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Abstract

Spray cooling serves diverse purposes. Surface temperature changes with significant heat flux variations.
PEO-coated alumina and pure Aluminium polished and non-polished samples were characterized to de-
termine their heat transfer properties for drop spray cooling systems. Scanning electron microscopy was
used to investigate the surface morphology. Contact angle measurements were performed and the spreading
dynamics of droplets at high temperatures were observed. The droplet lifetime was given as a function of
various temperatures and the Weber number effect on lifetime was studied. The effect of surface character-
istics on the heat transfer properties of a surface was extrapolated from the results of the study. The results
indicate that PEO-coated samples can be utilized in low heat-flux applications requiring slow, sustained
and gradual cooling as they have longer lifetimes, while the pure aluminium samples can be utilized for

high heat-flux applications requiring rapid cooling.

1 Introduction

The exponential rise in technology has led to the
miniaturization of electronic devices, high-energy
laser systems, aerospace and defence systems and
biomedical systems, which has subsequently led to a
significant increase in power consumption and a high
generation of heat on surface areas. It was shown
that a 10°C rise in operation temperature would lead
to a reduction in the lifetime of some electronic de-
vices by 50%][1]. Hence, the need for effective thermal
management and greater requirements in heat dissi-
pation technology to ensure and improve the durabil-
ity of devices via effective cooling. Additionally, the
selection of thermal management techniques impacts
device-level requirements and influences system-level
design parameters, including weight and size[2].
Accumulated heat contributes to elevated operat-
ing temperatures, negatively affecting the lifetime
and stability of equipment. Consequently, heat dis-
sipation emerges as a bottleneck in the development
of high-heat flux equipment[3]. Despite concerted ef-
forts to minimize heat generation in integrated cir-

cuits, the persistent pursuit of faster clock speeds and
increased packaging density in microprocessors neces-
sitate more effective thermal management solutions
than conventional air-cooling techniques to ensure
the reliable operation of electronics[4]. The heat gen-
erated by modern electronic devices surpasses the ca-
pabilities of single-phase (air and liquid) cooling tech-
nologies, creating an urgent need for innovative cool-
ing techniques to maintain electronic devices safely
below their temperature damage limit[5]. Conse-
quently, advancements in cooling systems must align
with the rising heat removal demands. This progres-
sion starts with forced air convection, which is im-
proved by compact finned heat sinks, moves to liquid-
cooled microchannel arrays, and ultimately involves
phase change heat transfer through boiling phenom-
ena or from atomized sprays and jets. The selection
of a suitable cooling technique depends on the spe-
cific application and critical system factors that must
be met, including the maximum allowable heat flux.
total heat load, precise temperature tolerances, re-
liability considerations, and overall power consump-
tion. Additionally, the operating environment plays



a significant role, highlighting aspects like space uti-
lization, system component complexity, technology
maturity, and cost[6] In the past two decades, thor-
ough research has been carried out on liquid cool-
ing for the thermal management of high-heat-flux
electronics. Unlike single-phase cooling, where sur-
face temperature linearly correlates with heat flux,
phase-change heat transfer allows for small temper-
ature changes with significant heat flux variations
due to the latent heat of vaporization[4]. Advanced
cooling techniques utilizing two-phase heat transfer
mechanisms leverage both exchanged heat and latent
heat, consistently attracting attention for their inher-
ent advantages. Spray cooling stands out as one of
the most effective heat transfer techniques, capable
of handling high heat flux and temperatures. It is
widely recognized for achieving an optimal balance
between high heat flux removal, uniform cooling over
large areas, and the use of a diverse selection of lig-
uids, making it one of the most promising technolo-
gies available.[2, 3, 7].

Currently, researchers actively explore the applica-
tion of spray cooling in various domains, including
electronics, aerospace, medicine, and battery ther-
mal management, with practical implications in pro-
duction and daily life. In medical and biomedical
applications, spray cooling serves diverse purposes.
It is widely employed to protect the skin from heat
damage during laser treatments. Specifically, in the
biomedical industry, cryogenic spray cooling is uti-
lized to selectively precool human skin, particularly
during laser treatments for port wine stain birth-
marks and hair removal8].

The thermal dissipation process in spray cooling
encompasses the evaporation of the liquid film, aug-
mented perturbation of the liquid film due to droplet
impact, convective heat transfer, and evaporation.
Extensive theoretical research has been conducted by
scholars to unravel the mechanism and processes in-
volved in spray cooling. Under constant pressure and
when the hot surface temperature is below the boil-
ing point of the cooling medium, spray cooling oper-
ates in a non-boiling regime(Fig.1). In this regime,
forced convection and the evaporation of a thin liquid
film stand out as the dominant heat transfer modes.
Experimental results further validate that the heat
transfer coefficient in the nucleate boiling regime ex-
ceeds that in saturated pool boiling. This improve-
ment stems from spray cooling’s ability to enhance
heat dissipation efficiency through forced convection
and, more significantly, through phase transitions, in-
cluding nuclear boiling on heated surfaces and nu-
clear boiling induced by secondary nucleation[9]. It
was shown that the dynamic Leidenfrost tempera-
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Figure 1: Droplet evaporation time as a function of
wall temperature. Four heat transfer regimes can be
distinguished in the case of a sessile droplet at rest
on a solid surface.

ture strongly depends on the energy of the impinging
droplets over the surface energy as determined by the
Weber number (Eqn.1)
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In this equation, p is the liquid density, v the impact-
ing velocity, Dy the drop diameter and o the sur-
face tension. When the Weber number is low, sur-
face tension is predominant, causing the droplet to
recoil. Depending on the temperature, the droplet
may either rebound or remain attached to the sur-
face after impact. Droplets with intermediate Weber
numbers recoil and bounce, although they may even-
tually atomize—split into smaller droplets. When a
droplet has a high Weber number, its kinetic energy
is so great that surface tension cannot stop it from
splashing during the spreading stage, resulting in the
formation of tiny droplets|[5].

A spray can be produced by propelling a high-
pressure liquid or using air-assisted atomization
through a small orifice, known as a nozzle. In or-
der to study the heat transfer, it is easier to study
a single water droplet impact on hot surfaces rather
than a spray. Upon impact on a hot, dry surface
or an existing liquid film, a spray droplet can ex-
hibit a range of behaviours, including rebound, depo-
sition, splash, evaporation, nucleate boiling, foaming,
transition boiling, and film boiling. These behaviours
result from the interplay of droplet parameters and
liquid-wall interactions. Notably, changes in surface
characteristics can significantly influence and modify
these behaviors[10, 11].



Spray cooling relies on mechanisms such as surface
evaporation, forced convection from droplet impinge-
ment, increased nucleation sites, and secondary nu-
cleation on droplets. It operates on the principle of
boiling, where efficient heat transfer occurs through
liquid vaporization at temperatures exceeding satu-
ration vapour pressure, allowing substantial heat ex-
traction at modest temperature differences. Under-
standing boiling processes provides valuable insights
into various boiling regimes[12]. Enhancing spray
cooling performance involves selecting and modifying
the working fluid, optimizing spray parameters, and
implementing surface engineering. Surface engineer-
ing, in particular, significantly alters surface chemical
compositions, structures, or geometries, influencing
fluid flow and heat transfer processes[11].

Surface modification enhances the heat transfer ef-
ficiency of spray cooling by augmenting turbulence,
surface area, and wettability. Wettability and lig-
uid behaviour on surfaces are crucial to many appli-
cations, including biological, medical, thermal man-
agement, microfluidics, and agricultural technologies.
The interactions between liquid films or droplets and
surfaces depend on the solid surface’s physicochemi-
cal properties, the liquid’s nature, and the surround-
ing environment[13, 14, 15, 16, 17].

1.1 Wetting of Water on Surfaces

Thomas Young pioneered wetting science in 1805 by
defining surface wettability through the concept of a
liquid’s contact angle[18]. A surface’s affinity for wa-
ter is defined by the apparent contact angle 6°. For
0° <90°, the surface is defined as hydrophilic and for
6° >90°), the surface is defined as hydrophobic. The
contact angle value on a solid surface is determined by
the interfacial interactions or the various binary sur-
face tensions of solid-gas (vsg), liquid-gas (vlg), and
solid-liquid (7sl), as well as the force balance estab-
lished at the triple phase contact line (TPCL) and
is defined by the Young-Dupr’e equation(equation
2)[19].
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The wettability of solid surfaces, whether metal
or non-metal, can be categorized as hydrophobic,
hydrophilic, superhydrophobic, or superhydrophilic
based on Eq. (2). The Young-Dupré equation ap-
plies to perfect, smooth, and chemically homogeneous

Figure 2: Triple Phase Contact Line

surfaces in thermodynamic equilibrium or immedi-
ately after droplet deposition. Wenzel connected a
solid surface’s macroscopic roughness to contact an-
gle, showing how roughness can enhance hydropho-
bicity. Cassie and Baxter expanded this to rough and
porous surfaces, introducing the composite wetting
model, which describes air trapping between a solid
and water[20, 21, 22]. Techniques such as roughen-
ing, coating, and nanocoating increase the heat trans-
fer area density. These surface modifications affect
the wetting properties and ultimately impact the ef-
ficiency of spray cooling[23].
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Figure 3: Diagram showing various surface wettabil-
ity through contact angle measurement|[24]

The wettability of surfaces is significantly influ-
enced by atmospheric volatile organic compounds
(VOCs), which are present in ambient air due to
natural and industrial processes like biofuel combus-
tion. VOCs can adsorb onto solid surfaces, with
their accumulation affected by the substrate’s mate-
rial and structure. The mechanisms governing sur-
face wettability in relation to VOCs are not fully
understood[18, 25]. Surfaces initially exhibit hy-
drophilic behavior, with water droplets spreading and
forming contact angles below 40° after processes like
polishing or cleaning with acids or bases. However,
exposure to ambient air causes these surfaces to tran-
sition from hydrophilic to hydrophobic within hours
to days, attributed to interactions with atmospheric
VOCs|26, 27].

LoBlein, S. M., et. al., investigated how storage cir-
cumstances had a significant impact on how mechan-
ically polished copper surfaces developed their wet-
ting behaviour. Following sample preparation, they
saw a shift from hydrophilic to hydrophobic, which
was impacted by the wrapping paper, which acted as
a donor for hydrocarbons that had previously most
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Figure 4: Schematic representation of the hydrophilic
to hydrophobic wettability transition.[25]

likely been absorbed by the material from interac-
tion with environments high in accidental carbon[28].
Utilising oxygen plasma treatment, Strohmeier effec-
tively eliminated carbon and volatile organic com-
pounds (VOCs) from aluminium foil, leaving behind
a comparatively clean surface that showed more wet-
ting than the uncleaned one. As demonstrated by
XPS, following oxygen plasma cleaning, the wetting
behaviour gradually decreased along with the adsorp-
tion of carbon-based component adsorption[29]. Cop-
per, stainless steel (SUS), and aluminium were used
in an investigation by Kim et al., following atmo-
spheric plasma jet treatment, a noticeable reduction
in the contact angle and the carbon content as deter-
mined by XPS was observed, which is consistent with
the previous studies[30].

1.2 Surface Patterning

Heat flux measures energy flow per unit area over
time. Critical heat flux (CHF) denotes the maxi-
mum achievable in boiling heat transfer, marking the
transition from nucleate to film boiling. Film boil-
ing reduces efficiency due to vapor film formation
near the heated surface. Creating micro/nanopillars,
holes, and hierarchical patterns improves heat trans-
fer coefficient and CHF compared to smooth surfaces,
particularly beneficial for demanding applications like
electronics[b, 6]. Surface patterning enhances heat
transfer performance by increasing surface area. Reli-
able techniques for surface patterning exist, but more
flexible and cost-effective technologies are needed, es-
pecially for metallic surfaces. Engineered surfaces of-
fer numerous nucleation sites and longer three-phase
contact lines, optimizing latent heat utilization of the
working fluid. Enhancement mechanisms depend on
the length scale of surface structures, with various
structures under exploration([5, 31].

Pais et al.[32] and Sehmbey et al.[33] investigated
the impact of surface roughness and contact angle
using a water atomized nozzle, with flow rates reach-
ing up to 1.4ml/cm? s for water and 400ml/cm? s
for air. Their findings revealed a decrease in heat
flux with increasing surface roughness for gas atom-
izing nozzles. In contrast, liquid atomizing nozzles

exhibited an increase in heat flux with rising surface
roughness. Additionally, they observed an enhance-
ment in the heat transfer coefficient with decreasing
surface roughness and increasing contact angle. The
researchers achieved heat fluxes up to 1250W/cm?
at an 11°C surface superheat on an ultrasmooth (Ra
= 0.3um) copper surface. Kim et al. delved into
the spray cooling dynamics of both plain and micro-
porous coated surfaces, utilizing water at flow rates
up to 0.03ml/cm? s. The microporous layer, with a
maximum thickness of 500um, was created using a
mixture of methyl-ethyl-ketone (MEK), epoxy, and
aluminium powder. The results revealed a signif-
icant enhancement in the heat transfer coefficient,
reaching up to 400% compared to the plain surface,
attributed to the incorporation of microporous sur-
faces. Additionally, the critical heat flux (CHF) saw
a 50%increase relative to the uncoated surface. How-
ever, the highest achieved heat flux was capped at
3.2W/cm? at a 65°C surface superheat, a limitation
attributed to the very low flow rates employed in the
study[34].

Several plasma techniques, such as ion bombard-
ment etching, carburizing, nitriding, and electrolytic
oxidation, are useful for improving surface heat trans-
fer characteristics. The primary goal of this thesis is
to characterise the behaviour of water droplets evapo-
rating on polished austenitic stainless steel AIST 316L
surfaces changed by plasma treatments and alumina
covered with Plasma Electrolytic Oxidation (PEO).
PEO coatings generally have two layers: a dense
inner layer and a porous outer layer. Oxidation
time, electrical parameters, electrolyte composition
and temperature, substrate type, and particle addi-
tions are some of the elements that affect the mi-
crostructure, composition, and functionality of PEO
coatings[5, 6].

2 Experimental Methods

Alumina samples were surface-treated via plasma
electrolytic oxidation. Three (3) samples A, B and
C with sizes 4xlcm were immersed in alkaline elec-
trolyte for a duration of 5, 20 and 40 minutes with al-
terations in parameters for each case. The PEO pro-
cessing parameters altered include the voltage, cur-
rent, frequency, duty cycle, particle additives, coating
time, and operational temperature. The variation in
coating time and processing parameters was to pro-
duce materials with different structures to observe
their effect on the enhancement of heat transfer. A
(4x1lcm) non-polished Aluminium(NP) sample was
also characterized. Another (4x1lcm) aluminium sam-



ple (P) was mechanically polished until mirror-like
using SiC emery paper up to 4000grit(5um). The
final polishing steps involved the use of 3um and
1lpm diamond paste to achieve an arithmetical mean
height Sa of 3-4nm. Cleaning was performed by im-
mersion in an ethanol ultrasonic bath for five min-
utes. Samples were dried by an ambient air stream.
The details of different experimental set-ups used in
this study for investigating wettability, spreading and
evaporation are given below:

2.1 Contact Angle Measurement

To measure the static contact angle (SCA),
a Digidrop contact angle Goniometer at room
temperature(22-23°C). The measurement process in-
volves the usage of a flattened stage as a sample
holder so that the droplet does not move during de-
position. A droplet of distilled water(conductivity-
55udm-1) and (volume=1.14yl and d=4cm) is de-
posited onto the sample with minimal influence of ex-
ternal forces. The droplet is illuminated from behind,
and an image is recorded by the camera. The image
is analysed using software, and a contact angle mea-
surement is determined. SCA results are portrayed as
the mean of multiple measurements with error bars
indicating the standard deviation. Before measure-
ments, the samples were cleaned using ethanol and
distilled water and dried in ambient air.

2.2 Spreading Dynamics

The sample is maintained on a stationary platform
while the droplet spreading dynamics are investi-
gated. The droplet is carefully applied to the sample
using a needle (d=200mm), with a syringe pump reg-
ulating the droplet volume. The samples are heated
to varying degrees of temperature and the droplet
behaviours are observed. The Spreading dynamics
are captured by high-speed photography (Fastcam-
Photron@® SA-3, resolution 1024 x 1024 at 2000
frames per second). To determine the behaviour at
different Weber numbers, the drop height is varied at
5, 10 & 20cm.
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Figure 5: Experimental set-up for spreading dynam-
ics measurement and observation.

3 Result

The PEO-coated samples were observed under a
Scanning Electron Microscope(SEM) to view their
surface structures, noticing observable differences
(Figs 6-8). After their observation, the static contact
angles were measured and the time variation effect
was recorded as depicted in Fig.9. The spreading dy-
namics were then investigated at 3 different heights
(5,10 & 20cm), representing 3 different Weber num-
bers of 26.95, 53.90 & 107.80. The behaviour of the
drop at different temperatures (80, 100, 125, 150, 175
& 200°C) was also observed. Figs.10-16 show the
progression of the drop from the initial contact with
the surface to the final drop evaporation/absorption.
The behaviours of the drop are captured at different
temperatures(80, 100, 125, 150 & 175°C), and three
samples are represented: A, NP & P This duration
from the initial drop to the final evaporation indi-
cates the drop’s lifetime. Fig. 16 shows the lifetime
of the drop as measured against the varying tempera-
tures for all samples, including the polished and non-
polished pure Aluminium samples. At 80°C, Samples
A, B & C were measured to observe the effect of We-
ber variation on the drop lifetime as shown in Fig.18.
For each temperature, multiple experiments are per-
formed with the error being 3ms. The static contact
angles were then re-measured to observe the changes
after they had been subjected to the projection of
droplets at high tempereatures(Fig.19).
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Figure 9: Initial CA Variation with Time for PEO
Al6xxx samples.

Figure 6: SEM Image of the surface for A

Figure 10: Drop Deposition @ 0.026s (Sample A: h

= 5cm; T = 80°C)
Figure 7: SEM Image of the surface for B

Figure 11: Drop Spreading @ 23.24s (Sample A: h =
Figure 8: SEM Image of the surface for C 5cm; T = 80°C)



Figure 12: Drop Ebulition @ 0.33s (Sample A: h = Figure 15: Thermal Atomization @ 0.186s (Sample
5cm; T = 100°C) NP: h = 20cm; T = 125°C)

Figure 16: Thermal Atomization and droplet breakup

Figure 13: Drop Dancing @ 0.0197s (Sample A: h = @ 0.106s (Sample P: h — 20cm; T — 175°C)

5cm; T = 150°C)
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Figure 17: Influence of Temperature on Drop Life-
Figure 14: Drop Rebound @ 0.709s (Sample A: h = time for samples A, B, C and non-treated aluminium
5cm; T = 175°C) samples (NP: non-polished and P: polished)



Weber vs Lifetime at 800C
40
35
~ 30
)
Qo
,g 25 ——A
£
5 20 4 ——B
——C
15
10 T T T T ]
5 7 9 11 13 15
Weber (cm)

Figure 18: Weber Number impact on lifetime

Time Variation Effect on the Contact Angles after
High Temperature Observation
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Figure 19: Change in static CA after High-
Temperature Observation

4 Discussion

The PEO-coated samples displayed micro-holes that
changed in size and shape due to the application of
various duty cycles and frequencies. Figs. 6-8 demon-
strate the differences in the porous nature of the sam-
ples. Sample C is shown to have greater porosity than
A and B. This implies that it can promote more liquid
spreading due to capillary action, leading to a lower
apparent contact angle as seen in Fig. 9. Conversely,
the lower porosities of A & B suggest the lower pene-
tration of liquid, leading to higher contact angles and
reduced wetting. The static contact angle follows a
linear time evolution. The increase in contact angle
can be attributed to the adsorption of volatile organic
substances on the surface of the samples.

Different impact regimes(Figs. 10-16) are produced
by the drop impact on a hot substrate due to the in-
teraction of both thermodynamic and hydrodynamic
variables, in contrast to isothermal impacts. Single-
phase cooling drop deposits occur at surface temper-
atures below the saturation temperature (Tsat). Nu-

cleate boiling takes place above Tsat, causing bubbles
to develop in the liquid sheet. Partial drop rebound
and the ”drop dancing” regime, characterised by bub-
ble merging and transitional boiling, happen as the
temperature climbs even higher. Thermal atomisa-
tion or complete drop rebound occurs at even greater
temperatures, particularly at high-impact velocities
where viscous forces predominate [35]. Fig. 16 shows
droplet breakup accompanying thermal atomization
at 175°C on the polished aluminium surface. Due to
the hydrophilic nature of P and the absence of sur-
face roughness, droplet breakup is encouraged and
the Leidenfrost effect is intensified. In addition, the
droplet breaks apart due to vapour-induced forces, a
rapid rate of heat transfer, and a violent interaction
(excessive boiling) between the droplet and the hot
surface.

The lifetime of a drop refers to the duration a liquid
droplet remains on a surface before it either evapo-
rates completely or is absorbed. It influences heat
transfer efficiency, cooling rates, and surface interac-
tion dynamics. From Fig. 17, the impact of tem-
perature on drop lifetime can be observed. For all
samples, at lower temperatures, the effect is negligi-
ble, but as the temperature increases, the effect be-
comes more evident. At 100°C, the PEO-coated sam-
ples show a shorter drop lifetime than the pure Alu-
minium samples, whereas, at higher temperatures,
the P & NP show a shorter drop lifetime. Shorter
drop lifetimes generally mean quicker evaporation,
which is desirable for rapid heat transfer and cooling.
This implies that samples NP & P can be utilized for
high heat flux applications in technologies requiring
rapid cooling. Longer lifetimes suggest slower evap-
oration, which is great for sustained cooling appli-
cations, as it might result in more uniform cooling.
Also, longer droplet lifetimes are frequently associ-
ated with improved surface wettability and contact,
which can raise heat transfer efficiency overall by fa-
cilitating processes like nucleate boiling. It can also
reduce thermal stresses in materials by contributing
to more gradual cooling. This implies that A, B &
C can be utilized in industrial processes that require
slow and controlled cooling.

For samples A & B, at a particular temperature
(80°C), Weber number and drop lifetime follow an in-
verse relationship. As depicted in Fig. 18, an increase
in Weber number leads to a decrease in lifetime. At
low Weber numbers, surface tension forces dominate
over inertial forces resulting in the droplet spreading
gently upon impact and staying on the surface for a
longer time since it is not subject to significant dis-
ruptive forces that would cause it to spread, splash,
or break apart. A droplet’s lifetime is shortened at



high Weber numbers due to the dominance of inertial
forces over surface tension, which causes significant
droplet deformation, spreading, splashing, or even
fragmentation. These events decrease the amount of
time the liquid is in contact with the surface as the
droplet breaks up into smaller ones, spreads thinly
over the surface, or completely rebounds off it. For
sample C, which is more hydrophilic, an anomaly is
observed. A lower Weber number frequently leads
to a shorter droplet lifetime on a highly porous and
hydrophilic surface because the droplet is rapidly ab-
sorbed by the surface. In contrast, the droplet may
spread and interact with the surface for a longer pe-
riod before being absorbed in a higher Weber num-
ber due to the increased kinetic energy. This could
result in an extended lifetime. The observed variance
in droplet lifetime across different Weber numbers is
explained by the interaction of impact energy, surface
properties, and fluid dynamics.

Fig. 19 shows the changes in SCA of A, B & C af-
ter the projection of drops at high temperatures. The
changes were observed for 14 days to notice any differ-
ences that might have occurred before and after the
high-temperature droplet projection. A & B follow a
linear progression, as SCA increases with time. Com-
paring Fig. 9 with Fig. 19, a shift in SCA is observed,
as the samples transition from higher hydrophilicity
to lower hydrophilicity. This transition could also be
the effect of the adsorption of VOCs present in the
atmosphere. As with Fig. 18, C shows an anomaly
in the SCA with time. The intricate interactions be-
tween liquid characteristics, surface chemistry, and
external influences are reflected in the dynamic be-
haviour of the contact angle over time. An initial
high contact angle may result from early conditions
like pollution from VOCs. The contact angle may
be lowered by spreading or absorption as the liquid
interacts with the surface. Eventually, the contact
angle may rise once more as a result of evaporation
or surface recovery activities.

5 Conclusions

In this work, the sessile and projected droplet ap-
proaches were used to examine the heat transfer
characteristics of PEO-coated alumina, polished, and
non-polished aluminium samples. At room tempera-
ture, the initial and final contact angles of the samples
were displayed as functions of time. The PEO-coated
samples with lower contact angles were shown to be
generally hydrophilic to varying degrees, while the
pure aluminium samples generally tended towards
hydrophobicity. The behaviour of the projected drop

at high temperatures was observed and the drop life-
time was presented as a function of the temperatures.
The effect of the Weber number was also studied.
The results indicate that PEO-coated samples can be
utilized in low heat-flux applications requiring slow,
sustained and gradual cooling as they have longer
lifetimes, while the pure aluminium samples can be
utilized for high heat-flux applications requiring rapid
cooling. In spray cooling, both short and long droplet
lives have advantages; the best droplet lifetime will
rely on the particular cooling needs of the application.
Reaching the ideal droplet lifetime frequently neces-
sitates striking a balance. By adjusting the nozzle
design, spray angle, droplet size, and spray pressure,
this balance can be reached. Changes to surface char-
acteristics like wettability, roughness, and material
composition can also have an impact on droplet life-
time and behaviour. To achieve efficient and effective
spray cooling, it is essential to balance these elements
by careful design and optimisation of the spray pa-
rameters, surface features, and fluid properties.
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