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ABSTRACT

One of the key sustainable development objectives of the United Nations is to ensure a reliable
and consistent supply of fresh water. However, the growing population, industrialization, and
urbanization have made it increasingly difficult to access an adequate amount of potable water.
Consequently, desalination of brackish and seawater, which accounts for 97% of the global
water resources, has emerged as an effective solution to provide potable water. In recent years,
advancements in desalination research have led to increased capacity in large-scale commercial
desalination plants using traditional technologies such as membrane and thermal desalination.
However, these methods consume significant amounts of energy, typically obtained by burning
fossil fuels and coal, leading to inevitable environmental concerns. Therefore, desalination
methods those work on alternative/renewable energy sources, such as solar still, holds great

potential for replacing traditional methods on a large scale.

Conventional solar still desalination works by evaporating fresh water from brackish sources,
a process that is extremely slow. Research has been focused on enhancing the efficiency of
solar stills. Historically, efforts were directed at maximizing the evaporation process to increase
distillate output. A recent study suggested that instead of relying on evaporation, inducing
nucleate boiling in the solar still basin by integrating it with tools that achieve concentrated
solar power could significantly enhance distillate output. To maximize distillate output when
nucleate boiling is induced, modifying the morphology of the solar still basin to enhance
boiling heat transfer is necessary. Additionally, continuous and enhanced fresh water recovery
from brackish sources poses challenges such as inorganic scaling and corrosion. In recent years,
novel methods such as superhydrophobic surfaces and slippery liquid-infused surfaces have
demonstrated excellent capabilities in inhibiting corrosion and inorganic scaling. However,
concerns have been raised about their heat transfer capabilities due to insufficient liquid-

surface contact on these surfaces.

In view of the above facts, the aim of this study was to demonstrate the effectiveness of a type
of liquid-infused surface called binary surface (BiS) to inhibit scaling and corrosion without
compromising the heat exchange efficiency. To this end, a highly-wetting Ultra-Omniphilic
Surface (UOS) was prepared from a plain aluminum alloy surface (PS) using a bulk micro-

manufacturing approach. Later, the sub-surface micro/nanocavities of UOS were infused with



a liquid lubricant to get BiS, which has two distinct superficial phases — solid phase as islands

and liquid phase as puddles.

Saturated boiling heat transfer experiments were conducted on the BiS and the critical heat flux
(CHF) and the boiling heat transfer coefficient (HTC) were measured. The results were
compared with the UOS and PS. In addition, high-speed visualization was employed for
capturing the bubble dynamics at different heat fluxes and parameters such as bubble departure
diameter (Dg), bubble departure frequency (f), and nucleation site density (NSD) were
measured. The results revealed that the boiling heat transfer performance of water on the BiS
surpasses both the PS and the UOS. The HTC on the BiS was 1.33 times and two times larger
than those on UOS and the PS, respectively. The CHF obtained on the BiS was comparable to
that on the UOS and 1.47 times larger than that on the PS even though a considerable portion
of the BIS surface area was covered with the liquid lubricant and unavailable for boiling.
Remarkably, an inspection of the high-speed videos has suggested the presence of the same
liquid lubricant as the reason for the better boiling heat transfer performance of the BiS. The
liquid lubricant that was spread over the BiS as puddles was found to prevent the growth of
large vapor bubbles and extend the isolated bubble regime by delaying the lateral coalescence

of adjacent bubbles.

Lab-scale corrosion and scaling experiments were conducted on BiS in a simulated brackish
water environment. Results indicated that BiS significantly outperformed PS and UOS in
hindering scaling and corrosion. BiS exhibited nearly 50% less mass gain due to mineral
deposition than on PS and UOS. Moreover, corrosion rates obtained from electrochemical and
immersion tests showcased a notably slower metal degradation on BiS than on PS and UOS.
This enhancement is attributed to well-distributed liquid puddles on BiS, promoting a smooth,
defect-free surface that reduces foulants adhesion and shields the underlying metal from

corrosion.

Keywords: Boiling heat transfer, Heat transfer coefficient, Critical heat flux, Bubble dynamics,

Inorganic scaling, corrosion.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The scarcity of safe and clean drinking water remains a significant challenge in modern
day world. It is projected that approximately 70% of the global population will face
inadequate access to water resources by 2025 (Huang et al. 2024). As illustrated in Fig
1.1, by 2040, several continents will confront extreme water stress due to rapid
industrialization, population growth, and climate change. According to a report
published by international desalination association (Buros 2000), 94% of the water
available on the earth is seawater and saline aquifers. Of the remaining 6% freshwater,
27% is stored in glaciers, 72% is underground water, and less than 1% is directly
available for human consumption. Consequently, in order to achieve "water security"
defined as the availability of adequate and clean water resources to meet growing
demand while ensuring the sustainability of water ecosystems—there is a growing
global trend towards extracting potable water from unusable sources such as brackish

and seawater.

Global water stress by 2040

Ratio of fresh water
withdrawal to supplv

Low (< 10 %)
Low to medium (10 - 20 %)

Medium to high (20 - 40 %)

B High (40 - 80 %)

8] Extremely high (> 80 %)

Figure 1.1 Projected water stress in each region by 2040 (Huang et al. 2024).



Over 15,900 desalination plants are operational across the world with a capacity of
producing a fresh water of 95.37 million m%/day (Jones et al. 2019). With the increase
in the rate of fresh water consumption, the desalination capacity has to be increased
proportionally. Based on the operation technique, traditional desalination methods are
broadly classified into two main categories, Membrane desalination and Thermal
desalination(Lin et al. 2021).

1.2 MEMBRANE DESALINATION METHODS

Membrane desalination processes, such as Reverse Osmosis (RO) and Forward
Osmosis (FO), use a semi-permeable membrane that allows water molecules to pass
through while blocking salts and other dissolved solids (Shahid et al. 2023). These
processes have become popular for domestic use due to their simple operating
principles and compact designs. However, a major concern with membrane desalination
is that the amount of water rejected is higher than the amount produced. The rejection
rate increases over time due to the fouling of the membrane pores, which eventually
leads to a decline in healthy minerals required in potable water, reducing its pH value
and making the water acidic. For the past few decades, research has been focused on
developing innovative methods to reduce the fouling effect in membrane desalination
and increase productivity (Al-Abri et al. 2019; Najid et al. 2022). Additionally, it is
important to note that membrane desalination is energy-intensive. The energy required
to diffuse the feed water through the membrane varies with the type of feed water
supply. For example, a seawater RO plant consumes 3-6 kWh of electricity for every
cubic meter of fresh water produced (Liyanaarachchi et al. 2014). This energy

consumption further increases with membrane fouling.

1.3 THERMAL DESALINATION METHODS

Thermal desalination systems (Fig. 1.3), such as Multi-Stage Flash (MSF) desalination
and Multi-Effect Distillation (MED), involve the heating and phase change of saline
water into steam, which is then condensed back into liquid form, leaving salts and
impurities behind (Al-hotmani et al. 2021). Thermal desalination systems have lower

brine rejection rates and produce high-purity water with low salt content after a single

2



desalination cycle. Before 1980’s, MED and MSF were the major desalination
techniques around the globe, accounting for 84% of the total desalinated water.
However, higher capital costs and lower energy efficiencies in the installation and
operation of MSF and MED throttled the usage of thermal desalination methods
(Shaffer et al. 2013).

Electricity to
pump Membrane
assemhlv

High pressure
pump

Saline feed
water

:  Fresh water

Turbine

Semipermeable  Diluted draw

Sea water feed :
membrane enlutinn

Draw
l solution l
recover

solution

Clean water

FO cell

Recovered draw
Brine

(b)
Figure 1.2 Schematic of membrane desalination systems (a) RO (b) FO (Shahid et al.
2023).

Further, it is noteworthy to mention that the energy supply for both membrane and
thermal desalination methods is usually fulfilled by burning large amounts of coal/fossil
fuels (Ghaffour et al. 2013). Consequently, installing large-capacity desalination plants

is feasible only in energy-affluent areas, but using such energy sources leads to severe



environmental pollution. Therefore, it is essential to explore desalination methods that

utilize alternative energy sources, such as solar stills.
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Figure 1.3 Schematic of thermal desalination systems (a) MSF (b) MED (Al-hotmani
et al. 2021).

1.4SOLAR STILL

Due to the geographical coincidence between high solar energy availability and
a severe water shortage, solar stills are potential alternative to the traditional
desalination methods. Solar stills operate by evaporating sea or brackish water using
solar energy and then condensing the generated vapor into safe drinking water. The

process of desalination in a solar still is very slow and less productive. Moreover, large-



scale desalination requires vast open spaces and significant capital investments,
increasing the production cost of potable water. Therefore, despite the ability of a solar
still to produce fresh water without consuming high-grade energy, it can only be

commercialized if its productivity is increased.

1.5 FACTORS AFFECTING THE PRODUCTIVITY OF THE SOLAR STILL

Climatic conditions, operational and design parameters influence the productivity of
the solar still. Over the past few decades, decent progress has been made to improve
the productivity of the solar still (Pangwa and Msomi 2022). The main components of
a conventional solar still (Fig. 1.4) are an insulated water basin, feed water supply tank,
freshwater collecting tray coupled with a collecting tank, and a transparent glass cover
positioned at an angle facing the sun. The productivity of the solar still is directly
proportional to the intensity of solar radiation (Almuhanna 2013). But, a few other

factors can also be optimized to increase the productivity of the solar still.
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Figure 1.4 Schematic of a conventional solar still (Pangwa and Msomi 2022).

The temperature difference between the feed water in the basin and the condensing
glass cover is the key factor for enhanced distillate output. In order to increase this



temperature difference, it is necessary to either reduce the average temperature of the
glass cover or increase the average temperature of the working fluid. Khechekhouche
etal. (2021) investigated the impact of glass cover thickness on its average temperature.
The results showed that reducing the glass cover thickness leads to minimized heat
losses to the surroundings, improved solar transmittance, and a higher temperature
difference between the glass cover and feed water. EI-Sebaey et al. (2022) observed
that lowering the level of feed water in the basin results in a faster rise in temperature,
as the solar radiation directly affects the feed water. Elango and Kalidasa Murugavel
(2015) demonstrated that insulating the basin effectively reduces heat losses and helps
maintain feed water temperatures. To ensure a constant temperature difference during
off-shine periods, researchers have modified the basin surface in various ways, such as
embedding black-coated jute cloth (Sakthivel et al. 2010), using floating wicks
(Manikandan et al. 2014), employing V-shaped corrugated wicks (Shalaby et al. 2016),
incorporating phase-change materials (Faegh and Shafii 2017), using porous fins
(Panchal and Sathyamurthy 2020), and experimenting with pond fibres (Suraparaju et
al. 2021). Despite these efforts to enhance productivity, the limited intensity of solar

radiation remains a constraint on the production capacity of the solar still.

In order to maximize the possible radiation to reach the basin absorber, the
orientation and inclination of the glass cover were tested in various studies. The results
suggested that the tilt angle of the glass cover should be equivalent to the local latitude
(Singh and Tiwari 2004). In the regions of higher latitudes, single slope solar stills were
more productive when placed in such a manner that the glass cover faces towards the
north in the southern hemisphere and towards the south in the northern hemisphere.
Whereas in the areas of lower latitude, double slope solar stills perform well when the
slopes of the glass cover face east and west directions (Jani and Modi 2018). Besides
channelizing solar radiation, external aids were also investigated to concentrate and

amplify the solar radiation.

An external flat plate solar collector/concentrator was attached to a conventional
solar still (Fig. 1.5) to increase the distillate output (Al-Harahsheh et al. 2022). Solar
concentrators are devices that absorb solar energy. When feed water circulates in the

pipes passing through the collector, the feed water gets heated up and flows into the



solar-still basin at higher temperatures, resulting in enhanced freshwater output.
However, this process brings more surface area in contact with the saline water, which
is susceptible to scaling and corrosion. Therefore, instead of running the feed water
through a flat plate collector, Arunkumar et al. (2013) replaced a conventional solar
still basin with a hemispherical basin and associated a parabolic concentrator to it (Fig.
1.6 (a)). The sun-light which reflected from the concentrator focusses on the absorber
basin and was able to increase the feed water temperatures in the basin to 90 °C during
the maximum radiation hours. The effectiveness of this combination was further
increased when a self-traceable solar tracker was added to it (Fig. 1.6 (b)) (Maliani et
al. 2020).

Figure 1.5 Self powered single slope solar still coupled with a flat plate collector (Al-
Harahsheh et al. 2022).
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Figure 1.6 a)Single slope solar still with parabolic concentrator (Arunkumar et al.
2013) b) Solar still with parabolic concentrator associated to a self-traceable tracker
(Maliani et al. 2020).

Recent studies on solar desalination examined the feasibility of refraction based optical
methods to improve the distillate output. Flat Fresnel lens were assembled on a double
slope solar still (Fig. 1.7) to improve the distillate outputs for small-scale applications
(Choong et al. 2020). The Fresnel lens refracts the sunlight to create a hot spot at the
focal point and was observed to increase the absorber temperature. It was concluded

that the average daily output has increased with the addition of Fresnel lens, although



the location does not receive strong direct normal irradiation. Mu et al. (2019) designed
a single slope solar still integrated with Fresnel lens (Fig. 1.8 (a)) such that the focal
point was constantly located at the basin bottom. It was observed that bubble nucleation
takes place at the focal point (as shown in Fig. 1.8 (b)). It was reported that the obtained
distillate output from the solar still integrated with Fresnel lens was significantly higher
(467%) than the distillate collected from a conventional solar still. The enhanced

distillate output was attributed to the occurrence of nucleate boiling at basin bottom.

Figure 1.7 Double slope solar still with Fresnel lens (Choong et al. 2020).

In summary, considerable progress has been made over the years in improving the
efficiency of solar stills. While the focus has traditionally been on enhancing the
evaporation process to boost distillate output, recent research indicates that inducing
nucleate boiling at the basin bottom plays a significant role in the phase-change process.
Despite these advancements, continuous freshwater generation inevitably leads to
issues like scaling and corrosion at the basin bottom. To address these challenges, the
materials used for the solar still basin should be replaced with those that resist corrosion
in marine environments, such as aluminum Al 6061 (Peng et al. 2022). Additionally,
the basin topography should be modified to improve boiling heat transfer and prevent

scale formation.
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Figure 1.8 a) Single slope solar still with Fresnel lens b) Formation of nucleation site
at focal point, Mu et al. (2019).

1.6 BOILING HEAT TRANSFER

Boiling heat transfer (BHT) is a complex process of heat transfer through phase change.
It initiates with the creation of vapor bubbles at specific locations on the heated surface,
which are referred to as nucleation sites. These sites are typically associated with
surface imperfections like roughness or micro structures. When a liquid comes into
contact with the heated surface, its temperature rises and exceeds the saturation point
of the liquid, leading to the formation of bubbles at the nucleation sites. These bubbles
then grow and detach from the heated surface, carrying away a significant amount of
latent heat. This heat transfer occurs at a finite temperature difference between the
heated surface (Ts) and the saturation temperature of the liquid (Tsa), known as wall
superheat (Ts - Tsat). An increase in wall superheat raises the density of active nucleation
sites (NSD), which in turn accelerates bubble formation, growth, and departure, thereby
increasing the heat transferred to the liquid. The enhancement of heat transfer persists
until it reaches the critical point - Critical heat flux (CHF) - which signifies the
conclusion of the nucleate BHT process. At this stage, a vapor blanket forms between
the surface and the liquid bulk, causing a sudden rise in the temperature of the heat
source. The effectiveness of pool boiling relies on the amount of heat transferred from

the surface before reaching the CHF, which is quantified as the ratio of heat flux to wall
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superheat, known as the heat transfer coefficient (HTC). The HTC can be influenced
by the conditions of the heater surface, which can impact various aspects of bubble
dynamics such as nucleation, growth, bubble waiting time (tg), bubble growth time (tw),
bubble departure diameter (Dq), bubble departure frequency (f) and active NSD.

The conditions of the heater surface can be adjusted by integrating micro/nano-scale
structures or by altering the wettability of a sessile droplet on the heater surface.
Micro/nano structures increase the available surface area, enhancing BHT by providing
more active nucleation sites. However, this additional surface area also makes the
heater surface more susceptible to corrosion and inorganic scaling. Alternatively,
altering the surface wettability through changes in hierarchical roughness can influence
factors such as bubble incipience temperatures and liquid replenishment to the
nucleation sites. However, the deposition of inorganic minerals on the heater surface
during desalination alters the hierarchical roughness, causing the surface to lose its

wettability properties.

In a recent study, Holguin et al. (2017) engineered a novel surface called Binary Surface
(BiS) by infusing a low-conductive liquid lubricant into a high-conductive metal
substrate. The BiS topography is characterized by solid, high-conductive islands
surrounded by low-conductive lubricant puddles. This unique feature of the BiS causes
in-plane temperature variations during boiling and induces separate pathways for the
incoming rewetting liquid and outgoing vapor bubbles. This mechanism enhances HTC
and delays CHF simultaneously. Although the lubricant puddles on the BiS partially
cover the surface area available for heat exchange, the results indicate that these
surfaces can significantly enhance BHT. This suggests that creating efficient liquid-
vapor pathways holds great potential for improving BHT, making the BiS suitable for
applications where enhanced heat transfer is desired without increasing the surface area,

such as in desalination.
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1.7 INORGANIC SCALING

Brackish water contains dissolved mineral salts such as carbonates and sulfates of
calcium and magnesium at saturation levels (Jiang et al. 2017). When pure water is
recovered from brackish feeds, the salt concentration increases, leading to the
supersaturation of these salts and a higher likelihood of inorganic scaling or fouling on

the substrate in contact.

Scaling is a multi-stage phenomenon as depicted in Fig 1.9 (a). It begins with the
supersaturation of sparingly soluble salts. Once supersaturation is achieved, oppositely
charged ionic species collide, forming ion pairs that act as nucleation sites for inorganic

scaling, known as salt nucleation sites (SNS). SNS can form in two ways:

1. Heterogeneous SNS: Forms at liquid-solid interfaces or on suspended solid
particles in the solution.
2. Homogeneous SNS: Forms in the bulk of the liquid and later deposits on the

surface through convection.

Scale formation results from both SNS mechanisms. The dominance of one mechanism
over the other depends on factors such as local supersaturation, temperature and pH of
the solution, concentration polarization, and the presence of other foulants like organic
or colloidal matter (Matin et al. 2019). As SNS stabilize, they grow into crystals by
accumulating more ion pairs. Crystal growth into a visible scale is influenced by
solution stability and surface conditions (Amjad and Demadis 2015). The degree of
supersaturation drives crystal growth (Fig 1.9 (b)). At lower supersaturation levels, sub-
microscopic crystals of mineral salts dissolve more easily, reducing local
supersaturation and limiting crystal growth. As salt concentration increases, the
solution becomes unstable, inducing spontaneous crystallization and accelerating
precipitation (Gates and Caraway 1967). Surface conditions, such as microscopic
crevices and cracks, are ideal for SNS and crystal growth (Griffith 1921).

As the solution becomes unstable, crystal kinetics and the diffusion of fouling agents at
the solid-liquid interface accelerate, leading to the adhesion of these agents to the
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substrate. The DLVO (Derjaguine-Landaue-Verweye-Overbeek) theory explains this
adhesion through a balance of attractive van der Waals forces and repulsive electrostatic
charges between the fouling agents and the substrate (Derjaguin 1954; Verwey 1947).
Minimizing the surface area in contact between precipitates and the substrate can
reduce adhesion (Visser 1995).
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Figure 1.9 Various stages of water-formed scale deposition (b) Stability of the
solution (Amjad and Demadis 2015).

Precipitation of inorganic foulants is unavoidable at high degrees of supersaturation.
Desalination plants use pre-treatment of brackish feeds and the addition of threshold
agents to reduce scaling tendencies, but these methods only delay precipitation. Once
solutes begin to precipitate, surface conditions influence the interactive forces between
deposited foulants and the substrate, leading to adhesion. Hence the recent studies on
mitigating inorganic scaling focus on reducing the available SNS and minimizing the

interactive forces between the substrate and foulants.
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1.8 CORROSION

Chloride ions (CI) are among the major constituents of brackish water. Aluminum
substrates possess a corrosion resistive oxide film, but prolonged exposure to a
chloride-rich environment causes this film to erode, leading to the formation of
aluminum chloride complexes and pitting corrosion (Xhanari and Finsgar 2019). The
anodic reaction is as follows.

Al 2 AT +3e” (1.2)

AB* 4+ 3H,0 2 Al(OH); + 3H* (1.2)

The anodic dissolution takes place as per equation 1.1, and forms pits on the substrate.
Out of all generated Al3*ions, few diffuse outside pitting and forms aluminum
hydroxide layer on the edges of pitting as per equation 1.2, which hinders the outward
dispersion of Al3*ions. However, over the period of time, excessive concentrations of
positive AI3* ions enhances the acidic nature at the anode. Hence, the external Clions
enter the pits to maintain the charge balance by formation of the aluminum chloride.
Accordingly, the following reactions occur at cathode.

AlCl; + 3H,0 2 AL(OH); + 3 HCl (1.3)
3HY + 3e” 2 2 H, (1.4)
~0,+ H0 + 2e~ 2 20H" (1.5)

Hence, any strategies that slow down corrosion reactions and surface modifications that
minimize contact between the corrosive medium and the substrate can mitigate
corrosion.

1.9 SCOPE OF THE PRESENT WORK

The present work focuses on developing a surface that is easy to implement and
enhances boiling heat transfer while reducing corrosion and inorganic scaling. During
the desalination of brackish feeds in a solar still integrated with concentrated solar
power, boiling, corrosion, and inorganic scaling occur simultaneously. However, these
factors are evaluated separately on the developed surface, as each factor may influence

the others. This method helps assess the effectiveness of the developed surface for each
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factor. Standard pool boiling tests are conducted using deionized water, while simulated

brackish water is used for inorganic scaling and corrosion tests.

1.10 ORGANIZATION OF THE THESIS

Chapter 1: Introduction — This chapter provides a brief discussion on the global water
crisis, limitations of conventional desalination methods, need for the desalination

methods integrated with alternative energy resources and the associated challenges.

Chapter 2: Literature review — This chapter presents a literature review on research
related to strategies for enhancing boiling heat transfer and studies on the visualization
of bubble dynamics. Additionally, it covers studies on the mitigation of inorganic
scaling and corrosion. At the end of this chapter, the scope and objectives of the present

work are defined.

Chapter 3: Enhancement of boiling heat transfer — The chapter outlines the surface
preparation, characterization, and demonstration of the BHT test section, along with the
experimental procedure, data reduction, uncertainty analysis, and validation.
Additionally, it discusses the setup and procedure for high-speed visualization and the
estimation of bubble dynamics parameters. Further, this chapter details the
experimental outcomes of BHT such as CHF and HTC on modified and normal test
surfaces. Bubble dynamics on regular and modified surfaces and the corresponding
effect on BHT enhancement.

Chapter 4: Mitigation of inorganic scaling and corrosion — This chapter covers the
test setup and procedure for inorganic scaling and electrochemical corrosion tests, as
well as the estimation of corrosion rate from immersion corrosion tests. Further, this
chapter evaluates the effectiveness of BiS in alleviating inorganic scaling and corrosion
in a simulated brackish water environment. It also details the qualitative analysis of
fouled and corroded surfaces by studying the surface roughness profiles and FESEM

micrographs.

Chapter 5: Conclusions and future scope — This chapter covers the conclusions and

future research recommendations of the present work.
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CHAPTER 2

LITERATURE REVIEW

A comprehensive analysis of the existing literature was undertaken to investigate the
influence of surface conditions on enhancing the heat transfer during boiling and the
associated bubble dynamics. Furthermore, the review encompassed an investigation
into the origin and preventive measures for inorganic fouling and corrosion in a
brackish water environment. In order to ensure a coherent and lucid presentation, the

literature review has been structured into distinct sections.

2.1 STUDIES ON ENHANCEMENT OF POOL BOILING HEAT TRANSFER
THROUGH SURFACE MODIFICATIONS
Experimental studies have been carried out by using various types of surfaces since last
two decades. The details of pool boiling study on different types of surfaces are
discussed below and summarized in Table 2.1.

Walunj and Sathyabhama (2018) conducted a study on improving BHT using open
micro-channels. The study focused on comparing the performance of rectangular,
parabolic, and stepped micro-channels on a copper test piece, while also analysing the
impact of channel shape and geometrical parameters on BHT. The findings of the study
revealed that all micro-channel geometries contributed to an improvement in the heat
transfer rate. Notably, the transformation of the rectangular channel into parabolic and
stepped micro-channels resulted in a significant enhancement. Among the various
micro-channel geometries tested, the stepped micro-channel demonstrated the highest
heat transfer performance. This superior performance can be attributed to the enhanced

liquid supply facilitated by the stepped design.

Saffari et al. (2020) examined the impact of inclined meso channels on BHT. The meso
channel structures were fabricated on a copper surface using the wire electrode
discharge machining (WEDM) technique. A notable improvement in the HTC was
noted when transitioning the surface design from a flat plate to a vertical meso channel
surface and subsequently to an inclined meso channel surface. The study revealed that

reducing the channel inclination and increasing the channel depth resulted in an

17



expansion of the surface area, leading to the enhanced HTC. Additionally, it was
observed that inclined channels effectively trapped vapor and aided in the nucleation

process of the subsequent bubble, thereby increasing the frequency of bubble departure.

Jiang et al. (2021) examined how cylindrical array structures impact the BHT
performance using deionized water as the working fluid. The findings revealed a
noteworthy enhancement in HTC for all cylindrical pillar arrays in comparison to a
smooth surface. This improvement was attributed to the decrease in bubble incipience
temperature. Additionally, the study discovered that reducing the spacing between the
pillars further enhanced the BHT performance by facilitating the departure of bubbles
and promoting the rapid replenishment of liquid to the dry area.

Jaswal et al. (2023) conducted an experimental analysis on rectangular and trapezoidal
finned surfaces to investigate the impact of fin spacing and fin height on the BHT
performance. The results revealed that increasing the height of the fins had a positive
effect, as it provided a larger surface area for bubble nucleation and convective heat
transfer. On the other hand, increasing the fin spacing had a detrimental effect on the
BHT due to the formation of smaller discrete bubbles and a reduced amount of heat
carried away by a single bubble. Additionally, the study concluded that the HTC is
directly proportional to the available area for heat exchange. This is because the
additional surface area increases the active NSD on the test surface, thereby enhancing
BHT.

Godinez et al. (2019) conducted a study on the influence of aluminum microporous
coatings on BHT using saturated distilled water under atmospheric pressure conditions.
The report suggests that surfaces with coatings displayed higher values of HTC and
CHF in comparison to uncoated surfaces. The optimal coating thickness for different
mean particle diameters were determined. The increase in HTC was linked to the
decrease in bubble incipience temperature on the coated surfaces. Additionally, the
study revealed that active NSD on the coated surface increased with the thickness of
the coating, but decreased after reaching an optimal level. These findings align with
those of studies on copper microporous coatings (Jun et al. 2016). However, it was

noted that the CHF of aluminum microporous coatings did not show significant
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improvement compared to copper microporous coatings, this could be due to reaching

the highest possible value as a result of the hydrodynamic limit.

Yu et al. (2023) conducted a study on the improvement of BHT efficiency through the
incorporation of orthogonal microchannel structures with T-shaped heads. The findings
indicated that the use of orthogonal channels led to a significant enhancement in HTC
and CHF. Specifically, at lower heat flux levels, the elongation of the channels resulted
in increased surface area, thereby promoting convective heat transfer. On the other
hand, at higher heat flux levels, the T-shaped micro channels facilitated liquid
replenishment. Nevertheless, it was observed that beyond a certain channel length, the
growth of bubbles could lead to channel blockage, consequently hindering the

replenishment of liquid.

Chen et al. (2020) performed a study on the BHT properties of interconnected micro
channels with re-entrant cavities (IMRCs) and compared them with smooth copper
plates. The IMRCs were created using the orthogonal ploughing-extrusion (P/E)
technique followed by WEDM on copper substrates. The IMRCs exhibit a large surface
area as a result of the fabrication process through orthogonal P/E method, which
preserves the residual metal that is converted into micro-fins instead of cutting chips.
As a result, heat dissipation can occur quickly due to the increased heat transfer surface
area. Moreover, the interconnected pores and re-entrant cavities can boost the
nucleation site density, thereby improving nucleate boiling and enhancing heat transfer

efficiency.

Zhang et al. (2022) investigated the BHT characteristics of radial micro-pillar surfaces
under various liquid sub-cooling temperatures using FC-72 as the working fluid. The
findings indicated that these surfaces could effectively enhance the HTC and CHF.
Micro-pillar surfaces offer a greater number of nucleation sites with varying sizes
compared to smooth surfaces, enabling them to initiate boiling at lower heat flux levels.
This facilitates timely heat dissipation and helps maintain a relatively stable wall
temperature. On the other hand, unlike smooth surfaces with nearly zero wicking
velocity, micro-pillar surfaces exhibit strong capillary wicking. The robust capillary
force between the micro-pillars aids in liquid replenishment for evaporation, resulting

in reduced wall superheat at high heat flux levels and achieving higher CHF values.
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Jo et al. (2011) conducted a study on the influence of surface wettability on BHT.
Wettability refers to the ability of a liquid droplet to spread and create a contact angle
(CA) with a solid surface. The wettability of a surface plays a crucial role in determining
the heat transfer efficiency of a boiling surface. Hydrophilic surfaces are characterized
by a strong attraction to water, resulting in a CA of less than 90°, which causes water
to spread out. Superhydrophilic surfaces exhibit an even stronger affinity for water,
allowing it to spread out almost completely, leading to a CA close to 0°. The research
findings indicate that hydrophilic and superhydrophilic surfaces facilitate the rewetting
of potential dry spots beneath the growing vapor bubble, thereby delaying the onset of
CHF. Conversely, hydrophobic surfaces repel water, leading to the formation of
droplets with a high CA, typically exceeding 90°. Superhydrophobic surfaces
demonstrate extreme water repellence, causing water droplets to bead up and roll off
easily, with a CA exceeding 150°. It was observed that hydrophobic surfaces initiate
boiling at lower wall superheat temperatures and exhibit a higher active NSD, making
them suitable for boiling at lower heat fluxes. However, even at moderate heat fluxes,
these surfaces tend to prematurely transition to the inefficient film boiling regime,
resulting in elevated surface temperatures. Superhydrophobic surfaces, despite having
lower bubble incipience temperatures, quickly transition to film boiling immediately

after nucleation, making them unsuitable for boiling applications.

Allred et al. (2018) presented a new perspective on superhydrophobic surfaces in
boiling applications. Typically, superhydrophobic surfaces are in a Cassie-Baxter state
(with a roll-off angle < 10°), characterized by the presence of trapped air in surface
irregularities or roughness, which facilitates the creation of an insulating vapor layer,
leading to a notable reduction in heat transfer efficiency. The research conducted in this
study illustrated that when boiling occurs on superhydrophobic surfaces, transitioning
from a Cassie-Baxter state to a Wenzel state (with no roll-off angle), where the surface
texture is infiltrated with liquid, results in a considerable decrease in surface superheat,
along with sustained nucleate boiling. This phenomenon is attributed to the presence of
a pinned three-phase contact line during vapor bubble growth, which hinders the
formation of a vapor film on the surface and consequently delays the CHF.
Furthermore, Moze et al. (2022) conducted a similar study and observed that pool
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boiling on a superhydrophobic surface in the Wenzel state leads to a significant
reduction in bubble departure diameter and an increase in bubble departure frequency.

These effects contribute to a higher HTC.

Betz et al. (2010) investigated the impact of surfaces with mixed hydrophilic and
hydrophobic areas, known as biphilic surfaces, on BHT performance. The researchers
illustrated that flat surfaces that combine hydrophilic and hydrophobic patterns lead to
a significant enhancement in pool boiling performance. The CHF and HTC of these
improved surfaces were determined to be up to 65% and 100% higher, respectively,
when compared to a surface that is solely hydrophilic. Various networks that
incorporate both hydrophilic and hydrophobic regions were analysed, with notable
increases in CHF typically observed for hydrophilic networks containing hydrophobic
islands as opposed to hydrophobic networks containing hydrophilic islands.
Hydrophilic networks with hydrophobic islands effectively prevented the formation of
a vapor layer that acts as an insulator, promoted nucleation, enhanced HTC, and raised
the CHF by preventing dry out. In their subsequent research (Betz et al. 2013), the
authors further explored the biphilic concept by introducing superbiphilic surfaces that
juxtapose superhydrophobic and superhydrophilic areas. It was noted that HTC
measured on superbiphilic surfaces were up to three times higher than those on biphilic
surfaces. The enhanced heat transfer on superbiphilic surfaces was attributed to the
diverse range of transport phenomena induced on such surfaces, including the

movement of wetting lines and capillary effects.

Choi et al. (2016) reported the fabrication of an innovative bi-functional boiling surface
that can control bubble nucleation, growth, and departure dynamics. The process of
creating a bi-functional surface involves the printing of hydrophobic polymer dot
arrays, followed by the deposition of hydrophilic ZnO nanostructures using micro
reactor-assisted nanomaterial deposition (MAND) technique. The contrast in
wettability between the hydrophobic polymer dot arrays and the aqueous ZnO solution
enables the fabrication of bi-functional surfaces with distinct wettability regions.
Various configurations of bi-functional surfaces were produced by altering the sizes
and pitch values of the polymer dots. The craters in the polymer dots act as vapor traps

to initiate nucleation, while the ZnO nanostructures enhance capillary action and
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replenish dry hydrophobic spots at higher heat fluxes. The unique design of this bi-
functional surface ensures that the vapor-generation site is positioned lower than the
hydrophilic structures, enhancing wicking compared to configurations with a
hydrophobic site at the same level as the wicking structures. This configuration
promotes an increase in the volume of replenished fluid, leading to improved boundary
layer mixing and more vigorous bubble motion, resulting in quicker bubble departure.
Consequently, boiling experiments demonstrated a significant enhancement in BHT,
with up to three times the heat flux at the same wall superheat for the tested bi-
functional surfaces compared to a plain surface. Additionally, the authors observed that
as the bubble size increases with the dot size, bubble nucleation is delayed and
necessitates higher heat flux. This phenomenon can be attributed to the larger
hydrophobic areas creating a larger liquid-gas interface, thus requiring a higher

superheat to initiate nucleation.

Lim and Bang (2020) investigated the BHT on biphilic surfaces, focusing on
relationship between the size and pitch of hydrophobic spots. Pool boiling experiments
were conducted with deionized water at atmospheric pressure, using different biphilic
surfaces by varying the pitch of hydrophobic spots keeping the spot diameter constant.
The results showed that the enhancements in CHF and HTC, which are indicators of
boiling performance, varied for each biphilic surface. This suggests that the influence
of the hydrophobic pattern on boiling phenomena depends on the pattern geometry.
Among the biphilic surfaces investigated, the surface with a higher number of
hydrophobic spots, resulting from a reduced spacing, exhibited superior heat transfer
performance, exhibiting a 14.5% increase in CHF and a 34.1% increase in HTC
compared to those on a bare substrate The enhancement in BHT was attributed to the
presence of additional active nucleation sites created by the smaller spacing between

hydrophobic spots.

Motezakker et al. (2019) performed a parametric investigation to determine the optimal
ratio between the hydrophobic and hydrophilic regions on a biphilic surface. The aim
was to maximize the HTC and CHF. Various biphilic surfaces were examined by
altering the size of circular hydrophobic spots while maintaining a constant pitch, and

pool boiling experiments were carried out at atmospheric pressure using deionized
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water. High-speed visualization of the boiling process revealed that the hydrophobic
spots promoted nucleation, while the hydrophilic areas surrounding them facilitated the
replenishment of liquid to dry spots, thus delaying the onset of CHF. The experimental
findings revealed that both HTC and CHF were improved as the area ratio increased up
to 38.46%. However, biphilic surfaces with an area ratio exceeding 38.46% exhibited
a decline in CHF and HTC enhancement. This decline was attributed to the interaction
between adjacent bubbles, which leads to the formation of a vapor blanket at lower wall
superheat temperatures.

Moze et al. (2020) investigated the optimal surface pattern for enhanced BHT using
aluminum superbiphilic surfaces. To create these surfaces, a combination of chemical
vapor deposition of fluorinated silane and nanosecond laser texturing was employed,
resulting in the formation of superbiphilic surfaces with regions of both low and high
wettability. The primary objective of the research was to maximize the CHF and HTC
on these superbiphilic surfaces by optimizing the triangular lattice pattern of
superhydrophobic circular spots, which varied in diameter and pitch values. The pool
BHT performance of the superbiphilic surfaces was evaluated using saturated water at
atmospheric pressure. The experimental findings revealed that in order to achieve
optimal enhancement, the pitch value of the superhydrophobic spots should be
approximately matched with the bubble departure diameter. This optimal pitch value
would facilitate a high density of potentially active nucleation sites while still allowing
for the growth of the thermal boundary layer, thereby facilitating the activation of
neighbouring spots. Interestingly, the size of the superhydrophobic spots was found to
have minimal impact on the boiling performance when the optimal spot pitch was

employed.

Pontes et al. (2020) examined the impact of biphilic pattern geometry on BHT
performance. The researchers utilized synchronized high-speed video and time-
resolved thermography to analyse various biphilic surfaces. By systematically altering
geometric parameters such as the size and position of superhydrophobic regions, the
study found that smaller superhydrophobic regions resulted in more frequent bubble
formation and detachment. The evaporated mass, a measure of latent heat removal from

the heated surface, was observed to increase as the size of hydrophobic regions
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decreased. Additionally, the synchronized high-speed video and thermal images
demonstrated that biphilic patterns promoting moderate coalescence between detaching
bubbles induced a convective flow of liquid between superhydrophobic areas. This flow
led to a visible decrease in surface temperature and a higher evaporated mass flux,
indicating a larger heat flux removed by latent heat for biphilic patterns with a moderate
distance between superhydrophobic regions. However, the researchers raised concerns
regarding the durability of superhydrophobic spots and their effectiveness with highly
wetting liquids like FC 72 and PF 5060.

Rahman et al. (2015), introduced the novel concept of bi-conductive surfaces to
overcome the challenges associated with traditional strategies for enhancing BHT.
These bi-conductive surfaces are created by embedding an array of non-conductive
lines into a highly conductive metal substrate, resulting in spatial variations in surface
temperature during boiling. The researchers analysed various bi-conductive surfaces by
adjusting the pitch between consecutive epoxy regions. All of these surfaces
demonstrated an increase in heat transfer rate and a delay in the boiling crisis by
manipulating bubble dynamics during boiling. Interestingly, when the pitch value
approached the departure diameter of the bubble, a resonance-like effect was observed,
leading to significant improvements in both HTC and CHF. In subsequent studies
(Rahman and McCarthy 2017), the authors further modified the bi-conductive surfaces
by incorporating nanostructured coatings and patterns of Polytetrafluoroethylene
(PTFE) on the optimized bi-conductive surface. This modified surface was referred to
as a bi-conductive biphilic surface. These bi-conductive biphilic surfaces exhibited
their impact on all stages of the ebullition cycle. The presence of PTFE patterns reduced
the wall temperature required for bubble formation, while the nanostructured coatings
facilitated lateral wickability across the heating surface during boiling, resulting in
delayed dry-out and increased CHF. Additionally, the bi-conductive nature of the
surface altered the spatial distribution of temperature and created separate pathways for
incoming liquid and outgoing bubbles. Consequently, the bi-conductive biphilic
surface, which combines various enhancement techniques, demonstrated remarkable
increases in CHF and HTC, exceeding a factor of 2.5X and 10X, respectively, compared
to bare copper surfaces.
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Najafpour et al. (2020) carried out BHT experiments on nanoporous surfaces that were
embedded with low-conductive epoxy resin in circular cavities. The diameter of the
cavities was kept constant at 2 mm, while the spacing between consecutive epoxy disks
varied from 2.5 mm to 5 mm. With a decrease in the spacing between consecutive epoxy
disks, there was an increase in the number of epoxy disks on the surface, leading to
improvements in HTC and CHF. However, once the spacing between consecutive
epoxy disks decreased beyond a certain threshold, resulting in more than 51% of the
surface area being covered by epoxy disks, a significant drop in CHF was observed.
The enhancements in HTC and CHF of modified surfaces were attributed to the
presence of a superhydrophilic nanoporous oxide layer, which facilitated the rewetting
and lateral spreading of the liquid. Furthermore, the epoxy disks played a vital role in
augmenting the heat transfer by maintaining a wet surface and preventing bubble
coalescence during boiling. Additionally, the presence of these epoxy disks induced a
two-dimensional micro flow towards dry regions, owing to the combined effects of
nanoporous surface absorption. This phenomenon notably delayed the formation of a
vapor blanket, thereby further enhancing overall heat transfer efficiency.

Jaikumar et al. (2018) introduced the concept of Nucleating Region with Feeder
Channel (NRFC) to enhance BHT. The NRFC design included bubble nucleating
regions spaced apart to prevent lateral bubble coalescence and promote convective
liquid jets in the areas between adjacent nucleating regions. Feeder channels were
integrated into the non-nucleating regions to guide liquid flow towards the nucleating
regions. The study investigated the relationship between the length of the feeder
channel and the diameter of the departing bubble to optimize heat transfer. Results
showed a significant increase in HTC and CHF, when the feeder channel length
matched the bubble departure diameter. However, deviations from this optimal length
led to a decrease in performance. The feeder channel played a dual role by ensuring
continuous water supply to the nucleating regions and inducing a jet impingement effect
that enhanced HTC during bubble departure. A too short feeder channel length hindered
heat transfer due to bubble interference, while an excessively long length reduced the

impingement effect. Therefore, the study recommended using the shortest feasible
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feeder channel length slightly larger than the bubble departure diameter to avoid bubble

disruption and maximize heat transfer efficiency.

Elkholy and Kempers (2020) conducted a series of experiments on copper surfaces to
investigate the effects of 3D-printed porous polymer fixtures on pool boiling. These
fixtures were specifically designed to divide the copper surface into smaller units,
allowing for better control of bubble dynamics during the boiling process. The fixtures
were created using fused filament fabrication (FFF) technique, with variations in unit
cell size and height. The 3D printing process resulted in the formation of internal voids
and pores within the fixture walls, which facilitated capillary action and helped
replenish the liquid to nucleation sites. Interestingly, the researchers found that smaller
unit cells led to a reduction in bubble departure diameter and an increase in bubble
departure frequency, ultimately improving the HTC at moderate heat flux levels.
However, at high heat fluxes, the presence of the small unit cell fixtures became
detrimental to heat transfer efficiency. This was attributed to the fact that a relatively
large portion of the boiling area was covered with a low-conductivity fixture material,
limiting the overall heat transfer capability. Conversely, increasing the height of the
fixtures was found to have a negative impact on HTC at both low and high heat fluxes
when compared to fixtures with the smallest height. Taller fixtures led to longer bubble
escape times, causing friction losses that dissipated stored energy. Moreover, at high
heat flux levels, taller fixtures helped counteract the convection currents induced by
bubble departure, thereby reducing heat transfer efficiency. Based on these findings,
the authors emphasized the importance of optimizing the design parameters of 3D-
printed fixtures to achieve optimal heat transfer performance in pool boiling

applications.

Holguin et al. (2017) developed an easy to make, durable, cost-effective, and scalable
binary surface (BiS) for BHT enhancement. The BiS was produced on a copper
substrate through a three-step bulk micro-manufacturing process. These surfaces were
composed of numerous micro-/nano-cavities filled with a non-boiling liquid, forming
puddles around solid islands. The researchers postulated that the presence of this
immiscible non-boiling liquid puddles would separate the solid islands on the binary

surface, thus preventing lateral bubble coalescence, promoting early bubble
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detachment, and facilitating surface rewetting. Pool boiling tests were conducted on
the BiS using PF-5060, a dielectric liquid, as the boiling liquid and water as the non-
boiling liquid. The experimental results demonstrated that the BiS was able to increase
the CHF and HTC by 2.2 and 7.5 times, respectively, compared to those values on a
plain copper surface. Furthermore, the maximum heat flux achieved on the BiS, which

was 35.06 W/cm?, surpassed any previous enhancements reported in the literature for

the pool boiling of PF-5060 on enhanced surfaces up until that point.

Table2. 1 Summary of literature on boiling heat transfer enhancement

Authors Type of surface Remarks
Walunj and | Open Micro channels Geometry of micro-channels
Sathyabhama (2018) that contribute to the enhanced

liquid supply improves the
BHT

Saffari et al. (2020)

inclined meso channels

The trapped vapor under the

inclined meso channels
enhances the  nucleation
process  contributing  to

improved BHT

Jiang et al. (2021)

cylindrical pillar array

Optimized distance between
consecutive cylindrical pillars
result in rewetting of the dry
spots and early bubble
departure

Jaswal et al. (2023)

rectangular and

trapezoidal fins

The additional surface area
provided by the fins increased
the active NSD and there by
BHT

Godinez et al. (2019)

Microporous coatings

Microporous coatings enhance
the active NSD and reduce the
bubble incipience temperature

Yu et al. (2023)

orthogonal
microchannels with T-
shaped heads

The additional surface area
provided by the T shaped
heads increase active NSD

Chen et al. (2020)

Interconnected  micro
channels with re-entrant
cavities

Interconnected re-entrant
cavities boost the active NSD
and induces early departure of
bubbles.
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Zhang et al. (2022)

Radial micro pillars

Micro-pillar surfaces exhibit
strong capillary wicking which
aids in liquid replenishment to
dry spots

Joetal. (2011)

Hydrophilic and
Hydrophobic surfaces

Hydrophilic nature of the
surface improves liquid re-
wettability and enhances CHF
whereas hydrophobic nature of
the surface aids in early bubble
incipience and improves HTC
at low heat flux levels.

Allred et al. (2018)

Superhydrophobic
surfaces in Wenzel state

Superhydrophobic surfaces in
Wenzel state induces contact
line pinning that results in
lower  bubble  departure
diameters and higher departure
frequencies.

Betz et al. (2010)

Biphilic surface

The hydrophobic spots on a
hydrophilic surface enhances
HTC and CHF simultaneously
by lowering the incipience
temperature and  offering
liquid replenishment at high
heat flux levels.

Choi et al. (2016)

Bi-functional surface

The polymer dots on bi-
functional surface act as vapor
traps to initiate nucleation,
while the ZnO nanostructures
replenish dry hydrophobic
spots resulting in enhancement
of CHF and HTC.

Lim and Bang | Biphilic surface Smaller spacing  between

(2020) hydrophobic  spots induce
more active NSD and there by
enhanced HTC.

Motezakker et al. | Biphilic surface Both HTC and CHF increases

(2019) simultaneously as the
hydrophobic area on the
biphilic surface increases

Moze et al. (2020) Superbiphilic surface The size of the

superhydrophobic spots have
minimal impact on the boiling
performance when the optimal
spot pitch was employed.
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Pontes et al. (2020)

Biphilic surface

BHT increased as the size of
hydrophobic regions
decreased.

Rahman and

McCarthy (2017)

Bi-conductive biphilic
surface

This surfaces influenced all
stages of the ebullition cycle.
PTFE patterns lowered the
bubble incipience temperature,
while nanostructured coatings
enhanced wickability, and bi-
conductive nature of the
surface alter temperature
distribution for efficient liquid
and bubble pathways

Najafpour et al.
(2020)

Bi-conductive
superhydrophilic
surface

As the spacing between
consecutive  epoxy  disks
decreases beyond a certain
threshold, the coverage area of
the epoxy disks exceeds 51%,
leading to a significant drop in
CHF

Jaikumar et al.
(2018)

Surface with nucleating
regions surrounded by
feeder channels

The feeder channels on the
surface play has two functions
one is to provide continuous
water supply to the nucleating
regions and the second is to
induce a jet impingement
effect that enhance HTC
during bubble departure

Elkholy and

Kempers (2020)

Surface with 3D-printed
porous polymer fixtures

The 3D fixtures divide the
heater surface into smaller
units, allowing for better
control of bubble dynamics
during the boiling process
resulting in enhanced HTC
and CHF.

Holguin et al. (2017)

Binary surface

The presence of immiscible
non-boiling liquid puddles
separate the solid islands on
the binary surface, aiding in
preventing lateral  bubble
coalescence, promoting early
bubble  detachment, and
facilitating surface rewetting.
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2.2 STUDIES ON BUBBLE DYNAMICS

Several studies have been carried out to investigate the bubble dynamics and
mechanisms responsible for boiling enhancement. The details of such studies are

discussed below and summarized in Table 2.2.

Mchale and Garimella (2010) carried out an investigation into pool boiling bubble
dynamics on both polished and roughened aluminum surfaces. Through the use of high-
speed visualization, authors were able to measure the Dy, f, active NSD, and bubble
terminal velocity. The findings revealed that surface roughness and wall superheat have
a significant impact on all of these parameters. Upon comparing the obtained results
with existing model correlations in the literature, it was noted that, with the exception
of heat flux prediction, all other parameters showed good agreement for both polished
and rough surfaces. As a result, it was recommended that new bubble nucleation
correlations be developed to incorporate the crucial aspects of surface topography,

enabling mechanistic modelling to be applied across a wide range of boiling surfaces.

Moita et al. (2015) investigated the bubble interactive mechanisms during pool boiling
on various surface topographies, including cavities, micro pillars, and fins. The study
revealed that the lack of precise control over bubble dynamics can result in a significant
reduction in the HTC, thereby negating the advantages gained from increasing the

surface area.

Goel et al. (2017) conducted a study aimed at generating subcooled nucleate pool
boiling data under a wide range of conditions not previously documented in existing
literature. Using high-speed videography, the authors examined the characteristics of
bubble dynamics, specifically focusing on Dq and f. The authors varied parameters such
as heater surface roughness, geometry, and inclination, as well as sub-cooling and
superheating temperatures. The results indicated that the Dg increased with wall
superheat, heater size, and inclination angle, while liquid sub-cooling and surface
roughness had a dampening effect on the Dqy. Additionally, the departure frequency was
found to increase with wall superheat and inclination angle, but decrease with an

increase in heater size. The f also increased with the degree of sub-cooling, except when
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very close to saturation, and remained unaffected by surface roughness beyond a certain

superheat value.

Kumar et al. (2023) investigated the mode of interaction between adjacent vapor
bubbles growing on a hydrophilic surface under sub-cooled nucleate boiling conditions.
High-speed videography revealed that unlike the symmetric growth of the microlayer
underneath the isolated bubbles, microlayers underneath mutually interacting vapor
bubbles are asymmetric and tend to deplete relatively faster, impacting wall heat
transfer rates. Further, the lift-off time, movement and depletion of the microlayer
beneath the first bubble depends on the second bubble, irrespective of the spacing
between the interacting bubbles. In addition to bubble spacing, factors such as heat flux
and degree of sub-cooling strongly impact the bubble interaction. Precisely, the bubble

size increases with heat flux but decreases with the degree of sub-cooling.

Chen et al. (2018) conducted a comprehensive analysis of bubble dynamics on silicon
substrates that were locally heated, both with and without cavities, using synchronized
high-speed infrared thermography and high-speed video. This setup enabled efficient
measurement of wall temperatures and recording of bubble dynamics. The non-uniform
temperature distribution induced by localized heating caused bubbles to slide from the
nucleation site to the heater boundary. This sliding phenomenon provides a deeper
understanding of microlayer evaporation beneath the bubble, heat conduction to the
bubble and energy accumulation within the bubble. Visualization results revealed that
microlayer evaporation and energy accumulation occurred more rapidly on surfaces
with cavities than without, attributed to the reduced energy barrier for nucleation on

surfaces with cavities.

Pontes et al. (2020b) conducted a study on the dynamics of a single bubble nucleation
from generation to detachment on biphilic surfaces with the goal of developing an
optimum biphilic pattern to enhance BHT at lower wall superheat. The High-speed
visualization allowed identify various stages of bubble growth on all the biphilic
surfaces examined, irrespective of the dimensions of the hydrophilic areas. It was
observed that the Dy is affected by the size of the hydrophobic regions, due to the

surface tension forces acting at the interfaces between the hydrophilic and hydrophobic
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regions. Further, larger temperature gradients at the hydrophilic/hydrophobic

boundaries induce higher evaporated mass fluxes.

Hong et al. (2024) conducted numerical analysis of bubble dynamics on both plain and
honeycomb-structured porous surfaces. Their findings revealed that, in comparison to
plain surfaces, the dry patch beneath a growing bubble on a honeycomb-structured
porous surface is confined within the pore. This confinement restricts the three-phase

contact line, leading to decreased Dq and increased f.

Wang et al. (2023) conducted research on the dynamic behaviour of bubbles during
pool boiling under sub-atmospheric pressure conditions ranging from 30 to 120 kPa.
Their findings indicate that as the boiling pressure decreases within the sub-atmospheric
range, Dq increases while the f decreases. The decrease in pressure results in a smaller
density difference between the liquid and vapor phases, leading to reduced buoyancy
that enables bubbles to grow to a larger size before detaching. Additionally, the
decrease in pressure suppresses the presence of active NSD, thereby lowering the

frequency of bubble detachment.

Cai et al. (2023) examined the bubble dynamics of pool boiling on surfaces with
different wettabilities, including normal, superhydrophilic, and superhydrophobic
surfaces oriented vertically in a pool of liquid. The findings revealed that on neutral and
superhydrophilic surfaces, the bubbles incept, grow, detach from the nucleation sites,
and ascend into the liquid pool. However, on superhydrophobic surfaces, the bubbles
grow and tend to adhere to the surface, sliding instead of detaching and rising.
Additionally, it was observed that the size and frequency of bubble detachment on
superhydrophilic surfaces are smaller and greater, respectively, when compared to
normal surfaces. Consequently, superhydrophilic surfaces demonstrate superior heat

transfer capabilities in vertical configurations.

Chang and Ferng (2019) conducted an experimental investigation with the aim of
validating the CFD two-phase and BHT models by determining the boiling curve and
bubble dynamic characteristics of saturated pool boiling. The accuracy of BHT models
in thermal industries depends heavily on correlating the bubble dynamic parameters

appropriately. The measured bubble dynamics in this study include the Dq, f, and active
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NSD. Analysis of the experimental data revealed that bubble coalescence and active
NSD increased with an increase in wall superheat, while the departure frequency
decreased with an increase in Dq. To establish the relationship between the obtained
bubble dynamics and wall superheat, a least-square regression method was employed.
By incorporating the regressed bubble dynamic equations into the CFD wall heat-flux
partitioning model, a predicted boiling curve was generated, which exhibited a

reasonable agreement with the experimental boiling curve obtained in this study.

Extensive research has been conducted in the literature on the dynamics of
bubble departure in pool boiling, exploring a wide range of variables such as pressure
variations, different levels of sub-cooling up to the saturated temperature, changes in
the orientation of the heater surface from horizontal to vertical, and the use of both
normal and enhanced surfaces. By investigating the dynamics of bubble departure from
the heater surface under different conditions, a deeper understanding of the mechanisms
involved in improving heat transfer from the surface can be achieved. Moreover,
establishing correlations between the bubble dynamic parameters on enhanced surfaces
with wall superheat and heat flux aids in the optimization of boiling heat transfer

models by incorporating additional parameters specific to enhanced surfaces.

Table2. 2 Summary of literature on bubble dynamics

Authors Aim of the study Remarks
Mchale and | bubble dynamics study on | Surface roughness and wall
Garimella (2010) | polished and roughened | superheat have a significant
aluminum surfaces impact on bubble dynamics

Moita et al. (2015) | Study of bubble | Lack of precise control over
interactive  mechanisms | bubble dynamics can result in a

during boiling significant reduction in the HTC
Goel et al. (2017) | Study of bubble dynamics | Bubble  departure  frequency
at sub-cooled | decreases with wall superheat
temperatures whereas departure diameter and
active NSD increases with wall
superheat

Kumar etal. (2023) | mode  of  interaction | The bubble spacing, heat flux and
between adjacent vapor | degree of sub-cooling strongly
bubbles on a hydrophilic | impact the bubble interaction.

surface
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Chen et al. (2018)

Bubble dynamics on
locally heated silicon
substrates  with  and

without cavities

The reduced energy barrier on
surface with cavities enable
microlayer  evaporation  and
energy accumulation more rapidly
to enhance HTC

(2020b)

Pontes et al.

study on the dynamics of a
single bubble nucleation
from generation  to
detachment on biphilic
surfaces

Size of the hydrophobic regions
effect the bubble departure
diameter due to the surface
tension forces at the interface
between hydrophilic and
hydrophobic regions.

Hong et al. (2024)

Bubble dynamics on
honeycomb-structured
porous surfaces

The dry patch beneath the bubble
on a honeycomb-structured
porous surface is confined,
reducing departure diameter and
increasing departure frequency by
inducing three-phase contact line
pinning.

Wang et al. (2023)

Bubble dynamics during
pool boiling under sub-
atmospheric pressure

As the pressure reduces the
departure diameter increases and
frequency reduces. Further the

surfaces with different
wettabilities

conditions low pressures also suppress the
active NSD.
Cai et al. (2023) bubble  dynamics on | On neutral and superhydrophilic

surfaces, bubbles grow and
detach, while on
superhydrophobic surfaces,

bubbles grow but tend to adhere to
the surface.

2.3 STUDIES ON MITIGATION OF INORGANIC FOULING

Inorganic fouling refers to the accumulation solid inorganic compounds such as

carbonates and sulfates of calcium and magnesium on heat-exchanging surfaces, which

poses a significant challenge in thermal desalination systems such. Desalination

systems aim to extract fresh water from brackish feeds, which leads to the accumulation

of inorganic compounds that can become supersaturated and subsequently precipitate

or deposit onto surfaces. Consequently, precipitants adhere to the surface, resulting in
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a decrease in heat exchange efficiency. Various strategies have been studied in the
literature to mitigate inorganic scaling. This section provides a brief overview of
notable research efforts focused on mitigation of inorganic fouling and summarized in
Table 2.3.

Ayoub et al. (2019) investigated various pre-treatment methods for brackish feeds prior
to their entry into desalination systems. The research findings indicate that the selection
of a suitable pre-treatment approach depends on the quality of the original brackish
water source. The primary objective of pre-treatment is to effectively remove a
significant portion of the scaling/fouling substances present in the raw brackish feeds.
Initially, these feeds undergo filtration to eliminate suspended solids and chlorination
for disinfection. Subsequently, depending on the quality of the raw brackish feeds,
conventional pre-treatment techniques involving the use of different chemicals at
varying pH and temperature, as well as advanced membrane-based strategies like ion-
exchange water softening, as proposed by Venkatesan and Wankat (2011), are
employed to eliminate fouling and scaling materials from the raw brackish feeds.

Shen et al. (2012) synthesized a threshold agent by combining hydrolyzed polymaleic
anhydride (HPMA), 1-hydroxyethane-1,1-diphosphonic acid (HEDP), and polyacrylic
acid (PAA) in a mass ratio (dry weight) of 10:80:10. The aim was to tackle calcium
carbonate scaling in desalination plants. The researchers found that the synthesized
threshold agent formed complexes with free Ca?" ions, reducing the degree of
supersaturation. Consequently, this reduction slowed down calcium carbonate
precipitation. Moreover, the threshold agent adsorbed onto the active sites of calcium

carbonate nuclei on the substrate, disrupting the growth of calcium carbonate crystals.

Al-Mutairi et al. (2009) conducted a study on the impact of antiscalants, including hexa-
metaphosphate (SHMP), Belgard EV2030, and ethylene-diamine-tetra acetic acid
(EDTA), on the formation of calcium sulfate deposits on heat exchange surfaces within
desalination facilities. The prevention of scaling is accomplished through the
absorption of antiscalants at the crystal growth sites of sub-microscopic crystals that
form in the supersaturated solution. This process disrupts crystal growth and modifies

the morphology of the crystals. Additionally, the researchers noted that the
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effectiveness of antiscalants diminishes as the concentration of calcium sulfate in the

feed water increases.

Popov et al. (2022) investigated calcium carbonate scaling during desalination using
two novel fluorescent-tagged scale inhibitors: 1,8-naphthalimide-tagged poly acrylate
(PAA-F1) and 1-hydroxy-7-(6-methoxy-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl) heptane-1,1-diylbis (phosphonic acid) (HEDP-F). Although, both fluorescent-
tagged antiscalants reduced calcite crystal size compared to the blank experiments,
HEDP-F was slightly more effective against calcite scaling, while PAA-F1 showed
greater influence on calcite morphology. The enhanced calcium carbonate scaling
inhibition of fluorescent-tagged antiscalants was attributed to the interplay between

background calcium concentration and solubility of sparingly soluble calcium salts.

Cheong et al. (2013) examined how the nature of the substrate influences the formation,
growth, and adhesion of calcium carbonate scaling. The researchers found that coated
metal substrates exhibited lower adhesion to calcium carbonate scaling compared to
bare metal substrates. Additionally, the study revealed that the adhesion capabilities of
textured polymers decreased as the surface energy increased, unlike coated metal
substrates.

Izadi et al. (2010) conducted an experimental investigation to examine the impact of
surface roughness on fouling behaviour. The findings indicated that the density of the
foulant layer deposited on rough surfaces was greater than that on smooth surfaces over
time. Upon microscopic analysis of the fouled surfaces, it was discovered that the
fouled layer on the rough surface displayed a mixture of aragonite and calcite
polymorphs, whereas the smooth surface exhibited only dendrite porous aragonite

crystals, resulting in a less dense foulant layer.

Chevalier (2014) highlighted the importance of wettability and surface structure in
influencing the rate and mechanism of surface-induced inorganic fouling. The study
observed a general decrease in crystal density as surface wettability increased on
substrates that did not promote a specific crystal orientation. Conversely, an increase in
crystal density was observed with increasing surface wettability on substrates that

promoted highly selective crystal orientation.
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Tzachristas et al. (2022) examined the fouling behaviour of calcium carbonate on
packed beds with hydrophobic and hydrophilic wetting characteristics. The researchers
observed a distinct delay in crystal growth and the presence of less stable polymorphs
on the hydrophobic packed beds. Conversely, on the hydrophilic beds, only the most
stable polymorph, namely calcite, was deposited. This was attributed to the chemical
affinity of the working fluid with the hydrophilic surface, which facilitated its transport
throughout the entire cross section of the bed and ultimately led to the formation of
stable calcite.

Subramanyam et al. (2014) examined the efficacy of slippery liquid infused porous
surfaces (SLIPS) in reducing gypsum scaling. SLIPS are obtained by infiltrating liquid
lubricant into the micro textured substrate. The researchers found that the presence of
the liquid lubricant induced an activation barrier that hindered the deposition of salt.
Consequently, the rate at which salt accumulated on the lubricant-infused surface was
lower compared to the bare substrate. Additionally, the study revealed a correlation
between the surface tension of the impregnated liquid lubricant and the heightening of

the activation barrier.

Charpentier et al. (2015) conducted a study to assess the durability of a lubricant-
infused surface by examining the contact angle hysteresis after 12 hours and 24 hours
of exposure to a simulated seawater environment. The increase in contact angle
hysteresis indicates the gradual replacement of the infused lubricant by the simulated
seawater near the surface. The research findings revealed that the contact angle
hysteresis on the substrate infused with Fluorinert FC-70 exhibited an increase in
contact angle hysteresis with longer immersion time. Conversely, in the case of the
substrate infused with BMIm (1-Butyl-3-methylimidazolium bisimide), the contact
angle hysteresis remained unchanged. This was attributed to the relatively lower surface
tension of BMIm liquid (34 mN/m in contrast to 18 mN/m for Fluorinert FC-70), which
contributes to enhanced stability and consequently, a decrease in contact angle

hysteresis.

Masoudi et al. (2017) conducted a study to evaluate the effectiveness of inorganic
fouling mitigation on plain surfaces compared to surfaces infused with liquid lubricant

in an artificial seawater environment. The study findings indicated that, unlike plain
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surfaces, liquid-infused surfaces create both a liquid-liquid interface and a solid-liquid
interface when submerged in artificial seawater. This smooth, defect-free liquid-liquid
interface reduces the interactive forces between deposited foulants and the substrate,
thereby decreasing the strength of scale adhesion.

Mousavi and Pitchumani (2022) conducted dynamic scaling tests to analyze calcium
sulfate scaling patterns on bare surfaces, as well as on hydrophilic, hydrophobic, and
liquid-infused surfaces. A general trend of decrease in the rate of mass gained due to
scale buildup was observed on bare, hydrophilic, and hydrophobic surfaces as the
Reynolds number increased. This reduction is attributed to the hindrance of stable scale
buildup caused by higher shear forces at elevated Reynolds numbers. In contrast, on
liquid-infused surfaces, an increase in scaling mass rate was observed with increase in
Reynolds number, attributed to the exposing of underlying surface for fouling by partial
displacement of infused liquid. Despite of this, liquid-infused surfaces demonstrate a
better scaling mitigation abilities (60%-90%), when compared to bare surface in all

testing conditions.

Table2. 3 Summary of literature on inorganic scaling mitigation strategies

Authors Scope of the work Remarks
Ayoub et al. | pre-treatment approaches | Selection of a suitable pre-
(2019) treatment approach depends on
the quality of the brackish water
source.

Shen et al. (2012) | Synthesis of threshold | Threshold agent adsorb onto the
agents to reduce calcium | active sites of calcium carbonate
carbonate precipitation nuclei to disrupt the growth of
calcium carbonate crystals.

Al-Mutairi et al. | Impact of antiscalants on | The prevention of scaling is
(2009) prevention of scaling accomplished by the absorption
of antiscalants at the crystal
growth sites of sub-microscopic

crystals
Popov etal. (2022) | Mitigation of calcium | Fluorescent-tagged antiscalants
carbonate scaling reduced calcite crystal size

compared to the Dblank
experiments
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Cheong et al.
(2013)

Influence of the substrate
nature on scale formation

Coated metal substrates
exhibited lower calcium
carbonate scaling compared to
bare metal substrates

Izadi et al. (2010)

Impact of surface
roughness on fouling

Density of the foulant layer
deposited on rough surfaces was
greater than that on smooth
surfaces

Chevalier (2014)

Effect of wettability on
surface-induced inorganic
fouling

An increase in crystal density
was observed with increasing
surface wettability

Tzachristas et al.
(2022)

Calcium carbonate
Fouling behaviour on
packed beds with
hydrophobic and
hydrophilic nature.

A distinct delay in crystal
growth and the presence of less
stable polymorphs were found
on the hydrophobic packed beds.

Subramanyam et
al. (2014)

Efficacy of SLIPS in
reducing gypsum scaling

Presence of the liquid lubricant
on SLIPS induce an activation
barrier that hindered the
deposition of salt

Charpentier et al.
(2015)

Durability of SLIPS

Lower the surface tension of
infused lubricant increase the
stability of SLIPS

Masoudi et al.
(2017)

Antifouling effectiveness
of liquid infused surfaces
in artificial sea water
environment.

Smooth and defect-free liquid-
liquid interface on liquid-
infused surface reduce the
interactive  forces  between
deposited foulants and the
substrate.

Mousavi and
Pitchumani (2022)

Calcium sulfate scaling
patterns on hydrophilic,
hydrophobic, and liquid-
infused surfaces.

Decrease in the rate of mass
gained due to scale buildup was
observed on hydrophilic and
hydrophobic surfaces as the
Reynolds number increased.

2.4 STUDIES ON CORROSION INHIBITION

The strategies implemented for corrosion inhibition are briefly discuused below and

summarized in table 2.4.
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Trdan et al. (2011) conducted a study to explore the impact of laser pulse energy on the
effectiveness of laser shock processing (LSP) as a surface enhancement technique for
improving corrosion resistance. LSP involves immersing substrates in deionized water
and directing high-power, short-pulse lasers onto the metal substrates through the
transparent water. This process leads to the vaporization of a thin surface layer and the
formation of plasma. The rapidly expanding plasma becomes trapped between the
surface of the sample and the transparent water, acting as a confining layer. This
confinement creates high pressure, which generates shock waves that induce plastic
deformation and compressive residual stresses in the sample, ultimately enhancing its
corrosion resistance. The experimental findings revealed that as the density of laser
pulses increased, the intensity of corrosion attack decreased. This suggests that higher
laser pulse density contributes to improved corrosion resistance. Furthermore, Shakier
et al. (2016) demonstrated that the thickness of the confining layer, represented by the
deionized water, also influences corrosion resistance. Specifically, the corrosion rate
decreases as the confinement layer thickness increases up to 4 mm. However, beyond
this threshold, the corrosion rate begins to rise. This increase was attributed to the
thicker layer absorbing more laser energy, thereby reducing the energy available to the

sample and compromising its corrosion resistance.

Rokkala et al. (2021) employed friction stir processing as a means to tailor the surface
properties of Mg-1Zn-2Dy (wt.%) alloy, aiming to mitigate corrosion in temporary
implant applications. This processing technique brought significant changes in the
microstructural characteristics of the original as-cast alloy. The coarse a-Mg grains
were completely replaced by extremely fine grains, while the secondary phases
underwent fragmentation into fine particles that were uniformly dispersed.
Consequently, the low angle grain boundaries observed in the as-cast alloy were
transformed into high angle grain boundaries. Notably, electro-chemical corrosion tests
conducted on the friction stir processed as-cast alloy demonstrated reduced corrosion
rates, which was attributed to the development of an adhesive passive layer facilitated

by the presence of high angle grain boundaries.
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Xhanari and Finsgar (2019) reviewed the use of organic corrosion inhibitors for
protecting aluminum and its alloys in alkaline and chloride-containing environments.
They reported that the effectiveness of these inhibitors increases with higher inhibitor
concentrations but decreases with rising temperatures. The corrosion mitigation by
organic inhibitors was attributed to the presence of electron-donating groups in their
chemical structure. These groups form insoluble complexes with metal cations, which
then adsorb onto the aluminum surface, creating a barrier between the metal and

corrosive environment.

Ansari et al. (2018) provided a comprehensive review of volatile corrosion inhibitors
(\VVCls) as effective inhibitors for both ferrous and non-ferrous metals and alloys. These
VCls offer corrosion protection through three mechanisms: anodic protection, cathodic
protection, and a mixed type of protection. Anodic corrosion inhibition occurs when
VCls form a protective film, known as a passivation layer, on metal surfaces through
adsorption. The high volatility of VClIs enables them to easily vaporize and condense
on metallic surfaces, including hard-to-reach areas such as crevices, pores, and cracks,
thereby providing comprehensive protection. On the other hand, cathodic corrosion
inhibition involves the neutralization of corrosive agents present in the surrounding
environment, such as H>O, SOz, H>S, and CO». This neutralization process leads to a
sudden increase in surface impedance, as cathodic corrosion inhibition reduces the
diffusion rate of chemical species responsible for corrosion. Lastly, the mixed type of

protection combines both anodic and cathodic protection by using VCls.

Yuan et al. (2020) fabricated a super-hydrophobic aluminum surface using
femtosecond laser ablation and subsequent heat treatment. This method resulted in the
creation of a micro-textured surface capable of entrapping air within its microstructures.
Consequently, the actual contact area between a sessile water droplet and the solid
surface was minimized, leading to a significant improvement in hydrophobicity. The
contact angle of a sessile water droplet on the textured surface was measured to be as
high as 160°, with a roll-off angle of less than 5°, indicating that the surface was in the
Cassie state. The authors noted that these super-hydrophobic surfaces exhibited
excellent resistance to corrosion when submerged in an aqueous solution, attributed to

the air pockets within the microstructures acting as a protective barrier between the
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solid surface and the corrosive environment. Further, Wang et al. (2012) found that the
super-hydrophobic surfaces in the Cassie state transitioned to the Wenzel state as the
immersion depth in the corrosive medium increased, owing to the rising pressure. In
the Wenzel state, the sessile water droplet infiltrates the microstructures. Despite
maintaining high contact angles, surfaces in the Wenzel state lack roll-off angles,
causing the droplet to adhere to the surface. The authors reported that while super-
hydrophobic surfaces in the Wenzel state offer better corrosion protection than plain
surfaces, those in the Cassie state provide superior corrosion protection to the
underlying metal. Therefore, it was concluded that employing super-hydrophobic
surfaces as a corrosion protection strategy in aqueous solutions is effective in systems

with lower water pressure.

Cai et al. (2022) examined SLIPS as a potential alternative to the superhydrophobic
surfaces to address the issues of poor durability in corrosion protection. Unlike
superhydrophobic surfaces, the air entrapped in the micro porous structures was
replaced by a liquid lubricant that is immiscible with the corrosive medium. The
protective barrier created by the immiscible liquid lubricant provides prolonged
protection to the metal underneath from corrosion attack. Tuo et al. (2017) and Yu et
al. (2021) conducted experiments to compare the corrosion mitigation capabilities of
SLIPS and superhydrophobic surfaces. They observed that similar to the
superhydrophobic surfaces SLIPS exhibit very high contact angles and low roll-off
angles. However, the presence of lubricant traces on the surface of the SLIPS induces
super slippery property due to which the sliding velocity of the sessile droplet on the
SLIPS is as high as 0.48 mm/sec. These characteristics of SLIPS make them more

durable and effective in corrosion protection.

Zhu et al. (2023) fabricated SLIPS on 1060 pure aluminum by anodizing the aluminum
samples in an H2SO4 electrolyte solution to form an aluminum anodic oxidation (AAQ)
layer with a capillary-like porous structure. Subsequently, the porous structure was
filled with dimethyl silane lubricant oil. Examination of the corrosion patterns on the
bare surfaces and SLIPS after exposure to salt spray corrosion and long-term immersion
corrosion indicated that the bare substrates displayed lumpy corrosion products all over

the surface, while the SLIPS exhibited minimal corrosion with few corrosion products
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present, attributed to the synergistic effects of the AAO layer and the infused lubricant.
Additionally, it was noted that the capillary action of the lubricant within the porous
structure could replenish any defects on the surface, thereby maximizing the corrosion
resistance capabilities of the SLIPS.

Table2. 4 Summary of literature on corrosion mitigation stategies

technique for improving
corrosion resistance

Authors Scope of the work Remarks
Trdan et al. (2011) | Effectiveness of LSP as a | As the density of laser pulses
surface enhancement | increased, the intensity of

corrosion attack decreased

Rokkala et al.
(2021)

Friction stir processing as
a means to tailor the
surface  to mitigate
corrosion in temporary
implant applications.

LSP processing technique brought
changes in the microstructural
characteristics of the original as-
cast alloy that aids in corrosion
resistance.

Xhanari and

Finsgar (2019)

Effectiveness of organic
corrosion inhibitors for
protecting aluminum in

Effectiveness of inhibitors
increases with higher inhibitor
concentrations but decreases with

inhibitors (VCIs) for both
ferrous and non-ferrous
metals and alloys.

alkaline and chloride | rising temperatures.
environments.
Ansari et al. (2018) | volatile corrosion | VCIs offer anodic protection,

cathodic protection, and a mixed
type of protection.

Yuan et al. (2020)

Super-hydrophobic
aluminum surfaces for
corrosion protection.

The air pockets within the
microstructures of
superhydrophobic surface act as a
protective barrier between the
solid surface and the corrosive
environment.

Cai et al. (2022)

Effectiveness of SLIPS in
corrosion protection

The immiscible liquid lubricant
on SLIPS provide prolonged
protection to the metal underneath
from corrosion attack.

Zhu et al. (2023)

Effectiveness of liquid
infused surface combined
with  AAO layer in
corrosion mitigation

The synergistic effects of the
AAO layer and the infused
lubricant enhanced the corrosion
protection.
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2.5 CRITICAL LITERATURE REVIEW AND OBJECTIVES OF PRESENT
WORK

Based on the literature, BiS can enhance BHT by promoting separate pathways for
incoming rewetting liquid and outgoing vapor bubbles. In contrast, SLIPS are known
for their effectiveness in reducing corrosion and inorganic scaling. The SLIPS create a
protective lubricant layer that separates the corrosive medium from the metal substrate
and minimizes the interaction between deposited foulants and the metal.

It is noteworthy that, like BiS, SLIPS are created by infusing a liquid into the
micro/nano textures of the substrate. However, unlike BiS, SLIPS do not control the
oversaturation of the infused liquid, resulting in a passive lubricant layer that
significantly hinders heat exchange efficiency. Consequently, while SLIPS effectively
mitigate corrosion and inorganic fouling, their application in the desalination industry

is limited due to concerns about heat exchange efficiency (Zhao et al. 2018).

In contrast, BiS can enhance BHT while theoretically slowing down corrosive reactions
and reducing precipitant adhesion due to the reduced effective surface area. However,
there are no studies evaluating the corrosion and inorganic scaling mitigation

capabilities of BIS.

Therefore, this study aims to develop a BiS on Al 6061 alloy to assess its effectiveness
in mitigating corrosion and inorganic scaling in a simulated brackish water
environment. Boiling tests at atmospheric pressure with deionized water, coupled with
high-speed visualization, will be conducted on the BiS to understand the bubble
departure dynamics behind the enhancement of BHT. The objectives of this research

are as follows:

» To experimentally investigate the BHT performance of BiS in contrast to
reference plain surface and a surface with high wetting properties.
» To study the bubble dynamics (Dg, f, and active NSD) on BiS to perceive the

physical mechanism responsible for enhanced nucleate BHT.
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» To investigate inorganic scale formation and its effect on condensate collection
on a BiS when heated with simulated brackish water, comparing it to a reference
plain surface and a highly wetting surface.

» To investigate the corrosion resistance provided by BiS compared to a reference
plain surface and a highly wetting surface at various temperatures when exposed

to simulated brackish water.
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CHAPTER 3

ENHANCEMENT OF BOILING HEAT TRANSFER

3.1 TEST SURFACE PREPARATION AND CHARACTERIZATION

3.1.1 SURFACE PREPARATION

Figure 3.1 illustrates the flow sequence for fabricating BiS from a bare solid substrate.
BiS surfaces were fabricated from commercial aluminum (Al 6061) alloy substrates
using a three-step bulk micro-manufacturing approach developed by Cvijovic and Kota
(2018). As received aluminum substrates possess a passive oxidation layer. Therefore,
the substrates underwent an initial treatment involving sanding with silicon carbide
sheets of varying grits, ranging from 80 to 1200. After the pre-treatment, the samples
exhibited an average roughness of 0.44 um (Ra). Subsequently, the substrates were
subjected to sonication in acetone and deionized water. The resulting surface was a
plain aluminum workpiece, referred to as the Plain Surface (PS), which was served as

the reference sample.

Micro-grooves were made on the PS substrates in perpendicular directions using
sandpaper with a grain size of 250 um. The substrates were sonicated again with
acetone and deionized water to remove any free aluminum particles trapped in the
micro-grooves. The substrates were then subjected to thermo-catalytic etching by
immersing them in a chemical mixture of 70% nitric acid (HNO3), methanol (CH3OH),
and deionized water in a 4:1:1 proportion at 100 °C for 90 minutes. After etching, the
substrates were thoroughly cleaned with deionized water and dried at 100 °C for 10
minutes, resulting in an Ultra-Omniphilic Surface (UOS). The UQOS consists of
numerous micro and nano cavities along with the micro-grooves, forming a capillary

network that enables extreme wetting and spreading of multiple liquids.

To create the BIS, liquid lubricant droplets were placed on the UOS, infiltrating the

capillary network until saturation. Excess lubricant was wiped away with a paper towel
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to reveal the solid islands, resulting in a BiS with lubricant pools surrounding the solid
islands. The BiS underwent testing at various angles to verify that the lubricant was

securely held by the capillary network of the UOS.
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Figure 3.1 Flow sequence of the BiS fabrication.

Table 3.1 Thermo-physical properties of cutting board (mineral) oil at T =40 °C.

Property Value
Boiling point (°C) 260
Flash point (°C) 150
Density (kg/m?) 838.2
Viscosity (Pa-s) 0.017
Thermal conductivity (W/m-K) 0.145
Specific heat (kJ/kg-K) 2.38
Solubility in water Insoluble

It is important to note that the thermo-physical properties of the liquid lubricant are
crucial for maintaining in-plane temperature variations on the BiS substrate. In this
work, cutting board mineral oil was used as the liquid lubricant. The thermo-physical
properties of the cutting board mineral oil are shown in Table 3.1. The cutting board

mineral oil has a higher boiling point and lower thermal conductivity than that of
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deionized water and saline water, which helps maintain in-plane temperature variations
during BHT. Additionally, its lower viscosity facilitates easy infiltration into
micro/nano cavities, and its moderate surface tension aids in maintaining a negative
spreading coefficient. Although the density of the cutting board oil is lower than that of
deionized water and saline water, the capillary force induced by the micro-nano

network firmly holds the oil in place.
3.1.2 BIS CHARACTERIZATION

Since the BIS topography consists of two distinct phases—solid islands
surrounded by liquid puddles—a confocal laser scanning microscope from Leica TCS
SP Il was used to analyse its features. First, a short-wavelength UV laser light was
projected onto the liquid lubricant and the BIiS substrates separately, and their
fluorescence was measured and compared, as shown in Figure 3.2. The recorded
fluorescence was entirely attributable to the liquid lubricant, making it difficult to detect
the solid phase on the BiS.
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Figure 3.2 Fluorescent spectrum of oil and BiS.
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Next, the refraction of the liquid lubricant and the BiS were measured separately. No
refraction was observed from the oil, indicating that the refraction detected from the
BiS could be attributed solely to the aluminum. Therefore, the image obtained by
overlapping the refractive and fluorescence images of the BiS represents its actual state,
as shown in Fig 3.3. In this composite image, the solid phase is represented by refraction

(green) and the liquid phase by fluorescence (red).

Figure 3.3 Overlay of BiS reflection and fluorescence spectrums.

Figure 3.4 (a) shows the topography of the BiS viewed through an optical microscope,
with solid islands and liquid puddles labelled. Prior to the experiments, the contact
angles of water droplets on the BiS were measured at various locations. The average
contact angle observed on the BiS is 55°, as shown in Fig 3.4 (b). This indicates that

the BiS does not exhibit any extreme patterns of wettability.
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Figure 3.4 (a) BiS topography captured by optical microscope (b) Average contact
angle on the BiS.

3.2 EXPERIMENTAL TEST SETUP AND PROCEDURE

3.2.1 BOILING TEST SETUP

The test setup as shown in Fig 3.5 was designed to conduct the boiling experiments on
a horizontal test surface at atmospheric pressure and various instruments used in the
experimentation are listed in Table 3.2. The test setup primarily consists of a rectangular
boiling chamber made of stainless steel. The 250 x 200 x 400 mm? chamber holds the

working fluid throughout the experiment at saturation temperature. One side of the
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chamber has the provision to insert an auxiliary heater (of 500 W capacity) and
temperature sensors into the liquid and the vapor zones. All the other three sides of the
chamber consisted of transparent glass pieces to illuminate and capture the boiling
phenomenon with high- speed image visualization. The top flange of the test chamber
was fitted with a condenser and a pressure sensor. The bottom flange of the test section
has a provision for test surface assembly and a drain valve. All sides of the chamber

were covered with heat resistant material to minimize any possible heat loss from the

chamber.
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Figure 3.5 Boiling heat transfer experimental test setip.

The schematic of the test section assembly is shown in Fig 3.6. Four cartridge heaters
of 6 mm diameter and 200 W capacity were press fitted into a copper heater block,
which serves as the main heater. A circular Al 6061 workpiece of 20 mm diameter and

20 mm height was fastened to the main heater. The top surface of the workpiece is the
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test surface and in contact with the working fluid. Three k-type thermocouples of 1 mm
probe diameter were inserted into the workpiece at a distance of 2 mm, 6 mm, and 10
mm respectively from the test surface in the vertical direction. The workpiece along
with heater block was fastened into a customized Teflon insulation block and any gap
between the heater block and the Teflon block was filled with the glass wool insulation.
The glass wool and Teflon block cover ensure axial (vertical) flow of heat from the
heater rod to the test surface. The entire assembly was inserted into the boiling chamber
from the bottom flange. A gasket maker and Teflon tape were used between the test

surface assembly and the boiling chamber to make the assembly leak-proof.

Table 3.2 Instruments used in boiling heat transfer equipment

Instrument Specifications

K-type thermocouple Range: - 20 °C to 260 °C

Probe diameter: 1 mm

Cartridge heaters (Main heater block) Diameter: 6 mm
Length: 50 mm
Capacity: 200 W

Cartridge heater (Auxiliary) Diameter: 16 mm
Length: 150 mm
Capacity: 500 W

Pressure transducer Range: 1 bar to 27 bar

Operating temperature: Up to 228 °C

Data acquisition system Model: NI cDag-9178
Number of channels: 16

Temperature accuracy: 0.01 °C

A control unit interfaced with boiling chamber monitors the pressure and temperature
inside the chamber. The control unit houses the display units of the pressure sensor and
temperature sensors that are inserted in liquid and vapor. Main and auxiliary heaters
were also operated from the control unit with the help of variable voltage auto-

transformer. A proportional integral derivative (PID) controller integrated with water
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pump controls the pressure inside the boiling chamber by circulating water/coolant
between the coolant storage tank and the condenser. The cold junction of k-type
thermocouples from the workpiece was connected to the NI cDag-9178 data acquisition
system. A LabVIEW graphical programming environment was used to control the rate
of obtaining temperature data from the data acquisition system. In the present work, the
LabVIEW program collects the thermocouple data for every 500 ms and reports the
average temperature recorded on each thermocouple for every 20 s. Graphs depicting
the instantaneous variation of temperature with time and average temperature window

at 40 W heat input are provided in appendix A.
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Figure 3.6 Test section.

3.2.2 EXPERIMENTAL PROCEDURE

A standard procedure was followed to conduct the experiments on all the surfaces to
maintain consistency. As mentioned earlier, the test surface assembly was first inserted
into the boiling chamber. The chamber was then filled with a measured quantity of
deionized water, leaving a gap for vapor formation and condensation near the top
flange. It was ensured that there were no leakages from the bottom flange. The auxiliary
heater was turned on to heat the deionized water to the saturation temperature. The

water was allowed to rigorously boil for one hour to remove the non-condensable gases.
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Before initializing the actual tests, the light source was turned on along with the high-

speed camera for adjusting the focus and aperture.

The main heater was turned on and the heat input was increased in steps until the CHF
was reached. A sudden jump (>20-30 °C) in the thermocouple readings for a small step
increase in the heat flux was considered as the CHF condition on the test surface. The
boiling phenomenon was recorded with the high-speed camera at each heat input after
the test surface temperature (Ts) reaches the steady state. The Ts was assumed to reach
a steady state when the difference between the average temperatures reported on each
thermocouple is less than 0.1 K consecutively over a period of time. When the pressure
in the boiling chamber increases above the set pressure, PID triggers the pump to
circulate coolant in the condenser until the pressure in the chamber reaches the set
pressure value. The power input was then turned down, and the heat flux achieved at

the previous steady state was reported as the CHF.

3.2.3 DATA REDUCTION

The experiments involved measuring the pool boiling performance parameters such as
heat flux and HTC.

The heat flux from the test surface is assumed to be uniform and can be estimated by
the Fourier law of heat conduction. As explained earlier, the test piece and heater rod
are surrounded by a Teflon shield. The Teflon masking resists the heat loss in the radial
direction. In addition, copper will enable for a rapid spreading of heat in the axial
direction. Hence, the heat flow within the test piece is unidirectional (axial), and a 1-D
Fourier law of heat conduction, as shown in equation 3.1, can be adapted to measure

the heat flux from the test surface.

" dr
q' = —kn s (3.1)

Here, Z—Z is the temperature gradient along the height of the test piece. To measure the

Z—i value, temperature recordings of three k-type temperature probes, which were
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embedded in the test piece at different places (as shown in the Fig 3.6), are substituted

in Taylor’s backward series approximation, as shown in equation 3.2.

dT _ 3T;—4T+T3
dx 2+Ax (3-2)
Where Ax is the distance between consecutive thermocouples.

The surface temperature of the test piece is estimated by the following equation 3.3.

T,=T—q (2) (3.3)

kai

Where, x; is the distance between the test surface and first thermocouple from the test

surface.

The HTC of boiling heat transfer between the test surface and working fluid is

calculated by using equation 3.4.

h=—2 (3.4)

Ts_Tsat

3.24 UNCERTAINTY IN MEASUREMENTS

In the present experimental setup, three calibrated thermocouples were embedded into
the aluminum work piece at various locations. The precision error in thermocouple
location, accuracy errors in thermocouple readings, thermal conductivity of Al 6061,
and deviation in the repeatability tests cause an inevitable experimental uncertainty. To
estimate the experimental uncertainty in measuring pool boiling performance
parameters such as heat flux, HTC, and surface temperature, the propagation of error

method is used similar to Walunj and Sathyabhama (2018).

The deviation of the distance between the thermocouples due to manufacturing error is
approximately 0.01 mm. The accuracy of each k- type thermocouple is experimentally
verified by measuring the freezing and boiling points of water, and a match was found

with the data provided by the manufacturer (£0.1 °C). The standard deviation of the
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thermal conductivity of Al 6061 is 2% in the operating temperature range (Radebaugh
and Bradley 2018). For all the temperature measurements, a 95% confidence level was
used. The standard deviation in the measurement of heat flux, surface temperature and
heat transfer coefficient are estimated from the repeatability tests.

To measure the uncertainty in the heat flux, equation 3.5 was used and then dividing
these uncertainty values with heat flux values calculated using equation 3.1, the
percentage uncertainty in heat flux is obtained. In this work, a maximum uncertainty of

9.9% was observed.

U, =
Jom) + ) + () + Gon) + () + @]

(3.5)

The uncertainty in measuring surface temperature was calculated using equation 3.6

and a maximum error of 0.25 "C was found at the highest heat flux.

U, \”(Un) + (kAl Uq )2 (kAl UA,C)2 + (151 UkAl + (O'Ts)zl
(3.6)

The uncertainty in calculating HTC was obtained using equation 3.7 and a maximum
error of 10.25% was estimated at heat fluxes below 250 kW/m? and a maximum of 5%

error for larger heat fluxes.

2 2

Upyre = \/[((T:;;at))z + ((Ts_(;;at)z UTs) + (m—qm UTsat) + (oyrc)? (3.7)

As it is known that uncertainties could vary depending on the experimental conditions,
measurement approaches, the instruments used, statistical confidence level, and the

sample size, it is cautiously noted the heat flux and HTC uncertainties could have minor
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deviations. However, it was found that these deviations will not impact the findings

from a comparison perspective of the BHT performance of the three test surfaces.

3.2.5 REPEATABILITY AND VALIDATION OF THE TEST SETUP

Three test runs were conducted on the plain aluminium test substrate as depicted in Fig
3.7 to examine the reproducibility of the experimental results and the boiling curves
showed good repeatability of the experimental data.

To validate the obtained test results, they were compared with the correlation (equation
3.8) proposed by Rohsenow (1952) as shown in Fig 3.8.

1 3
R glp1—pv)]2 Cpl(Ts_Tsat)
qa = Uzhlv[ - ] [ CorhrgPr] (3.8)

Here, n is an experimental constant equal to 1 for pure water, and Cs is the surface-
fluid factor. The value of Cs for bare aluminium-pure water combination is 0.0165,
experimentally obtained by Righetti et al. (2020). It is seen from the figure that the
correlation results agree well with the trend of experimental results and the mean
absolute error between the experimental and the predicted values calculated from
equation 3.9 is found to be 19.5%. The deviation or error between the experimental the
predicted results were attributed to the difference in the surface characteristics,

geometry, and the size of the boiling surface.

MAE = %ZM X 100 (3.9)

dexp
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Figure 3.7 Repeatability of test setup

The present experimental results are compared with the experimental data obtained by
Righetti et al. (2020) (green triangles), Godinez et al. (2019) (blue triangles) and Moze
et al. (2021) (purple triangles). It can be seen from the figure that the boiling curves
drawn for the present experimental data and previous experimental works follow an
identical trend. The maximum heat flux observed in Righetti et al. (2020) was lower
compared with CHF values found in other works including the present work as the

authors in Righetti et al. (2020) did not continue the experiments until CHF.

The CHF observed in this study is higher than the estimation made by Zuber (1959)
(1200 kW/m?) using the equation 3.10. A similar observation was made in the
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experimental works of Godinez et al. (2019) and Moze et al. (2021). The reason for the
higher CHF values was attributed to the growth of a Boehmite (aluminum oxide
hydroxide) layer on the aluminum test surface.

1
a-g(p1— pv)]s (3.10)

q":C'hlv'pv[ 2

Here, C is a dimensionless constant, typically taken as 0.131 for a horizontal surface.
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Figure 3.8 Validation of test setup.
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3.3 HIGH-SPEED VISUALIZATION

3.3.1 PROCEDURE AND EQUIPMENT FOR HIGH-SPEED VISUALIZATION

High-speed visualization of the boiling phenomenon allows for the detailed observation
of dynamic processes, such as bubble nucleation, growth, departure, and coalescence,
in real-time. This enables a better understanding of the underlying mechanisms of BHT,
including the interactions between bubbles and the heat transfer surface. In this
experiment, a high-speed camera (AOS Promon 501) equipped with a NIKON 50 mm
/1.4D lens was used to capture the boiling phenomenon at an aspect ratio of 384 x 250
pixels and a frame rate of 1000 fps. The AOS imaging studio v 4.4 software interfaced
the high-speed camera with a computer, allowing adjustments to the frame rate, aspect
ratio, exposure, and shutter speed. Videos were recorded at all heat inputs until the CHF
was reached. Only a few videos were processed to measure bubble characteristics up to
the heat flux level that identifies the discrete bubble regions. At higher heat flux levels,
the crowding of bubbles and their rigorous coalescence made visualization extremely

difficult and unreliable.

3.3.2 ESTIMATION OF BUBBLE DEPARTURE DIAMETER

Bubble grows with the increase in heat input and departs from the surface when the
bubble buoyancy force dominates the force that tends to pin the bubble to the surface.
The spherical shape of the bubble slightly turns to elliptical profile at its bottom as
shown in Fig 3.9. Thus measurement of bubble departure diameter requires certain
assumption to obtain the equivalent bubble diameter. As suggested by Siegel and
Keshock (1964), bubble departure diameter is estimated as the arithmetic mean of x

and y, which were estimated by MATLAB image processing.
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Figure 3.9 Measurement of bubble departure diameter.

The captured videos were manually observed frame by frame after being converted into
individual frames using the MATLAB video labeller tool. Frames containing departed
bubbles were identified and processed using MATLAB image processing to draw a
manual bounding box around each departed bubble. The bounding box measures the

horizontal ('x") and vertical ('y") axis lengths of the departed bubble in pixels

A reference object of known dimensions was also captured with the same camera
position, frame rate, and settings. To retrieve the horizontal and vertical dimensions in
terms of pixels for the reference object, a bounding box was drawn for the reference
object as explained above. Figure 3.10 (a) and (b) shows the reference object and a
departing bubble enclosed in the bounding box. Since the actual dimensions of the
reference object are available, equation 3.11 is used to convert the dimensions of ‘x’

and ‘y’ from pixels to mm.

X or y in mm

_ Size of the departed bubble (pixels) - Size of reference object (mm)

Size of the reference object (pixels)

(3.11)

The time-dependent behavior in the shape of the departing bubble and inconsistency in
identifying the edges of the departing bubble may lead to uncertainty in the bubble

departure diameter measurement. To minimize the error in estimating bubble departure
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diameter, at least three repeated measurements were taken for the same bubble. A

maximum error of 15% was observed in the entire set of measurements.

$eidddiiniia

(a) (b)

Figure 3.10 Bounding box inserted on a) reference object and b) departing bubble.

3.3.3 ESTIMATION OF BUBBLE DEPARTURE FREQUENCY

The number of bubbles departing from a bubble nucleation site over a period of time
represents the bubble departure frequency. In the bubble ebullition cycle, t, represents
the bubble growth period and t,, represents the waiting period between two consecutive
bubbles from a bubble nucleation site. The growth and the waiting periods of the
ebullition cycle are manually counted from the recorded videos using MATLAB video

labeler. Then f of one bubble nucleation site is obtained from equation 3.12.

f= (3.12)

The equation mentioned above gives the bubble departure frequency from a single
nucleation site. Therefore, an average of bubble departure frequencies from 3 to 5
bubble nucleation sites was reported as the average bubble departure frequency. The
difference between the departure frequencies of various bubble nucleation sites was
within the range bound of + 10%, based on measurements taken from several sets of

bubble nucleation sites. An increase in the heat flux leads to lateral bubble coalescence
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and makes the measurement of bubble departure frequency unpredictable. The bubble
departure frequency measurements considered in this work are from isolated bubble

nucleation sites.

3.3.4 ESTIMATION OF NUCLEATION SITE DENSITY

Active NSD was estimated by counting the number of bubble nucleation sites divided
by the test surface area. The high-speed video files were analyzed frame by frame for
this purpose. The number of sites counted on any instantaneous frame is less than their
cumulative number. This is because, any bubble nucleation site which is active at least
once over several ebullition cycles is considered active. Therefore, to approximate the
number of active sites in the present work, the procedure suggested by Mchale and
Garimella (2010). Gerardi et al. (2010) reported the uncertainty in the active NSD as
the difference in the number of sites obtained by counting the active sites for several
times in the same frame. In the present work, the uncertainty is observed as + 2% at
low heat flux levels. The uncertainty increases with the heat flux as the field of view is
frequently obstructed by the bubble crowd. The maximum uncertainty of £ 10% is
observed in the present work.

3.4 RESULTS AND DISCUSSION

3.4.1 BOILING CURVES

Figure 3.11 illustrates the heat flux dissipated from the PS in relation to the wall
superheat, with regression lines drawn for both the natural convection and nucleate
boiling regimes. The corresponding regression line equations are presented in equations
3.13 and 3.14. The curve shows a steep increase in the slope within the nucleate boiling

regime, indicating large amount of heat dissipation at a finite temperature difference.

« (T; — Teqe) ™8 for natural convection regime (3.13)
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« (Ts — Tsq¢)>©® for nucleate boiling regime (3.14)

Gaertner (1965) proposed that nucleate boiling regime consists of three phases: the
discrete or isolated bubble phase, the transition phase, and the vapor mushroom phase.
Snapshots of each phase are shown in Fig 3.11. In the discrete bubble phase, bubbles
depart in the shape of spheres. As the heat flux increases, the departure frequency from
the nucleation sites increases, and the bubbles appear to form a vapor column. Further
increases in heat flux cause the bubbles to merge and depart in the shape of a mushroom.

The transition phase is where both discrete and mushroom-shaped bubbles coexist.

Figure 3.12 shows that the heat flux dissipated at a given wall superheat increases from
PS to BiS. The incipient temperatures for bubble nucleation of all the three surfaces are
given in Table 3.3. The incipient temperature required on BiS is lower than on the other
two surfaces. The presence of liquid lubricant puddles creates in-plane temperature
variations on the BiS, which reduces the wall superheat required for the onset of
nucleation (e.g.,Rahman et al. 2015). The nucleation on the UOS surface is delayed due

to its highly wetting (omniphilic) nature.

Table 3.3 Bubble incipient temperature.

Test surface Incipient temperature, °C
PS ~11

UoS ~12

BiS ~7
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Figure 3.11 Boiling curve of PS showing regression lines in natural convection and

nucleate boiling heat transfer.
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Figure 3.12 Heat flux as a function of wall superheat.

As mentioned earlier, unlike SLIPS, the excess lubricant on BiS is wiped off after
infusing the micro/nano cavities. This prevents the formation of a smooth oil layer that
would act as a thermal barrier and cause homogeneous boiling (where vapor nuclei
form in the bulk of the liquid). For homogeneous boiling, the wall superheat required
to initiate and sustain boiling would need to be tens of degrees higher than the saturation
temperature of water. However, as shown in Table 3.3, the bubble incipience
temperature on the BiS is approximately 7 °C, confirming that bubble nucleation occurs
on the solid islands of the BiS (heterogeneous boiling) rather than in the bulk of the
liquid. Figure 3.12 also indicates that the heat flux dissipated from the BiS at around 7
°C is 273.5 kW/mz, increasing to 2066 kW/m? (about 40% higher than on the PS) at a
wall superheat of around 20 °C. Such a steep increase in heat flux dissipation with only

a few degrees of wall superheat increase is possible only with heterogeneous boiling.
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Furthermore, it is important to note that the capillary force induced by the micro/nano
cavity network on the BIiS effectively holds the liquid lubricant in the sub-surface
cavities of the BiS during nucleate boiling. Otherwise, the boiling curves for BiS and
UOS would almost coincide in Fig 3.12. Additionally, the CHF values for BiS and UOS
are nearly the same despite the smaller boiling area on the BIS (i.e., only the solid
islands). This suggests that the increase in surface area has not contributed to the CHF
enhancement on the BiS (compared to the PS), unlike the UOS or other enhanced

boiling surfaces such as micro channels, micro/nano-pillars, and sintered particles.

Figure 3.13 shows the variation of HTC with the heat flux on all the tested surfaces.
The HTC of the BiS is ~100% and ~35 % higher than on the PS and UOS, respectively.
The augmented convective currents induced by the in-plane temperature differences
created by the lubricant puddles enhance the HTC of BiS in the natural convection
region. The nucleate boiling region on the BiS begins earlier than on the other surfaces
due to low incipient temperatures. The lubricant puddles on the BiS avoid lateral bubble
merger and provide separate passageways to the departing bubbles and the incoming
liquid, which extends the isolated bubble phase in nucleate boiling regime. Hence the

HTC in the nucleate boiling regime of BiS is higher than on the other two surfaces.

Holguin et al. (2017) reported the findings of pool boiling experiments on BiS
fabricated on a copper substrate at atmospheric pressure under saturated conditions
using the dielectric liquid PF-5060. It was observed that, compared to a plain copper
surface, BiS could simultaneously enhance the heat flux limit by approximately 2.2
times and the maximum HTC by about 7.5 times. Although the CHF (2066 kW/m?) and
maximum HTC (101 kW/mz-K) values obtained in the present study (using water as
the boiling liquid) are higher than those reported by Holguin et al. (2017) with PF-
5060, the percentage enhancement in HTC and CHF in their experiments (7.5 times and
2.2 times, respectively) is much higher than in the present work (2 times and 1.47
times). The differences in the thermos-physical properties of PF-5060 and water could

explain these relatively lower enhancements (Cvijovic et al. 2022).
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Figure 3.13 HTC as a function of heat flux.

The non-dimensional Jakob number (Ja) is the ratio of sensible heat to the latent heat
absorbed during the phase change process. Figure 3.14 represents the variation of heat
flux with respect to Jakob number for all the surfaces. It can be seen from the curves
that the Jakob number increases rapidly at lower heat flux and slowly at higher heat

fluxes, which indicates the domination of latent heat at higher heat fluxes.
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Figure 3.14 Jacob number as a function of heat flux

The power law fit that shows the dependence between heat flux and the Jakob number
for all the surfaces is shown as dashed lines. Since the precise relationship between the
Jakob number and other nucleation quantities is not available in the literature, these
power law fits may be useful in interpreting other figures that follow Jakob number as
an independent variable. From the power law fits, it is observed that the coefficient of
q " decreases and its power increases for the BiS compared to the PS and the UOS. The
lower Jakob number on the BiS can be considered as a result of the cumulative effect
of the coefficient and the power that in turn would be related to the active NSD and

efficient vapor bubble dynamics.
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3.4.2 HIGH-SPEED VISUALIZATION

The inception, growth, departure, and other characteristics of the bubble were recorded
by high-speed camera. The visualization images revealed that the size of the departing
bubble on the PS is larger compared to that on the copper surfaces from the literature
(Chang and Ferng 2019; Thiagarajan et al. 2015). This size difference is attributed to
the difference in the thermo-physical properties of the substrate as observed by Aktinol
and Dhir (2012) where the effect of substrate properties on the bubble dynamics were
studied.

3.4.2.1 Bubble Departure Diameter

Several correlations were developed in the past to predict the bubble departure
diameter. The commonly adopted correlations are given in Table 3.4. Balancing the
buoyancy force with the surface tension force at atmospheric pressure, Friz (1935)
developed a correlation to predict the bubble departure diameter. Kocamustafaogullari
and Ishii (1983) modified the Friz (1935) correlation to predict the bubble departure
diameter at any pressure. Cole (1967) developed a correlation by summarizing the
existing results. Tolubinsky and Kostanchuk (1970) developed a correlation to predict
bubble departure diameter in subcooled boiling. Figure 3.15 shows the comparison of
experimental bubble departure diameter values with the predicted values using the
correlations. It can be observed from the graph that the experimental bubble departure
diameter values of the bare aluminum surface (PS) is close to the predicted values
obtained by Fritz (1935) and Kocamustafaogullari and Ishii (1983) correlations with a

mean absolute error of 9.34% and 8.5%, respectively.
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Figure 3.15 Comparison of measured bubble departure diameter with correlations.

Figure 3.16 shows the comparison of the bubble departure diameter of PS, UQOS, and
BiS with the experimental values measured by Chang and Ferng (2019), Mchale and
Garimella (2010), and Thiagarajan et al. (2015) as a function of Jakob number. From
the definition of Jakob number, increasing Jakob number implies relatively low vapor
generation which requires the bubble to grow to a larger size before it can depart (i.e.,
large bubble departure diameter values for increasing Jakob number in the figure for
regular or PS). As shown in the figure, the bubble departure diameter values of the PS
are higher than the literature data. The difference in the substrate material, contact
angle, and topographical features could be the reason for this variation. Unlike PS and
UOS, the bubble departure diameter on the BiS is found to be weakly dependent on the
Jakob number. The average diameter of the departing bubble from the BiS is also

smaller than PS and UQOS, it varies between 1.21 mm and 1.33 mm for a heat flux range
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of 275-1000 kW/m?. The departing diameter on the BiS is approximately 56% lower
than on the PS at ~ 500 kW/m?. The incoming rewetting liquid force and the presence
of the liquid lubricant with a different surface tension value than the boiling liquid may
have caused the early departure and could be the reason for the smaller departure
diameter on the BIiS. The surface tension force pins the bubble and allows it to grow
larger on the PS. The schematic of bubble behaviour at different time lines on BiS and
PS is depicted in Fig.3.17. The bubbles on the PS grow larger and tend to merge
whereas the bubbles on the BiS tend to depart early at lower diameters due to the
presence of the lubricant puddles.

Table 3.4 Correlations for the prediction of bubble departure diameter.

Authors Correlation
Fritz (1935) 1
D, = 0.02086 [—]
¢ g(p1 — py)
Cole (1967)
o= o004ja| 27|
¢ T =)
Kocamustafaogullari and Dy
Ishii (1983)
= 0.0012( )090 020860 [ ]
P (o1 — pv)
Tolubinsky and Kostanchuk Dy
(1970) _ Tsar — T,
= min| Dy.rexp _Tref » Dinax
Dyer = 0.64 mm
AT,er = 45K

Dpax = 1.4 mm
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Figure 3.16 Comparison of measured bubble departure diameter with literature.

3.4.2.2 Bubble Departure Frequency

The average departure frequency on PS, UOS and BiS with respect to Jakob number
are shown in Fig 3.18. The linear fit for each surface is also given in the figure. From
the definition of Jakob number, increasing Jakob number implies increasing wall
superheat which reduces the tw and tq thereby increasing bubble departure frequency.
The linear fits show that the slope of the BIS is steeper than the other surfaces. It can
also be observed from the curve that the bubble departure frequency on all the surfaces
increases with the Jakob number, similar to literature (Chang and Ferng 2019; McHale
and Garimella 2010; Thiagarajan et al. 2015). The presence of liquid lubricant puddles
will result in large in-plane temperature differences on the BiS which keeps the
nucleation sites (solid islands) hotter than the liquid puddles. Therefore, the bubble
growth and waiting times on the BiS are lower than the other surfaces. Accordingly,
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higher departure frequencies were observed on the BiS. The bubble growth rate on the
PS is a result of the balance of the surface tension force and the liquid-vapor pressure
difference. On the UQS, the cause of a significant delay in the waiting time between
consecutive bubbles can be attributed to its poor nucleation characteristics. Therefore,

the departure frequencies of PS and UOS are lower than the BiS.
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Figure 3.17 Schematic of the observed bubble behavior on PS, UOS and BiS at
various ebullition stages.

The product of bubble frequency and departure diameter (f*Dq) is calculated and
compared with the well-known correlations of Jakob and Fritz (1931), Peebles and
Garber (1953), and Zuber (1963) in Fig 3.19. All the correlations are indicated in Table
3.5. Jakob and Fritz (1931) correlated the f/*Dq from the experimental data, whereas
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Zuber (1963) and Peebles and Garber (1953) developed the correlation by making

assumptions to the theoretical arguments.

Table 3.5 Correlations for the prediction of /°Dq.

Authors Correlation
Jakob and Fritz (1931) f-Dg; =0.078

Peebles and Garber (1953) 1
_ tg ag(pr— py) |*
f+D, =1.18 :
(tg + tw) Pv
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Figure 3.18 Variation of measured bubble departure frequency of PS, UoS, and BiS

with Jakob number and comparison with other experimental works.
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From the Fig 3.19 it can be observed that experimental f-Dqg values do not match with
any correlation. However, f-Dq of all the surfaces follows the trend of Peebles and
Garber (1953). The figure also shows that f-Dq values of BiS are higher than the other
two surfaces. Though the departure diameters on BiS are smaller than those on the PS,
its higher frequency rates resulted in the maximum f-Dq on BiS. Therefore, BiS surfaces

are more effective in BHT.
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Figure 3.19 Comparison of the f-Dd of PS, UoS and BiS with those predicted from

the correlations at different Jakob numbers.

3.4.2.3 Nucleation Site Density

The NSD is measured by analyzing the recorded videos. The NSD of PS, UOS, and
BiS are plotted against the Jakob number in Fig 3.20 and compared with the predicted

values of NSD by empirical correlations (indicated in Table 3.6). The figure indicates
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that the experimental NSD values in general are much lower than the predicted values
of Lemmert and Chawla (1977). The NSD values of PS are closer to the correlation of
Kocamustafaogullari and Ishii (1983), which was obtained by correlating the
experimental data through a parametric study.

Table 3.6 Correlations for the prediction of NSD.
Authors Correlation

Lemmert and Chawla Nsp = (¢%(T, — Tsat))z ,C =210,z =1.804
(1977)

Kocamustafaogullari and NSD = L@ 40Tqr 4 o~
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Figure 3.20 Variation of the active NSD of PS,UQS, and BiS with Jakob number and

comparison with predicted results and literature data.
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Figure 3.20 also compares the present experimental data with the experiments reported
in the literature (Chang and Ferng 2019; McHale and Garimella 2010). It can be
observed that the measured NSD on PS follows a similar trend and order of magnitude
with those predicted by Kocamustafaogullari and Ishii (1983). BiS is observed to have
more active NSD, and it has approximately 30% higher NSD at ~ 500 kW/m?
compared to the UOS, which has the lowest active NSD among all surfaces. The well-
distributed lubricant puddles allow the solid islands to maintain the superheat required
to sustain the active NSD on the BiS.

The snap shots of boiling phenomenon on PS, UOS, and BiS at different heat fluxes are
provided in Fig 3.21. On the PS, topographical features capable of activating the
nucleation sites are relatively absent and the surface tension forces are predominant.
Hence, the bubbles on the PS grow larger and they cover the entire surface with
relatively few active nucleation sites. As the heat flux increases, the bubble pins to the
surface and grows and eventually merges with the adjacent bubble. This extensive

horizontal coalescence leads to the inefficient rewetting and early occurrence of CHF.

The UOS have a strong affinity for liquid rewetting. Therefore, higher wall superheats
are required for bubble incipience. It can be seen from the snap shots that the active
NSD of the UOS is lower than the other two surfaces at any given heat flux. Smaller
departure diameters, higher waiting periods, and lower departure frequencies were
observed. The efficient rewetting of the dry spots at higher heat fluxes will delay the
CHF. In general, convective heat flux is postulated to be the dominant mechanism on
the UOS compared to the other surfaces. This argument is also supported by the f-Dq
values of the UOS as shown in Fig 3.19.

The snapshots of the boiling phenomenon on BiS, as given in Fig.3.21, show that the
active NSD on BIS are higher than on the other surfaces. The liquid lubricant puddles
on the BiS provide for easy and separate parallel pathways for liquid rewetting and
vapor bubble removal in addition to denying the lateral bubble merger by preventing
the growth of bubbles. These phenomena collectively extend the discrete bubble regime
on the BiS. The solid islands on the BiS remain hotter than the adjacent liquid puddles.
Thus, nucleation on the solid islands results in faster growth rates and negligible waiting

periods, resulting in a significant bubble departure frequency. Consequently, the HTC
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measured on the BiS is higher than on the PS and the UOS and the CHF is as good as
on the UOS and higher than on the PS.

(a) q" =212 kW/m? (e) q" = 258 kW/m? (i) q =273 kw/m?

(b) q"=359 kw/m? (f) q" = 388 kW/m? () q =465kw/m?

(d) q"=1202 kw/m? (h) q"=1290 kW/m? () q"=1496 kW/m?

Figure 3.21 Snap shots of boiling phenomenon at different heat fluxes (a-d) PS (e-h)
Uos (i-1) BiS.
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CHAPTER 4

MITIGATION OF INORGANIC SCALING AND CORROSION

4.1 SIMULATED BRACKISH WATER

Brackish water is defined as water with salinity levels falling between freshwater and
seawater, or water containing chlorine (CI") concentrations exceeding 400 mg/L. The
Total Dissolved Salts (TDS) in brackish water typically range from 1000 mg/L to 15000
mg/L. Sources of brackish water include areas where river water mixes with seawater,
such as estuaries, mangroves, and brackish lakes. The TDS of brackish water tends to
rise during high tidal periods and decrease during the rainy season. In addition to
electrolytes and dissolved minerals, natural brackish water sources also contain
suspended particulates, organic matter, and biological substances. Consequently,
desalinating brackish water can lead to bio-fouling, organic fouling, particulate fouling,
and inorganic fouling occurring simultaneously. To avoid other types of fouling agents
and maintain a consistent salinity level in all experiments, a simulated brackish water
was utilized in the current study. While sodium chloride (NaCl) is the primary
component, other salts are also present in brackish water. To replicate actual brackish
water conditions, 9000 mg of aquarium salt was added to 700 ml of tap water and then
adjusted to a total volume of 1000 ml. The TDS and ion composition of the simulated
brackish water are detailed in Table 4.1. Previous studies on scaling mitigation have
simulated feed waters as either carbonate-rich or sulfate-rich to investigate carbonate
fouling (alkaline) or sulfate fouling (non-alkaline) mechanisms. However, real brackish
water contains both carbonates and sulfates. Therefore, simulating actual brackish
water is a more practical approach for scaling mitigation research. For consistency,
corrosion mitigation experiments were also conducted using simulated brackish water

with the same composition.
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Table 4. 1 The concentrations of cations and anions in the simulated brackish water.

Constituent Concentration (mg/L)
Ca?* 767
Mg?* 581
Na* 1252
HCOZ 409
S0;~ 1359
Cl~ 5060
K* 38
Others 344
TDS 9810

4.2 INORGANIC SCALING

4.2.1 TEST SECTION AND EXPERIMENTAL PROCEDURE

A laboratory-scale test setup, as shown in Fig 4.1 was used to conduct experiments and
investigate the impact of inorganic fouling on the test surface. The setup consisted of a
flexible silicon heating sheet positioned between two metal plates and connected to a
DC power supply. A circular workpiece with a diameter of 3.5 inches was attached to
the metal-heater assembly. To monitor the temperature of the substrate, a k-type
thermocouple probe was inserted into a 1 mm diameter and 2 cm deep hole drilled in
the radial periphery of the workpiece. The thermocouple probe was coated with thermal
paste to ensure proper thermal contact. The outer periphery of the workpiece was
covered with a centrally holed circular gasket, and a borosilicate glass tube was placed
on top of it. Another gasket of similar size was placed on the upper end of the glass
tube. The glass tube was filled with a measured amount of brackish water (200 ml), and
a glass funnel was placed upside down on the gasket. A plywood sheet with a central
hole was then placed on the funnel, and the entire assembly was secured tightly with
bolts and nuts. A condensate collecting flask was connected to the test setup assembly

using a hose pipe.
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Prior to conducting the experiment, the weight of each test surface (PS, UOS, and BiS)
was measured using a digital balance with a precision of four decimal places. Once the
test setup was assembled and securely fixed, the DC power source was activated. The
power supplied to the heating sheet gradually increased until the temperature of the test
surface reached 115 ‘C, which exceeds the boiling point of the working fluid under
atmospheric conditions. As a result, bubble incipience occurred on the test surface due
to the elevated temperature, leading to the boiling of the brackish water. Consequently,
the brackish feed began to vaporize, and over time, the vapors passed through the hose
pipe and condensed in a collecting flask. Simultaneously, super-saturated mineral salts
precipitated on the test surface. The amount of condensate collected in the flask was
recorded at 15-minute intervals. After 120 minutes, the DC power supply was reduced,
and the final amount of condensate in the flask was recorded once the test setup had
returned to room temperature. The remaining residue was then drained, and the fouled
surface was thoroughly cleaned using a paper towel. The weight gained as a result of
fouling was determined by subtracting the initial weight of the test surface from the
final weight after cleaning. The reported results in this study represent the average of
three experimental trials, with the standard deviation from the mean depicted as the
error in the graphs. To examine the fouling characteristics of each test surface, the
fouled surfaces were sliced into smaller specimens and analyzed for crystallization
patterns using a field emission scanning electron microscope (FESEM) and an optical

3D profilometer.

All the monitoring and measuring devices used in the experiment, including k-type
thermocouple, digital weighting balance, and condensate collecting flask, have been
fully calibrated. The k-type thermocouple underwent experimental calibration by
measuring the freezing and boiling points of water. The obtained readings were found
to deviate within £ 0.1 °C, which aligns with the manufacturer's specified accuracy for
the thermocouple. Further the accuracy of digital weighing balance and condensate
collecting flask were regularly assessed by comparing the measurements obtained on
them against a standard reference. Further, the digital weighing balance is maintained
in a clean room environment to prevent the accumulation of dust particles that could

potentially impact measurement accuracy, while the condensate collecting flasks are
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regularly cleaned to ensure they are free from any residues and stored in a temperature-

controlled environment.
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Figure 4.1 Laboratory scale setup to test the inorganic fouling effect on test surface.
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4.3 CORROSION

The corrosion resistance of the PS, UOS, and BiS was analyzed in a simulated brackish
water environment through electrochemical corrosion and immersion corrosion (weight

loss method) tests.

4.3.1 ELECTROCHEMICAL CORROSION TEST

In the electrochemical tests both potentiodynamic polarization (PDP) and
electrochemical impedance spectroscopy (EIS) were sequentially performed without
changing samples on a computer controlled electrochemical work station (Gill AC,
ACM instruments, UK) using a standard three electrode cell as shown in Fig 4.2. In this
work, a platinum electrode and saturated colonel electrode were served as counter
electrode and a reference electrode respectively, while the test sample acted as a
working electrode. Simulated brackish water was used as electrolyte, and all the
electrochemical experiments were conducted at room temperature. Before testing, the
electrolyte was degassed by bubbling argon gas. The test sample was then immersed in
the electrolyte for 1000 seconds and allowed to stabilize, while simultaneously
recording the open circuit potential (OCP). A square test sample was employed, with
all sides sealed using resin material, except for a 1cm? exposure area. In each test, the

test sample was exposed identically.

In the PDP test, a potential of + 250 mV (Vs OCP) was applied to the working electrode
at a constant scanning speed of 5mV/sec throughout the test. The resulting currents
were recorded, and the relationship between the applied potential and resultant current
was plotted on a polarization curve. The corrosion potential (Ecorr) and corrosion current
density (lcorr) Were determined from the polarization curve using the Tafel extrapolation

method, and the corrosion rate was subsequently determined.
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Figure 4.2 The schematic of electrochemical corrosion test rig.

For the EIS test, a small amplitude of 10 mV was applied to the working electrode
across a frequency range of 100,000 Hz to 0.01 Hz at a scanning speed of 10 points per
decade. Impedance components such as resistance (Z') and capacitance (Z") were
marked to create a Nyquist plot. After the electrochemical tests, the surface

morphologies of the corroded test samples were observed under FESEM.

4.3.2 IMMERSION CORROSION TEST

Weight loss tests were conducted by immersing the test samples in simulated
brackish water for 7 days at three different temperatures: room temperature (RT), 50
°C, and 75 ‘C. Before immersion, the initial weight of the samples was recorded using
a digital weighing balance. After the designated time, the test samples were removed
from the brackish water, cleaned in a suitable solution following ASTM G1 (Gl 2003),
rinsed in deionized water, dried, and reweighed. This process was repeated until no
weight change was observed. The uniform corrosion rate (CR) was calculated using
equation 4.1.

8.76 - 10%* ‘W

L (4.1)

CR (mm/year) =
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Where, W represents the mass loss in grams, A is the surface area of the specimen
exposed to corrosion in cm?, t is the duration of exposure in hours, and D is the
specimen density in g/cm®. To ensure the reproducibility, all the experiments were

conducted thrice and the CR values reported are the average values.

4.3 RESULTS AND DISCUSSION

4.3.1 MITIGATION OF INORGANIC SCALING

The experiments were carried out to investigate the fouling patterns on the test surfaces
and to assess their ability to improve BHT to the working fluid in order to maximize
condensate production. Typically, the BHT of saltwater is superior to that of plain water
due to the additional nucleation sites provided by salt precipitation. However, during
prolonged boiling periods, the precipitants can act as thermal resistance, diminishing
boiling efficiency and raising surface temperatures (Raghupathi and Kandlikar 2017).
Figure 4.3 illustrates the changes in condensate collected by each surface over time. It
is evident from the figure that initially, the amount of condensate collected is similar
for all test surfaces. This is because, in the early stages, the generated vapor circulates
only in the upper half of the glass tube and condense on the walls of the glass tube,
funnel, and hose pipe. However, when the concentration of vapor intensifies, they pass
through the hose pipe and reach the condensate collecting flask. As time progresses,
the slope of the BIS is steeper compared to other surfaces, indicating effective BHT to
the brackish water on the BiS. As discussed earlier, this improved boiling performance
can be attributed to liquid puddles on the BiS (Holguin et al. 2017), as they aid in
augmented bubble activity (i.e., bubble incipience and departure) on the surface. In
contrast, the omniphilic nature of the UOS substrate limits the number of active NSD
but sustains bubble activity. On the other hand, bubble activity on the PS is restricted
by the dominant surface tension between the working fluid and the surface, leading to

decreased bubble departure rates and a surface crowded with bubbles.

87



140 -
120 - M
100:- g
80.-
s

40

Condensate collected (ml)

20 -

1 " 1 1 1 " 1 " 1

0 20 40 60 80 100 120
Time (min)

Figure 4.3 Variation of condensate collected with time on each test surface.

As a result of the continuous formation of bubbles, the extraction of pure water is
enhanced, leading to higher concentration of salt in brackish water. This causes the
supersaturated salt ions to be deposited onto the surface. However, the stability of these
deposited salt ions is influenced by the surface conditions. The process of precipitation
on PS and BiIS is illustrated in Fig. 4.4. Microscopic crevices and cavities serve as
potential SNS for the deposited salt ions. Once these SNS are stabilized, they further
agglomerate salt ions and crystallize, and the precipitants grow in size. However, on
BiS, a smooth and defect-free liquid-liquid interface limits the crystallization to the
solid islands, reducing the availability of SNS and resulting in a slower crystallization
rate (Bartman et al. 2011). Moreover, the adhesion of the precipitants on the BiS could
be less due to the limited surface area of foulants in contact with the substrate (Visser
1995). These points are further supported by Fig 4.5, 4.6, 4.7, and 4.8.
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Figure 4.4 Depiction of precipitation mechanism on a) PS and b) BiS.

Figure 4.5 indicates the amount of condensate collected and the percentage of weight
increase after boiling the brackish water on each substrate for two hours at a constant
temperature of 115 °C. The continuous bubbling activity during the boiling process
enhances the condensate, while mineral compounds that are supersaturated are
deposited on the substrate. These deposited salt ions then transform into SNS at
different locations on the substrate, leading to the stabilization, agglomeration,
crystallization, and adhesion of the precipitates, as depicted in Fig 4.4. Based on the
information presented in Fig 4.5, it can be deduced that the BiS substrate outperformed
the PS and UOS substrates in terms of condensate collection, exhibiting approximately

73% and 44% higher condensate accumulation, respectively. This superior
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performance can be attributed to the increased bubble activity on the BiS substrate

facilitated by the presence of liquid puddles.
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Figure 4.5 Variation of the net increase in the weight and condensate collected due to

boiling of brackish water on each test surface.

Conversely, the UOS demonstrated the most significant weight gain, suggesting a
stronger adhesion to mineral salts. The weight gain observed in the UOS exceeded that
of the PS and BIS for various reasons. The omniphilic nature of the UOS attracts
brackish water even at higher salt concentrations. Additionally, the inherent surface
roughness of the UQOS, stemming from micro and nanocavities, provides ideal
conditions for salt ions to form SNS.

The deposited precipitates usually comprise sulfates and carbonates of calcium and
magnesium, forming crystalline structures with uneven surfaces. As these deposits
accumulate, they generate irregularities and raise the average surface roughness. Figure
4.6 displays the roughness profiles of fouled PS, UQOS, and BiS, captured using an
optical 3D profilometer. The average roughness (Ra) measured on the BiS surface after
fouling is observed to be approximately 55% and 65% lower than that of the PS and

UQOS, respectively, indicating that the scale buildup on BiS is significantly less than on
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the other two surfaces. The reduced scale buildup on BiS is attributed to its smooth and
defect-free topography, which inhibits the nucleation and agglomeration of deposited
precipitates. In contrast, the higher roughness observed on the fouled UOS results from
potential SNS.

The fouling pattern on PS, UOS, and BiS was captured using FESEM and presented in
Fig 4.7. Upon examination of PS and UOS, it is evident that the precipitates grow larger
and spread across the entire surface, thereby reducing the available heat exchange area.
Consequently, the lower condensation rates of PS and UOS can be attributed to the
adhesion of these precipitates. In contrast, when looking at BiS, the crystallization is
limited to the solid islands, and the salt ions deposited in the liquid puddles remain
amorphous, do not adhere to the substrate, and do not contribute to the scale formation;
as a result, the weight that BiS gains from fouling is the lowest among the three surfaces.
Figure 4.8 represent the FESEM images captured after allowing the brackish water to
boil on each test surface for five hours. The figure reveals that the PS and UOS
substrates are filled with clusters and stacks of densely packed salts, which are absent
on the BIS substrate. Hence, the crystallization of mineral depositions can be delayed

on BiS, even when subjected to longer periods of exposure.
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Figure 4.6 Average roughness profile of the fouled surfaces captured by 3 D
Profilometer on a) PS b) UOS and c) BiS.
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Figure 4.7 FESEM images of PS, UOS, and BiS at various magnifications captured
after exposure to boiling.
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Figure 4.8 FESEM images of PS, UOS, and BiS captured after exposure to boiling

for five hours.

4.3.2 MITIGATION OF CORROSION

4.3.2.1 Electrochemical Corrosion

The OCP curves of PS, UQOS, and BiS in simulated brackish water are depicted in Fig
4.9. OCP indicates the potential of the metal or working electrode in the natural or
passive state when no external current flows through it. From figure, it is evident that,
after 1000 seconds, all the workpieces reached a relatively stable state, which signifies
the formation of a passive layer. Although OCP cannot provide quantitative information
on material degradation, metals with more negative OCP are more susceptible to

electrochemical reactions with the surrounding environment (Hemkemeier et al. 2022).
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In this context, the OCP of BiS (- 690 mV) is higher than the PS (- 731 mV), and UOS
(- 733 mV), respectively. These values suggest that BiS is less prone to undergo
electrochemical reactions, meaning less corrosion. This can be attributed to the well-
distributed liquid puddle network on the surface of BiS.
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Figure 4.9 OCP curves of PS, UoS, and BiS.

The PDP curves of PS, UOS and BiS in simulated brackish water environment are
shown in Fig 4.10. These curves illustrate the cathodic and anodic reactions of the
specimen and provide insights of the active anodic dissolution. The corrosion current
density (lcorr) and corrosion potential (Ecorr) Of the specimens were obtained from the
PDP curves using a Tafel extrapolation method. Table 4.2 shows the Ecorr, lcorr, and CR
values of PS, UOS, and BiS respectively. The CR in millimetres per year (mm/yr) was
calculated by equation 4.2, which is borrowed from (Charitha and Rao 2017).
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3.27 M Ieorr

- (4.2)

CR (mm/year) =

Here, M represents the atomic mass of the metal (27), p denotes the metal density in
g/cm? (2.7), and z signifies the electrons transferred per atom (3). The CR values, as
shown in the table 4.2, indicate that the metal degradation of BiS is relatively lower
than that of the PS and UOS in a simulated brackish water environment.

Low Icorrand high Ecorr Values represent the higher corrosion resistance in the specimen
(Rokkala et al. 2021; Tuo et al. 2017). The lcor for the UoS (0.019007 mA/cm?) was
higher than that for PS (0.010792 mA/cm?), suggesting that UOS has lower corrosion
resistance compared to PS. This reduced corrosion resistance in the UOS can be
attributed to its extreme wetting capabilities caused by numerous micro and
nanocavities. This hydrophilic nature of the UOS enhances direct surface contact with
Cl ions present in the brackish water, thus promoting the corrosion reaction. Compared
to PS and UOS, the leor for the BiS (0.004230 mA/cm?) was reduced by one order of
magnitude. The decrease in the corrosion current density for the BiS was the result of
the fact that the surface area in contact with the brackish water on BiS was substantially
reduced by saturating the micro and nano cavities with liquid lubricant, thereby
protecting the underlying metal from corrosion attack. As a result, BiS offers superior
corrosion resistance in comparison to PS and UOS. Furthermore, Ecor for BiS (- 641
mV) was also higher than that for PS (-737 mV), and UOS (-756 mV), reinforcing the

same conclusion.

Table 4.2 Results of the PDP measurements in simulated brackish water.

Specimen Ecorr (MV) lcorr (MA/CM?) CR (10 mml/yr)
PS -736.612 0.010792 11.76

uosS -756.401 0.019007 20.72

BiS -641.457 0.004230 4.61
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Figure 4.10 PDP curves of PS, UoS, and BiS.

To investigate the impedance behaviour of PS, UOS, and BIS in brackish water,
Nyquist plots are presented in Fig 4.11. These Nyquist plots, depicting aluminum
corrosion in a brackish water environment are in agreement with those reported by
Rosliza et al. (2010). The figures reveal that the impedance values of the specimen form
a semi-circular shape, indicating that charge transfer predominantly governs the
corrosion process. The diameter of the impedance is directly proportional to corrosion
resistance (Cai et al. 2022). Notably, BiS exhibits the largest semi-circular impedance

diameter compared to PS and UOS, emphasising its superior corrosion resistance.
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Figure 4.11 Nyquist plots of PS, UoS, and BiS.

The EIS experimental data were fitted to the equivalent Randle circuit using an EIS
analyzer. The Randle circuit, depicted in Fig 4.12, is one of the simplest and most
common circuit models for electrochemical impedance. The primary electrochemical
parameters of the circuit include the solution resistance (Rs), connected in series with a
parallel combination of charge transfer resistance (Rct), and double electric layer
capacitance (Cai). The values of these parameters are listed in Table 4.3.
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Figure 4.12 Equivalent Randle circuit.

Table 4.3 Fitting results of EIS data in simulated brackish water.

Specimen Rs (Ohm-cm?) Rct (Ohm-cm?) Cai (F/cm?)
PS 4.7393 4320.2 5.56E-05
UoS 4.0048 2397 5.96E-05
BiS 10.771 6657.5 4.69E-06

Rs represents the resistance to ion conductivity within the electrolyte solution, Rt
signifies the charge transfer resistance at the metal-electrolyte interface, and Cq denotes
the capacitance of the electrical double layer formed at the metal-electrolyte interface.
Notably, Table 4.3 reveals that the Rs values are considerably lower compared to the

values of R, suggesting that Rs has a negligible effect on the corrosion rate.

In the case of BiS, there was an increase in Rc value and a decrease in Cq value when
compared to PS and UOS, respectively. Generally, higher R¢t and lower Cq values
indicate better corrosion resistance of the specimen. The presence of lubricant puddles
on the BIS effectively reduces the surface area in contact with the electrolyte, thereby
increasing the charge transfer resistance and reducing the electrical double layer
capacitance at the metal-electrolyte interface.

The FESEM micrographs of PS, UOS, and BiS after undergoing electrochemical
corrosion testing in simulated brackish water are presented in Fig 4.13. Numerous
corrosion voids or pits, ranging in size from 100 um to 200 pm, are clearly visible on
both PS and UOS. The surfaces of PS and UOS directly encounter CI" ions in the

brackish water, initiating aggressive corrosion reactions that lead to pitting corrosion.
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Further, it is also noticed that the pits on UOS are much larger and more severe,

attributable to the additional surface area provided by the micro/nano cavities.

Figure 4.13 Surface morphology of (a) PS (b) UOS, and (c) BiS subjected to
electrochemical corrosion.

In comparison to PS and UOS, the morphology of BiS appears less damaged, indicating
that BiS offers good corrosion resistance against brackish water. This reduced
susceptibility to corrosion is attributed to the partial coverage of BiS topography by
lubricant puddles, limiting direct contact of the corrosion medium to solid islands and

thereby reducing the extent of corrosion attack on BiS
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4.3.2.2 Immersion corrosion

To comprehend the effect of temperature on metal degradation, immersion corrosion
tests were performed at RT, 50 °C, and 75 °C; the corresponding results are shown in
Fig 4.14. Brackish water, enriched with dissolved salts and ions, exhibits electrical
conductivity. As temperature rises, the mobility of ions increases, intensifying the
corrosion-inducing reactions. consequently, an upward trend in corrosion rate is

observed on all surfaces as the temperature increases.

As depicted in the figure, the corrosion rate of BiS is consistently lower than that of PS
and UOS at all respective temperatures. However, the corrosion rate of BiS experiences
a significant increase of approximately 150% between RT and 75 °C, which is three
times higher than the increase in corrosion rate observed for PS and UOS within the
same temperature range. This observation suggests that the liquid lubricant begins to
disperse as the temperature rises. This dispersion, in turn, reduces corrosion resistance

capabilities of BiS in response to temperature variations.

0.5

04
5
£
Eosf
2
o
5
o
S
(&}

0.1}

0.0 :

PS UoS BiS
Test surface

Figure 4.14 Corrosion rate of PS, UoS, and BiS at different temperatures obtained by

weight loss method.
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Further, to understand the Kkinetics and thermodynamics of corrosion process,
parameters such as energy of activation (Ea), Enthalpy of activation (AH), and
activation entropy (AS) were determined (Poornima et al. 2010). The Ea and AH share
the similar significance, they both represent the energy barrier that must be overcome
for a chemical reaction to occur. Therefore, higher Ea or AH indicates a slower corrosion
rate. On the other hand, AS reflects the change in entropy associated with the transition
state of a chemical reaction. A positive AS indicates that the transition state (activated
complex) of the reaction has greater disorder than the reactants, making it easier for

reactants to transform into corrosion products.

Figure 4.15 represents the In(CR) Vs 1/T plots for PS, UOS and BiS. These plots are
graphical representation of Arrhenius law equation (equation 4.3). The curves of these
plots yield collinear lines, and their slopes are equal to — E, /R, from which Ea values
of PS, UOS and BiS were obtained. Similarly, AH and AS values of PS, UOS and BiS
are obtained by plotting In(CR/T) values against (1/T) as shown in Fig 4.16. These plots
are the graphical representation of transition state equation (equation 4.4). The curves
of these plots are collinear, whose slope is equal to — AH/RT and intercept is equal to
In (R/Nh) + AS/R.

In(CR) = B — % (4.3)
RT AS ~AH
CR = ~7, €XP (?) + exp (?) (4.4)

Where B refers to the Arrhenius constant, T is the absolute temperature, R denotes the
universal gas constant (8.314 J/mole-K), h is the planks constant (6.626 X 107 J.S),
and N represents the Avogadro’s number (6.023 X 102¥/mole). The obtained Ea, AH,
and AS values are listed in Table 4.4.

102



Table 4.4 Activation parameters of PS UOS and BiS in simulated brackish water.

Specimen Ea (kJ/mole) AH (kJ/mole) AS (J/mole -
K)

PS 8.29 5.6 -158

uosS 8.18 5.49 -157

BiS 17.4 14.71 -176

From table 4.4, it can be noticed that Ex and AH values of BiS are much higher
compared to those of PS, and UOS. This observation suggests that BiS hinders the
charge transfer process during the corrosion reaction, which can be attributed to the
presence of lubricant puddles on the BiS surface, which separates the substrate from
the corrosion medium. In case of AS, all specimens exhibit negative values, indicating
that the transition state of the corrosion reaction involves association rather than
dissociation. However, the AS of BiS is more negative compared to PS and UOS. This
greater negativity suggests a reduction in disorderliness and consequently a slower

corrosion reaction when BiS is involved.
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Figure 4.15 In (CR) Vs 1/T plots of PS, UQOS, and BiS.
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CHAPTER 5

CONCLUSIONS AND FUTURE SCOPE

5.1 CONCLUSIVE REMARKS

In the present work, it was demonstrated that a surface partially covered with a liquid
has the potential for enhancing BHT, mitigating inorganic fouling and corrosion. The
liquid-infused surface called Binary surface or BiS has two distinct phases — solid phase
as islands and liquid phase as liquid lubricant puddles. Boiling experiments were
conducted at atmospheric pressure using DI water while inorganic scaling and corrosion
tests were conducted in a simulated brackish water environment, on a PS (plain or
polished surface), an UOS (ultra-omniphilic surface, which has extreme wetting
properties to multiple liquids), and a BiS, all made of Al 6061-T6 alloy. The BiS was
found to exhibit enhanced BHT, excellent resistance to corrosion and mineral

deposition among all the tested surfaces. The key findings of this study are as follows.

1. The wall superheat required for the onset of nucleate boiling on the BiS was ~
7 °C, which is approximately 35% lower than on the PS and 40.5% lower than
on the UOS. The low wall superheat value for onset of boiling ascertains
heterogeneous boiling on the BIS.

2. The CHF obtained on the BiS was 40% higher than on the PS, which is
attributed to the presence of the liquid lubricant puddles on BiS. After analysing
the high-speed videos and the major difference between BiS and the other two
surfaces (which is the presence of lubricant on BIS), it is concluded that the
lubricant puddles provide for easy and separate parallel pathways for liquid
rewetting and vapor bubble removal in addition to denying the lateral bubble
merger by preventing the growth of bubbles. These phenomena collectively
extend the discrete bubble regime on the BIS resulting in an enhanced heat flux
dissipation capacity. The CHF values recorded on both the BiS and the UOS
were identical despite the large difference in the actual area available for boiling

over them (due to liquid lubricant occupying a considerable area on the BiS).

105



. The Dg values on the BiS were smaller than those on the PS and the UOS. Also,

the departure frequency rate of the bubbles was higher on the BiS compared to
the other two surfaces which ensured a larger f- Dq values for the BiS implying
enhancement in BHT. This enhanced boiling effect was also confirmed by
calculating the Ja on the BiS which were lower than those on the PS and the
UOS.

. The HTC on the BiS was approximately 100% and 35% higher compared to the
corresponding values on the PS and UOS, respectively. This augmentation in
the HTC is attributed to a low bubble incipience temperature, smaller Dg, higher
f-Dq, and improved convection which expands the span of nucleate pool boiling
regime on the BiS.

. Active NSD on the BiS is higher than on the PS and UQOS, which is attributed
to a higher wall superheat locally on the solid islands than on the adjacent liquid
lubricant puddles of the BiS.

. A comparison of the results between UOS and BIS suggests that, as far as
boiling enhancement is concerned, mechanisms for tackling vapor bubbles (e.g.,
BiS) could be superior to those that involve improving surface wettability (i.e.,
UOS or highly wetting/hydrophilic surfaces).

. The BiS demonstrated a low weight gain and a high condensate collection
compared to the PS and UQOS. This excellent performance of the BiS was
attributed to the liquid puddles on BiS, which serve two purposes: (i) acting as
a barrier to prevent the stabilization and agglomeration of deposited minerals,
and (ii) enhanced the bubble activity and contributed to higher condensate
formation.

. The FESEM micrographs of fouled surfaces revealed that deposited precipitants
grew larger and distributed across the entire surface on the PS and UOS, while
on the BIS, precipitation was limited to solid islands. This phenomenon is due
to incipience of SNS only on solid islands, as the smooth and defect-free liquid
puddles inhibit SNS. This result was further confirmed by measuring the
average roughness of the fouled surfaces using a 3D profilometer. The average
roughness of the fouled BiS due to scale build up was 0.8793 um (Ra),
approximately 55% and 65% lower than that of the PS and UOS, respectively.
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11.
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13.

Potentiodynamic polarization curves reveal that the BiS exhibited lower
corrosion current density (lcorr) and higher corrosion potential (Ecorr) compared
to those of the PS and UOS in a simulated brackish water environment. The
liquid puddles on the BiS protect the metal beneath from the corrosion attack,
resulting in lower lcorr and higher Ecor Values.

Electrochemical impedance spectroscopy tests showed that the BiS exhibited
higher charge transfer resistance (Rct) and lower double layer capacitance (Ca)
at the metal-electrolyte interface compared to the PS and UOS. This is attributed
to the smaller surface area in direct contact with CI ions in the simulated
brackish water for the BiS, increasing resistance and reducing the capacity for
charge transfer.

FESEM images of the corroded surfaces reveal that BiS appears less damaged
compared to PS and UOS, which experience a severe corrosion attack. The poor
corrosion resistance of the PS and UOS was attributed to their larger surface
areas in direct contact to the CI" ions, intensifying the corrosion reaction.
Immersion corrosion tests conducted on PS, UOS, and BiS at RT, 50 °C, and
75 °C. The BIS achieved lower corrosion rates and outperformed PS and UOS
at all the tested temperatures. However, the corrosion rate of the BIS
experienced a significant increase of approximately 150% between RT and 75
°C due to the dispersion of liquid lubricant at higher temperatures.

The analysis of chemical reaction kinetics reveals that corrosion reactions on
the BiS occurred at much slower rate than on the PS and UOS. The BIS
exhibited higher activation energy (Ea) and lower activation entropy (AS). The
liquid puddles on the BiS creates a barrier between the metal and corrosion

medium, leading to a higher activation energy for a corrosion reaction.

107



5.2 FUTURE SCOPE

Since BiS fabrication involves thermo-catalytic etching, there is potential for exploring
controlled etching to regulate the locations and overall area covered by lubricant

puddles. This approach could further enhance BHT on BiS.

Additionally, there is scope for developing analytical models that relate various aspects
of the BiS, such as surface tension and thermal conductivity of the liquid lubricant, with
BHT parameters like HTC, CHF, Dq, f, and active NSD. These models can aid in
creating codes to computationally explore further enhancements in boiling heat transfer
on BiS.

Despite the excellent scale inhibition and corrosion resistance offered by the BIS,
further testing is required to assess its practical applications, such as in multi-stage flash
desalination or solar stills. Real-world applications will determine the feasibility of the
BiS. For instance, its reaction to actual brackish water containing various fouling
agents, including bio-foulants, particulates, organic matter, and commercial
desalination plant antiscalants, needs to be evaluated to understand its scaling

mitigation and corrosion resistance capabilities.

5.3 CONTRIBUTION OF THE PRESENT WORK TO THE UNITED NATIONS
SUSTAINABLE DEVELOPMENT GOAL

Conventional solar stills, although useful for decentralized freshwater production,
typically require between 600-800 kWh/m?3 to produce potable water. This energy
demand often increases due to fouling and corrosion of the metal surfaces in contact
with seawater. These issues not only elevate operational costs but also reduce the
sustainability of solar stills, making them less viable as a solution to water scarcity in

many parts of the world.

The current research addresses this challenge by demonstrating that BiS can mitigate
corrosion and inorganic scaling, key factors that raise energy consumption. This
mitigation effect of BiS translates into a notable reduction in maintenance needs and

prolongs the longevity of the system, ensuring more consistent and efficient operation.
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Moreover, the current investigation also shows that BiS surfaces achieve approximately
73% higher condensate accumulation than bare surfaces, significantly improving the

yield of fresh water per unit of energy consumed.

By reducing the energy footprint and enhancing fresh water production, this study
supports United Nations Sustainable Development Goal 6 by promoting a more cost-
effective and resource-efficient approach to solar desalination. In areas with limited
access to affordable drinking water, replacing plain solar-still basin with BiS could
make solar stills a more feasible solution, contributing to the broader vision of

sustainable, affordable, and accessible drinking water for all.
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