
boiling experiment, illustrated in Figure 2.20a, the whole liquid is kept at a temper-
ature equal or slightly higher than the boiling point. The vapour from the boiling
process will be cooled by a condensing unit placed far from the pool. This condens-
ing process can be controlled to keep the constant vapour pressure inside the pool.
In saturated pool boiling, the bubble burst at a free surface. The detached bubble
move upward to the free surface cannot condense back to the hot liquid; it collapses
on this free surface.

In a typical subcooled pool boiling experiment, illustrated in Figure 2.20b, the
temperature of the working liquid is lower than the boiling point. This condition

can be achieved by cooling along the pool surface. Either the boiling vessel must
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Figure 2.20: Pool boiling is classified as saturated and subcooled boiling (a) Satu-
rated and (b) Subcooled pool boiling [123].

be connected to a separate vessel in which the pressure is controlled, or there must
be a gas space above the pool. The vapour in this case cannot escape since it is
condensed back to the liquid before reaching the top surface. The subcooled pool
boiling is usually used for studying of individual bubble whereas the saturated pool
boiling is applied to the experiments with high heat flux.

Coulibaly et al. [86] reported the effects of the subcooling on bubble shape,
size, and departure time. It is worth mentioning that during subcooled boiling on
biphilic and super hydrophobic surfaces, bubbles could be nucleated and grow even

at nominally negative surface superheats [1, 124].

2.5.2 Typical heating method and data correlation using in

recent experimental approach.

In boiling experiment, the heating scheme by means of electrical resistance is pre-
ferred because it allows accurate control of the input heat flux and relatively compact
size of the boiling pool. The electrical resistance can be used in several ways [123]

as follows:

(i) The thin plate heater.

Here, a thin electrically conductive plate is used as a heater as shown in Fig-
ure 2.21a, through which a current applied for uniform heating. The input

heat is calculated from the current and the voltage across the heater. It can
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Figure 2.21: Heating method and measurement of heat flux and surface superheat.

(a) Thin plate heater; (b) Thick base heater and (c) Heater as a calorimeter. [123].

(i)

(iii)

be measured by attaching temperature sensor such as thermocouple, thermis-
tor or thermochromics liquid crystal on the non-boiling surface of the heated
surface. The temperature on the boiling surface will then be derived by using
heat transfer equation. Instead of the thin plate, a very thin layer of elec-
trically conducting material such as gold can be deposited on an insulating
substrate such as glass. If this layer is so thin and transparent, the boiling
process can be observed from the bottom of the glass slide. The disadvantage
of using the deposit layer as a heater is difficulty in bonding with the base and
typical low thermal conductivity of the base (except for sapphire).

The thick base heater.

This kind of heater consists of a thick block made of high thermal conductivity
material such as copper or aluminium. Once side of this block is heated by an
electrically insulated resister and the other side is in contact with the liquid.
Thermocouples are attached along the heat transfer direction of the block to
measure the temperature gradient and then heat flux will be calculated. The

temperature of the boiling surface can also be extrapolated, Figure 2.21b.

Heater as a calorimeter.

In certain experiments, which demands heater with specific shape, such as
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sphere, the heater is pre-heated before embedded into liquid pool. The change
in temperature is measured by a thermocouple integrated on the heater. The
reading can be calculated back to retrieve the temperature at the boiling
surface by the transient temperature gradients within the heater. This method

is often used for the study of transition boiling, Figure 2.21c.

Each heating method has its advantage on calculating the heat flux and tem-
perature on the boiling surface. Thin plate heater provides a convenient way to
observe the boiling process from bottom-up direction and trivial way of calculation.
However, it is difficult to fabricate, and the back base usually has a low thermal
conductivity. The thick base heater is simple to set up, but the calculation is little
complex since many factors such as the geometry of the block or thermocouple cal-
ibration are needed to be considered. The calorimeter is just used in some specific
case that need the special shape of the heater.

While the heating method is important to the experimental set-up of the boiling,
the micro-geometry and wettability of the boiling surface are two factors that have
a strong effect to the nucleate and transition boiling. Thus, there are several studies
[125, 109, 126-130, 110] of boiling heat transfer with different kinds of heating

method considering effects of heater size and orientation.
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Chapter 3

Design and fabrication of
experimental setup and

components

3.1 Design and fabrication of the boiling rig

Design of the boiling rig is based on the saturated pool boiling (Figure 2.20a) to
ensure that it can be used for the case with high heat flux. The design is subjected to
the following conditions. The boiling setup should allow precise measurement of the
surface temperature gradient from which heat flux is calculated (Figure 2.21b). The
design should ensure minimum heat loss to the side of insulated wall and provide a
stable heat transfer across the heated surface. It also should provide a good control
on the liquid inside the pool in terms of pressure control, stable temperature outside
the pool, condensing unit and circular flow in/out the pool.

The heat flux calculation is based on the heating method in Figure 2.21b, in
which a thick base is used as a heater and is made of material with high thermal
conductivity such as copper or aluminium (Figure 3.1). The heat flux is calculated
using the temperature gradient, which is resulted from the temperature measured
by several thermocouples at three different points on the heat transfer direction.
The method to calculate heat flux will be described in more detail in Chapter 4.
In addition to optimising the design, one of the most important factors is the heat

loss to the surrounding environment gss. It is estimated using Eqgs. 3.1-3.3 (the
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Based on these targets and notes, we will go through the boiling rig designs used

in the next three experiments.

3.1.1 Boiling rig for pool boiling on passive nanostructured

surface

In this design, a cylindrical 400 W cartridge heater was used as an original heat
source. Heat is transferred from the cartridge heater to the silicon substrate through
a long copper rod, which was thermally insulated with surrounding environment by
a thick rod of Teflon. The test substrate was placed on top of the copper rod with its

end exposed from the Teflon base. A very thin layer of silicon thermal glue (thermal
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conductivity k, = 1.8 W-m™'-K™!) was applied between the test substrate and the
copper surface to eliminate air gap and to improve heat transfer to the substrate.
The temperature gradient along the main heat transfer direction was recorded by
three thermocouples embedded along the centre line of the copper rod. There was
also another thermocouple put inside the copper rod to control the power input to

the cartridge heater through a PID controller.

a

V//////N\\ x\\\\\\\\\/\} 77 /| /]

=
Teflon cap —// -
Aluminium condenser ] ] S
Outer boiling rig
,—// //_Outlet
Space connected to——— / .
pressure transducer - ] Inner cuvette
| | Chip clamper
Inlet ; ? ?Silicon chip
_.Bf 2//— Copper rod
= ,//Thermocouple
= (3 points sensing)
1em | - Teflon base

Figure 3.2: First design of the boiling rig for passive pool boiling experiment. (a)
Schematic view of the boiling rig; (b) Three-dimensional model the boiling rig and

(c) Real image of the rig.
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The upper parts of the set up included the module for test liquid containing
and a condensing module. Test liquid was kept within the space constrained by the
substrate below and a rectangular glass cuvette at four sides. This glass cuvette
has its two ends opened and was pressed against the substrate by a stainless steel
rig (Figure 3.3). This rig part is designed to have an upper space that is connected
to a pressure transducer and a lower space to be attached with the top end of the
cuvette. The upper and lower space is connected to each other by a through hole
so that the pressure inside the cuvette is the same to the pressure that the pressure
transducer read. The pressure transducer is connected to the part by G1/4 screw to
ensure the air-tight condition. In addition to keep the test liquid temperature stable,
hot water was circulated between the cuvette and the stainless-steel rig through the

inlet and outlet line attached on the outer rig. (Figure 3.2).

Figure 3.3: Wall-rig part was manufactured by stainless-steel.

The condensing module is put on top of the stainless-steel rig and it includes
an aluminium cap, a peltier unit, a cooling fan and a cooling controller box. The
peltier has a square shape with a thickness of several millimetres and two working
sides. When it is provided with electric power, its bottom side will be cooled down
and the top will be heated. We used the cool side to apply to the aluminium cap
and the other hot side was attached to a high-speed cooling fan. This allows to
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adjust the cooling power by regulating the power input to the peltier unit through
a PID controller.

A validation of this setup has been carried out for pool boiling of FC-72 on
smooth silicon surface and it shows good agreement with other theoretical models.

The details on this validation result will be described in the next chapter.

3.1.2 Boiling rig design for boiling with actuated pillar and
PIV

The previous design of boiling rig can be used for saturated boiling experiments on
passive structure substrate. However, we also need to conduct boiling experiment
with the presence of actuated pillar and laser light source, which is needed for flow
field measurement using PIV. This design of the boiling rig was planned to meet
these demands.

This rig was developed from the previous design with two electromagnets in-
tegrated inside the chamber as in Figure 3.4 Two electromagnets are placed next
to the cuvette side walls to maximise the magnetic field surrounding the actuated
pillar. There are also two permanent magnets on top of the cuvette to maintain a
static vertical magnetic field. The detail in magnet arrangement will be discuss in
next part.

As for the PIV measurement, the rig is added a Right-Angle Prism Mirror
(MRA10-E02 Thorlab) on top to reflect the laser light sheet to the interested area
close to the actuator. The space surrounding the cuvette is keep in partial vac-
uum condition by a vacuum pump. The cuvette is opened on its top side, made it
possible for the vapour rise to the upper condenser, where the liquid is condensed
by circulated cool water (circulated water flow through the aluminium condenser
part) and return to the bulk liquid downward. A pressure transducer is integrated
on the wall of the condenser to follow the vapour pressure inside. The substrate is
heated by the copper rod placed below and its sides are insulated by a thick base
of Teflon. Thermocouples are inserted to the centre of the copper rod to measure
the temperature gradient along the heat transfer direction, which can be used to

calculate heat flux and substrate surface temperature as discussing in Chapter 4.
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Figure 3.4: The second design of the boiling rig for boiling experiment with actuated
pillar and PIV.

3.1.2.1 Design of reflex mirror

The laser beam cannot be shined from the top of the cuvette due to the condenser
unit. Even if the light could come from the top side, the visual recording would
not be clear due to the violent boiling below. The best direction for the light is
shining directly from the side. However, the side of the cuvette is blocked by the
electromagnet. The alternative solution is to shine the laser beam from the side
which is not blocked and reflex it to the area of interest using a mirror. The reflex
mirror (MRA10-E02 Thorlab) has been mounted inside the rig and tilted an angle
of 30 degrees. This allows the area of interest (4x4 mm) around the pillar to be

shined by laser light sheet as in Figure 3.5.

3.1.2.2 Design of magnetic field pattern

The magnetic field used to drive the actuated pillar depends on the magnetism
properties of the pillar. The ferromagnetic metals such as Iron or Nickel is just
attracted and align itself to the magnetic line. If a nickel wire is put into a magnetic

field, it will align its length to the magnetic line in a direction so that its movement
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Figure 3.5: Incident beam and area of interest (4x4 mm).

is minimised, which means it does not depend on the direction of magnetic field.
Therefore, a good way to drive a nickel pillar is to generate a magnetic field that
can change its direction continuously. If the magnetic field direction is changed
suddenly, the pillar will follow its natural trend: align to the closest magnetic line
and the control on pillar’s movement will be lost at this point. In chapter 4, we
plan to use nickel wire and nickel strips as actuator material. Therefore, a pattern
of driven magnets is considered in this design to generate a proper magnetic field
for both cases.

The magnetic field line generated by a pair of electromagnets (Stephenson Gobin
Type 58, 24VDC, 3.8W, 230N) is almost parallel in horizontal plane as shown in
Figure 3.6a. The magnetic strength is around 20 mT measured at the centre of
the substrate and slightly increase to 25 mT at the side close to the electromagnet.
When the direction of magnetic field changes from left to right or vice sera, its angle
to the horizontal direction changes suddenly from 0 degree to 180 degrees on the
same magnetic line. Since the magnetic field direction is changing so fast on the
same magnetic line, the nickel pillar just keeps its old position instead of moving to

the other side. To solve this issue, we add a pair of N52 Grade Neodymium magnets
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Figure 3.6: Magnetic field direction of two cases: (a) without permanent magnet

and (b) with permanent magnet.

(0.5 T close to the magnet surface) to the set-up which can generate a static vertical
magnetic field as in Figure 3.7. Magnetic field strength measured at the centre of
the substrate is reduced to 35 mT due to long distance from the magnets. The
total magnetic line is now the sum up of two vectors, one is the dynamic horizontal
field by electromagnet and one is the static vertical field by permanent magnet. As
shown in Figure 3.6b, the results vector has its direction changing continuously from
side to side, which can drive the nickel wire in a more controllable way. The detail

in the movement of nickel wire under this magnetic field is discussed in Chapter 4.
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3.2 Design and fabrication of the microheater and

microsensor

3.2.1 Design of the microheater

The pattern of the microheater is designed as presented in Figure 3.8. A micro-cavity
is located at the centre of the micro heater for bubble generation. The diameter of
the cavity is 40 pum and 20 pum depth. The material of lead-out path is gold and
the microheater layer is Platinum. On the top of this microheater, a layer of SiO, is
deposited to ensure the heater is electrical insulation when operating. The leading
layer is connected to outside at four corners of the silicon substrate.

The layer-by-layer structure of micro-heater is made by sputtering method as
follows (detail of the sputtering method used is described in Appendix J). The
surface of silicon substrate is considered the bottom layer. There is an intermediate
layer of SiO,, without this the other layer will be easily detached from the silicon
surface. A thin layer of platinum is deposited on SiOs to form the micro heater layer.

A gold layer is also deposited on the SiO, layer and contacts with micro-heater layer
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to form a leading layer. Finally, another layer of SiO, is deposited on the top to

protect the microheater and act as an electrical insulator. The minimum resistance

of the Pt layer is ~400 €2, which can reduce the power consumption and high heat

concentration (on the area of 1 mm?). The structure of the microheater (red layer)

and the lead-out layer (yellow) are illustrated in Figure 3.8.

a 250um b 5 mm

Pt wire width: 40pum

Figure 3.8: Structure of microheater - first design: (a) Design layer microheater (red

layer) and microcavity, (b) Real image of the microheater and (c) Leading layer of

the microheater.

The resistance is calculated as follows:

Rpy _ PPt % Lp, % Wau
RAu PAu LAu WPt .

Rp 106 144 600
Ra, 244 84 ~ 40

= 112.

where Rp;, Ra, are the respective resistances of Pt and Au.

(3.4)

(3.5)

Lps, Lya, are their

corresponding lengths and Wp,, Wy, are their corresponding widths whereas pp;,
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pay are their bulk electrical resistivities.

The technical specifications of the design of microheater are in Table 3.1.

Table 3.1: Technical specifications for microheater.

Specification Value
Cavity diameter (pm) 40
Pt wire spacing (um) 10
Width of Pt heater wire (um) 40
Heater length (mm) 144
Heater area (%) 57.6
Heater resistance (€2) 400
Pt thickness (um) 170

3.2.2 Design of the microheater integrated with microsensor

The sensor is integrated into this micro heater. It is expected to measure the average

temperature surrounding the bubble cavity. The structure of microheater (red layer),

lead-out layer (yellow) and integrated sensor (green) are depicted in Figure 3.9.
The technical specification of the design of microheater and microsensor are given

in Table 3.2.

Table 3.2: Technical specifications for microheater and microsensor.

Specification Value
Cavity diameter (pm) 40
Pt wire spacing (um) 10
Width of Pt heater wire (um) 40
Heater length (mm) 11.9
Heater area (%) 47.6
Heater resistance (€2) 400
Pt thickness (pum) 140
Pt film p (nQ2-m) 465
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Pt wire width: 40 um

Figure 3.9: (a) Structure of microheater (red layer), lead-out layer (yellow) and
integrated sensor (green), (b) Real image of the substrate, (¢c) The leading wire

position on the substrate.
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The resistance is calculated from Eq. (3.6) as follows.

Rp, 106 y 11.9 y 600
Ra, 2447 8.4 40

=92, (3.6)

The designs of all fabricated microheaters are summarised in Table 3.3.

Table 3.3: Summary on the micro-heater/sensor design.

Design Design I Design 11
Icon -

Cavity diameter (um) 40 40

Pt wire spacing (pm) 10 10
Sensor wire width (pm) - 15
Heating wire width (pm) 40 40

Pt area % 57.6 47.6
VV[[?—‘}‘: at interconnection 15 15

T >112 >92

3.3 Fabrication of an array of actuators on silicon

substrate

3.3.1 Array of single pillars

In this section, a method to fabricate a pattern of nickel pillar is introduced. Nickel
wire was used as one of the main parts of the pillar due to its good magnetism
properties. Nickel can also work well in boiling liquid without rusting, so that it

will not contaminate the working liquid.
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The basic idea is to keep the nickel wire standing onto silicon substrate using
PMDS as an elastic glue. By this way, the nickel wire can be actuated by standing
on an elastic layer of PMDS and its bending angle depend directly on the stiffness of
this PDMS layer. In this experiment, we used the ratio 30:1 for PMDS and curing
agent, whose young modulus E is much smaller than the standard ratio 10:1. This

reduced ratio can increase the flexibility of PMDS up to 10 times [131].

1000
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1 . L L
1:10 1:30 1:40 1:50 1:60

ratio crosslinker : PDMS

Young’s Modulus (kPa)

Figure 3.10: Young Modulus E depend on the ratio Crosslinker:PDMS. [131]

Nickel wire (AWG30, dyn; = 120 pm) was cut into small pillars with the length
of 1 mm. To ensure each pillar has the same length, they were put in one line and
being cut at the same time by a shape blade. A thin layer of PDMS (50 pum) was
then spin-coated onto a glass slide. A magnet was kept under this glass slide and
its magnetic field allowed the nickel pillar to stand on the liquid PDMS layer. The
nickel pillar had its bottom end wetted with a thin layer of liquid PDMS and it was
ready to be put on the substrate.

After preparing the Nickel pillars, we prepared a platform to locate the pillars
into the pre-defined array as shown in Figure 3.11. A pattern of holes was drilled
on an acrylic mould. These holes were filled with magnetic micro particles (MQFP-
15-7, 5 pm average size), forming an array of magnetic material column. A strong
magnet (0.6 T) was then put under the acrylic mould and the silicon substrate

was also placed on top of the mould at the same time. The magnetic material
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Figure 3.11: Setup to locate the array of nickel pillars on silicon substrate.

Figure 3.12: A sample of nickel arrays on silicon substrate.
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column on the mould focused the magnetic line from the magnet into a point-array
of concentrated field, right on the surface of the substrate. This allows the nickel
wire to stand on the substrate with its bottom end attracted to these adjacent field-
concentrated points. Finally, each nickel pillar was dropped through a capillary tube
(deap = 500 pm) onto the substrate by mini CNC machine. Although the diameter
of the capillary tube is larger than that of the pillars, they can be located well on
the substrate due to the local concentrated field. The whole setup including the
magnet was kept inside the oven for 2 hours at 80 °C for curing of PDMS. After
PDMS on the bottom of nickel pillars was cured, the magnet can be removed. A

sample of nickel arrays on silicon substrate is shown in Figure 3.12.

3.3.2 Array of Nickel strips

The array of Nickel pillar had been tested and it was working properly with good
response to the external magnetic field. However, the demands of increasing flow
rate inside the liquid body might also need the effect of actuation to be even stronger.
To achieve this requirement, we have come up with another structure which has not
only a better flexible joint of the actuator but also a wider affected area to the inner
liquid flow: an array of nickel strip.

First, the fabrication for this kind of Ni strip cannot use the previous idea used
on single pillar arrays. The reason is that the strip cannot be align very well with
magnetic field line as a single pillar. Even if one strip can be place that the right
position, the other strip will affect the position of the previous strip inside that
magnetic field. Therefore, the only approach that we found it useful is to put the
strip onto the substrate surface using a mini CNC machine, which help to grab and
position the strip to the right position.

Each Ni strip actuator is cut out for a larger sheet of Nickel, which have the
thickness of 200 pm. This piece of Ni strip will then be attached with a nickel wire
using wet PDMS mixture, which is chosen due to its elastic durability, cleanliness
and low thermal conductivity. This PDMS mixture should need to be rigid, so the
mixing ratio of PDMS and curing agent will be 5:1. The parts will be put into the
oven at 80 °C for 1 hour for drying out. Next, a pair of 150 pum flat needle tip will
be cut out to a length of 1 mm and put on the two ends of the Ni wired. This whole

part will be put on the grabbing mechanism (on the CNC machine) to place it to
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Figure 3.13: The fabrication of an array of Nickel strips.

the right position on the substrate.

After that, a thin layer of wet PDMS will be applied on the interface between
the needle and substrate. The whole parts will be kept steady for 1 hour under 80
°C for fast solidified of the PDMS (the substrate is put on the CNC table, which
is also assembled with a heater). After the process for one strip finished, the other

strips were continued to be placed on the substrate.
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Chapter 4

Heat transfer enhancement on

passive nano-structured surfaces

In this chapter, we would like to focus on the experiment of pool boiling on passive
micro-structured surface and its mechanism. There will be three main contents:
data validation for the pool boiling setup, properties of the experiment substrate
and the results and discussion section. The last section will include a predictive

model for critical heat flux and critical surface temperature.

4.1 Experiment procedure and data validation for
pool boiling

In this section, the first design of the boiling rig for pool boiling as well as the
measurement procedure for pool boiling on passive structured surface will be tested
and validated. Before getting to the validation results, all the necessary contents

related to the experiment procedure will be discussed in detail.

4.1.1 Experimental scheme

The experimental setup consists of three sections: heating, testing and condensation
(see Figure 4.1). In the heating section, a cartridge heater embedded in a cylindrical
of copper rod is used to generate heat. The copper rod is insulated from the sur-
rounding environment by a Teflon holder. In the testing section, a boiling substrate,

which is either smooth silicon wafer or a nanopillar substrate, is placed between the
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copper rod and a glass cuvette of lateral size 10 mmx10mm. The test substrate is
cleaned by ethanol and acetone in an ultrasonic bath and rinsed with distilled water
before each experiment. The cuvette is filled with degassed FC-72 as a working
liquid. The cuvette is enclosed by a stainless-steel container; the gap between the
cuvette and the container is circulated with hot water of temperature 55.54+0.5°C
to keep the temperature of the working liquid close to boiling point. The container
has two glass windows on two opposite sides allowing optical recording of the boil-
ing phenomena. A condenser is placed on top of the container to collect vapour
generated from the working liquid. The cooling power of the condenser is adjusted
to keep the vapour pressure inside the cuvette at atmospheric pressure. The vapour
pressure is measured by pressure transducer (Gefran, working range 0 - 6 bar, ac-
curacy +0.5 % full scale, analog output 10VDC) and maintained at atmospheric

pressure by adjusting the cooling power of a Peltier unit.
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Figure 4.1: The schematic of boiling set up experiment.
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Three thermocouples were inserted vertically at three points along the heating
direction. The heat flux through the substrate was interpolated by three-points
forward and backward differences interpolation. Signals from the thermocouple and
the pressure transducer are read by a Keithley DMM device before being ready
for calculation of heat flux and wall superheat. The boiling process is recorded by
a high-speed camera (SA-5, Photron) at 5000 frames per second. The scheme of

parameter controlling, and measurement is described in Figure 4.2.

,,,,, heater cooler
controller controller
i feedback
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rod hot water
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i interpolation l
heat flux and wall superheat pressure checked

Figure 4.2: The schematic of parameter controlling and measurement.

4.1.2 Heat flux and wall superheat interpolation

The eat flux ¢ through the substrate and surface temperature T were interpolated

by three-points forward and backward differences interpolation methods:

315 — 415+ 1T
2Ax, '

q=—ke (4.1)
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Figure 4.3: Heat flux measurement.

T =T;—qR. (4.2)

AT =T — Ty (4.3)

Here ¢ is the heat flux through the substrate surface; T is the surface tem-
perature; k., ks and k, are the respective thermal conductivities of copper, silicon
wafer and glue. Also, Ax, is distance from thermocouple T3 to bottom of glue layer
and Az, and Az, are thicknesses of thermal glue layer and silicon substrates re-
spectively. The heat resistance, R, from the third thermocouple (73) to substrate
surface is calculated as follows. The physical properties of components in the boiling

rig are tabulated in Table 4.1.
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Table 4.1: The physical properties of components in the boiling rig.

Physical properties Notation | Value
Thermal conductivity of copper (W-m~1.K™1) k. 400
Thermal conductivity of thermal glue (W-m™!-K~1) k, 1.8
Thermal conductivity of silicon substrate (W-m=-K~1) ks 131
Distance between thermocouples (mm) Az 7
Gap between T3 and the bottom of glue layer (mm) Ax, 7
Thickness of thermal glue layer (mm) Az, 0.01
Thickness of silicon substrate (mm) Az 0.5

4.1.3 Results on pool boiling validation

The boiling point of FC-72 is 56°C at atmospheric pressure, which was considered
as the initial temperature to begin the experiment. For each tested substrate, the
heat flux ¢ and the corresponding superheat AT = T —T,; were measured when the
system is in the steady state and with temperature steps of 5 K. The experimental
uncertainty is obtained by repeating the experiment three times.

The measurement procedure and analysis are validated by comparing the heat
transfer data obtained on the smooth Silicon substrate to the well-known dataset
obtained by Ujereh et al [132], as well as to classical model, including the one for
nucleate boiling heat transfer by Rohsenow [133] and the one for critical heat flux
by Zuber [134] (see Figure 4.4). In particular, the critical heat flux on a smooth

substrate is:
q; = Kp*hyglgo(pr — po)]"*, (4.5)

where K =~ 0.131 is an empirical parameter. The other details on Rohsenow and

Zuber model are described in Appendix B
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Figure 4.4: Boiling curve of bare silicon with Zuber and Rohsenow models.

4.2 Properties of experimental substrates

The test substrates were made by a collaborate group at the University of Pitts-
burgh, USA. We would like to present about their fabrication step and its advantage
in Appendix A. Here we will describe the nanopillar array on the substrate surface
in terms of geometric structure and other important parameters such as surface area
enhancement ratio, dimension of pillars and array pitch.

Geometric structure of experimental substrate.

The substrate surface used in this experiment was modified by an array of silicon
nanowire/pillar (SINW) which is uniformly distributed on the surface as shown in
Figure 4.5. The height [ of nanopillars will be varied over four substrates. The
surface area enhancement ratio r of each substrate will be calculated as their char-
acteristic parameters.

Surface area enhancement ratio of nanopillar substrate.

The surface area enhancement ratio r of the substrate was calculated using the
geometry profile of each substrate, including the pillar height /. The ratio r =

Ay /Ay was used to evaluate how much the surface has been modified, in term of
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Figure 4.5: SEM images showing nanopillar substrates of different pillar heights [

and corresponding surface area enhancement ratio r.

effective area over total area. The definition of total effective enhancement area A;

is described in Figure 4.6.

d
Hexagonal lattice < »
© 0 0O .
O O O
/
A, : Total enhancement area
d,

Figure 4.6: Total effective enhancement area A; (bold line)
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The surface area of a single tapered nanowire:

wd?
Abottom — Tb (4 6)
wd?
Asop = Tt (4.7)
_ 2
A = w\/p N M (4.8)

Number of nanowires on an area of Ay = 15 x 8mm?:

2A

nNnw = — 4.9
P*/(3) )

The total effective enhancement area, A; of the nanowire surface is calculated

as follows.

Al = Ao =+ nNw X (Asz'de + Atop - Abottom) (410)

where A, is the area of plain Si substrate 15 x 18 (mm?).
The calculation results for the surface area enhancement ratio r = A;/A, is

shown in Table 4.2.

Table 4.2: Surface area enhancement ratio r calculated for each substrate.

Total surface
Height Surface area enhancement ratio r
Substrate area
[ (nm A /A,
(nm) 4, (am?) (A1/A)
1 257 4.669e+14 1.73
2 391 5.696e+14 2.11
3 691 7.994e+14 2.96
4 1390 9.501e+14 3.52
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Figure 4.7: Properties and surface area enhancement ratio r of four substrates.

4.3 Results and discussion.

4.3.1 Experimental result and observations

To qualitatively evaluate the effect of the nanopillars on boiling, we first compare
the boiling behaviours between the smooth substrate and the nanopillar substrate
with [ = 1390 nm at several surface temperatures 7' (Figure 4.8).

Although the onset of boiling occurs at T ~ 69 °C for both substrates, the size
of bubbles generated on the smooth substrate varies much more broadly than that
on the nanopillar substrate. At higher temperature, the bubble dynamics on the
two substrates become even more contrasting: while the bubbles on the smooth
substrate tend to merge and create either large bubbles or vapour columns starting
from the substrate, those generated on the nanopillar substrate have much lesser
tendency to merge and appear more uniform in size. We note that it is not likely for
bubbles to coalesce after their detachment from the substrate due to liquid inertia
and surface tension, thus the coalescence process mainly occurs between consecutive

bubbles generated from the same nucleation site before detachment.
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Figure 4.8: Representative snapshots showing boiling phenomenon on the smooth
substrate (top panel) and the nanopillar substrate with [ = 1390 nm (bottom panel)
at several surface temperatures 7. While the smooth surface produces vapour bub-
bles which have tendency to coalesce (e.g., at T'= 74°C) and form vapour columns
(e.g., at T'= 78°C), the nanopillar substrate produce bubbles which have a narrow
size distribution and tend to evolve separately without merging. The vapour column

and bubbles are highlighted by red dashed lines.
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This strongly suggests that resistance to coalescence, as well as the uniform size
of bubbles generated from the nanopillar substrate result from an effective rewetting
process, which facilitates bubble detachment from the surface. We hypothesise that
deviation in boiling behaviours of nanopillar substrates from the smooth one, there-

fore, originates from the nanopillar-induced enhancement in the rewetting process.

25
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Figure 4.9: Heat flux ¢ versus wall superheat AT for smooth and nanopillar sub-

strates. Error bars represent the standard deviation from multiple experiments.

We now quantify the effect of nanopillars on the boiling performance by measur-
ing the heat flux ¢ for each substrate as a function of the superheat AT =T — T,
where Ti,; = 56°C is the saturation temperature of FC-72 at atmospheric pres-
sure. In Figure 4.9, we show the dependence of ¢ on AT for the smooth and all the
nanopillar substrates (See Appendix C for the uncertainty analysis of the heat flux
and surface temperature measurements). Starting from AT = 0, ¢ first gradually
increases due to natural convection until it reaches the onset of nucleate boiling
(AT ~ 30K for all tested substrates). In this so-called natural convection regime,
since the nanopillars are much smaller than the thermal boundary layer thickness,

their presence causes negligible effect to the heat flux, which is dictated by the con-
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vective liquid flow outside of the thermal boundary layer. Here, the boundary layer
thickness is roughly 57 pum, estimated using the ratio between the natural convection
heat transfer coefficient and the thermal conductivity of FC-72 [135].

As AT increases past the onset of nucleate boiling, the heat flux on nanopillar
substrates, denoted as ¢, deviates substantially from that on the smooth substrate.
In particular, ¢" after the system transitions into the nucleate boiling regime is
achieved at much lower superheat compared to that when system is still in the
natural convection regime (inset of Figure 4.9). For instance, for the substrate with
[ =390nm, ¢ = 3.3W - cm~2 is achieved at AT ~ 16 K when the system is in the
nucleate boiling regime, whereas a slight increase in heat flux, ¢ ~ 3.5, W - cm™2,
is achieved at much higher superheat AT ~ 33 K in the natural convection regime.
On the smooth substrate, however, the heat flux increases smoothly as the system
transitions into the nucleate boiling regime. The presence of nanopillars causes a
substantial jump in heat flux as soon as the system transitions to the nucleate boiling
regime because the heat transfer mechanism is more efficient for the nanopillar
substrates. The homogeneous spread of nucleation sites, high generation frequency
and narrow size distribution of bubbles on nanopillar substrates (see Appendix D,
Figure D.1) results in the sudden discontinuity in the boiling curve.

With the superheat increasing beyond the onset of nucleate boiling, bubbles are
generated with higher frequency and larger size, intensifying forced convection in
the bulk liquid and subsequently enhancing the heat flux ¢q. For each substrate, ¢
increases to the CHF g. at the critical temperature 7., beyond which it drops sharply
due to excessive vapour generation and lack of replenishing liquid to the substrate.
The heat flux reaches its minimum value at the so-called Leidenfrost temperature
Ty, or the upper limit of nucleate boiling. The sudden drop in heat flux at T}, often
triggers drastic spike in surface temperature causing the notorious “burn-out” in
boiling applications. Thus, designing heat-dissipating substrates with high 77, is as
practically important as enhancing the critical heat flux.

We observe considerable enhancement in both ¢. and 77, on nanopillar substrates.
In Figure 4.10, the dependences of ¢. and T}, on the surface area enhancement ratio
r are shown. Both ¢. and T}, increase monotonically with increasing r (or equiva-
lently with pillar height [). Compared to the smooth substrate (r = 1), ¢. and T},

on the nanopillar substrate with r = 3.5 increase &~ 50% and ~ 25 °C, respectively.
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Figure 4.10: Dependence of critical heat flux ¢. (open squares), CHF temperature T,
(left-pointing triangles), and Leidenfrost temperature 77, (right-pointing triangles)

on surface area enhancement ratio r.

The enhancement in both ¢. and 77, is a remarkable feature of the nanopillar sub-
strates as opposed to those fabricated with larger scale structures. It was observed
that micro-structures only enhance the heat flux without increasing the Leidenfrost
temperature; typically, 77, decreases with increasing height of microstructures [136].
Separate investigations on hierarchical substrates, i.e., microstructured surfaces cov-
ered with nanograss, reported enhancement in either the Leidenfrost temperature

[137-139], or the heat flux [121, 140, 141, 99, 142, 138, 143, 144].

4.3.2 Mechanism of heat transfer enhancement on nanopil-

lar substrates.

To control the effects of nanopillars on enhancing ¢. and 77, we now investigate the
heat transfer mechanism on nanopillar substrates. From qualitative observations
of the differences in bubble generation between the nanopillar substrates and the
smooth one, we postulate that the major contributing factor leading to the observed

change in ¢g. and T}, is the nanopillar-induced rewetting process. We note that in

62



the case of hierarchical structured surfaces, i.e., micro-structures covered by nano-
grass, enhancement in ¢. was observed, but due to a very different mechanism: the
enhancement in volume of liquid wicking through the microstructures brings more
liquid to the surface and subsequently leads to an increase in heat flux by latent
heat of evaporation. The wicking process, however, is not possible for nanopillars
due to the tremendous viscous stress induced in flows confined in such small length
scales between pillars [121]. Thus, wicking is excluded as the cause of heat flux
enhancement for our nanopillar substrates, which have inter-spacing between pillar
~ 360 nm.

We focus on the advancing contact line of liquid to explore how the nanopillar-
induced rewetting process leads to heat transfer enhancement. Taking advantage
of the similarity between the rewetting process of vapour bubbles and the spread-
ing process of liquid (illustrated in Figure 4.11a), the dynamics of the advancing
contact line can be studied separately in the case of spreading liquid on nanopil-
lar substrates [120, 145]. We note that the rewetting process has been the focus of
numerous detailed studies [121], which revealed contributing factors such as surface-
induced capillary force [121], hydrostatic and hydrodynamic forces [145], reshaping
effects [146] and vaporisation [147]. For the nanopillar substrates, we determine the
dominant effects and their contribution to the heat transfer by investigating the
spreading of liquid from a capillary tip onto heated substrates (see Figure 4.11a).
The details setup of this extra experiment are described in the appendix, section
A.7. By varying the surface temperature and tracking the three-phase contact-line
(TCL) as the liquid spreads, we determine the temperature dependence of the ap-
parent spreading velocity vs on each nanopillar substrate.

The surface temperature can be varied from room temperature 7, = 20°C up
to 46 °C without causing the liquid to boil. Although the displacement of the TCL
results from various coupled effects, we simplify the analysis by decomposing v into

several independent components (Figure 4.11b):

Vg = Vpq — Un, — Up, (4.11)

where the component v, is caused by capillary force on the substrate and there-

fore is a function of the surface area enhancement ratio r only. The component
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Figure 4.11: (a) Schematics showing similarities between the rewetting process in

pool boiling (left panel) and the spreading process (right panel) from a capillary,

in particular at the three-phase contact line (highlighted in the middle panel). (b)

Apparent spreading velocity v, of FC-72 on different substrates over a range of

temperature from 20°C to 46 °C. (c) Critical heat flux ¢. predicted using Eq. (4.12)

versus the measured values for smooth and nanopillar substrates. The uncertainty

for the predicted heat flux comes from that of the spreading velocity measurements.

The shaded area indicates a 15% deviation from the measured data.
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vy, represents the reduction in spreading velocity as liquid absorbs heat from the
surface and evaporates. Thus, if the substrate is not heated, i.e., T' = T,, it follows
that v, = 0 because there is no heat transferred from the surface to the liquid.
The velocity component v, represents the reduction in spreading velocity due to
natural evaporation of liquid. In the case of liquid spreading in air, this component
is nonzero and depends on the partial pressure of vapour, whereas in the case of
boiling, it vanishes as bubbles generated during boiling of liquid are filled only with
saturated vapour. Here, we have neglected contributions to TCL displacement from
hydrostatic pressure of the liquid column, and from capillary pressure at the upper
liquid surface in the tube due to the small gap between the capillary tube and the
substrate.

We postulate that the increase in heat flux on nanopillar substrates results from
nanopillar-induced enhancement in wetting. This is suggested from the linear cor-
relation between the critical heat flux of different substrates and the spreading ve-
locity vy measured on respective substrates at surface temperature T' = 20°C (see
Appendix, Figure F.1). In other words, the presence of nanopillars intensifies the
rewetting process, leading to an added amount of liquid brought to and subsequently
evaporated from the surface. Among the contributing components to the apparent
spreading velocity, v., inherits the effect of r on capillary wetting, thus has a direct
relation to the enhanced rewetting process. In addition, as the surface temperature
for spreading liquid was set lower than the liquid’s saturation temperature, we as-
sume that with constant surface temperature, v,, remains fixed for all the substrates,
i.e., v = v;, where the superscripts n and s respectively indicate quantities of the
nanopillar substrates and the smooth one. We recall that v, is independent of T’
and vy (T,) = 0. As a result, at room temperature 7, the spreading velocity dif-
ference dvg(T,) = v(T,) — v3(T,) between a nanopillar substrate and the smooth

one only depends on the change in capillary velocity between the two substrates

n

n —vs,. Thus, dv., can be estimated as 0ve, ~ 0vs(T}).

OVeg = U

We measure the spreading velocity v, for all nanopillar substrates and the smooth
substrate (see Figure 4.11b). The spreading velocity increase duvy(7,.) is calculated
for each nanopillar substrate to obtain dv.,. The spreading velocity increases with
increasing nanopillar height due to the increasing energetic favourability of wetted

nanopillar surfaces of increasing height. The energy of the different dry nanopil-
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lar substrates is approximately the same. However, the energy of different wetted
nanopillar substrates decreases with increasing height due to the larger interface
between the liquid and solid nanopillar array. This energy difference drives the
spreading of the FC-72, and thus, the spreading velocity increases with increasing
nanopillar height. We note that for a nanopillar substrate with projected boiling
area A,, the increase in capillary velocity dv., leads to a mass increase of evap-
orated liquid p;Ag40v.,, where Ay is the time-averaged dry area during boiling on
A,. At CHF, A; can be estimated using the classic boiling model by Zuber [134]:
Ay = KA, with K ~ 0.131 [134, 2, 148]. The enhancement in heat transfer at CHF,
i.e., of a nanopillar substrate compared to the smooth substrate, can be calculated
as 0Q. = hpgpiAadvs,. As a result, we can estimate the heat flux at CHF, denoted
as ¢, through each nanopillar substrate using that through the smooth one ¢’ and

the heat flux enhancement 6Q./A, = Kph,0v., as follows:

qg = Qg + Kplhfgévca‘ (412)

We note that the heat flux at CHF on smooth substrates depends on the surface
temperature and can be predicted using the classical model for nucleate boiling
by Zuber [134]. A comparative study between the model and our boiling data
on the smooth substrate shows a good agreement (see Appendix A for details).
Thus, Eq. (4.12) provides a direct prediction of the heat flux through nanopillar
substrates based on the enhancement in spreading velocity. In Figure 4.11¢, we show
a comparison between the heat flux predicted using Eq. (4.12) and one measured
experimentally for all the substrates. The agreement between the predicted CHF
and the measured values for all nanopillar substrates strengthen the hypothesis that
the enhanced heat flux is caused by nanopillar-induced enhancement in rewetting.
The results also suggest that the boiling crisis is mainly dictated by the intensity of
the rewetting process, and the increase in critical heat flux is a direct consequence

of the faster rewetting velocity using higher nanopillars.
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4.3.3 Prediction of critical heat flux temperature on nanopil-

lar substrates

We now explore how nanopillars-induced enhancement in rewetting affects the sur-
face temperature T, at CHF. Recall that the critical heat flux for nanopillar sub-
strates can be predicted using that on the smooth substrate and the enhancement
in rewetting velocity. We extend this argument to estimate 7. of nanopillar sub-
strates. First, we determine the heat transfer coefficient hrqop, associated with liquid
vaporisation at the three-phase contact line (TCL) by considering the volume 2 of
liquid evaporated at TCL per unit time due to heat absorption from the nanopil-
lar substrates. If we denote 6 the contact angle of FC-72; Q2 can be calculated as
O = vpAgtanf (see Figure 4.11a for illustration). On one hand, the rate of latent
heat required to evaporate €2 is pQ2hs,. On the other hand, the heat rate supplied
from the substrate is hyep (T —T;) Ag, where T} is the liquid temperature. Balancing
the rate of latent heat of evaporation and the heat rate supplied from the substrate
gives the energy balance p/Qhs, = hrer (T — 1;)Aq. Thus, the heat transfer coef-
ficient hrcp can be obtained by taking derivative with respect to T' of the energy
balance, assuming that hrcy, is independent of T hrcr = pihs, tan0dvy,/dT. Tak-
ing into account the relation between the spreading velocity vy and v, (Eq. (4.11))
and recalling that v,, is independent of T, we have dvy,/dT = dv,/dT, thus arrive

at the equation to determine hpcoy, for each substrate:

dug
hTC’L = plhfg tan Qd—T (413)

The central argument of the analysis for nanopillar-induced enhancement in heat
flux is that the heat transfer increase takes place at TCL where capillary wetting
and evaporation are significantly altered by the presence of nanopillars. As shown in
Fig. 4.12a, hrcy calculated using Eq. (4.13) increases linearly with the surface area
enhancement ratio, or equivalently, the height of nanopillars. This implies that the
enhancement due to both conduction at the solid-liquid interface and convection on
nanopillar substrates are secondary effects. The total heat transfer coefficient h™ on
nanopillar substrates can then be estimated using the total heat transfer coefficient

h*® on the smooth substrate and the enhancement in heat transfer coefficient at TCL:
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d(vl —vs

h" =~ h*+ K(hpep — hyen) + C = h* + Kphy, tan 6 7T :) +C, (4.14)

where the prefactor K is needed for the enhancement at TCL and the constant
C =425W -m 2. K1 accounts for the additional heat transfer caused by the flow
induced by displacement of bubbles from nanopillar substrates. Since there is no
obvious difference in bubble dynamics between nanopillar substrates, we use a fixed
constant C for all nanopillar substrates to represent the heat transfer increase due
to displacement of bubbles. In deriving Eq. (4.14), we also assume insignificant
variation in h between the spreading and boiling processes for a fixed substrate.
We note that Eq. (4.14) can be applied at CHF due to the linear dependence of
vs on T (see Figure 4.11b). The heat transfer coefficient at CHF on the smooth
substrate can be determined using the heat transfer balance ¢ = h*(T® — Tyu),
which gives h* = ¢5/(T? — Tsa). Here T? is the wall temperature at CHF on the
smooth substrate and Ty, is the saturation temperature of the liquid. Similarly, we
have ¢ = h™"(T? — Tsut), where T} is the wall temperature at CHF on nanopillar
substrates. Taking the predicted heat flux ¢! and the heat transfer coefficient A"
on nanopillar substrates respectively from Eq. (4.12) and Eq. (4.14), T can be
predicted as:

(4.15)

In Fig. 4.12b, we compare the predicted superheat temperatures AT, =T, — Ty
and the experimental ones at CHF for all substrates. Although the predicted values
of AT, carries the uncertainty of the spreading velocity measurement on nanopillar
substrates, they fall within 15% deviation from the experimentally measured ones,

highlighting a remarkable agreement between the predicted and experimental data.
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Figure 4.12: (a) Heat transfer coefficient at the three-phase contact line hrcy versus
surface area enhancement ratio r. (b) Critical heat flux temperature 7, predicted
using Eq. (4.15) versus the measured values for different substrates. The shaded

area indicates a 15% deviation from the measured data.
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Chapter 5

Study of heat transfer
enhancement on actuated strip

arrays

In the nucleate boiling regime, vapour bubbles act like a huge number of micro-
pumps, which efficiently take heat away from the hot surface to the bulk liquid
above. There are several mechanisms for these “micro-pump” to work such as evap-
oration of microlayer liquid, micro-convection, transition conductive heat transfer.
In a certain boiling process, the most dominant mechanism depends on the prop-
erties of its heating surface such as surface topology, heating scheme and liquid
modification. Regardless of which mechanism is dominated in a boiling process, its
effects can be visually observed by the change in bubble departure diameter and
releasing frequency.

The natural convective regime in a boiling process, however, has only two main
heat transfer mechanisms, including conductive heat transfer though the liquid body
and convective inside the liquid bulk. These phenomena are more difficult to observe
than the vapour bubble in nucleate regime.

In this section, we focus on convective heat transfer on an actuated strip-array.
The convective heat transfer is expected to be driven by the actuated frequency of
the strip-array. This assumption of heat transfer mechanism is discussed by high

speed image recording before a model can be derived from the experimental results.
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5.1 Experimental setup and procedures

In this experiment, the strip-array was actuated by a magnetic field from a cou-
ple of electro-magnet (24VDC, 25-50 mT, f,,.,.,=200Hz) attached on the boiling rig.
Therefore, the second design of boiling rig was used to meet this requirement (details
of the design are discussed in section 3.1.4). Once the substrate was installed, the
working liquid (FC-72) was then filled into the cuvette to a constant level (25 mm).
The condensing and heating module were activated at the same time to maintain
a constant liquid level and atmospheric vapour pressure, which was followed by a
pressure transducer attached on the condensing module. The average liquid tem-
perature was also measured during the experiment by three thermocouples placed

at different position inside the bulk liquid. (see Figure 5.1).

a b
s T6
— T5 T4 TS TG;’ Tf
— l
1= FC-72 5 mm
o) ¥
Electro- Electro-
magnet L magnet 5 mm
<] T3 A 4
O—— &
Insulator "5l Insulator qT Y or Y, Smm
o T,
CTUT T] Substrate surface

Figure 5.1: A simplified schematic drawing of the setup. (a) Positions of temper-
ature measured and arrangement of experimental setup and (b) Position of three

thermocouples put inside the liquid bulk.

First, the substrate was heated by gradually increasing the setting temperature,
so that temperature on substrate surface T' was stable at the target temperature.
The temperature at different positions from 77 to Ty (Figure 5.1) was measured and

recorded by a Keithley data multimeter and switching system. Heat flux ¢ and wall
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temperature T were calculated from 77, T, and T3 using Eq. (4.1) and Eq. (4.2)
with a similar method that has been discussed in section 4.1.2. The average liquid
temperature T; was obtained by taking the mean value of Ty, T5 and Ts. This data
set was counted as data for passive case with wall temperature 7.

Once the data for passive case was recorded and the system was thermally stable
at target wall temperature 7', the electro-magnet was then powered by a periodic
power signal (see Figure 5.2). The signal supplied to the electromagnet was a si-
nusoidal wave and the signal strength was varied from 4V to 24V peak-to-peak by
the power amplifier. This varied magnetic field as well as the static field from the
permanent magnet created a proper driving force across the strip-array, that allowed

it to actuate smoothly (see details in chapter 3).

Function
generator

Amplifier

A

¥ A

Electromagnet Electromagnet

Camera

il FEk

Figure 5.2: Scheme of periodic signal supplied from the electromagnet and arrange-

ment of high speed camera.

After the strip-array was actuated at frequency f, the wall temperature tem-
porarily reduced due to the cooler liquid being push against the surface. The heater
controller started its process to supply more power to the system, so that it would
be stable at the target wall temperature T again. As a result, the average liquid
temperature rised up to the new stable state. The system was now stable at the
same wall temperature, but at different level of power input, or in this case, a new

heat flux value through the surface. This set of ¢ and T; was recorded as a new data
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set for active case with corresponding actuated frequency f and wall temperature
T.

The other experiment data was collected with the same procedure for different
value of actuated frequency f and wall temperature T. As a side note, the amplitude
of the actuation was kept constant by controlling the signal strength applied to the
electro-magnet from the amplifier. The uncertainty of the experiment was obtained
by replicating the experiment five times for each data point. The phenomenon was

visually recorded by a high-speed camera (Photron SA5) during the experiment.

5.2 Experimental substrate and actuation scheme

The test substrate used in this experiment is a silicon substrate fabricated with an
array of five Nickel strips, which is able to rotate back and forth around their joints
placed on substrate surface (see detail in section 3.4.2). The strip thickness is 200
pm and its planar dimension is 1.5 x 7 mm. Five parallel strips are distributed
evenly throughout the heating area (10 x 10 mm), so the spacing between them is

1.6 mm (Figure 5.3). The silicon substrate has a thickness of 500 pm.

Heating area E;
!
777777777777777777777 ’ : f: l/Tcycle
S 3 Nickel strip
‘ —= Silicon surface
1.5 mm -y 1.6 mm l

Flexible joint

Figure 5.3: Substrate with array of Nickel strips and characteristic parameters.

When the strip-array was put under a magnetic field, it would align itself to
the field direction, note that each strip has only one degree of freedom to rotate
around its joint. Therefore, the periodic magnetic field E; make it possible for

each strip to rotate back and forth. The angular amplitude o and the responding
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frequency f is used to characterize the movement of this strip-array (Figure 5.3).
Angular amplitude is defined as the maximum opening angle that the strip can move
from left to right and responding frequency is the actuated frequency that the strip
responds to the external periodic magnetic field.

The actuated frequency f could be adjusted by setting the frequency of the
output signal from the function generator, whereas the angular amplitude a was
directly related to the signal strength, which could be regulated by the amplifier. It
is worth mentioning that the actuation faces an increasing resistant force inside the
liquid body along with increasing f or a. Therefore, both frequency and amplitude
have their upper limit, beyond that, their value would reduce very fast to almost
zero. The substrate in this experiment has been tested with various value of signal
frequency and strength to get the optimize actuated mode as in table 5.1. In this
mode, we regulated both signal frequency and strength to have an increasing value

of actuated frequency while keeping the amplitude as a constant.

Table 5.1: Actuated mode used in the experiment, the angular amplitude is kept

almost constant with varied frequency.

Actuated frequency | Angular amplitude | Angular amplitude
f (Hz) a (radian) a (degree)
Passive 0 0

5 1.23 70.7
10 1.22 70.3
15 1.23 70.5
20 1.23 70.5
25 1.24 70.9
30 1.24 70.8
35 1.23 70.3
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5.3 Results and discussion

5.3.1 Experimental result

The experiment has been conducted following the procedure described in the pre-
vious section. The visual results are shown in Figure 5.4 for T' = 30 °C and 55 °C
at two different actuated frequencies (f=5 Hz and 35 Hz). The visual “heat wave”
pattern caused by the difference in refractive index between parts of liquid body

due to temperature gradient can be observed in both case of wall temperature.

T=30°C
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Figure 5.4: Experimental observation of different cases of wall temperature and

actuated frequency. The red dash line represents the area in which internal flow
created by the actuation and the blue dot line is the area on top of the array, where

the net liquid volume transfers in/out the hot surface area.
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There is no doubt to observe that the pattern in the images for " = 55 °C is
obviously more visible than that of 7" = 30 °C due to higher temperature gradient
between the heated surface and bulk liquid. Now if we take a closer look into the
case which has the same wall temperature but different actuated frequency f: there
is also a difference in the density of these patterns. In other words, the actuated
strip-array did contribute to the distribution of temperature inside the liquid body.

Moreover, the pattern in the image for f = 35 Hz shows that there are two main
effected areas, one is the area between the strips, which stands for the “internal
flow” close to the heat surface and the other area is the space upon the tip of the
strips, which is represented for the “external flow” going out for the heated surface.
Based on these observations, we propose that the actuation has some effects on the
natural convection flow inside the liquid body by induce the net mass flow in/out
from the space confined below the strip height.

Following that hypothesis, we investigate the heat flux for each experiment case.
Heat flux ¢ is calculated for each actuated frequency f and wall temperature T" as

shown in Figure 5.5.
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Figure 5.5: Heat flux ¢ in relation with actuated frequency f and wall temperature
T.
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The horizontal axis represents the actuated frequency f and the vertical axis is
the heat flux ¢ through the substrate surface. The data is plotted for various values
of wall temperature from near room temperature (30 °C) to near boiling point of
FC-72 (55 °C). The actuated frequency is increasing from 0 Hz (passive) to 35 Hz
with the increment step of 5 Hz. At the same value of actuated frequency, heat
flux has the trend to increase along with increasing wall temperature. That can be
expected since hotter surface creates larger temperature gradient and promotes more
convection inside the liquid body. Interestingly, the actuation seems to amplify this
effect over the hotter surface. For instance, when f varies from 0 Hz to 35 Hz, heat
flux increases Ag ~ 0.1 W/cm? at T = 30 °C whereas it increases a notable larger
amount Aq ~ 0.3 W/cm? at T' = 55 °C, which is three times larger. Moreover, this
heat flux enhancement also shows a monotonical relation with increasing f, which
motivates an assumption that there is a cumulative effect of natural convection and

additional convection due to mass transfer caused by the actuation.
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Figure 5.6: Relation between liquid temperature 7; and actuated frequency f.

Now, that assumption motivates us to consider the bulk liquid temperature

in relation with actuated frequency f. We recall the hypothesis that the overall
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convective heat transfer is improved due to enhanced mass transfer, and therefore,
the temperature gradient inside the bulk liquid has to be reduced. In the other
words, the average temperature of liquid body 7; is increased to keep up with the
temperature of the hot surface. In fact, that trend is shown in the experiment as in
Figure 5.6.

The results exhibit an obvious jump of T; between the passive and active case.
However, for same value of wall temperature T, the liquid temperature T is not
much different with increasing f. This may be explained by the asymmetric move-

Y

ment of the strip-array, which also creates an “internal flow” as described in the
previous observation. This flow may limit the mass transfer process to an upper
bound, which related to the properties of the actuators in term of “effective mass”

transferred per cycle. This term will be discussed in the next section.

5.3.2 Proposed model for convective heat transfer on actu-

ated structure

Base on the observation and experiment results, we propose a model for the convec-
tive heat transfer on this actuated structure. We assume that the increasing amount
of heat flux Ag = ¢y — ¢, under frequency f is a result of enhanced mass transfer
across the liquid medium. An extra mass rate m is being pushed though the heat
transfer area and takes away an amount of energy from the surface to the liquid
body, causing average temperature of the bulk liquid T to increase.

By that assumption, we consider a control volume as in Figure 5.7. This control
volume is defined using experimental method, as a volume from the heat surface to
a liquid level that has significantly higher temperature gradient than the upper rest
of bulk liquid. In this case, the control volume is defined as a volume of 10x10x13
mm?® bulk liquid above the heat surface. Base on the experimental observation,
once the strip array is actuated with frequency f, the system becomes steady state
after a short time (around 2-5 minutes). This actuation also creates a steady state
flow inside the bulk liquid, where a mass flow rate r is carried in and out from the
control volume equally. Once we increase the actuated frequency f, the exchanged
mass flow rate m should also be increased across the control volume. Now if the

substrate is not heated, this m carried no heat energy with it and the heat transfer
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Figure 5.7: Control volume for heat transfer across the bulk liquid.

process will not happen. However, once the substrate is heated, m starts its role as
a heat energy exchanger: transferring the heat energy it received from the control
volume to the upper cooler bulk liquid, then going back to the control volume again.
Since m can be enhanced by increasing f, the heat transferring process can also be
improved as a result. We now consider the improvement of exchanged heat energy
caused by the strips actuation in compare with passive case. In other words, this
can be described as the different in the heat energy, or different in enthalpy of the
system, which is written in form of specific heat ), m and bulk liquid temperature
different as in the right term of Eq. (5.1). On the other hand, this enhancement
can also be described as the difference between heat flux supplied to the system in
passive and active case.

Therefore, it follows the equation:

Alqr — qo) = mCy(Try — Thp). (5.1)

where ¢y and ¢, are the heat fluxes through substrate surface while the strip-array

actuate with frequency f and at passive state, respectively; A is the projected heat

79



transfer area (10x10 mm?); C, is the specific heat of FC-72; Tl,f and TLO are
the average liquid temperatures across described control volume with and without
actuation respectively.

The extra mass transfer m can be evaluated by relating the properties of the

actuator in terms of geometry and movement mode:
m = népV.f. (5.2)

where n = 5 is the number of strips in the array; p is the density of working liquid FC-
72; f is the actuated frequency of the actuator; V. is the is the total space (volume)
that one strip sweeps though in one cycle and € is a coefficient that accounts for the
effective (real) mass transfer in/out of the heat transfers zone.

The total space that one strip sweeps though in one cycle, V., can be calculated
from the strip topology (strip height R, strip length L) and its movement mode

(angular amplitude «):

1
V.= §R2aL X 2. (5.3)

The coefficient ¢ is defined as the ratio between V. and the net liquid volume,
Ve, that has been pushed against the hot surface in one cycle, £ = V. /V,.. Since V, is
represented for the ability of the strip to create whether a strong or weak net flow
inside the liquid, the coefficient ¢ is directly related to the properties of the actuator
such as shape, stiffness, surface roughness and even surface wettability.

Finally, the extra mass transfer rate rm can be rewritten as:

= kf. (5.4)

where k = népR2*alL.
Substituting 7 into Eq. (5.1), we have:

Alqy — ¢o) = kCpf (T1p — Tho). (5.5)
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or

Alar = a0) _ kC,f. (5.6)

From Eq. (5.6), the term on the left-hand side represents the heat transfer en-
hancement obtained from measured heat flux and liquid temperature whereas the
term on the right is that improvement calculated from extra mass transfer caused
by the actuators, which is characterised by the coefficient £. It is shown in Fig-
ure 5.8 that the experiment data collapse into a linear line, which strengthens our
hypothesis. Moreover, the slope of this collapsed data line can be used to calculate
k, which is then used to estimate the value of coefficient £ for our actuated substrate.
Besides the traditional method to estimate the flow field inside the liquid such as
PIV measurement, this can be used as a simple method to evaluate the ability of an

actuator in terms of both heat and mass transfer.
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Figure 5.8: Data collapses and shows the relation between the enhanced thermal

properties of the system and the improved mass transfer rate.
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5.3.3 Non-dimensional relationship of heat transfer process

and actuation of strips array.

To further understand the dependence of the heat flux ¢ on the actuation frequency f
and the wall temperature T', or equivalently the temperature difference AT = T —1T,
we examine the non-dimensional relationship Nu = F(Re, Gr,Pr), where Nu =
qL/(ATE) is the Nusselt number (non-dimensional heat flux), Gr = g8ATL? /v? the
Grashoff number (non-dimensional buoyancy), Pr = vpC,/k the Prandtl number,
and Re = fL?/v the Reynolds number (non-dimensional inertia). Here L = 1.5mm
denotes the height of the fin, g is the gravitational acceleration, k is the thermal
conductivity of the liquid, v the kinematic viscosity, 5 the coefficient of expansion,
C, the specific heat, and p the density. Since Pr is constant in our experiments, we
focus on the effect of Gr and Re on Nu.

In the absence of any actuation, i.e. f = Re = 0, the Nusselt number scales as
Nu ~ Gr’% (Figure 5.9). This scaling is consistent with past measurements [149],
where a correlation of the form Nu ~ Ra%®" was observed for natural convection
over fins. Here, similar to the Grashoff number Gr, the Rayleigh number Ra is also

proportional to AT.
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Figure 5.9: Relation between Nu and Gr in the passive case.
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At very high values of f, we expect Nu to be determined mostly by Re. In
such a situation, the convective velocity of the fluid scales like U ~ fL. For FC-72,
Pr > 1, indicating that in the presence of forced convection, the thickness 7 of the
thermal boundary layer is less than the thickness § of the velocity boundary layer
at the wall. In such cases, it can be readily shown [150] that d7/L o Re™/2Pr=1/3,
The net heat flux is then given as ¢ ~ k(T — T)/ér = k((T — T;)/L)Re'/?Pr'/3,
indicating that Nu scales as Nu = ¢L/(kAT) ~ Re'/?Pr'/3. In Figure 5.10, we note
that Nu indeed appears to vary approximately linearly with Re'/2, although there

is also significant scatter in the data at higher values of f.
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Figure 5.10: Relation between Nu and Re!/? for different non-zero actuation fre-

quencies f. The dashed line indicates the scaling Nu ~ Rel/2.

It was shown [151] using dimensional analysis and conservation laws, i.e. mass,
momentum and energy conservations, that the Nusselt number should follow the
scaling Nu ~ Re'/2G(Gr'/* /Re'/?) for combined forced and natural convection, with
G asymptotically tending to a constant for Gr'/ 4/Rel/ 2 - 0. Our data show that

1/2

the value of Nu/ Re'/? approaches a constant for small values of Gri/* /Re*’=, while

it has a tendency to increase at higher Gr'/4/Re'/? (Figure 5.11a).
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Figure 5.11: (a) Relation between Nu/Re'/? and Gr'/*/Re'/2. The dashed line
indicates Cre + C’GrGrl/ 4 / Rel!/ 2 where Cge and Cg, are obtained via a least squares

fit of the data; (b) Nu/(CreRe? + C:Gr'/*) vs Gr'/* /Re'/2.
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Interestingly, such a trend in G (Grl/ 4 /Re!/?) was also observed for forced con-
vection on a heated vertically oriented plate undergoing periodic longitudinal os-
cillations [152], whereby Re was determined based on the frequency of the plate
oscillation. A linear least squares fit of the data from our experiments yields the
relationship Nu = CReRe1/2 + CGrGr1/4, in which Cgre = 0.42 and Cqg = 0.50
(Figure 5.11b) with the coefficient of determination R? = 0.2. We refrain from spec-
ulating on the dependence of G on Pr since the experiment was performed using

only one liquid.

5.4 Summary

In summary, we have experimentally demonstrated a novel and robust method for
enhancing heat transfer on a substrate using electromagnetic-induced actuation of
nickel strips attached to the boiling substrate. We achieved localised heat transfer
enhancement up to 100% using single-phase liquid cooling. For any given wall
temperature T, the bulk temperature does not change significantly with actuation
frequency, indicating that any enhancement in heat flux results from a systematic
reduction of the thermal boundary layer thickness in the presence of actuation.
In general, it appears that for active fins, the thermal boundary layer thickness
is governed by the convective fluid velocity induced by the oscillating fins. The
results from this work show that increasing the characteristic velocity scale of the
fluid flow using electromagnetically actuated structures can be used to significantly
enhance the rate of heat transfer from heated substrates. Our analysis also provides a
guideline on how the heat transfer enhancement relates to the physical and geometric

parameters of the system.
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Chapter 6

Experimental study of bubble

nucleation on a microheater

In the previous chapters, we have discussed about experimental results on passive
nanopillar structure, which exhibited a remarkable role of rewetting at the three-
phase contact line (TCL). The proposed model used the rewetting scheme of a vapour
bubble on substrate surface, which showed a good prediction for critical heat flux
and wall superheat. In this chapter, we would like to focus on the nucleation of
one individual bubble and the interaction between an actuated strip and bubble
nucleation.

In detail, this experiment focuses on the relation between the dynamic behaviour
of bubbles, bubble departure frequency, the temperature at the nucleation site of
a heated substrate during a nucleate boiling process with or without the present
of an actuated strip. The bubble behaviours during the growth process from a
controlled cavity were observed using a high-speed camera system. Together with
these observations, synchronous measurements of the temperature underneath the

bubble were measured by a microsensor.
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6.1 Hydrodynamic behaviour of a single bubble

nucleated on a microheater

6.1.1 Experimental setup and procedures

The first design of boiling rig for passive pool boiling was used in this experiment
(see Figure 6.1a). The working liquid (degassed ethanol) was contained in a test
section, which was a quartz cuvette of dimensions 10 mm x 10 mm x 30 mm. The
cuvette was placed inside a chamber to prevent any temperature fluctuation caused
by the surrounding air. The chamber was made of stainless steel and had two glass
windows to facilitate optical visualisation of vapour bubbles inside the test section.
The volume of the chamber was 25 x 25 x 25 mm?. The base of the chamber can
be heated by a copper block embedded with a cartridge heater. The top of the
cuvette was connected to a cooling chamber used to condense vapour and circulate
the liquid back to the cuvette. The pressure of the cooling chamber was monitored
by a pressure transducer and was kept at atmospheric pressure by adjusting the

power of a Peltier unit attached to the cooling chamber.

a - - b Microheater
| Peltier unit | .
TN Microsensor
Pressure _
transducer Ethanol Cavity
Air Air C . _
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Vet generator
Substract High
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Tefl signal Sensor camera
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couple Power Keithley
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Figure 6.1: (a) The schematic drawing of boiling rig used in the experiment (b) SEM
image of the microheater /sensor fabricated on top of the substrate. There is a cavity
(40 pm in diameter and 150 pm in depth) at the centre of the microheater/sensor
and (c) Synchronisation of the heating signal applied to the microheater, acquisition

of temperature from the microsensor, and optical recording system.
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The microsensor and microheater were fabricated on a silicon substrate of di-
mension 0.5 mm X 15 mm X 18 mm. Both the microheater and the microsensor
had serpentine layouts (see Figure 6.1b) and they covered a circular area of 1 mm
in diameter. The nominal resistances of the microheater and microsensor are 400 {2
and 370 €2, respectively. For each sensor, we measured the temperature dependence
of its resistance and used the calibrated relation to deduce the temperature of the
sensor from its measured resistance. At the centre of the microheater/sensor, an
artificial cavity of 40 ym in diameter and 150 pum in depth was etched to serve as a
nucleation site for vapour bubbles.

The temperature of the copper block underneath the substrate was maintained
at 60 °C by a cartridge heater, which was controlled by a PID temperature controller
(E5CSV, Omron). Before activating the microheater, temperature of the working
liquid at steady state was 50 °C, which corresponds to 18 K subcooling for ethanol.
This working liquid temperature was measured by an immersed thermocouple inside
the bulk liquid. Subsequently, the microheater was supplied with a IMHz AC current
provided by a power amplifier. The supplied power per unit area was varied from
0.35 MW /m? to 2.32 MW /m?. For each value of applied power P, the corresponding
sensor temperature was acquired by a digital multimeter (3706A, Keithley). The
bubble dynamics were also synchronously recorded by a high-speed camera (APX-

RS, Photron).

6.1.2 Results and discussion on nucleation of individual vapour

bubble

To study the relation between the bubble dynamics and the wall temperature, dif-
ferent values of electrical power were applied to the microheater, which was varied
from 0.35 MW /m? to 2.32 MW /m?. Subsequently, the evolution of vapour bubbles,
as well as the corresponding temperature of the microsensor was recorded. A rep-
resentative series of snapshots of a vapour bubble is described in Figure 6.2a, when
the power per unit area P supplied to the microheater was set at 0.35 MW /m?. For
each snapshot of a vapour bubble, the equivalent diameter D, was calculated. In
this work, D, was defined as the diameter of the circle having the same area as the

bubble.
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A plot of Dy, versus time ¢ is described in Figure 6.2b for a vapour bubble starting
from the time of detachment of the preceding bubble. The plot consists of a pre-
nucleation stage in which no bubble was observed at the cavity and the following
stage in which a bubble appeared and started growing until it detached from the
substrate due to buoyancy force. In the first stage, the delay time t;, defined as
the time duration from detachment of the preceding bubble to nucleation of the
current one, is 1.57 s. In the second stage, D,, increases monotonically until it
reaches its departure diameter D, = 0.87 mm. This two-stage process is repeated
with relatively high reproducibility.

Figure 6.2b together with Figure 6.2c shows the relation between the bubble
dynamics and the temperature change. It is observed that T;, starts increasing from
T, ~ 67.9 °C with a relatively high rate during the pre-nucleation stage. Note that
after the detachment of the preceding bubble, it takes a certain waiting period for
the building up of a thermal boundary layer, which is a necessary to activate the
nucleation. Subsequently, as the bubble starts growing, 7T, increases with a lower
rate until it reaches the maximum value 7T, ~ 68.2 °C before it starts decreasing
and finally stabilizes at an approximated value T, >~ 68.1 °C. The energy necessary
for the bubble growth comes mostly from the heated liquid layer close to the wall
[16].

The effect of the supplied power P on the bubble dynamics is discussed below.
In figure 6.3, we show the relation of bubble diameter D, and heating time ¢;, which
is the time elapsed from the activation of the microheater, for different values of
power per unit area P. It is observed that within the same heating period (t, < 40
s), the number of bubbles released from the cavity and the delay time t; changes
considerably with the power per unit area: for P increases from 0.35 MW /m? to
2.32 MW /m?, the number of bubbles released increases from approximately 2 to 12.

The results in Figure 6.4 described the dependences of the bubble departure
frequency fy, departure diameter D, and delay time t; on the averaged substrate
temperature, which is obtained by time-averaging T,, for each of the applied power.
It can be seen from Figure 6.4a and Figure 6.4b that f; increases while the t; reduces
with increasing T,,. The bubble departure frequency f; exhibits a linear increase
from 0.068 Hz to 0.32 Hz as increases from 68 °C to 81 °C. On the other hand, the

delay time t, drastically reduces from 1.57 s to 0.01 s within the same temperature
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Figure 6.2: (a) Representative snapshots of a bubble nucleated when the supplied
power to the heater was set at 0.35 MW /m?
Dy, of a growing bubble and (c) corresponding wall temperature 7;, on time when the

power supplied was set at 0.35 MW /m?. The average temperature of the substrate

in this case is 68.1°C.
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Figure 6.3: Bubble diameter D, as a function of the heating time t;, which is the
time elapsed from the activation of the microheater, for different values of power

per unit area P
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range. However, it is only observed that an insignificant variation in the departure
diameter: D; = 0.89 £ 0.02 mm.

It is worth mentioning that in Figure 6.4 shows that bubble nucleation takes
place even at negative wall superheats (T, < 78 °C). Here the wall superheat is
defined as AT = T,, — T, where T, = 78 °C is the saturation temperature of
ethanol. This nontrivial phenomenon was also observed experimentally in studies of
nucleate boiling of water on substrates with various wettability [1, 124] Although its
physical mechanism is still unclear, attributing effects may include the substrate’s
wettability: the bubbles could be nucleated and grow at nominally negative wall
superheats if the liquid has low wettability on the boiling substrate.

Summary

In summary, we have presented an experimental study of the dynamical be-
haviours of individual vapour bubbles along with measurements of the wall temper-
ature at the nucleation site during the process of nucleate boiling. The temperature
of working liquid was kept at 18 K subcooling and the boiling surface was heated
by a microheater and an auxiliary cartridge heater. The experiment was conducted
with the supplied power to the microheater in the range 0.35 - 2.32 MW /m?. The
temperature at the nucleation site was measured using an integrated microsensor.
The corresponding bubble dynamics were synchronously measured using high-speed
imaging.

When the applied power is 0.35 MW /m?, t; and Dj is found to be 1.57 s and 0.87
mm respectively. As P increases from 0.35 MW/m? to 2.32 MW /m?, the number of
bubbles released increases approximately from 2 to 12. It is found that f; increases
0.068 Hz to 0.32 Hz and t,; reduces from 1.57 s to 0.01 s as increases from 68 °C to 81
°C. However, D, showed an insignificant variation within the range of applied power
P. Tt was also observed that the bubbles could be nucleated, grow, and detach even

at nominally negative wall superheats.
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93



6.2 Dynamic heat flux and wall temperature be-

neath a nucleate bubble

6.2.1 Experimental setup and procedures

Condenser
)
- 10 -
Stainless steel rig —
1 atm
A I;um‘ml - L
Partial Vacuum -
Quartz cuvette
g ‘ ot T;»ul!-;
o
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PTFE Cu
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supply

Figure 6.5: Experimental setup with two microsensors embedded on top and bottom
side of the substrate, the space surrounding the cuvette is partial vacuum to ensure

thermal insulation.

The experimental rig used in this experiment is similar to the previous experi-
ment, except the substrate and heating method. Two microsensors were attached to
top and bottom sides of the silicon substrate, to determine local temperature gradi-
ent across the substrate thickness. Also, a micro-cavity was fabricated at the centre
of top microsensor. The substrate was heated by a copper rod, which itself received
a constant power input from the cartridge heater below (Figure 6.5). The testing

liquid was ethanol and subcooling was used as boiling condition. Partial vacuum
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condition was maintained at the space surrounding the cuvette to limit heat loss to
the cuvette side. The condenser on top of the rig help maintaining the liquid level
and also the atmospheric pressure inside the chamber.

When the surface temperature reached a high enough value, the bubble nucle-
ation was triggered at the cavity and a vapour bubble formed. The top and bottom
microsensors were able to dynamically measure the local temperature change be-
neath the vapour bubble (Figure 6.6). The local heat flux ¢ was calculated from
temperature gradient collected from two microheaters (Eq. (6.1)). The results were

described in Figure 6.7.

bottom top
_ g, Tbottom = Tiop 6.1
q AT, ( )

where kg is the thermal conductivity of silicon; Thottom and Ty, are the tempera-
ture on top and bottom of the silicon substrate and Ax, is the thickness of silicon

substrate.

6.2.2 Results and discussion

i) Discussion on the thermodynamic of vapour bubble.

A snapshot of vapour bubble nucleation, growth and detachment was presented
in Figure 6.6. This snapshot was taken at average surface temperature of 68.1°C.
Although it was a 10 K subcooling condition for ethanol, the vapour bubble can still
grow and detach from the surface due to the gas trap inside the micro-cavity. The
timestamp was 1.2 s between the frame which is reasonably slow due to subcooling

condition.

Figure 6.6: Representative snapshots of a bubble nucleated on top of the microsensor

at average surface temperature of 68.1 °C.
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The bubble size seems to increase rapidly at an early state from the second
frame. At the ending state, this increasing trend starts to slow down and almost
stop growing at the last two frames, just before the bubble detached from the surface.
This observation can be verified by the measurement results of heat flux and wall

temperature as in Figure 6.7.
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Figure 6.7: Dynamic local heat flux and wall temperature beneath a nucleate bubble

at average surface temperature of 68.1°C.

The thermodynamic of a vapour bubble can be described by the local heat flux
through an area of 1 mm? beneath the bubble. The temperatures on both side of the

96



substrate responded very well with the bubble growing process as they showed a syn-
chronisation trend for every bubble cycle. A cycle of bubble growth and detachment
can be classified into three states: thermal layer built-up, rapid bubble expanding
due to evaporation and bubble oscillation due to balancing between evaporation and
condensation.

As the previous bubble detached from the surface, the thermal layer starts
to build up and the heat transfer mechanism in this period is mainly conduction
through the liquid layer near the surface. That explains the reducing of heat flux ¢
and increasing of surface temperature Tj,,.

In the next state, a new bubble will be nucleated at the cavity when the thermal
boundary layer meets the critical condition. This vapour bubble rapidly increases
its size due to inertia force and high rate of evaporation. The fast growing of the
vapour bubble and large evaporation rate quickly dissipate heat from the surface as
latent heat, causing the heat flux to increase and surface temperature to reduce.

When the bubble emerges from the thermal boundary layer, it contacts with
the cooler liquid upper and the condensing process starts to speed up. The larger
the bubble grows, the faster the condensing process speeds up. This process will
continue until a point that they are balancing each other. The bubble will keep
oscillating until the buoyancy force is large enough to make bubble detach from the
surface. Therefore, the surface temperature and heat flux will also oscillate in this
period, as in Figure 6.7.

ii) Discussion on dynamic bubble growth and heat flux oscillation.

We consider the growth rate of a vapour bubble nucleated from the hot surface
as in Figure 6.8. In this sketch, R is the radius of curvature of the bubble surface at
time ¢ and r, 6 are spherical polar co-ordinates, with origin at the centre of curvature
O. The vapour pressure inside the bubble and the static pressure at a distance from
the bubble is denoted as p, and p., respectively. Also, any point in the liquid with
distance r from the centre of curvature O has a static pressure denoted as p(r). As
the bubble rises, its boundary interacts with the surrounding liquid and creates a
flow field, which has the velocity potential denoted as ¢.

As is well known [153], the motion of the liquid through a spherical shape has

the velocity potential as:
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Figure 6.8: Definition sketch for a bubble rising in saturated bulk liquid, ¢ is the

velocity potential of the flow surrounding the vapour bubble.

o= TR (6.2)

r

the Bernoulli integral of the above motion is:

op 1 p(r)  Peo

2 —_ —
—5 t5(Vo)+ R (6.3)
From Eq. (6.2), we have:
RR?
(Vo) = —— (6.4)
0 1, . . Ny
o = (2RE*+ R’R). (6.5)

Now if we consider Eq. (6.4) and Eq. (6.5) at position on the bubble boundary

(r=R), we have:
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(Vo)i_g = R (6.6)

¢

= 2R? + RR. 6.7
(% r=R + ( )

Substitute Eq. (6.6) and Eq. (6.7) into Eq. (6.3), we get:

R) —ps 3. 3}
PR =P Bpe g (63)
p 2
Taking into account the relation between pressure different at the bubble bound-

ary, surface tension and the curvature radius of the bubble, we have:

p(R) =p, - 25 (6.9)

Finally, we have the relation between bubble growth rate R and pressure different
of vapour and liquid as:
Py — Po o 3

92— =R+ RR. 6.10

When the bubble has grown away from its initial radius, the surface tension and

acceleration term can be neglected, Eq. (6.10) becomes:

dR\? 2P, — Poo
(@) =575 (6.11)

From Eq. (6.11), we found that the growth rate of bubble radius is proportional
to the pressure difference AP = p, — ps. At the beginning of the bubble growing
cycle, the vapour pressure is much larger than the pressure inside the liquid (due to
high evaporation rate into a small bubble size at the cavity). This causes the bubble
grows rapidly until it emerged far from the thermal boundary layer. The bubble

boundary contacts with the cooler bulk liquid, which promote the condensation
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process. Since more and more vapour is condensed to the liquid, p, is reduced. As
a result, AP also reduces, causing the bubble growth rate R to decrease. When the
bubble grows bigger, the balance between p, and p., become unsteady and therefore,
it causes the fluctuation in bubble radius.

Now we consider the rate of heat d@/dt transferred through heated surface be-
neath the vapour bubble. By using the assumption that the rate of change in the
heat content of vapour bubble is equated to heat flow in the liquid at bubble wall,
Board et. al [154] established the relation of heat flux and bubble growth rate as in
Eq. (6.12),

1 dQ , dR
ARz ar - Ve

(6.12)

From Eq. (6.12), we found that the changing of heat flux over the bubble cycle is
also correlated with the bubble growth rate R. As our previous discussion, R have
the trend to increase rapidly at the early state of the bubble and then it is slow
down to an unsteady state due to the pressure different between p, and p.,. This

explains the similar trend of heat flux found in the experiment as in Figure 6.7.

6.3 Hydrodynamic behaviour of a nucleate bubble
interacted with actuated strip

In this experiment, we would like to explore the effect of an actuated strips to
the bubble nucleation process. We expect the changing in bubble hydrodynamic
behaviours such as bubble departure diameter or releasing frequency by regulating

the actuated amplitude or frequency of the actuator.

6.3.1 Experimental setup and procedures

In this experiment, we used the boiling rig designed for active substrate as described
in Chapter 3. The schematic drawing of the setup is shown in Figure 6.9a. The
working liquid was FC-72 and saturated boiling was applied as the boiling condition.
A pair of electromagnet was installed inside the rig, to create a periodic magnetic

field across the working area. The substrate was fabricated with an actuated Nickel
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Figure 6.9: (a) Schematic drawing of the boiling rig and (b) dimension of substrate
and actuators. (c) A snapshot of bubble nucleated from the cavity with the presence

of the strip in passive case.
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strip and was placed into the heating area above the cooper rod. The fabricating
method of this actuated substrate has been described in detail in chapter 3. The
dimension of the actuators and substrate properties are shown in Figure 6.9b.

The substrate was fabricated with a microcavity at the centre and also integrated
with a microsensor surrounding the cavity. The substrate was heated by a copper
rod underneath and the surface temperature at nucleating point was measured by
the integrated microsensor. A Nickel strips was placed next to the boundary of the
microsensor, which is about 0.85 mm from the cavity. This strip has 2D dimensions
of 1x2 mm and a thickness of 200 pm. Once the electromagnet was activated, the
magnetic field can drive the strip to rotate back and forth with frequency f and
angular amplitude a. In this experiment, we varied the actuated frequency from 0
Hz to 60 Hz with a step of 10 Hz. Also, the angular amplitude o was set to three
different values of 10, 30 and 60 degree. The interaction between vapour bubble
and the actuated strip will be recorded using a high speed camera (Photron SA5)
at 5000 fps.

6.3.2 Results and discussion

Discussion on experimental observations.
The interaction between a nucleated bubble at surface temperature of 56.3°C

and an actuated strip (f = 30 Hz and o = 30 degree) is shown in Figure 6.10.

= 500 pm . Time steps: 6ms

Figure 6.10: Representative snapshots of a bubble nucleated with the present of an
actuated strip (f = 30 Hz and o = 30 degree). The average surface temperature is

close to boiling point of FC72 (56.3°C)

From the snapshot, the actuation seems to cause a strong flow rate across the

bubble, causing it to oscillate around the cavity. When the bubble departed from the
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surface, its movement path was also affected by the actuation even when the bubble
did not directly contact the strip. This observation allows us to expect the changes
in bubble hydrodynamic such as departure diameter or bubble releasing frequency.
In fact, that assumption was shown in the measurement results in Figure 6.11.

From the results in Figure 6.11, the bubble departure diameter D, and releasing
frequency f,; have a direct relation with strip frequency f and actuated amplitude
«. Along with increasing f or «, D, decreased monotonically while the departure
frequency fy has a trend to increase. It can be explained that the extra flow rate
caused by the actuation, has created an extra drag force to push the bubble away
from the cavity. This force together with buoyancy force stimulated the bubble to
leave the surface sooner. As a result, the bubble departure diameter D, also reduced.
Force analysis on the vapour bubble.

To have a better understanding on the effect of actuated strips to the vapour
bubble, we now consider a simple force model as in Figure 6.12. A growing bubble
with radius of curvature R, is put next to an actuated strip with frequency f. In
this case, we assume that the bubble has a nearly spherical shape and the distance
from the spherical centre to the base is denoted as s. The strip is close to the bubble
enough (~ 0.85 mm) to assume that the fluid velocity caused by the actuation is
close to the fluid velocity nearby the bubble.

In such case, the forces that act on the bubble can be classified into two groups of
upward and downward forces. The upward forces include buoyancy force Fy, contact
pressure force F, and drag force caused by the actuation D,,. In the opposite
direction, the forces that keep the bubble on the base surface are capillary force
F,. and drag force caused by the relative movement between the rising bubble and

upper bulk liquid Fj;. The buoyancy force can be calculated as

Ey = (o1 = pu)gVh- (6.13)

where V, is the volume of a spherical segment, which involves only the volume of
the region in contact with liquid above and below the bubble cap.
Contact pressure force caused by the pressure difference at the bubble cap in-

terface, this force can be calculated as:
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Figure 6.12: A schematic drawing of forces act on the vapour bubble with the

presence of an actuated strip during its growing cycle.

F, = 7rb2(p1, — ). (6.14)

where b is the bubble base radius. Applying the Young-Laplace equation at bubble

interface p, — p = 20/ R, we have:

(6.15)

As for the capillary force F,. caused by surface tension ¢ acts along the three

phases contact line at the bubble base (¢, is the unit vector of F.), we have:

2rab?

R

F. =2rnbosin(y) = (6.16)

The drag force Fy is caused by the relative movement between the rising bubble

and the upper liquid. It can be approximated as

1
F,= §plCD7r32.é2. (6.17)
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where Cp is the drag coefficient for a spherical bubble moves in bulk liquid [155]:

2y 3  2Rpis
Cp = E(l + éRe>,Re == (6.18)

Drag force caused by the actuation.

Drag force D, on the bubble is caused by the interaction between the bubble and
the surrounding flow rate. This flow rate is a result of the strip actuation, which is
assumed to have the same velocity as the actuator. In such case, the average fluid

velocity at the middle of the strip that creates the drag force is as

where w is the angular velocity of the actuated strip and L is the strip height. The

angle a; of actuated strip at time ¢ can be calculated as (a and «; are in radian)

ay = %sm(QWft). (6.20)
where f is the actuated frequency and « is the maximum actuated angle of the strip.
Therefore, w can be defined as,

w= % = afrcos(2m ft). (6.21)

Substitute Eq. (6.21) into Eq. (6.19), we get the average fluid velocity that caused
the drag force:

v = %oszwcos(Zﬂft). (6.22)

The drag force D, can be calculated using the average fluid velocity v as:

1
D, = 5pl(JDm—ﬂ. (6.23)
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where A is the cross section area of the bubble segment that is effected by the drag

force (area between the dot line in Figure 6.12. This area can be calculated as:

2

A= R? (27r . sin(ﬁ)) (6.24)

where § = max(2(0 - oy), 0). When the bubble has a full sphere shape, § = 0 and
A=rR?

In order to compare the effect of this drag force D, with that of the buoyancy
force, we consider the ratio r. = D,sin(ay)/F,. To simplify the comparison, we

approximate the shape of the bubble as a sphere. In such case, the ratio r. becomes:

9?7(3p1R17 + 4u)

SR sin(ay) (6.25)
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Figure 6.13: A plot of ratio r.=D, sin(«;) / Fp shows the contribution of drag force
to the upward force over one cycle of actuation. The negative value means the

opposite direction of D,
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We substitute the liquid properties of FC-72 and the value of largest bubble
radius (R=0.5 mm) into Eq. (6.25). The applied frequency is f=30 Hz and the
angular amplitude is 30 degree. The results are plotted in one cycle time of the
actuation (7. = 1/30 s). The result in Figure 6.13 shows that the maximum value
of r. is 0.6 obtained at 4 time points of T,/8, 37./8, 57./8 and 7T,/8. This means
that the vertical value of the drag force D, exceed 60% value of the buoyancy force,

which can be consider as a significant value to have an effect on the bubble departure.
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Chapter 7

Conclusions and future work

7.1 Conclusions

In summary, three studies on boiling heat transfer on passive and active struc-
tured surfaces are presented. While they are separate experiments, their results
can support each other and give us a better understanding of the mechanism of
boiling process. Each of the approach has its pros and cons and it depends on the
application. The passive nanopillars structure offers a consistent enhancement on
both CHF and Leidenfrost temperature, which can be used in the cooling system
of electrical device with known heat source capacity. On the other hand, the active
structure has its flexibility to control the actual heat flux transferred through the
surface without replacing the substrate. By this feature, it is more suitable for the
applications, in which heat flux needed to be continuously and preciously controlled,

such as biomedical and microfluids applications.

7.1.1 Nucleate boiling on passive nanopillar structured sub-

strate.

In this study, we show that nanopillars fabricated on boiling substrates induce a sub-
stantial effect on the boiling behaviours in the nucleate boiling regime. In particular,
increasing the height of nanopillars effectively leads to considerable enhancement in
both heat flux and surface temperature at CHF. We attribute such enhancement to
the nanopillar-induced increase in rewetting velocity, which can be measured in a

separate wetting experiment. Based on the observations that the rewetting velocity
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increases for substrates with higher nanopillars, as well as the assumption that the
enhancement in heat flux dominantly takes place at the three-phases contact line,
we develop a mechanistic model to predict both the heat flux and the temperature
at CHF of nanopillar substrates. The model takes into account the nanoscales of
the pillars, and thus, excludes the wicking motion, or imbibition of liquid, as plausi-
ble mechanisms for heat transfer enhancement. As a result, the enhanced capillary
force due to the presence of nanopillars is the major cause of the intensified rewetting
process and subsequent increases in heat flux and temperature at CHF. In particu-
lar, the maximum heat transfer rate (¢ = 23.6 W/cm?) and maximum Leidenfrost
temperature were obtained on the substrate with the longest nanopillars length (I
= 1390 nm). This result agrees with the conclusion on the influence of rewetting
process to heat transfer rate.

The enhancement in both of these critical quantities in pool boiling is a remark-
able feature of nanopillar substrates in comparison with nano/micro-engineered sub-
strates in which only either one can be increased. By using only nanopillars with
a systematic variation in height and well-defined geometrical dimensions, we have
established a direct link between the enhancement in capillary force and the boiling
performance of a substrate.

This provides new insights about design of surface textures not only to amplify
the heat flux, but also to achieve an enhancement in the temperature at CHF, which

is an equally important quantity in preventing boiling crisis.

7.1.2 Convective heat transfer on actuated Nickel strips-

array.

In this study, we have shown the effect of actuated strip-array on convective heat
transfer and its mechanism. We have successfully designed a boiling rig that met
multiple requirements for the experiment, including efficient thermal insulator, heat-
ing and condensing modules, optical elements to work with PIV and a system of
electro-magnets to generate a proper magnetic field. The actuators have also been
optimised in term of flexibility and response to the external magnetic force.

We have found in the experiment results that the convective heat transfer in-

creases with wall temperature. Moreover, this effect is monotonically amplified by
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increasing actuated frequency. In the experiment, we obtained the maximum con-
vective heat transfer rate at 0.56 W/cm? with the highest actuated frequency f =
35 Hz. Although this frequency is the maximum limit of our experimental setup,
this result shows that the higher frequency can potentially enhance the heat transfer
rate even further.

From the observation on high-speed image recording, we have assumed a hy-
pothesis that convective heat transfer is enhanced due to the extra mass transfer
caused by the actuation. Based on that assumption, a model has been derived and
it showed a good agreement of the experimental data.

This result allowed us to introduce a new coefficient &, which represents the extra
mass transfer caused by an actuator. In the other words, it provides a new approach
to evaluate the enhancement of heat and mass transfer in convective regime. It is
worth mentioning that the recent study on convective heat transfer focus on either
a forced convection process or a modified liquid such as magnetic nanofluids. These
methods, however, require an excessive supplied power or release unwanted residual

on the surfaces.

7.1.3 Nucleation of individual vapour bubbles on microheater

and microsensor.

In this study, we have presented an exploratory study of the dynamical behaviours
of individual vapour bubbles along with measurements of the wall temperature at
the nucleation site during the process of nucleate boiling. The temperature of work-
ing liquid was kept at 18 K subcooling and the boiling surface was heated by a
microheater and an auxiliary cartridge heater. The experiment was conducted with
the supplied power P to the microheater in the range 0.35 - 2.32 MW /m?. The
temperature at the nucleation site was measured using an integrated microsensor.
The corresponding bubble dynamics were synchronously measured using high-speed
imaging.

When the applied power is 0.35 MW /m?, bubble delay time t; and departure
diameter Dy are found to be 1.57 s and 0.87 mm, respectively. As P increases from
0.35 MW /m? to 2.32 MW /m?, the number of bubbles released increases approx-

imately from 2 to 12. It is found that releasing frequency f; increases 0.068 Hz
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to 0.32 Hz and t; reduces from 1.57 s to 0.01 s as increases from 68 °C to 81 °C.
However, D, showed an insignificant variation within the range of applied power
P. Tt was also observed that the bubbles could nucleate, grow, and detach even at

nominally negative wall superheats.

7.2 Future work

For future work, we plan to study further and in more detail on nucleate boiling
on other nanopillars substrate and on the effect of the actuation on boiling heat
transfer. In particular, we would like vary more surface parameters such as pillar
length, spacing and wall slope to investigate its effect on boiling efficiency. For the
active case, we would like to vary both the amplitude and the properties of actuators
such as shape and size. The PIV measurement will also be considered to provide
a confirmation to the flow field inside the bulk liquid. In addition to obtain these

results, we intend to carry out the following tasks:

7.2.1 Further analysis on nucleate boiling on nanopillars ar-

ray by varying more parameters of the structure.

In this thesis, we investigated the enhancement of CHF and Leidenfrost temperature
of boiling process on nanopillars array. The structures were varied by the height of
nanopillars from hundred of nanometer to above one micrometer. In our next plan,
we would like to extend the range of length of the nanopillars and investigate more
geometry parameters such as pillar diameter, array spacing and wall slope of the
pillar. We hope that this further investigation will lead to more interesting finding

on the relation of surface parameters and boiling heat transfer efficiency.

7.2.2 Design actuators with varied shape, size and surface

roughness
For each cycle of actuation, the actuator would be able to create different flow inten-
sity depended on its properties such as shape, size, stiffness and surface roughness.

For instance, a difference in pillar stiffness can lead to other flow fields as in Fig-

ure 7.1. These various effects can be evaluated by the coefficient ¢ introduced in
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Figure 7.1: PIV image recorded for 10 Hz actuated pillar. The result is shown for
rigid pillar (top) and soft pillar (bottom).

Chapter 4. In the future plan, we would like to conduct the boiling experiment on
various actuators to have a better definition of £ in related to these parameters.
On the other hand, the actuated frequency and amplitude are other parameters
that evenly contribute to the enhancement of heat transfer. Currently, the actuators
in the experiment can only actuated with maximum 35 Hz without reducing the
amplitude. That can be improved by applied a stronger magnetic field or replace
the material of the actuator. That would be possible since the current electromagnet

is relative weak, it only creates a magnetic field of 20 mT.

7.2.3 Velocity field measurement using PIV

The velocity field surrounding an actuator is an important factor to evaluate the
effect of this actuation to the bubble nucleation. We expect this velocity field which
presented for the local flow of liquid, may affect the departure frequency and the
departure diameter of surrounding nucleated bubble by generating some vortexes.
Some preliminary experiments were carried out to obtain this velocity field using
PIV method and indeed some vortices were observed surrounding the actuated pillar

as in Figure 7.2. Based on this result, we intent to conduct the PIV measurements
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Figure 7.2: One frame of PIV recorded for 10 Hz actuated pillar. The result is in

vorticity (1/s), shear stress and velocity.

with various frequencies and amplitudes of the actuated pillars and then compare
the experimental results with simulation. The validated results will be used further
to investigate the influence of the actuated pillar to a nearby nucleated bubble.

Beside measuring the velocity of an actuated pillar, we also plan to investigate
the velocity field surrounding a growing nucleated bubble alone. This result can be
used together with the velocity field nearby an actuated pillar to estimate the final
velocity when all of them is put together. This will provide more evident to control
the actuation in a way that bubble is nucleated and departed from the substrate
surface. Therefore, the thermal property of the surface will be modified by changing
the applied actuated frequency or amplitude.
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Appendix A

Fabrication of passive nanopillar

array on test substrate

The test substrates were made by a collaborate group in University of Pittsburgh,
USA. Here we would like to present about their fabrication step and its advantage,
so that we will have a better view on the surface properties.

The nanopillar silicon substrates are obtained by inductively coupled plasma
reactive ion etching (ICPRIE). This process has an advantage that it directly mod-
ifies the surface without adding coating layers that may induce additional thermal

resistance to the substrate [156].

IC
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Figure A.1: The fabrication steps of silicon nanopillar pattern.
The fabrication process consists of three steps, (1) manufacture of the etching

mask, (2) etching the underlying silicon by ICPRIE, and (3) removal of etching

mask. (see Figure A.1.) Polystyrene (PS) nanospheres are utilised to generate the
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etching mask. First, a monolayer of nanospheres with the diameter of 800 nm are
self-assembled in the air-water interface [157-159]. Subsequently the monolayer is
transferred to a P-type boron-doped (100) silicon substrate, which has been cleaned
with acetone, methanol, isopropanol and then dried with nitrogen gas. After the
substrate is dried in air at room temperature, reactive ion etching (RIE) with oxygen
is applied to reduce the diameter of nanospheres to the required size (~440nm).
After the etching mask is manufactured, ICPRIE is used to etch the silicon sub-
strate to fabricate silicon nanopillars with desired dimensions. During the process,
SFg and C4Fg with optimal ratio of 33:82 are supplied. These gases respectively
serve as the etching gas and passivation gas. Different height nanopillars are ob-
tained by varying the duration of this step. It should be noted that when the time
duration is longer than 5 minutes the PS mask is impacted and the nanopillar base
diameter is different from the etching mask. When the etching is completed, the PS

mask will be removed by ultrasonication in acetone for 5 minutes.

134



Appendix B
Validation of pool boiling data

The validation of boiling setup was made with the bare silicon substrate. It exhibited
an average CHF of 15.8 W-cm™2 and was very close to the prediction (i.e., 15.4
W-cm™2) of Kutateladze-Zuber CHF model [134], which was calculated by ¢o =
Cepy*hsglgo(pr — po)]H/*, where Ci was 0.131 and all fluid properties were at 56
°C and atmospheric pressure. The data points of nucleate boiling region also show
a good fit with Rohsenow model [133], calculated for saturated boiling of FC-72 at

1 atm:

AT q < o )m Cplh\ "™
=Cyp—— _ -/ . B.1
hig f,uhfg 9(pr — po) < k ) (B1)

where Cy; is a coefficient which depends upon the nature of the heating surface-
fluid combination. For silicon and FC-72 combination, Cs; = 0.0055 according
to experimental result [160] of Geisler and Bar-Cohen or Cs; = 0.0054 according to
simulation results [161] of Passos et al. The validation result of bare silicon substrate

is shown in Figure 4.4, including similar result [132].
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Appendix C

Uncertainty analysis for heat flux

and wall temperature

The uncertainty of the heat flux measurement comes from three main sources: ther-
mal conductivity of copper, the distance between thermocouples, and the temper-
ature measurement using thermocouples. The heat flux and wall temperature are

calculated using the formulae:

q = 0.5k (4Ty — Ty — 3T3) Az, . (C.1)

T =Ts— q(Axck,' + Awgk,' + Az k). (C.2)

The propagated error is therefore estimated as:

U, = i (g—;]ani)Q. (C.3)

i=1

where a; is the measured quantity ¢, and U,, its uncertainty.

The relative uncertainty of heat flux is calculated as:
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where Ur; is the uncertainty of thermocouple type K at position 1 after careful
calibration: Upy = athe,,mowuple/\/g = 0.1/v/3 = 0.06K.

Similarly, the uncertainties of thermocouple type K at positions 2 and 3 are Ups

= Urs= 0.06 K. The uncertainty of thermal conductivity of copper, which depends

on temperature, is Up, = 6 W-m~!1-K~!. The uncertainty of distance between ther-

mocouples is U, = 0.01 mm. The relative uncertainty of surface wall temperature

can be derived using Eq. (C.2) and Eq. (C.3) as follows:
y k, 2 B\ 2 A\ 232 2 1.2 R2
Uro _ (U%g <32R+1) + (U’“ ﬁ) (R—x—) Ll A Unke R

T, T 2 k. 42

1/2
k*R? U232 k232 (UZ a2 UZa? a (1 1
c 4 2 T c g9 ks"'s = o
* x? ( U, 4x? >+ 422 ( k; * ki >+ 42 (kg * k:g)

x 100%.

(C.5)

where the thermal resistance of the material layers along heat transfer direction

is:

T

_Te P9 Ts
R = K + F, + W (C.6)
The variable a and (3 respectively are:
o = UK (T, — 4T, + 3T3)°. (C.7)
p =T — 4Ty + 3T3. (C.8)

Here, the thicknesses of the thermal glue layer and silicon substrate are z, =
0.01 mm and x,= 0.5 mm, respectively. The uncertainties of thermal conductivity of
thermal glue and thermal conductivity of silicon substrate are Uy, = 0.8 W-m ™1 K*
and Uy, = 18 W-m 1K1, respectively. In Figure C.1, we show all the values of

relative uncertainty of all substrates at different temperatures.
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Figure C.1: Relative uncertainty calculated for heat flux (a) and wall temperature

(b) at boiling regime.
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Appendix D

Bubble departure diameter and

releasing frequency at the onset of

nucleate boiling
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Figure D.1: Dependence of bubble departure diameter and releasing frequency on
the height of nanostructures at the onset of nucleate boiling. For the smooth surface,
[ = 0. the departure diameter tends to be smaller for structured surfaces, while there

is a significant jump in bubble releasing frequency from the smooth surface to the

nanostructured surfaces.
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Appendix E

Nanostructure sizes

Table E.1: Size of samples in the experiment with surface area enhancement ratio r

calculated for each sample.

Pillar base

Substrate Pillar height dinmetor Pitch | Surface enhancement ratio
I (nm) D (nm) p (nm) r
! 257 440 800 1.7
2 391 440 800 2.11
3 691 440 800 2.96
4 1390 440 800 3.52
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Appendix F

Relation between the critical heat
flux ¢, and the spreading velocity

Vs
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Figure F.1: Linear relation between the critical heat flux ¢. and the spreading
velocity vs highlighting that the spreading velocity could be used as a key parameter
for predicting the critical heat flux for non-polar dielectric fluids with low surface

tension, e.g., FC-72.
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Appendix G

Extra experiment to measure
spreading velocity vs on heated

substrates

In order to measure the spreading velocity vs of FC-72 on heated substrate sub-

strates, a simple setup has been built as in Figure G.1.

Syringe pump
Fixture |
Thermocouple feedback line Tested substrate
High-speed
L e H I camera
Photron SAS

input power

Temperature
Controller

-| 1ft1ng platform

Figure G.1: Experiment setup to measure spreading velocity v, on heated substrates

Cartridge heater

An aluminium base embedded by a cartridge heater is used as a heated base for

the setup. The tested substrate is heated by this aluminium base and has its surface
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temperature monitored by an attached thermocouple. The temperature controller
controls the input power applied to the cartridge heater so that the temperature
feedback from the thermocouple is kept constant as setting temperature. The whole
heating module is putted on a lifting platform, which can be moved up and down
during the experiment. On top of the substrate surface, there is a fixed capillary
tube (with inner and outer diameter as 350 pm and 500 pm respectively), which
is filled with a constant level of FC-72 (~ 5 mm) for each experiment by a syringe
pump.

Once the substrate surface is stable at setting temperature, it is slowly raised
to the capillary tube, which is holding the liquid by capillary effect and forming a
pendent droplet on the bottom. When the surface contacts with the droplet, liquid
would be spread on the substrate surface and the spreading of three-phase contact
line is optically recorded by a high-speed camera (Photron SA-5) at 10000 fps. The
recorded images, including position of three-phase contact line along with time, is
then processed using Matlab to calculate the spreading velocity of each experiment

case. In this experiment, each surface substrate is heated to various temperature

levels (20°C, 30°C, 40°C and 46°C).
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Appendix H

Uncertainty analysis for heat flux

in heat loss measurement

In this section, we present the uncertainty analysis for heat flux in Eq. (3.1). The un-
certainty of this measurement comes from three main sources: thermal conductivity
of copper, the distance between thermocouples, and the temperature measurement
using thermocouples. The average heat flux ¢;2 between two thermocouples (at po-
sitions where temperature recorded as T and T» respectively) is calculated using

the formulas:

_ kc(Tl - T2)
q12 —Axc

The propagated error is therefore estimated as:

n aq 2
s =y 3 (G0, ) (12

=1

where a; is the measured quantity ¢, and U, its uncertainty.

The relative uncertainty of heat flux ¢ is calculated as:

U, Uz U3, UZ +UZ
Yai [ ke 100%. H.3
12 2T A2 T (-T2 % (H.3)
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where Ur; is the uncertainty of thermocouple type K at position 1 after careful
calibration: Up; = athemocouple/\/g =0.1//3 = 0.06K.
Similarly, the uncertainties of thermocouple type K at position 2 is Uy = 0.06 K.

The uncertainty of thermal conductivity of copper, which depends on temperature,

is Uy = 6 W-m~1-K~1. The uncertainty of distance between thermocouples is Ung,

= 0.01 mm. In Figure H.1, we show all the values of relative uncertainty of heat

flux ¢ at different temperature for all substrates at boiling regime. The results

show that uncertainty of this measurement is below 15% for all substrates at boiling

regime.
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Figure H.1: Relative uncertainty calculated for heat flux ¢5 for all substrates at

boiling regime.
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Appendix I

Numerical verification for the

method used to estimate heat loss

I.1 Method used to estimate heat loss.

In Chapter 3, the heat loss .5 is estimated using the one-dimensional heat con-

duction model as in Eq. (I.1) to Eq. (I1.3).

qloss <::| AS A rrrrrrrrrrrrrrr A

Figure I.1: Schematic drawing of the model: heat fluxes ¢q12 and ¢o3 are calculated
on the shaded area A, whereas the heat loss ¢;,ss is considered on four wall area A,

between the shaded area.

T -1,

Q12 = kc Amc
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15 — T3

3 = A I.2
QQS kc Al’c ( )
Qloss = Q12 — Qas. (1.3)

Qloss
= : 1.4
Qloss Aside ( )

Substitute Eq. (I.1) to Eq. (I.3) into Eq. (I.4), we get the formula to calculate
heat loss to the side using the temperature gradient at three points (77, Ty and T3):

k. A
Qioss = A_A_(Tl — 2T, + T3). (L.5)

C S

where:

k. : thermal conductivity of copper, 400 W-m K1,

Azx, : distance between temperature probes, 0.007 m.

A : cross section area of the copper rod, A = 0.01x0.01 = 10~* m?.

Ag : total four side area around the copper rod, Agg = 0.01x0.007x4 =
2.8x107% m?.

Ty, Ty, T3 : the temperature at the centre line of the copper rod at different

positions, measured by three embedded thermocouples.

1.2 Numerical method to validate heat loss calcu-
lation

In this section, we simulate the heat transfer process inside the copper rod with the
present of heat loss using ANSYS workbench 19. This is a 3D heat transferring
model with all boundary condition values taken from the real experiment (boiling
of FC-72 on a bare silicon substrate). Considering a 3D model of the copper rod,
these boundary conditions include bottom temperature 7}, heat flux ¢ through the

top surface and finally, heat loss ¢, to the side.
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Figure 1.2: 3D model of the copper rod with boundary conditions.

The simulation job is solved as a steady state thermal model. The temperature
gradient (71, Ty, T3) inside the copper rod is then extracted from the solution and is

used to calculated heat loss ¢j.ss, using the method described in the previous section.
(Figure 1.3.)

a b

A: Steady-State Thermal
Temperature

Type: Temperature

Unit: *C

Time: 5

18/6/2015 436 AM

1154

115 Max
113.33
1104

Temperature 7'(°C)

105 A

101.67
100 Min

100 A

Figure 1.3: Simulation result at critical heat flux condition for bare silicon (¢ =
15 W-em™2, T = 100 °C) (a) Temperature distribution on the copper rod; (b)
Temperature along the centre line of the copper rod with highlighted 77 75 and T3.
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The calculated value of heat loss .55 from the simulation is then compared with
the original heat loss inputted to the boundary condition. The results show a high
consistency in value of the two quantities as in Figure 1.4, which proved that the

method used to estimated heat loss is reasonable.

2.5
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Figure [.4: Validation results for FC-72 on bare silicon substrate: heat loss of simula-
tion model is plotted with heat loss calculated by tested method for various heating

temperature.

149



Appendix J

Sputtering processes used to

fabricate microheater

The heater was made by sputtering technique. Here are the detailed steps in the
sputtering process:

First, the structures of the micro-heater were designed and printed out on a
negative plastic mask. As for microheater design, the plastic mask includes leading
wire pattern and micro-heater pattern.

The silicon wafer was prepared with a Plasma-Enhanced Chemical Vapour De-
position process (PECVD) to deposit a thin film of SiO2 on the silicon surface. This
Si02 layer allows the metallic film to be stable on the substrate surface. A layer of
gold (for the leading wire) and platinum (for the heater) was then deposited on the
SiO2 surface using the Physical Vapour Deposition method (PVD).

The substrate was then spin-coated with a thin layer of SU-8 negative photoresist
and was heated until the SU-8 layer is dry on top of the metallic layer. A UV light
source was then used to shine through the designed mask onto the substrate coated
with SU-8 layer. The SU-8 area on the substrate which is exposed to UV light will
become crosslinked and stable. The rest area which was not developed will be easily
washed away by acetone. The developed layer of SU8 forms a secondary mask that
can be used as a mask to etch the residual metallic film area. The etching process
was conducted using etching chemical (HF acid).

After the residual metallic area was etched down to the SiO2 surface, SU-8
photoresist layer will be washed away by acetone again. Finally, another layer of

SiO2 was sputtering (PECVD) on the hold surface (except a part of the leading
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layer) to form a protective layer.
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Figure J.1: Sputtering processes used to fabricate microheater.
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Appendix K

Fabricating of the microcavity
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Figure K.1: Etching processes used to fabricate micro-cavity.

The shape of the cavity is an entrusted conical shape due to the etching method.
The etching process consists two main steps: mask coating and chemical etching.
The mask coating step is similar to that step of sputtering process:

- Design a plastic mask.

- Coat a layer of photoresist (SU-8) onto the substrate surface.

- Shine UV light onto the coated surface through the plastic mask.

- Wash away the unstable layer of SU-8 that is exposed to the UV light.

After that, the substrate with the SU-8 secondary mask will be etched by HF
acid. The longer the HF acid is in contact with the substrate, the deeper the cavity
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is. If the etching time is too long, the substrate right below the mask will be etched
out, that is called over-etching. Due to the nature of the process is corrosion from
the top to the bottom of the cavity, its side wall will be tilted a little, making the
bottom diameter to be a bit smaller than the top one. Therefore, the shape of the
cavity is like an entrusted conical shape, which has a very small tilting angle of the

side wall.
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