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Abstract: It is widely known by the scientific community that the suspended nanoparticles of
nanofluids can enhance the thermophysical properties of base fluids and maximize pool-boiling
heat transfer. However, the nanoparticles may undergo extended boiling times and deposit onto
the heating surfaces under pool-boiling conditions, thus altering their intrinsic characteristics such
as wettability and roughness over time. The present study reviews the fundamental mechanisms
and characteristics of nanoparticle deposition, and its impact on surface roughness and wettability,
density of vaporized core points, and thermal resistance, among other factors. Moreover, the effect of
the nanoparticle layer in long-term thermal boiling performance parameters such as the heat transfer
coefficient and critical heat flux is also discussed. This work attempts to highlight, in a comprehensive
manner, the pros and cons of nanoparticle deposition after extended pool-boiling periods, leading the
scientific community toward further investigation studies of pool-boiling heat-transfer enhancement
using nanofluids. This review also attempts to clarify the inconsistent results of studies on heat
transfer parameters using nanofluids.

Keywords: nanofluids; fouling resistance; re-suspension; hydrodynamic instability; thermal
resistance; roughness-to-particle size ratio

1. Introduction

The boiling process has been used to dissipate energy in the form of heat generated by
macroscale operating equipment. As miniaturized, faster and more powerful electronic
devices and systems are developed and implemented on a day-to-day basis, the operating
thermal fluids need to be improved to augment the heat removal capability. Pool-boiling
heat transfer depends on factors closely linked with the fluid and solid surface proper-
ties such as thermal conductivity, surface tension, viscosity, enthalpy, specific heat, and
roughness, structure, and homogeneity of the heating surface. It also depends on the hy-
drodynamic state near the heating surface determined by the bubble departure frequency
and diameter and hot/dry spots dynamics [1], among other factors. The suspension of
nanoparticles into the base fluid, or in other words using a nanofluid, is one of the most
followed routes to enhance the pool-boiling heat-transfer coefficient (HTC) and critical
heat flux (CHF) and can modify many of the aforementioned factors and properties. The
use of nanoparticles may have considerable influence on the thermophysical properties of
the working thermal fluids and on the behavior of the triple solid-liquid-vapor contact
line. The alteration of the liquid/vapor and solid surface tensions changes the acting force
balance and length of the contact line [2], wettability, and number of active nucleation sites.
The focus of the research studies on the field should be to achieve an optimized combination
of the base fluid, concentration, shape, and dimensions of the nanoparticles and solid sur-
face substrate to increase, at the same time, the CHF and HTC of the pool-boiling scenarios.
Nevertheless, there are still features of vital importance that should be further studied such
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as the impact and control of the transient boiling-induced nanoparticle deposition [1]. In
the course of the nucleate boiling process with nanofluids, the nanoparticles deposit onto
the heating surface over time and can modify its properties including the wettability, water
angle hysteresis, roughness, capillary wicking [3,4], and nucleation site density. Particu-
larly, the surface roughness after the nanoparticle deposition is influenced by the fraction
and intrinsic thermal properties of the nanoparticles, heating surface roughness, and on
the thickness and morphology of the nanoparticle deposition layer. Moreover, the active
nucleation site’s density has a relevant role in promoting superior boiling heat-transfer
performance, and can be controlled by factors such as the surface wettability and rough-
ness, surface superheat value, and thermal properties of the fluid [5]. There is an intricate
connection between the number of nucleation sites and the roughness and wettability of the
heating surface: as the wettability improves, the likelihood of the liquid filling the cavities
increases and, consequently, the number of active nucleation points decreases. In the work
carried out by the authors Shoghl et al. [6], after the boiling process, using a alumina
nanofluid as operating fluid, the deposited nanoparticle layer decreased the heating surface
roughness in the case where the size of the nanoparticles was smaller than the roughness of
the heat transfer surface. Moreover, Das et al. [7] reported that the smaller nanoparticles fill
the cavities of the surface and reduce its original roughness. Since the nanoparticles agglom-
erate and deposit, the heating surface roughness decreases when the size of the clusters is
smaller than the size of the surface cavities. Moreover, in the study conducted by Chopkar
et al. [8], it was reported that after pool-boiling experiments using a 0.005 vol. % zirconia
nanofluid, the heating surface roughness decreased. Moreover, the researchers revealed
that the surface roughness decreased with the increasing number of successive pool-boiling
experiments. Additionally, the authors Narayan et al. [9] employed machine vision to
determine the nucleation site density after the completion of pool-boiling experiments with
alumina nanofluids. The authors found that the number of active nucleation core points
increased when the size of the nanoparticles of 47 nm was smaller than the roughness of
the heating surface of 524 nm. In this case, the alumina nanoparticles penetrated into large
surface cavities and enlarged the number of sites by splitting one active nucleation point
into many points. On the other hand, if the nanoparticle size was similar to the average
surface roughness of 48 nm, the number of nucleation sites was found to decrease consider-
ably. Furthermore, the atomic force microscopy (AFM) technique was employed by White
et al. [10] to measure the heating surface roughness after multiple pool-boiling tests with
deionized water and with a 40 nm zinc oxide nanofluid. The research team observed that
the surface roughness increased to 440 nm after seven nanofluid pool-boiling experiments.
In addition, the heating surface roughness was reported by Bang and Chang [11] to increase
after the nanofluid pool-boiling process if the alumina nanoparticles were larger than the
surface roughness. Figure 1 shows the intertwined nanoparticle deposition time-dependent
features at play in the pool-boiling heat transfer. Furthermore, the published results in the
literature showed that the nanoparticle deposition layer affected the wettability more than
the surface roughness [12]. In this direction, Buongiorno et al. [1] conducted pool-boiling
experiments with nanofluids on smooth stainless-steel surfaces and found that the contact
angle was modified because of the alterations in the solid surface tension provoked by the
different chemistry and morphology of the deposited layer of nanoparticles.

It was previously reported in the literature that the CHF is usually enhanced by the
alteration of the heat transfer surface characteristics [13,14]. Nevertheless, the nucleate
boiling heat transfer of nanofluids is a complex phenomenon that depends on many
factors such as the operating conditions [15,16]. Moreover, the experimental results so far
published on the boiling heat transfer parameters of the nanofluids are not consistent with
each other, even under similar experimental conditions [17]. In addition, the demanding
time variation of the boiling heat transfer of nanofluids in which the most representative
example is the nanoparticle deposition would be one of the main reasons behind such
inconsistency of results [18]. To make matters worse, there is no available systematic
experimental information or database regarding the transient nanoparticle deposition and
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its effects on pool-boiling heat transfer using nanofluids. Hence, further in-depth research
works are recommended to achieve a better understanding of the mechanisms responsible
for the conflicting trends. The main objective of the current work is to provide, given
the circumstances, the most possible complete and accurate experimental and theoretical
information about the nanoparticle deposition onto the heat transfer surfaces, in an effort
to minimize the severe shortage of understanding of such deposition during pool boiling
of nanofluids. Table 1 summarizes some of the main recent experimental works on the
boiling-induced nanoparticle deposition and its fundamental effects on the poll boiling
heat transfer characteristics.
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Figure 1. Nanoparticle deposition time-dependent features at play.

Table 1. Main recent experimental works on boiling-induced nanoparticle deposition.

Nanoparticles  Substrate

Reference  Authors/Year . . Effects on Heat Transfer Other Effects
Material Material
An HTC enhancement of up to 64%
for the 0.75% vol. nanofluid was
verified. Except for the increment of
the base fluid properties, the heating
su.rface alt.eratlon was the main factor The thicker layer, which
influencing the HTC. Because the
o, . was recorded at the end
. . surface particle interaction parameter -1 .
Raveshi et al. Aluminum . of the boiling duration,
[19] . Copper was more than the unity, only the
/2013 oxide . was caused by the
increment of HTC was observed. At . .
. . higher concentration of
low concentration, the deposited the nanoparticles
layer was very thin, which altered the P ’
surface by multiplying the nucleate
site and creating active cavities, and
finally leading to enhancement of the
heat transfer.
An asymptotic behavior
was reported for the
particulate fouling at the
With increasing the concentration of heat transfer .a'r ca
. . whereas a rectilinear
nanofluids, due to the deposition of .
. behavior was found for
nanoparticles on the surface and .
equal size of nanoparticles and the free convection
[5] Sarafraz and Aluminum Stainless- rou qhness of the hea’fi)n surface. the region. The thickness
Hormozi/2014 oxide steel & & / and rate of fouling

average roughness of the surface
decreased and, subsequently, the
number of nucleation sites reduced
which led to an HTC decrease.

depended on the boiling
duration and the fouling
resistance because
nucleate boiling was
higher than those
measured in the
convection area.
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Table 1. Cont.

Reference

Authors/Year

Nanoparticles Substrate

Material

Material

Effects on Heat Transfer

Other Effects

Tang et al.
/2014

Aluminum
oxide

The aluminum oxide nanoparticles
enhanced the heat transfer at
concentrations of 0.001 vol. %, 0.01
vol. %, and 0.1 vol. % with the SDBS
surfactant. The aluminum oxide
nanoparticles deteriorate the heat
transfer at 0.1 vol. % without SDBS
due to the larger number of
deposited nanoparticles. The SDBS
deteriorated the heat transfer, and the
deterioration was more than the
enhancement by the nanoparticles at
0.001 vol. %.When the fractions were
between 0.01 vol. % and 0.1 vol. %,
the addition of the SDBS improved
the heat transfer by the nanoparticles
because the SDBS reduced the
deposition of nanoparticles.

The impact of the change in
the surface angle by the
surface deposition of the
nanoparticles can be
negligible for R141b.

[21]

Manetti et al.
/2017

Aluminum
oxide

Copper

A decrease in the wall superheating
up to 32% and 12% for a smooth and
rough surfaces, respectively, was
verified for the same heat flux in
comparison with that of DI water. For
low concentration nanofluids
subjected to moderate heat flux,
appreciable enhancement of the HTC
was observed for the smooth and
rough surfaces as compared with the
DI water. It is argued that this
phenomenon is related to the increase
in the radius of the cavities due to
changes in the morphology of the
surface. For the rough surface, the
HTC decreased appreciably with
increasing heat flux due to the
intensification of the nanoparticle
deposition rate, and higher thermal
resistance by the filling of the cavities
of the heating surface with the
nanoparticles. The surface
modification due to the nanoparticle
deposition increased the HTC only
for low nanoparticle concentrations
and when the particle interaction
parameter (SIP) was greater
than unity.

A higher nanoparticle
deposition rate occurred for
heat fluxes greater than 400

kW /m?2.

[22]

Nunes et al.
/2020

Aluminum
oxide

Copper

The coating layer formed on the
heating surface increased the surface
wettability; moreover, it provided a
barrier to the heat transfer by
increasing the thermal resistance on
the heating surface, degrading the
HTC for unconfined and confined
boiling. For the latter, the wettability
enhancement promoted a delay in the
dryout incipience phenomenon.

The coating process delayed
the dryout occurrence under
confined conditions due to
the influence of the
nanostructures on the
surface—fluid interaction
mechanisms, e.g., the
surface wettability, which is
a pronounced effect for
non-wetting fluids, such as
the DI water.
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Table 1. Cont.

Reference

Nanoparticles  Substrate Effects on Heat Transfer Other Effects

Authors/Year Material Material

The multi-walled nanotubes
(MWNTs) with CTAB nanofluid
presents poor HTC, which decrease
with increasing concentration for the
deposition of nanoparticles. The
deposition of nanoparticles onto the
heating surface was not verified
Xing et al. using covalent functionalization
/2016 Carbon Copper MWNTs nanofluids. Thus, the
covalent functionalization MWNTs
nanofluids show a higher HTC than
the base fluid, and they increased as
the MWNTs concentration increased.
The maximum HTC enhancements
are 34.2% and 53.4% for
MWNTs-COOH and MWNTs-OH
nanofluids, respectively.

[24]

The HTC was improved due to the
partial fouling of the nanoparticles
which increased the number of

nucleation sites on the surface. After

Lietal./2020  Copper oxide Copper 1022;;;1;}?;5;;;1?22;: Eicfglgl;ng
decreasing the number of nucleation
sites, inducing a thermal resistance to
the surface and decreasing the bubble

departure time.

[25]

The superheat value on the fully
deposited surfaces was around 20 K
lower than that on the smooth surface ~ The experimental CHF on
and the fully deposited surface had the channel pattern
. the highest HTC, around 100% deposited surfaces agree
Caoetal /2019 Copper—zinc Copper enharﬁzement than the smooth wgll with the predic%ed
surface. The CHF was not enhanced model derived from
on the fully deposited surface, but hydrodynamic instability
increased by 33% on the
channel-pattern-deposited surfaces.

[26]

The coated layer formed on the rough The C coefficient that
surfaces provided a barrier to the correlates to the HTC and
heat transfer and reduced the bubble the heat flux was used.
nucleation, which led to the reduction  Different Csf (surface—fluid
in the number of microcavities and an ~ parameter) and Cs (heating
increase in the thermal resistance, surface parameter)
therefore degrading the HTC. For behaviors were found for
smooth surfaces, the deposition of the surfaces covered with
Kiyomura et al. Iron oxide Copper nanoparticles tends to increase the nanoparticles. The Csf and
/2017 PP nucleation site’s density, increasing Cs are influenced by the
the boiling heat transfer. An additional thermal
increment in the HTC occurred only resistance resulting from
for low nanofluid concentrations, for  the nanoparticle deposition.
which the thermal conductivity of the =~ The Cs underestimated the

nanofluids was dominant as effects of wettability and
compared with the thermal resistance  surface roughness for the
of the nanolayer formed on the surfaces covered with

heating surface. nanoparticles
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Reference  Authors/Year Nanopal:tlcles Substrf\te Effects on Heat Transfer Other Effects
Material Material
The coating made of nanoparticles
reduced the HTC by introducing a
thermT;;:ilfﬁ??ﬁgiat;ﬁféﬁid with The effective thermal
enhancement depended on the re51stancetof dt he layer
covering rate of the heating surface :ﬁi iZ;sti;ll e;ii?ze
by the nanoparticles, and evolved boiling and sg’ems togbe
Stutz et al. . . with boiling time. It reached a &
[27] Maghemite Platinum . coupled to the bubble
/2011 maximum when the heater was dvnamics. This ma
entirely covered with nanoparticles iK dicate t.ha . ory
and then decreased slowly when the eneration occurs Ii:)nsi de
thickness of the coating increased. gh 1 hich red
The observed increase in the CHF the layet, which reduces
was due to the increase in the heat its effective thickness.
transfer area when the nanoporous
layer was formed.
It was observed that the enhancement
of the HTC is higher when the SIP
was greater than unity. The HTC for
the nanostructured surface with the
deposition of nanoparticles of 10 nm
diameter, corresponding to SIP = 16,
was 55% higher than that for the bare
surface. For the nanostructured
Souza et al surface with the deposition of
[28] ’ Maghemite Copper nanoparticles having 80 nm of
/2014 . ;
diameter, corresponding to a SIP
equal to 2, the HTC decreased
29%.The HTC increased when the
gap decreased, mainly for lower heat
fluxes. For a gap length equal to 0.1
mm, a 145% HTC increase at heat
fluxes lower than 45 kW /m? with the
deposition of 10 nm sized
nanoparticles was reported.
Nanostructured surfaces showed The machemite
higher wettability as a consequence nanostruc tugre d surfaces
of the greater number of surface showed ereater porosit
defects created by the nanoparticles. and roug hnessp Thesey
Surface defects affect the contact ) i ’ N
angle and may influence the heat samp-es :sltytelalgrea er
transfer and CHF. The nanostructures nai?f}fzelscszr?ger
have a greater number of these consequently. a hi, her
defects due to the small nanoparticle it %.1. t Y, atug d
size. The nanostructures led to an weHapity compare
Heitich et al. . quper— increase in the CHF, especially with with the molybdenum
[29] Maghemite nickel . + &P yw samples. The rough
/2014 the maghemite deposition for which
alloy o/ 1: substrate showed a
the value was around 139% higher hvdrophobic behavior
than that of the smooth substrate. w}}iﬂe tI})le other sam le;
The CHF increased as the wettability with nano articls
increased. An increase in the CHF deposition sphowe da
was observed as the contact angle P

decreased. The rough substrate hydrophilic b.ehavTor.

. The small particle sizes

samples showed an enhancement in in the nanostructures
the HTC of around 19%, while other reatly promoted the
samples showed an increase in the gvettalz]ilpi) tv alteration
HTC values for high heat fluxes y ’
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Table 1. Cont.

Effects on Heat Transfer

Other Effects

Whatever the time of boiling on the
heating surface increases, the
differences between the boiling
curves of nanofluid and deionized
water becomes more due to the
deposition of nanoparticles. In high
concentrations of nanofluid, further
deposition of nanoparticles on the
surface causes a thickening of the
layer made of nanoparticles. This
thick layer enhances thermal
resistance, so the HTC reduces.
However, in low concentrations the
surface roughness is less than that in
high concentrations and during the
nanofluid boiling on the surface,
nucleation sites with sedimentation
of nanoparticles became smaller in
size and the number of nucleation
sites increased; therefore, the HTC
increased. The main cause for the
CHF enhancement in nanofluid was
the nanoparticle deposition which
increased the surface wettability and
CHF was delayed to a higher surface
superheat value.

Whenever the
concentration and the
time of boiling increases,
the surface roughness
increases, too. Moreover,
the increase in surface
roughness happens
more quickly for higher
concentrations
(0.01 vol. %).

The deposition of nanoparticles was
efficient in re-entrant inclined coated
surfaces: up to 120% CHF increase
compared with the smooth surface
and up to 30% as compared with the
uncoated inclined surface.

The bubbles generated
on the coated re-entrant
surface were larger
in size.

Reference  Authors/Year
Rostamian and
(301 Etesami/2018
Akbari et al.
(311 /2017
[32] Kumar et al.

/2017

Nanoparticles  Substrate
Material Material
Silicon oxide Copper
Silver Copper
Titanium Nickel-
oxide chromium

The CHF was augmented up to a
certain value of nanoparticle
deposition, beyond which the rate of
deposition was intangible.
Approximately 80%, 88%, and 93%
enhancements in the CHF were
found for deposition up to 4 min, 8
min, and 16 min, respectively.

The larger the
deposition or boiling
time, the lower the
contact angle leading to
a higher CHF. The rate
of deposition of
nanoparticles was
higher for boiling times
up to 8 min and was
comparatively lower
beyond 8 min
and above.
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Table 1. Cont.

Reference

Authors/Year

Nanoparticles
Material

Substrate
Material

Effects on Heat Transfer

Other Effects

Hadzic et al.

(331 /2022

Titanium
oxide

Copper

At a low nanoparticle concentration,
the influence of nanofluid on boiling
performance was minimal, with the
HTC and CHF values comparable
with those obtained using pure water
on both the untreated and
laser-textured surfaces. The boiling of
a nanofluid with a high nanoparticle
concentration resulted in a significant
deposition of nanoparticles onto the
boiling surface and CHF
enhancement up to 2021 kW m~2,
representing double the value
obtained on the untreated reference
surface using water. However, very
high surface superheat values (up to
100 K) were recorded, suggesting
poor practical applicability. The
decrease in heat transfer performance
due to the boiling of nanofluids on
laser textured surfaces can be
explained through the deposition of
nanoparticles into the laser-induced
grooves and microcavities present on
the surface, which decreased the
number of active nucleation sites.

Thicker nanoparticle
deposits resulted in
added thermal
resistance. While the
surface porosity granted
a delay in the CHF
incipience due to the
enhanced liquid
replenishment, the
surface superheat value
was increased.

Kamel and

[34] Lezso-

vits. /2020

Tungsten
oxide

Copper

The higher HTC enhancement ratio
was 6.7% for a concentration of 0.01%
vol. compared with deionized water.

The HTC for nanofluids was
degraded compared with the
deionized water, and the maximum

reduction ratio was about 15% for a
concentration of 0.05% vol. relative to

the baseline case. The reduction in
the HTC was attributed to the
deposition of tungsten oxide
nanoflakes on the heating surface,
which led to a decrease in the
nucleation site’s density.

1351 /2021

Gajghate et al.

Zirconium
oxide

Copper

The zirconia nanoparticle coating
incremented the heat transfer and
HTC. The peak enhancement in the
HTC was of 31.52% obtained for 200
nm zirconium-oxide-coating
thickness. The HTC increased with
increasing coating thickness up to 200
nm, but a further increment in the
thickness resulted in the reduction in
HTC due to the rise in
thermal resistance.

The increase in
zirconium oxide
nanoparticle
concentration from 0.1
to 0.5 vol. % showed an
increase in the coating
thickness as well as
surface roughness. The
zirconium oxide layer
gave hydrophilicity to
the bare copper surface.
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Reference  Authors/Year Nanopal:tlcles Substrf\te Effects on Heat Transfer Other Effects
Material Material
Even at very small concentrations of
nanoparticles, the CHF increased by
more than 50% and continued
growing with a further increase in the
nanoparticle concentration. At high
concentrations of nanoparticles, the =~ At the same nanoparticle
growth rate of CHF slowed down concentration, the
Silicon, and reached a constant value. Such desired height of the
[36] Minakov et al. aluminum, Nickel- behavior can be explained by the layer deposited on a
/2017 iron oxides, chromium stabilization of the deposit size on the =~ smaller heating surface
and diamond heating surface. With increasing was formed much faster
boiling time, the CHF increased than that deposited on a
rapidly and reached a steady-state larger heating surface.
level. The correlation between CHF
and the concentration, particle size
and material, and boiling time
confirmed the key role of the
nanoparticle deposition.
Abnormal increase in
The aluminum oxide nanofluids the wall superheat value
. . was observed for the
enhanced, whereas the silicon oxide L. .
. . titanium oxide and
nanofluids deteriorated, the heat . . .
L. silicon oxide nanofluids
transfer. The effect of the titanium
. . when the heat flux was
oxide nanofluid on the heat transfer - .
. sufficiently high. It was
o depended on the nanoparticle . .
Titanium . . considered that this
. concentration. The maximum CHF
. oxide, phenomenon was
Sulaiman et al. . was found for the most concentrated )
[37] aluminum Copper . . . related to the partial
/2016 . aluminum oxide nanofluid. Although
oxide and detachment of the

silicon oxide

significant detachment of the
nanoparticle layer was found after
the CHF measurement for the silicon
oxide nanofluids, the value of CHF
was not significantly different from
those for the titanium oxide and
aluminum oxide nanofluids.

nanoparticle layer
formed on the heated
surface since the defects
of the nanoparticle layer
were always detected
when such a
temperature rise
took place.

2. Nanoparticle Deposition over Boiling Time

2.1. Causing Mechanisms

The causing mechanism for the nanoparticle deposition during pool boiling has been

pointed out by Modi et al. [38] to be the evaporation in the microlayer beneath the vapor
bubbles, where most of the heat and mass transfer is carried out. In this direction, the
researchers Li et al. [39] also reported that the microlayer accumulates the nanoparticles
that are deposited in the heating surface when the microlayer fully evaporates. The authors
found that the microlayer evaporation was the key factor to promote the growing of the
bubbles and that the nanoparticle deposition process would continue for as long as the
duration of boiling. Figure 2 schematically represents the deposition of the nanoparticles in
the microlayer of the vapor bubble. Moreover, Kim et al. reported in another study [40] that
the growth of the deposition layer was promoted by the natural convection or by the gravity-
driven sedimentation. Furthermore, as the heating surface temperatures increase beyond
the operating fluid saturation point, the vapor bubbles are generated at the nucleation sites
and start to grow because of the evaporation of the fluid at the contact line, nearby the
zone of the bubbles, and inside the liquid microlayer underneath the vapor bubbles [41].
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The buoyancy force is responsible for pushing the bubbles upwards until their detachment
occurs. In addition, similar mechanisms generate bubbles within the nanofluids during
pool boiling. Nevertheless, due to the evaporation rate of the microlayer, the fraction of the
nanoparticles in the region around the heating substrate will be enhanced and the distance
between the suspended nanoparticles will be shorter. With these conditions, more collisions
are likely to happen between the nanoparticles, agglomeration, and sedimentation over the
heat transfer surface.

Vapor Bubble

Heating Surface Heating Surface

Figure 2. Schematic representation of the nanoparticle deposition in the vapor bubble microlayer.
Adapted from [42].

2.2. Characteristics of the Deposition Layer

The first characteristic that can be highlighted for the deposited layer of nanoparticles
during the pool boiling with nanofluids is the bonding strength with the heating surface.
In this sense, the researchers Kwark et al. [43] reported that even after 16 consecutive
pool-boiling experiments, the deposition layer kept a noticeable bonding strength with
the substrate. Moreover, the deposition layer of nanoparticles has a porous structure
over the heating surface [12,17,44] in the nanofluid pool boiling. The thickness of the
porous structure and the associated capillarity effect are also relevant characteristics of the
deposited nanoparticle layer. The thickness accommodates the extra liquid microlayer and
the capillary wicking drives the fluid toward the dry spots at the base of the growing vapor
bubbles. Throughout the pool-boiling process, the characteristics of the heating surface
covered by the nanoparticle layer are continuously modified as the thickness of the layer
tends to increase over time. The authors Kim et al. [45] investigated the evolution of the
CHEF under pool-boiling conditions on a heating NiCr wire covered with porous layers of
nanoparticles. The authors obtained different deposit structures by changing the heat flux
during the boiling of 0.01 volume fraction of titanium oxide nanoparticles suspended in
water. The surface properties of the testing wires were measured to identify the parameters
closely linked with the appreciable CHF increase. The investigation team noted that the
heat capacity of the surface of the wires was altered due to the nanoparticle deposition
and, hence, the heat capacity was not the main factor in interpreting the observed CHF
enhancement. This experimental work may lead to the conclusion that when the CHF
occurs on a very small heat transfer surface, such as a thin wire, it is described as being the
consequence of the liquid dryout beneath the vapor patch associated with the dramatic
increment in the surface superheat value caused by the merging of the vapor bubble
rather than the hydrodynamic instability. The researchers stated that the thickness of the
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surface porous structures holding an extra fluid macrolayer and capillary wicking effect
to conduct the working fluid toward the dry regions underneath the vapor bubbles were
the key parameters responsible for the CHF increment. The thickness and structure of the
deposition layer is affected by the concentration, size, and shape of the nanoparticles, and by
the temperature of the heating substrate, rate of evaporation, and finally, induced heat flux.
For instance, in the cases when the surface presents a very high temperature and, hence,
enhanced evaporation rate, the porous layer becomes thicker and more condensed having
larger agglomerations. A higher fraction of nanoparticles dispersed in the base fluid usually
conducts to a thicker and more condensed deposition layer. Moreover, the morphology and
intrinsic characteristics of the nanoparticles affect the deposition pattern during boiling.
Another important characteristic is the roughness of the deposited layer, given that its
modification during the boiling process will affect the nucleation site density [15-17].
Furthermore, it was already found that not only were the nanoparticles constituents of the
deposited layer, since this one also contains solvable salts sedimented in the course of the
pool boiling using nanofluids [46] and the influence of these compounds needs further
understanding. The formation of a deposition layer during boiling requires engineering
to minimize, or even eliminate, the negative consequences on the boiling heat transfer
of nanofluids. Nevertheless, there are positive impacts encountered in most cases in the
nanofluids and the boiling-induced nanoparticle deposition relative to the conventional
thermal fluids such as, for instance, water. Figure 3 presents some of these positive effects.

CHF

Main Effects:

uids and

= Delayed CHF

= Reduced Superheat

Water = Moderate Temperature Raise at CHF
= Earlier Boiling Incipience

Boiling

Incipience

W

%
Surface Superheat

Figure 3. Positive effects of the nanofluids and nanoparticle deposition relative to water. Adapted
from [47].

2.3. Fundamental Time-Dependent Features
2.3.1. Fouling Resistance

The fouling related with nanofluids is a type of particulate fouling phenomenon.
The suspended nanoparticles lose their stability over time and adhere to the heating sur-
face, mainly due to the interactions between the dispersed nanoparticles and the fluid
and between the nanoparticles and the heating surface along with temperature gradi-
ents within the base fluid [48]. Figure 4 shows the typical time-dependent stages of the
particulate fouling.
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Figure 4. Thermal resistance vs. time and main stages of the particulate fouling. Adapted from [49].

Moreover, other parameters can be referred that determine the fouling occurrence
when using nanofluids such as chemical composition, homogeneity, viscosity, diffusivity,
density, interfacial properties, and compatibility of the nanoparticles with each other, the
base fluid, and boiling surfaces. Regarding the nanoparticle concentration, an excessive
amount of nanoparticles entails sedimentation concerns and, consequently, tends to pro-
mote particulate fouling over the surfaces that usually leads to a considerable decrement in
the heat transfer performance. It should be stated that another vital concern of the particu-
late fouling over time is the clogging caused by the clustering of the nanoparticles. The
fouling onto a boiling process surface has a considerable negative impact on the working of
thermal management units, entailing negative consequences [50,51]. The latter are present
in the operational damages caused by the shutdowns provoked by fouling, and in the
maintenance costs that arise from cleaning the surfaces and equipment replacement [52].
The heat transfer performance decrement is the most observed effect of fouling [53,54].
This reduction is closely linked with the poor thermal conductivity of the fouling layer,
pressure drop increase, clogged equipment, erosion and corrosion of the surfaces, and
friction augmentation. To summarize briefly, the boiling fouling by nanoparticle deposition
can be addressed through the interplay of the following phenomena [52]:

e  Surface particulate deposition is controlled by the interactions between the thermal
fluid and nanoparticles and between the heating surface and the nanoparticles.

e  Re-suspension of the nanoparticles occurs after the deposition and is determined by
the balance between the contact and hydrodynamic forces.

e  Agglomeration occurs only in cases where the concentration of the dispersed nanopar-
ticles in the thermal fluid is sufficient to promote consecutive interactions between
the surfaces at play. The particle-to-particle collision rate is governed by the hydrody-
namic forces associated with the motion of the nanoparticles, whereas the adhesion
between the nanoparticles is determined by the short-range interactions between them.
In the cases where the adhesion forces have a lower magnitude than the hydrodynamic
counterparts, the break-up of aggregates of the nanoparticles may occur.

The hydrodynamic transport of the nanoparticles and attachment onto the heating
surface of the nanoparticles are the involved phenomena in the two-step process of the
structure of fouling [55,56]. In particulate fouling, the main thermophysical features
involved are the motion of the nanoparticles by inertia, diffusion, and thermophoretic
forces, linkage of the nanoparticles by the acting Van der Waals forces and superficial
charges, and erosion. In pool-boiling scenarios, the fouling of nanoparticles resistance
depends on [57]:
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e  Heat flux: given that with increasing heat flux, the fouling resistance also increases
until a maximum value.

e The pH and ionic content of the nanofluids: the attachment and agglomeration of
the nanoparticles are provoked by the action of the electric double layer and Van der
Waals forces. The repulsion caused by the electric double-layer forces is mainly due to
the accumulation of electric charges in the surface of the nanoparticles of hydroxides
and metal oxides, and such electric charges are directly correlated with the pH of the
suspension and its ionic content.

o  Temperature of the surface: it was already demonstrated that the fouling resistance
increased more rapidly with temperature at higher temperatures and more slowly at
lower temperature values.

e  Surface roughness: given that a smoother surface delays the fouling, and it is easier to
clean. In contrast, considerable rough surfaces increased the nanoparticle deposition
dramatically.

e  Size of the nanoparticles: given that the fouling resistance depends on the particle size.
However, a well-defined trend is not yet available in the published literature.

The fouling of the copper oxide nanoparticles onto a heat exchanger surface was
investigated with a variety of experimental parameters and a correlation accounting with
the flow of the nanoparticles was introduced by the authors Nikkhah et al. [58]. The
researchers reported that with a larger amount of nanoparticles and increased heat flux, a
more considerable surface fouling occurred. Moreover, a reduction in the fouling resistance
was found with increasing surface temperature. In particular, the consecutive heating and
cooling cycles or the high temperature of the nanofluids tended to promote the impact
between the nanoparticles and, consequently, their aggregation trend.

2.3.2. Thermal Resistance

The boiling-induced nanoparticle deposition onto the interface of the solid and liquid
phases seriously affects the interfacial thermal resistance (ITR) or Kapitsa resistance. The
ITR can be modified by the wettability and morphology of the interface. For instance, the
thermal conductance of different wettability interfaces functionalized with a self-assembled
monolayer (SAM) has already been determined by the time-domain thermo-reflectance
technique [59]. The authors reported that the ITR of a hydrophobic interface was near
three-fold greater than that of a hydrophilic interface. Moreover, in the work performed
by [5], the layer of carbon nanoparticles deposited onto the solid and liquid phases interface
influenced the density of the working fluid, the heat transfer near the interface, and the
ITR. The researchers numerically evaluated the ITR with changes in the intermolecular
interactions between the fluid and the nanoparticles and those between the fluid and the
surface. The researchers arrived at the following conclusions: (i) The nanoparticle layer
deposited onto the solid-liquid interface decreased the ITR, which might become lower
that the typical ITR value of a smooth heating surface, especially in the cases where the
nanoparticles exhibit hydrophilicity. Additionally, it was common in the fullerene and
amorphous nanoparticles. (i) The considerable ITR decrease caused by the deposition layer
enhanced the heat transfer from the heating surface to the nanoparticles, and, consequently,
augmented the heat transfer of the nanoparticles. The key condition for the decrement
in the ITR was the extraction, storing, and transport of the heat from the solid interface
by the nanoparticles to the neighboring fluid outside the deposition layer. In addition to
the heat flux increment, the temperature difference at the interface of the solid and liquid
phases was decreased by the deposition of the nanoparticles. These alterations contributed
to the ITR reduction. (iii) The deposit of nanoparticles onto the interface did not induce
an appreciably extra thermal resistance as compared with the corresponding fluid layer,
independently of the morphology of the nanoparticles. This was caused by the fact that
the single layer of the nanoparticles was of such reduced dimensions that it could not
be enough for producing the additional thermal resistance at the interface, although the
thermal resistance of the used fullerene was high. (iv) The nanoparticle deposition changed
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the density of the thermal fluid and the temperature gradient at the interface. The ITR
decreased with increasing fluid density in the deposition layer. The changes in the fluid
density in the interface nearby region and in its temperature gradient by the nanoparticle
deposition were two major conditions affecting the ITR.

2.3.3. Three-Phase Contact Line Behavior

During a nanofluid boiling situation, it is usually expected that the dispersed nanopar-
ticles deposit uniformly onto the heating surface by the gravitational effect. Given that
the nanofluids are a very dilute type of fluid, the quantity of nanoparticles deposited by
gravity can be assumed to be negligible. As such, when the first vapor bubbles nucleate,
the heat transfer surface is hydrophobic and the evaporation rate at the solid, liquid, and
vapor phases contact line is the main mechanism associated with the growth stage of the
initial vapor bubbles. The published transient imaging of the contact line evaporation in
the literature has already demonstrated that the contact line of the bubbles presents a radial
type of motion across the heating surface [60], provoking the expansion or, alternatively, the
contraction of the dry patch. This dry patch can be characterized by a higher temperature
area at the center of the active nucleation point. Given that the evaporative heat flux has
its maximum value at the solid-liquid-vapor contact line, the suspended nanoparticles
will deposit at the contact line as it evaporates and expands. It has been reported that a
ring-like deposition pattern was observed at the contact line of a sessile droplet deposit
onto a hydrophobic surface due to the delay in the depinning of the contact line. Moreover,
it is expected that the radial motion of the contact line will be more constrained with the
addition of nanoparticles. As a consequence, the initial deposition happens over only a
narrow region under the form of a ring. Furthermore, the deposition at the contact triple
line becomes very intense with the boiling time and, thus, modifies the surface wettability
that, in turn, aids in the continuous shrinkage of the contact line radius corresponding
to the dry patch dimensions. This particular mechanism conducts to the smearing out of
the thinned ring to a wider ring structure, which, consequently, improves the wettability
of an extended inner region of the nucleation sites. When the rewetting of this region is
complete after the detachment of the bubbles, the growth stage of the following bubbles
slowly changes from the dynamics of the contact line to the entrapment of the microlayer
dynamics. The microlayer thickness augments in the radially outward direction and, conse-
quently, evaporates faster near the center of the nucleation site, leaving behind a small dry
patch. Because of the higher evaporation rate at the center of the front of the microlayer,
a radially inward capillary flow is generated inside it, which conducts the nanoparticles
toward the evaporative front of the microlayer. It should be stated that as the fraction of
nanoparticles augments around the evaporative front because of such inward flow, the
clustering rate of the nanoparticles raises up to produce larger particles. When the droplet
evaporation happens on hydrophilic surfaces, it has been highlighted that the nanoparticles
adhere and settle at the contact line region, which is caused by the conjugated action of
the shape of the liquid and vapor phases interface and the balance between friction forces
and capillarity acting on the nanoparticles. Taking into account these phenomena, it is
believed that a similar mechanism is responsible for the settlement of the nanoparticles
at the evaporative front of the microlayer considering that the bigger clustered particles
come in contact with the evaporative front because of the presence of induced inward
capillary flows. The clustering of the nanoparticles at the inner area of the deposition
pattern can be easily observed using AFM imaging wherein the sub micro-scaled particles
are deposited, and this fact can justify the high density and thickness of the deposit at the
central regions of the nucleation point. Moving away from the central regions, although
the microlayer possess a relatively large fraction of the working fluid to maintain the sus-
pension of nanoparticles, the thickness of the deposit gradually decreases radially outward
since the complete evaporation of the microlayer at these points does not occur because
of its increasing thickness. The augmented microlayer thickness renders extra ITR to the
heat transfer flow and the microlayer has lower rates of evaporation, which in turn, averts
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the complete dryout of the microlayer at the radially outward sites. The location of the dry
patch can be estimated with the help of heat flux contour plots. If the maximum value of
the dry patch radius and the deposited pattern radius is compared, it can be verified that
the maximum dry patch radius is significantly smaller than the radius of the deposition
pattern. Additionally, it has been found that the maximum dry patch radius is even smaller
than the centrally deposited film radius. This fact that in the nanofluid boiling process, the
microlayer does not evaporate totally in the radially outward regions and the dispersed
nanoparticles settle primarily in such regions because of the gravity and attraction forces
between the nanoparticles and surface like Van der Waals and electrostatic forces. Hence,
the thickness of the deposit is radially decreased from the center of the nucleation points to
their peripheral areas.

2.3.4. Capillary Wicking

Another important feature of the deposited layer of nanoparticles is the capillary wick-
ing behavior. The formation of certain microstructures by the boiling-induced nanoparticle
deposition may induce capillary wicking on the heating surface. For instance, in the work
performed by Kim et al. [40], the wires covered by the nanoparticles of low fraction nanoflu-
ids do not induce a working fluid rise by capillary wicking since the formed microstructures
on the heating surface at low concentrations are not sufficient to play the role of microflow
pathways. The authors also confirmed that the material of the nanoparticles greatly in-
fluences the capillary wicking. In this sense, the oxide titanium nanoparticle-coated wire
presented a maximum water capillary rise of 1.2 mm at maximum concentration, which
then steeply increased for lower concentrations achieving 5.9 mm at the lowest concentra-
tion. Moreover, the alumina nanoparticle covered wire had a maximum water capillary rise
value of 0.5 for all the tested concentrations. The fractal micro-scaled structures produced
by the deposition of clustered titanium oxide nanoparticles induced fluid suction caused
by the capillary wicking effect that increases the CHF of water and turns it considerably
higher than that with nanofluids. Nevertheless, the much higher CHF of the heating surface
covered by the nanoparticles is deteriorated by the use of nanofluids instead of water, given
that the nanoparticles dispersed in the base fluids may clog the microflow pathways con-
ducting the liquid bulk to the heat transfer surface through capillary wicking. Furthermore,
the authors Kim and Kim [61] studied the influence of the surface wettability and capillarity
of the boiling-induced nanoparticle deposition on the CHF. The authors reported that the
deposition of nanoparticles during the boiling process induces capillary wicking on the
porous deposition layer, whereby the supplied fluid delays the irreversible growth of dry
patches. Moreover, the estimated heat flux gain based on the capillary liquid supply was of
the same order of magnitude and consistent with the experimental CHF increase above the
maximum CHF value of 1500 kW /m? obtained considering the wettability improvement.
The researchers concluded that the appreciable CHF amelioration of nanofluid pool boiling
is the result of not only improved surface wettability but also enhanced capillarity caused
by the deposition of nanoparticles.

2.3.5. Roughness

With increasing concentration of the nanofluids, the deposited layer of nanoparticles
grows on the heat transfer surface. However, the published results do not always confirm
the direct relation between surface roughness and nanofluid concentration. This may
be caused by the lack of uniformity of the deposited nanoparticle layer on the heating
surface. Such a fact might conduct to higher heat transfer rates with the pool-boiling
nanoparticle-deposited surfaces as compared with the ones obtained through the pool boil-
ing of water alone. Nevertheless, it is possible to settle a well-defined correlation between
the roughness of the surface and the deposited layer. Moreover, the authors Wen et al. [62]
investigated the impact of surface roughness using rough and smooth surfaces. For the
smooth surface, the increase in particle deposition on the heating surface led to an increased
surface roughness. In the case of the rough surface, no considerable variation in the sur-
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face roughness was reported with increasing nanofluid concentrations. The researchers
argued that the surface modification was performed by the features associated with the
nanoparticles after the boiling process. Furthermore, the surface roughness was found
to increase with an increasing wall superheat value for rough surfaces. In addition, the
pool-boiling heat transfer of rough surface using nanofluids was around two-fold greater
than that of the water alone. A reduction of around 30% in the heat transfer was reported
for the pool boiling with nanofluids for a plain surface when compared with the base fluid
itself. Although the surface roughness suffers a decrement from 0.167 to 0.099 um after
boiling completion, it achieved a CHF amelioration, which was likely due to alterations in
the surface microstructure and topography. Moreover, Ham et al. [3] further investigated
the boiling heat transfer of aluminum oxide nanoparticles dispersed in water on heating
surfaces with different average roughness. The volume fraction of the nanoparticles ranged
between 0 and 0.05 and the average surface roughness was of 177.5 nm and 292.8 nm.
The researchers found that when the volume fraction was increased from 0 to 0.05, the
CHF increased by 224.8% and 138.5% on the surfaces with roughness of 177.5 nm and
292.8 nm, respectively. The heat transfer capability of the aluminum oxide nanofluid with
a 0.05 vol. % of concentration was lower than the one obtained with deionized water at
R, = 177.5 nm, but the maximum HTC value increased due to the increase in the CHE
Furthermore, Figure 5 schematically illustrates the boiling-induced nanoparticle deposition
on two different rough heating surfaces.

Figure 5. Schematic illustration of the boiling nanoparticle deposition on two different rough surfaces:
(a) Ra and R, with very different values and (b) R, and R, with approximate values.

The authors Ji et al. [63] made a qualitative analysis of the boiling-induced nanoparticle
deposition on two different rough heating surfaces. The authors stated that it was easier
to obtain a uniform deposition layer with a higher R, and lower Rz rough surface in the
corresponding 5 (b) case. The mass concentration lines at the same height in the two
different cases represent the equality of the concentration. The authors observed too that
the heating surface with lower R, and larger Ry is not so easy to be uniformly coated
by the nanoparticles. With lower weight fractions of the nanoparticles, it is possible to
observe higher peaks outside the surface touching the water. Therefore, the more roughed
surface was the one that exhibited improved heat transfer behavior. It can be stated that
the number of deposited nanoparticles induces variations in the surface roughness of the
heating surface. The continuous growth of the deposited layer produces greater thermal
insulation, which leads to the decrement of the CHFE. Further experimental studies are
needed to establish the optimum value of the deposition layer thickness that maximizes
the CHE.

2.3.6. Roughness-to-Particle Size Ratio

The ratio of the nanoparticle dimension to the average roughness of the heating
surface can also be linked to the heat transfer behavior. With the use of extended ratios,
the deposition of nanoparticles can further enhance the average roughness of the surface
or, alternatively, reduce the average roughness. The authors Shoghl et al. [6] found a heat
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transfer decrement using zinc oxide and alumina nanoparticles dispersed in water. This
deterioration was the consequence of the surface roughness decrease as compared with the
heat transfer improvement that occurs with carbon nanotubes because of a notorious surface
roughness enhancement. The authors reported that any improvement or any degradation
of the boiling thermal performance was affected by the nature of the nanoparticles and the
relative nanoparticle size ratio to the initial heating surface roughness. In addition, the
researchers Narayan et al. [9], Shahmoradi et al. [64], and Wen et al. [65], among others,
highlighted that the nucleate boiling enhancement generated by increasing the surface
roughness factor was only viable with a well-defined range of size of the nanoparticle. For
instance, the authors Narayan et al. [9] introduced the “surface interaction” factor, which
represents the ratio of the average surface roughness to the average nanoparticle size, to
address the capability of a given nanofluid to improve its nucleate boiling performance.
In the cases where the nanoparticles are significantly smaller than the surface roughness
features, having a “surface interaction” parameter considerably greater than one, the
boiling heat transfer improved appreciably as the smaller particles deposited onto the
initial nucleation sites and divided these initial single nucleation points into multiple
ones. Nevertheless, in the cases where this interaction parameter had a value near one,
the heat transfer was limited as most of the nanoparticles deposited in active nucleation
points with approximated relative size and hindered the bubble nucleation. On the other
hand, if the referred parameter presented a value considerably smaller than one, the heat
transfer decrement was less intense than that verified with the parameter value around
one, given that the larger nanoparticles decreased the number of the nucleation points
being deactivated. Moreover, the “surface interaction” parameter is also of relevance in
interpreting the boiling HTC degradation with augmented concentration of nanoparticles.
In this direction, Shahmoradi et al. [64] found a decrement in the HTC for a water-based
alumina nanofluid with the “surface interaction” parameter with values lower than one.
Such decrement clearly worsened with enhanced nanoparticle volume fraction below
0.1. The researchers explained the worsening deterioration with the additional thermal
resistance provided by the deposited layer of nanoparticles. Furthermore, Wen et al. [65]
revealed that any augment in the boiling heat transfer was strongly influenced by the
relative size of the particles dispersed in the working fluid and the initial dimensions of the
superficial elements. Nevertheless, the researchers also highlighted that, since the surface
modification by the nanoparticles was a cumulative phenomenon in time, the heat transfer
trend was believed to continuously alter with successive pool-boiling experiments with
only one heating surface. Moreover, Vafaei [66] reported an increment in the heating surface
cavities” dimensions in the cases where the deposited nanoparticles were larger than the
valleys of the surface roughness profile. The reported enhancement promoted the activation
of nucleation points and improved the HTC at low heat fluxes. On the other hand, when
the settled nanoparticles were smaller than the valleys of the surface roughness profile, the
heating surface activation decreased, rendering a less effective boiling performance.

2.3.7. Thickness over Boiling Time

This subtopic has already been discussed throughout the current work, but never-
theless, and concerning the thickness of the deposition layer, it is worth mentioning the
experimental work performed by the authors Park et al. [67] who evaluated the effects
of the pool-boiling-induced nanoparticle deposition on the CHF improvement. With this
purpose, boiling experiments were conducted to evaluate the impact of the thickness of
the deposited nanoparticle layer on the CHF using a 0.01 vol. % alumina nanofluid with
a Ni-Cr wire as the heating surface. The thickness of the nanoparticle-deposited layer
was managed by different boiling times for pre-coating and the CHF evolution curve was
acquired in function of the time of the pre-coating process. The authors found that the CHF
remain unaltered regardless of the boiling time over a critical pre-coating time, whereas
the CHF was dramatically increased during a relatively short pre-coating time. Moreover,
the CHF occurrence was moderately decreased after the critical time region. It was also
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stated that the porosity decreased as the pre-boiling time increased since a denser layer
was produced when the boiling time was extended. Moreover, the reduced number of
pores affected the CHF decrement after that alteration. This fact denotes that the fluid
fraction closely linked with the phase change diminished and this decrease would be
promoted when employing a high concentration nanofluid during sufficient pool-boiling
time. However, an excessive deposited layer thickness may result in a negative impact on
the CHEF. Overall, the authors concluded the following:

1.  The CHF gradually decreased with long pre-coating times.

2. The CHF improvement may be interpreted by the enhanced surface wettability and
hydrodynamic instability modifications with relatively short boiling durations.

3. The slow decrement in the CHF could be interpreted with the porosity decrease in the
deposited layer with longer pre-coating durations.

2.3.8. Peripheral Regions of the Nucleation Sites and Deposition Points

During the initial part of the growing of the vapor bubbles in the nucleate boiling
regime, the viscous effect can be large enough as compared withthe surface tension to
hinder the working fluid motion and trap a very thin liquid layer underneath the vapor
bubbles beneaththe growing bubbles. This layer is usually designated by a microlayer and
has a thickness smaller than ten micrometers and a length up to one millimeter. Its lifetime is
only a few milliseconds but it contributes to the major part of the heat transfer enhancement
between the heating surface and the bubbles. For longervapor bubble growing times, the
formation of a thin liquid layer designated by a macrolayer occurs, wherein the meniscus of
the bubbles changes curvature suddenly. In terms of nanoparticle deposition, the particles
deposited in the microlayer and macrolayer are usually nano-scaled particles [68]. Another
aspect of the boiling-induced nanoparticle deposition process is related to what happens in
the peripheral regions of the nucleate boiling points and microparticle deposition points.
The periphery of the deposited micro-scaled particles corresponds to the maximum value
of peripheral spreading of the area affected thermally by the nucleation sites, beyond
which only negligible changes in the temperature are to be observed in the heating surface
during bubble growth. This maximum peripheral region corresponds to the macrolayer
of the bubbles. Large agglomerated microparticles up to 20 um have been found in the
peripheral region in the form of a ring on the deposited pattern, as it can be seen in Figure 6.
Moreover, these micro-scaled particles are considerably larger than the particles deposited
in high-density areas near the center of the deposited structure. Considering the associated
complexities, it is challenging to interpret whether these large agglomerated microparticles
migrated from some region of the liquid bulk to the periphery or, alternatively, whether
these particles were formed at the periphery of the nucleation site. In this sense, the
work carried out by Kangude and Srivastava [41] made a serious attempt to reveal the
most likely phenomena responsible for the presence of the micro-sized particles at the
periphery of the active nucleation sites. By AFM imaging observation of the nanoparticle
deposition, the researchers confirmed that the nanoparticle deposition during the boiling
process led to the formation of a porous deposited structure. They also concluded that the
hydrophilicity of the porous deposited layer augmented the capillary flows by offering a
chain of hierarchical nano/micro-scaled paths for the fluid to flow. The authors obtained
a nanoparticle-deposited structure using the 0.005% nanofluid that was found to exhibit
capillary flows.The presence of the capillary flows was ascertained through high-speed
camera imaging by observing the motion of the contact line of a sessile droplet deposited
onto the nanoparticle deposition layer. It was observed that the droplet achieved static
equilibrium first and then the apparent contact line of the sessile droplet moved through
the porous layer until it attained a very small contact angle as compared with that of the
substrate. However, no such movement of the contact line was verified when the droplet
was deposited onto regions of the substrate surface away from the nucleation sites. The
authors concluded that the contact line motion confirmed the presence of capillary flows
through the deposited porous layer of nanoparticles. Those flows had a strong impact
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on the microlayer evaporation by continuously replenishing the fluid to the evaporating
front of the microlayer. As the microlayer starts evaporating at the central portion of the
nucleation site, the capillary pressure forces the fluid to flow toward the contact line of
the evaporating front of the microlayer from the periphery through the porous surface
of the deposited layer. Furthermore, it should be stated that the thickness and density
of the deposit increased from the periphery to the center of the nucleation site. When
enough deposition occured, only the working fluid penetrated through the porous layer
by capillary forces and the dispersed nanoparticles filtered out toward the peripheral
region. The filtered-out nanoparticles agglomerated to form micrometer-sized particles
at the periphery over time. Thus, the existence of the micrometer-sized particles in the
peripheral region of the nanoparticle deposition points can be reasonably attributed to the
presence ofcapillary-assisted radially-inward flows through the pores of the deposition
layer during the microlayer evaporation.
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Figure 6. Schematic illustration of the nanoparticle deposition process and top view of the deposited
structure showing the size distribution of the nanoparticles.

2.3.9. Vaporization Core Sites Density

The deterioration of the boiling HTC is caused mainly by the deposition of nanopar-
ticles on the heating surface that enhances the heat transfer resistance. However, the
wettability of the surface and the CHF were enhanced. For instance, welding metal foams
onto a plain heating surface is a common technique to enhance the heat transfer area. More-
over, this procedure impacts the growth and detachment of vapor bubbles in the course of
boiling. Moreover, to enhance the heat transfer capability of the metal foam structure, the
researchers Xu et al. [69] studied the influences concerning the size and concentration of
AlO and SiC nanoparticles deposited onto a copper foam of 7 mm thickness. The testing
pore density was 5 PPI, 60 PPI, 100 PPI, and the corresponding porosity was of 0.9, 0.95,
and 0.98. Some preliminary works reported that the boiling induced nanoparticle depo-
sition onto the foamed copper might increase its capillary wicking and number of active
vaporization core sites. Moreover, the thermal performance of nanofluids on the gradient
hole surface was investigated by Xu and Zhao [70], since adding nanoparticles clogged
the voids of the higher 100 PPI density copper foam, and, consequently, the vapor bubbles
escape resistance became enhanced and the heat transfer capability degraded. One of the
main effects of the heating surface modification is to increase the available heat transfer
surface and, hence, enhance the number of available vaporization core sites. Moreover, the
density of the nucleated bubbles will become higher in addition to the increasing density
of gasification core sites. Therefore, during the pool-boiling process, the nanoparticles
deposited onto a bigger heat transfer area, allowing high concentrations of the nanofluid to
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be employed, rapidly increased the thermal conductivity of the base fluid, and thus the
nanoparticles did not deteriorate because of the porous deposition layer. Moreover, the
vapor bubbles nucleated on a rough heating surface alter the capillary motion of the vapor
bubbles, which are only impacted by the upward action of the buoyancy force.

2.3.10. Hydrodynamic Instability

Another relevant feature of the pool-boiling-induced nanoparticle deposition is the
hydrodynamic instability alteration [71]. The vapor bubble dynamics during the pool-
boiling process are affected by the deposition of nanoparticles onto the heating surface,
which reduces the distance between the vapor bubble departure points. This distance
is commonly designated by the Rayleigh-Taylor wavelength instability wavelength or
hydrodynamic instability wavelength, which can be easily identified in the film boiling
regime. The alteration of this wavelength is linked to the nanoparticle-deposited layer on
the heating surface during boiling, given that the deposited layer will alter the spacing
between nucleating bubbles (or vapor columns) and, consequently, the Rayleigh-Taylor in-
stability wavelength. In addition, the hydrodynamic instability approach or hydrodynamic
fluid-choking limit connects the characteristic wavelength of the hydrodynamic instability
with the CHF enhancement of the nanoparticle-deposited porous layer. The hydrodynamic
limit theory is based on the Rayleigh-Taylor instability wavelength and was introduced
by Zuber [72] for a plain surface and can be broadened to a coated heating surface having
capillary limit. Regarding the hydrodynamic limit, the CHF is generally caused by the
vapor columns’ instability. The deposited layer can modify the distance between vapor
columns on the surface and, consequently, alter the critical instability wavelength. The
researchers Liter and Kaviany [73] interpreted the impact of the modulated wavelength on
the CHF of a modulated porous layer of nanoparticles (having periodic variations in the
layer thickness) using the following expression:
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where A, is the modulated wavelength or the length scale that defines the vapor escape
locations in the working pool-boiling fluid from the porous structure of the heating surface,
Ahy, is the enthalpy gradient between liquid and vapor phases, Apy, is the density gradient
between the liquid and vapor phases, and o represents the fluid surface tension. For a
smooth surface, the A, parameter is influenced by the balance between the buoyancy
force and surface tension, being a function of the thermal characteristics of the working
fluid. In the case of a surface coated with a porous layer, the parameter A, depends on
the vapor escape pathways and, consequently, is a function of the porous structure of the
deposition layer. In the experimental work performed by Park et al. [74], the wavelength
alteration corresponded to the employed pool-boiling alumina and graphene/graphene
oxide nanofluids CHF amelioration trend. As already stated by Liter and Kaviany, the
wavelength can be taken as a well-defined geometrical parameter that depends on the
surface conditions. As a consequence, the research team found that the change in the
wavelength extends the wetting of the heating surface by enabling the working fluid to
break through, resulting in the CHF improvement. Nevertheless, the researchers recognized
that the recent published CHF enhancement and wavelengths are not consistent with
the prediction of the Liter and Kaviany equation. Accordingly with the findings of the
aforementioned authors, Park and Bang [71] stated that the onset of the CHF based on the
hydrodynamic limit is due to the instability of vapor columns. The nanoparticle porous
layer of the deposited nanoparticles during the boiling process could change the critical
distance between vapor columns rising from the heating surface and, consequently, alter
the critical instability wavelength. Moreover, a similar situation was observed in the droplet
formation on the nanoparticle layer, which is closely linked with the detachment of the
bubbles from the heating surface. The authors prepared different nanofluids and the used
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pool-boiling apparatus was designed to enable the direct observation of the Rayleigh-Taylor
instability wavelengths. The authors reported that the distance between the bubbles was
different for each nanoparticle-coated surface, which revealed a shorter distance between
the bubbles than that of the bare heating surface. Moreover, the nanofluids that promoted a
higher CHF enhancement exhibited shorter Rayleigh-Taylor instability wavelengths. A
short wavelength allows the vapor to prevent the formation of a bulk of vapor by venting
the vapor evenly across the heating surface. Furthermore, it was demonstrated that the
shorter wavelengths also improved the wettability by allowing the liquid to break through
the developing vapor film, which also increases the CHF.

2.3.11. Exfoliation

The deposited layer of nanoparticles on the heating surface may still suffer a peeling
action throughout the pool-boiling process. The boiling HTC decreases with increasing
fraction of the nanoparticles and the exfoliated area will be increased. This was confirmed
by Watanabe et al. [75], who performed experiments to evaluate the force of adhesion of
the deposition layer and the effect of its partial detachment on the boiling heat transfer
behavior. The researchers reported that the amount of nanoparticles deposited on the
heating surface and the force of adhesion of the nanoparticle layer were influenced by the
constitutive material of the nanoparticles. With the used nanoparticles, the mass of the
deposited nanoparticles could be ordered as titanium oxide > alumina > silica and the force
of adhesion was ordered as silica > alumina > titanium oxide. The degradation of the boiling
heat transfer was particularly considerable for the titanium oxide with the largest deposited
mass. With the peeling of the deposition layer, the settled mass of nanoparticles decreased
and the equilibrium contact angle was enhanced. This fact rendered that the degradation
of the HTC and increment of the CHF became diminished with the gradually increasing
deposition layer detachment. Nevertheless, a larger HTC and a smaller CHF were observed
as compared with the bare heating surface for highly exfoliated nanoparticle layers. The
authors also stated that the detachment of the deposited layer of nanoparticles happened
through a non-homogeneous manner. Moreover, the research team found that the peculiar
boiling process at the edge of the remaining deposited layer caused the enhancement of the
HTC and the decrement of the CHF.

2.3.12. Re-Suspension of the Nanoparticles

The re-suspension of the deposited nanoparticles of the nanofluids can mitigate or,
in some cases, even eliminate the potential deterioration of the nanofluids over time.
Indeed, this re-suspension promotes the long-lasting heat transfer amelioration of the
nanofluids. The particle re-suspension occurrence is usually observed in nature in, for
instance, the re-suspension of the sediments of a riverbed that are carried away by water
flow and the re-suspension of sand on the ground, which is blown away by the wind. In
particular, the re-suspension of wall-surface-adhering particles by the action of turbulent
flows has received great attention over the past few years from researchers. Nevertheless,
most of the published scientific articles concerned with nanoparticle suspension comprise
single-phase working fluids, and only a few deal with the two-phase fluid condition
as it occurs, for example, in boiling. Since the boiling process may induce a very high
fluid flow and disturbance of the vapor bubbles, the re-suspension of the nanoparticles
deposited onto the heating surface is a very probable phenomenon. If those nanoparticles
can be re-suspended, it generally denotes that the time-dependent deterioration of the
nanofluids can be relieved without the help of any additional means or methods. This
degradation mitigation of the nanofluids over time is a very promising way to achieve
long-lasting heat transfer performance. Under pool-boiling scenarios, the movement of
the working fluid is induced by convection and movement of the bubbles provoked by
buoyancy action. A large part of the existing boiling research is derived from pool-boiling
experiments. Consequently, pool boiling seems to be a suitable starting point for the in-
depth study of the particle re-suspension behavior that can separate the effect of boiling
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from the action of the convection-driven flows on the nanoparticle re-suspension. In the
work developed by [76], pool-boiling experiments were performed using surfaces with
deposited nanoparticles produced by nanofluids. The researchers found the re-suspension
ratio of these nanoparticles for different boiling times, densities of the deposition layers,
and varying heat fluxes to infer on the impact of the experimental parameters on the
re-suspension of the nanoparticles. The authors reported that a certain fraction of the
deposited nanoparticles was re-suspended into the liquid bulk and, after that, migrated
along with the liquid flow during the boiling process. Since the re-suspension does not
take place before boiling, the disturbance suffered by the vapor bubble disturbance in the
course of boiling must be an important factor for the re-suspension of the nanoparticles.
Besides that, the main difference in the deposition surface between before and after boiling
is the porosity of the surface. Hence, it can be stated that the porosity of the deposition
layer is the major contributor for the re-suspension of the nanoparticles in the liquid bulk
during the boiling process. For a better understanding, it can be noted that when a vapor
bubble is in its nucleation state of evolution, the fluid near the bubble will be vaporized
because of the superheat. The porous structure of the deposition layer enables the fluid
to be vaporized in the layer to be enlarged from the outside of the layer, resulting in a
fluid flow from outside toward the inside of the layer. This flow will steadily impinge
on the deposited nanoparticles. In the cases where there is no fluid flowing through the
deposition layer porous structure, the forces acting on the deposited nanoparticles are
gravity, adhesive forces from the interacting neighboring nanoparticles, and brace force. In
the cases where the outside-to-inside flow occurs through the pores, the operating fluid
will create a dragging force on the nanoparticles around the pore. This force provokes
the motion of the nanoparticles that tend to follow the fluid flow. As the generated vapor
bubble continues to grow, the drag force increases. At the departure stage, when the vapor
bubbles begin their raising from the surface, an extreme disturbing effect at the back region
of the departing bubbles occurs. Under these conditions, the drag force overcomes the
gravitational effect and forces of adhesion and provokes the detachment of the nanoparticles
from the deposition layer, which moves together with the flowing fluid. Given that the
fluid flow at the wake of the rising vapor bubbles is also upward driven, the detached
nanoparticles will rise upwards together with the liquid flow and are, by this way, re-
suspended. Hence, it should be emphasized that two main factors can be assumed for
the re-suspension of the nanoparticles: the first is the effect of the fluid flow through the
porous structure of the deposition layer during the growth stage of the bubbles and the
second is the disturbing effect at the departure of the bubbles. Apart from these factors,
many other factors may impact on the nanoparticle re-suspension trend. That is, in the
case of the growing and rising process of the vapor bubbles, the nanoparticles dragged
from the deposition layer can be re-suspended in the working fluid as a consequence
of the departure of the rising bubbles or the breaking-up of the bubbles at the liquid
and vapor phases interface. Nevertheless, further experimental and numerical works
should be carried out to provide a better understanding of the governing mechanisms
of the nanoparticle re-suspension. In the above-mentioned work, the authors plotted the
re-suspension ration versus the deposition area density using 20 KW/m?, 50 KW /m?,
80 KW/m?2, and 100 KW /m? of heat flux. Moreover, the authors arrived at the following
conclusions:

1. During boiling, a fraction of the deposited nanoparticles may be re-suspended within
the operating fluid and, after that, migrate along with the fluid flow.

2. The nanopores of the deposition layer have a cardinal part in the re-suspension
phenomenon and fluid flow through the pores at the growing stage of the vapor
bubbles and the disturbance at the rear zone of the departing bubbles should be taken
as the main factors for the re-suspension.

3. The re-suspension ratio increased with increasing heat flux, given that the former
increased near 300% when the heat flux was enhanced from 20 to 100 kW /m?. More-
over, when low heat fluxes near 20 kW/m? were applied, the re-suspension ratio
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increased with increasing density of the deposition zone. When there were imposed
moderate heat fluxes ranging between 50 kW /m? and 80 kW /m?, the re-suspension
ratio initially increased and then decreased with increasing deposition area density.
When high heat fluxes of around 100 kW /m? were applied, the re-suspension ratio
decreased with the density of the deposition area.

Moreover, Chen et al. [77] studied the re-suspended nanofluid pool boiling under
the action of an electric field. The investigation team also discussed the difference in the
thermal behavior between the re-suspended nanofluid and the base fluid alone. Figure 7
schematically illustrates the distribution of the deposited nanoparticles before and after
the re-suspension phenomenon. Figure 8 shows the fluid flow and heat transfer of the
nanoparticle re-suspension.

Bubble Bubble

Figure 7. Boiling-induced nanoparticle deposition time-dependent features.

Figure 8. Fluid flow and heat transfer of the nanoparticle re-suspension.

The authors stated the following conclusions:

1.  The nanoparticle re-suspension can be obtained by the action of an electric field and
can be demonstrated by the thinned deposition layer of deposited nanoparticles and
on the enhanced turbidity of the working fluid.

2. The HTC and CHF enhancement of the re-suspended nanofluid is generated because
of the combined effect of the re-suspension and applied electric field. The latter can
be enhanced with the voltage augmentation. Nevertheless, there is an optimum value
of the concentration of the nanoparticles that maximizes the improving action of the
electric field.

3. The mechanisms for the heat transfer improvement of the re-suspended nanofluid
under the effect of an external electric field comprise the heat transport between
the surface and the fluid promoted by the motion of the nanoparticles, further low-
ering the surface tension of the liquid and vapor phases interface and the thermal
conductivity enhancement of the heat transfer media.
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2.3.13. Sintering of the Nanoparticles

The authors Vafei et al. [78] introduced the approach of the nanofluid boiling as a
process for the creation of a semiconductor titanium oxide nanoparticle film deposited
onto a FTO (F-doped tin oxide) glass conductive substrate. A pool-boiling apparatus was
employed to deposit the titanium oxide 20 nmsized nanoparticle nanofluid. The boiling of
the nanofluid directly on the FTO glass substrate enables the deposition of the nanoparticles
onto its surface. Using the as-deposited films, the crystal growth of the titanium oxide
nanoparticles was controlled by altering the temperature, duration, and ramping rate of
post-sintering. A densely packed titanium oxide layer was obtained for the as-deposited
substrate through the pool-boiling process. For the maximum temperature at 550 °C,
the titanium oxide grain sizes became larger and near 50 nm and more round-shaped
titanium oxide nanostructures were observed. This work demonstared for the first time
how the sintering of titanium oxide nanoparticles proceeds for the nanoporous totanium
oxide films. It was observed that the titanium oxide nanoparticles fused with each other
and crystal growth happened through the neighboring 2 to 4 nanoparticles at 550 °C.
Hence, an extra beneficialfeature of the pool-boiling-induced nanoparticle deposition is
that the heating surface will begin to sinter the thin deposited layer. Although this heat
treatment is not enough to obtain the required properties, it is enough to increase the
stability of the deposited layer. By taking advantage of the stability of the film and the
sintering properties of the titanium oxide nanoparticles, a post-sintering treatment after
the nanoparticle deposition considerably impacts on the prodictionof a uniform, robust,
and dense film. In conclusion, this work demonstrated for the first time that sequential
pool-boiling and sintering processes are alternative procedures to create uniform porous
titanium oxide layers.

3. Effects of the Nanoparticle Deposition on the Boiling Heat Transfer Parameters
3.1. Heat Transfer Coefficient

The deposited nanoparticles together with the suspended remaining nanoparticles
in the base fluid influence the boiling HTC. The conjunction of the substrate properties
such as its base material, the vapor/liquid interface features, and the characteristics of the
nanoparticles themselves play a relevant role in the pool-boiling HTC enhancement. This
role is performed by the force balance changing and dynamics of the three-phase contact
line, bubble growth stage, bubble frequency at departure, and wetting and rewetting. It
was predictable that the poor thermal conductivity of the deposition layer increased the
conduction thermal resistance and, hence, degraded the HTC. However, the experimental
data denied it. In this sense, the experimental work conducted by White et al. [10] showed
that the pool-boiling HTC increased with increasing thickness of the deposited layer
of titanium oxide nanoparticles. The authors stated that no significant deterioration in
the HTC of nanofluids was verified in the course of the deposition. Such a fact may
reveal that the impact of the thermal resistance of the deposition layer is not significant
when compared with that of the pool-boiling heat transfer by convection, even though
the thermal conductivity of the titanium oxide layer is relatively low. Moreover, in the
work conducted by Kathiravan et al. [60], the authors used high thermal conductivity
nanoparticles of copper and observed that the deposited nanoparticle layer deteriorated
the boiling HTC. The already published scientific articles proposed that the influence
of the thermal resistance of the deposition layer is not significant and the deterioration
of the HTC using nanofluids might be linked with the heating surface wettability and
roughness alterations. Additionally, it can be stated that the heat flux directly affects the
HTC since at low heat fluxes, the impact of the concentration of the nanoparticles on the
pool-boiling HTC is negligible given that at low heat fluxes the larger heating surface
cavities are the only ones that are active. Nevertheless, at high heat fluxes, the smaller
cavities of heating surface are activated as well but the HTC is reduced with the increasing
concentration of the nanoparticles [79]. This effect may be caused by the nanoparticle
filling of the smaller surface cavities and by the decrease in the nucleation site’s density.
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Moreover, in specific studies concerning the impact on the pool-boiling HTC of the surface
roughness alterations provoked by the deposition of nanoparticles, it has been proposed
that the smaller nanoparticles fill the cavities of relatively rough surfaces and, consequently,
decrease the surface roughness and number of active nucleation points, which in turn,
demises the pool-boiling HTC and increases the wall superheat value [80,81]. Nevertheless,
in the study carried out by Das et al. [7], pool-boiling tests were conducted on a considerably
rough heating surface using a 0.005 vol. % zirconia nanofluid. The authors reported that
in spite of the heating surface roughness decreasing, the HTC increased. On the other
hand, the authors Narayan et al. [9] found that in the case of the average size of alumina
nanoparticles being similar to the average surface roughness level, the HTC deteriorated
with increasing nanoparticle fraction. In addition, Bang and Chang [11] verified that
the pool-boiling HTC became lower when the average surface roughness was inferior
to the size of the nanoparticles, and although the surface roughness became higher with
the increasing concentration of the nanoparticles, the HTC deteriorated. Furthermore,
many researchers reported the increment [79], decrement [41], and lack of reaction [81] of
the deposited nanoparticles on the boiling HTC. In conclusion, it should be emphasized
that the active nucleation site’s density directly depends on the surface roughness and
wettability, and on the average size of the nanoparticles. If the nanoparticles are small
compared with the valleys of the surface roughness profile, the active nucleation site density
decreases, and if the nanoparticles are not too small when compared with the average
roughness of the surface, the nanoparticles will fill and split the surface cavities and the
number of available nucleation points will increase. In the cases where the deposited
nanoparticles are bigger than the valleys encountered in the surface roughness profile,
the nucleation site density might change differently. The flooded cavities are not able to
nucleate bubbles. In fact, cavities that are not completely flooded are the ones able to
initiate the nucleation of the vapor bubbles and, hence, augment the HTC. The reduction
in the surface wettability may avoid flooding its cavities and, in turn, create a higher
number of nucleation sites. The authors Forrest et al. [18] studied the influence of the
wettability of the heating surface on the HTC using hydrophilic, super hydrophilic, and
hydrophobic heating-coated wires. The wires were coated with different surface-treated
silica nanoparticles to generate different wettability effects and it must be stated that no
visible change was found in the surface roughness after coating, which might indicate
that the nanoparticles coated conformably to the micro-scaled surface deformities. The
hydrophobic surface was found to possess a higher number of active nucleation sites and
higher HTC, the super hydrophilic surface deteriorated the HTC using water, and in the
hydrophilic surface, no alteration was observed in the HTC compared with that of the bare
heating surface.

3.2. Critical Heat Flux

The CHF occurs when a layer of vapor is formed between the thermal fluid and
the heat transfer surface. The continuous replacement of this vapor layer by the liquid
keeps the heating surface temperature among a safe range. Moreover, the contributing
mechanisms for the vapor layer removal from the surface or for the enhancement of the
rewetting increased the CHFE. Furthermore, the enhancement of the wettability caused by
the deposited nanoparticle layer was considered to be a likely reason behind the enhance-
ment of the nanofluid CHF. The effect of the wettability of the surface on the CHF was
taken into account in the macrolayer dryout model proposed by Haramura and Katto [82]
and in the hot/dry spot theory introduced by the authors Theofanous and Dinh [83]. Nev-
ertheless, further experimental data revealed that all the hydrophobic, hydrophilic, and
super hydrophilic surfaces improved the pool-boiling CHF [41]. Considering this fact, it is
logical to assume that the wettability might not be the only possible characteristic for the
CHF improvement. With the boiling-induced nanoparticle deposition phenomenon, the
receding and advancing contact angle and consequent contact angle hysteresis, and the
equilibrium contact angle are all subject to change [2]. In the experimental work performed
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by the researchers Forrest et al. [18], it was confirmed that heating surfaces having small
receding contact angles enhanced the CHF. The values encountered for the equilibrium,
receding, and advancing contact angles of the hydrophobic heating surface were found to
be 140°, 20°, and 160°, respectively. The authors stated that this surface was found to, at the
same time, improve the boiling HTC and CHF. Moreover, it should be noted that the lack
of homogeneity of the fluids and surface are factors directly influencing the advancing and
receding contact angles, and correspondent hysteresis. Furthermore, it is critical to infer on
the conditions that increase the nucleate boiling HTC and the CHF of nanofluids simultane-
ously. Additionally, there are several theories for explaining the boiling mechanisms for
the departure from nucleate boiling, which causes a sudden rise in the surface tempera-
ture and in the CHF. Such theories include, among others, the hydrodynamic instability,
vapor bubble interaction, and the already mentioned macrolayer dryout and hot/dry spot
theories. The hydrodynamic instability approach confirms that the hydrodynamic effect
associated with the counter current flow of vapor and fluid in the nearby surface region is
the fundamental reason for the departure from nucleate boiling. This theory also reclaims
that the departure from nucleate boiling happens when the down flow of the fresh fluid to
the heating surface is averted by the rising vapor [71]. The macrolayer approach defends
that the bubbles are separated from the heating surface by the fluid macrolayer and the
departure from nucleate boiling occurs when this macrolayer dries out [84]. The hot/dry
spot theory fundamentally deals with the reversibility and irreversibility of hot/dry spots
and the departure from nucleate boiling occurs in irreversible hotspots where the rewetting
is no longer permitted [85]. In the bubble interaction theory, the departure from nucleate
boiling is conducted when the density of the bubbles on the surface is high enough to
achieve a complete covering of the surface with a vapor layer, preventing the access of the
fluid to the surface [86].

3.3. Surface Superheat

The authors Gajghate et al. [35] studied the effect of the ZrO; layer settled during pool-
boiling experiments on the heat transfer enhancement. The obtained boiling curves showed
the conjugated influence of the nanoparticle layer thickness and surface roughness on the
layer superheat value under different heat fluxes. The researchers observed a decrement
in the wall superheat value with increasing heat flux and the maximum reduction was
verified at 5.8 K with a heat flux of 109.8 kW /m? using a 200 nm ZrO,-coated copper
substrate having 227 nm of average roughness. The greatest reduction in the surface
superheat value was of 31.52% compared with a smooth copper substrate. This effect is
caused by the thickness increase in the ZrO, layer deposited onto the copper substrate
during pool boiling, which incremented the effective heat transfer surface area and the
nucleation core point density. The bubble dynamic at different heat fluxes was also studied
showing the nucleation of an isolated vapor bubble on the copper surface at low heat
fluxes. With the imposition of high heat fluxes, the bubble diameter was enhanced and
lowered the bubble departure frequency. In addition, the authors [42] studied the superheat
value of the deposited layer and concluded that it depended mainly on the diameter
of the bubbles at the departure stage of evolution and on the boiling time. The layer
superheat value was also found to decrease from using the 0.0025% nanofluid to the 0.005%
nanofluid. It was observed that the bubble diameter at departure and the boiling time
dramatically increased from 0.0025 to 0.005% nanofluid, while keeping almost the same
growth time of the nucleated vapor bubbles. With these alterations, the magnitude of
the evaporation superheat layer increased steadily with the third power of the diameter
of the bubbles at departure and decreased almost linearly with increasing pool-boiling
time. Therefore, the conjugated effect of the alteration in the departure diameter of the
bubbles and ebullition time led to an increase in the deposition layer superheat value when
using the 0.005% nanofluid rather than the 0.0025% nanoparticle concentration nanofluid.
The researchers also stated that the HTC associated with each and every heat transfer
mechanism was affected by the changes in the bubble dynamics and ITR. These factors
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are probably determined by the structure in the boiling-induced deposition layer at the
active nucleation points. Furthermore, the researchers Hadzic et al. [33] investigated the
influence of the nanoparticle dimension and concentration of titanium oxide nanofluids
on the pool-boiling heat transport from laser-textured copper substrates. In their work,
nanofluid pool boiling was evaluated with 4-8 nm titanium oxide nanoparticles with
0.001 wt. % and 0.1 wt. %. The boiling curve obtained for the 0.001 wt. % nanofluid was
stable, while the boiling curve for the 0.1 wt. % nanofluid was shifted toward higher
superheat values after the completion of each consecutive pool-boiling experiment. Such a
shifting effect may be due to the decrement in the number of nucleation points through
the deposition of titanium oxide nanoparticles. Employing the 0.1 wt. % nanofluids, the
microcavities on the laser-textured surface were filled with nanoparticles during the initial
experiment, which led to a decrease in the number of nucleation sites and an increase
in the layer superheat value during the following experiments. With the increase in the
number of consecutive experiments, the layer superheat value reached unpractical values
and the boiling heat transfer degraded. The boiling experiments were repeated for large
(490 nm) titanium oxide nanoparticles. At this time, the authors found with the 0.001 wt. %
nanofluid, an appreciable shift in the boiling curve toward lower layer superheat values,
while with the 0.1 wt. % nanofluid, the respective boiling curve was observed to be shifted
toward higher superheat values. These findings were consistent with those using the
smaller nanoparticles. Nevertheless, it was reported that after more than four hours of
boiling, the more concentrated nanofluid boiling curve became unstable because of the
thick layer settled on the surface that also locally flaked off. An additional study was
conducted by mixing 0.05 wt. % small titanium oxide nanoparticles with 0.05 wt. % larger
titanium oxide nanoparticles. At this time, the boiling curve was shifted toward a higher
layer superheat value in accordance with the behavior observed in the case of the 0.1 wt. %
nanofluid having either smaller or larger nanoparticles. It was also found that after the
completion of the initial experiment, the layer superheat value was considerably enhanced,
which is likely due to the filling of the surface microcavities and channels with the smaller
sized nanoparticles that reduced the nucleation points. Moreover, as the latter decreased,
the same happened with the boiling HTC. Overall, the authors arrived at the following
conclusions:

1. The pool boiling of the nanofluids with higher nanoparticle concentration resulted in
a considerable deposition of nanoparticles on the heating surface and a corresponding
CHF improvement of up to 2021 kW /m?2. Nevertheless, were reported very high layer
superheat values up to 100 K, which suggested poor practical applicability.

2. The heat transfer decrement of the pool boiling with nanofluids on laser textured
surfaces may be explained by the penetration of the nanoparticles into the laser-made
grooves and cavities, which decreased the active nucleation site density. Moreover, a
thicker deposition resulted in extra thermal resistance, whereas the porosity of the
surface assured an appreciable delay in the CHF incipience, and the surface superheat
value in turn was dramatically enhanced.

4. Main Factors Impacting the Nanoparticle Deposition
4.1. Concentration of the Nanoparticles

The published results showed different characteristics of the natural thermo-convection
of the nanofluids according with the concentration of the nanoparticles in the base fluid.
One was the boiling heat transfer degradation for, in the majority of cases, volume fractions
greater than 0.1. Another was the occurrence of optimum heat transfer rate and coefficient
at a certain concentration level, beyond which a decrement was reported. Hence, each
and every nanofluid may enhance theboiling heat transfer in an exact volume fraction of
included nanoparticles for an exact case depending on the stability of the nanofluid, nature
of the base fluid, thermal condition and cavities morphology, and density of the heating
surface [87]. As was previouslymentioned throughout the present work, nanoparticle de-
position on the pool-boiling heating surface is enhancedwith afraction of the nanoparticles



Nanomaterials 2022, 12, 4270

28 of 39

suspended in the base fluid. An excessive nanoparticle deposition may cause the thickening
of the deposition layer, which in turn, may lead to an increase in the thermal resistance
and, consequently, to the pool-boiling heat-transfer deterioration. This fact was confirmed
through the experimental work conducted by the researchers Mukherjee et al. [88] using
silica nanofluids having different volume fractions. The authors reported that with lower
concentrations of 0.0001 vol. % and 0.001 vol. %, the used nanofluids exhibited limited
nanoparticle deposition, inducing a great number of nucleation sites and improving the
heat transfer performance. Additionally, when concentrations of 0.01 vol. % and 0.1 vol. %
were employed, a greater nanoparticle deposition occurred. The development of a thick
deposit further impeded the pool-boiling heat transfer. The results confirmed an increment
in the HTC and CHEF for 0.0001 vol. % and 0.001 vol. % and a decrement with 0.01 vol. and
0.1 vol. fractions. Furthermore, and according tothe authors Kim et al. [40], the deposition
layer produces a continuous modification in the surface morphology that directly influ-
ences the boiling heat transfer. Such surface morphology continuous alteration depends
strongly on the nanoparticle concentration. In the cases where low nanoparticle volume
fractions of 0.0001 and 0.001 were employed, only a slight modification of the heating
surface was observed. However, when the concentration was increased, the nanoparticle
deposit thickened, and more micro-scaled structures developed on the surface caused by
the clustering of the silica nanoparticles. Figure 9 schematically represents the nanoparticle
deposition process using different weight fractions of nanofluids. Mukherjee et al. [89]
reported that the deposited nanoparticles fill the surface cavities, producing a smoother
final surface and also concluded that a grater nanoparticle deposition led to a smoother
heating surface. The authors noted that the surface modification is less pronounced at
lower concentrations of 0.01 vol. % and 0.1 vol. %, due to the smaller amount of avail-
able nanoparticles and the higher stability of the used nanofluids that avert any further
settlement of the nanoparticles. Nevertheless, such a tendency changes when the volume
fraction is high at 1%. At this concentration, the amount of suspended nanoparticles is
considerable and their deposition rate is greater and sufficient to fill up the cavities and alter
the texture of the heating surface. Owing to a lesser change inthe surface and improved
stability, the nanofluids exhibited enhancements in the HTC and CHF and the opposite
trend was found at higher nanoparticle fractions.The effect of nanoparticle concentration in
the base fluid was also investigated by Kole and Dey [90]. Two diverse concentrations of
zinc oxide nanoparticles having a size of 30-40 nm in ethylene glycol were evaluated. It
was observed that, after pool boiling, the nanoparticles were deposited over the heating
surface, which prevented the active nucleation sites, and, therefore, the HTC decreased.
By measuring the CHF values through the use of a thin copper-nickel alloy, the authors
reported a considerable increase in the CHF by increasing the concentration of zinc oxide.
The investigation team verified a maximum CHF enhancement of 117% for zinc oxide
nanoparticle volume fractions of 2.6%. Moreover, the authors Minakov et al. [36] demon-
strated that even at the 0.25 vol. % concentration of nanoparticles, the CHF increased by
more than 50% and continued to grow with further increases in the nanoparticle fraction.
It was stated that at high concentrations of nanoparticles, the growth rate of CHF slowed
down and reached a constant value. Such behavior was due to the stabilization of the
deposit size on the heat transfer surface. Moreover, the researchers Ahmed and Hamed [91]
studied the pool-boiling heat transfer on smooth copper surfaces using nanofluid and water.
Alumina nanoparticles of 40-50 nm were employed to prepare 0.01 vol. %, 0.1 vol. %, and
1 vol. % nanoparticle concentrations, and after performing the boiling experiments, the
nanoparticle-coated surfaces were employed for pool-boiling experiments using pure water.
The authors found that the concentration of the nanoparticles had great impact on the heat
transfer behavior. At lower concentrations, the rate of deposition of the nanoparticles was
lower, resulting in a greater improvement of the heat transfer, which can be attributed to
the fact that, at low fractions of nanoparticles, the superior thermal conductivity of the
nanofluids prevailed over the effect of the nanoparticle deposition onto the heating surface.
In addition, the boiling of water on the surface coated with nanoparticles demonstrated that
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high deposition rates lead to an improvement in the heat transfer, which may be due to the
less uniform deposited layer on the surface. Moreover, the authors Coursey and Kim [92]
examined the potential of dispersed alumina nanoparticles in water and ethanol. The
researchers demonstrated that at low concentrations of alumina, the CHF value remained
unchanged, whileat higher nanoparticle concentrations, the CHF value was improved by
37%. In addition, the published results revealed that the carbon nanotube-based nanofluids
exhibited appreciably higher thermal features, including thermal conductivity, boiling
convective HTC, and CHF compared with the base fluids themselves, as well as other
types of nanofluids. These enhanced properties further increased with increasing carbon
nanotube concentration and temperature [93].
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Figure 9. Schematic representation of the pool-boiling-induced nanoparticle deposition for different
concentrations and effects on the heat transfer parameters.

4.2. Size and Shape of the Nanoparticles

The morphology of the nanoparticles has a considerable impact on the thermal conduc-
tivity enhancement. For instance, in the experimental work developed by [94], nanofluids
were prepared by dispersing titanium oxidenanoparticles in rodshapes measuring 10 nm
diameter and 40 nm length, and in spherical shapes measuring15 nm diameter in deionized
water.The results revealed that the particle size and shape have effects on the thermal
conductivity improvement. At 5 vol. %, with the titanium oxiderodsand spheres, the
enhancement was found to be around 33% and 30%, respectively, compared with that of the
base fluid itself. Moreover, for instance, in the case of ethylene-glycol-based nanofluids [95],
the nanoparticle size effect on the thermal conductivity of the nanofluids was also not
conclusive as some experimental works reported that the nanofluids with larger-sized
nanoparticles exhibitedgreater enhancements in the thermal conductivity than the ones
having smaller nanoparticles, whereas others found that the smaller the nanoparticles, the
greater the improvement in the thermal conductivity. Hence, the size and shape of the
added nanoparticles can also impact on the HTC and CHF. This is related to the fact that
different parameters, including post-sintering pore shape, permeability, surface roughness,
and thermal conductivity and diffusivity of the deposited layer are influenced by the mor-
phology of the nanoparticles. Moreover, the authors Peng et al. [96] performed an empirical
study on the impact of the size of copper nanoparticles on the nucleate pool-boiling heat
transfer of a R113/oil thermal fluid. The researchers reported that the maximum increase
of 23.8% was achieved for the HTC by reducing the size of the nanoparticles from 80 to
20 nm. Moreover, the smaller copper nanoparticles led to an increased pool-boiling HTC.
The impact of the dimensions of the nanoparticles on the boiling behavior was also studied
by Hu et al. [97] for a silica nanofluid. The authors observed an increasing tendency of
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the HTC by decreasing the nanoparticle size from 120 to 84 nm. Furthermore, it can be
stated that the nanoparticle size strongly contributes to the amelioration of the pool-boiling
CHE, and as the size of nanoparticles increases, better boiling heat transfer performance is
achieved for the nanofluids. Additionally, the researchers Minakov et al. [36] established
that the CHF using nanofluids depends on the nanoparticle size and that the CHF increased
with increasing nanoparticle size. This fact can be explained by assuming that the particle
deposition on the heating surface plays the key role in the CHF enhancement. The larger the
size of deposited particles, the larger the scale of the final roughness on the surface, which
promotes the formation of a deposit thickness enough for enhanced boiling. Shogl et al. [6]
showed that the heating surface characteristics depended on the nanoparticles size and
surface roughness. Hence, larger nanoparticle sizes improved the boiling performance
of the nanofluid. Thus, the carbon nanotubes with water-based nanofluids enhanced the
performance of the system and can be considered as the best heat removal method among
the examined carbon nanotubes, alumina, and zinc oxide nanofluids, because both surface
characteristics and boiling performance were improved with the carbon nanotubes.

4.3. Type of Nanoparticles

The authors Shogl et al. [6] performed the evaluation of the boiling performance of zinc
oxide, alumina, and carbon nanotube nanofluids under heat fluxes up to 300,000 W/ m2.
The results showed that, using nanoparticles may deteriorate or improve the HTC. To
better understand the mechanism of the nanofluid pool boiling, it should be clarified that
the decrement or enhancement in the HTC is an intrinsic characteristic of the nanofluids,
or is the direct consequence of the heating surface modification, or a combination of
both. The deterioration or enhancement depends on the type, size, and surface roughness
of the nanoparticles. Inthis experimental work, the zinc oxide and alumina nanofluids
formed smoother surfaces and the carbon nanotube CNT formed a rougher surface than
the bare one. The overall effect of the zinc oxide/water and alumina/water nanofluids
was the worsening of boiling heat transfer, whereas the effect of carbon nanotubes/water
nanofluids was the improvement of boiling heat transfer. The type of the nanomaterials
can also influence the thermal performance of the boiling systems, given that the different
nanoparticle materials result in different thickness and surface relief of the deposits on the
heating surface. It was also shown that with decreasing the available heat transfer area of
the heating surface along with the boiling-induced nanoparticle deposition, the CHF using
nanofluids increased significantly.

4.4. Wettability of the Nanoparticles

The nanoparticle wettability can affect the deposited nanoparticle layer morphology.
On the one hand, as it can be seen in Figure 10, the suspended nanoparticles with moderate
hydrophilicity are adsorbed to the liquid and vapor phases interface avoiding the fluid
drainage among the vapor bubbles. This phenomenon hinders the coalescence concern of
the bubbles and decreases their diameter at departure, resulting in a nucleate pool-boiling
HTC and CHF amelioration. In contrast, the nanoparticles with high hydrophilicity will
not adsorb onto the heating surface and, consequently, the bubble coalescence remains
unchanged. As illustrated in Figure 10, the wettability of the nanoparticles influences
the deposition layer morphology in which the highly hydrophilic layers are relatively
smooth having a uniform nanoparticle dispersion onto the heat transfer interface, while
the deposited layers produced with moderate to medium hydrophilicity possess higher
roughness and more irregularities.
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Figure 10. Nanoparticle hydrophilicity effect on the deposited layer morphology.
4.5. Base Fluid

The differences in the base fluid nature lead to great differences in the thermophysical
characteristics of the nanofluid. For instance, if the viscosity of the base fluid is consider-
able, the viscosity of the nanofluid results higher. Moreover, the disturbance due to the
nucleation and departure of the vapor bubbles is the main rationale behind the intense
heat transfer. Moreover, the varying viscosity of the nanofluid is critical for the impact
on the boiling bubbles because of the differences in the base fluid. It can be found in
the published scientific articles that the inclusion of nanoparticles into a base fluid with
relatively high viscosity strongly improves the boiling heat transfer. The main features
arising from this fact are that the nanoparticles are suspended in a high viscosity fluid,
which assures good stability over time. Moreover, the addition of nanoparticles has a
negligible impact on the viscosity of the nanofluid that results in only a small alteration in
the bubble growth and departure. In summary, the stability of the nanofluid is improved,
the nanoparticle deposition is decreased, the number of gasification points together with
the surface wettability is enhanced, and, hence, the pool-boiling heat transfer is improved.

4.6. Surfactants

The effect of the addition of a surfactant and clustering on the thermal conductivity
of titanium oxide and alumina dispersed in water was experimentally studied by the
authors [98]. The obtained results showed that the cluster size increased with increasing
concentration of nanoparticles, while the thermal conductivity of the nanofluids decreased
with increasing cluster size. The CTAB surfactant was effective in improving the dispersion
of the nanoparticles and stability of the nanofluids. The added surfactant also contributed
to the thermal conductivity of the nanofluids’ improvement. Although the surfactant
proved to be a benefit in the stability and thermal conductivity, the effect of the nanoparticle
clustering on the same features was found to be negative. The authors Zhou et al. [99]
studied the influence of the nanoparticle deposition and interfacial characteristics on the
pool boiling using nanofluids and n-butanol as the surfactant over a platinum microwire.
The researchers stated that the inclusion of n-butanol altered the liquid/vapor interface
properties and it intensified the nanoparticle deposition at low heat fluxes. The obtained
results confirmed that the CHF of the nanofluid became enhanced when the n-butanol
was added to the nanofluid. The experimental data showed that the hindered bubble
growth and increased nanoparticle agglomeration in the fluid wedge region were the
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reasons behind the degradation of the heat transport deterioration when the amount of the
added surfactant was increased. Additionally, it was already proven that the impact of the
surfactant on the heat transfer and CHF was greater than the unstable settlement of the
nanoparticles onto the heating surface. The deposition profiles were significantly influenced
by the n-butanol addition since the low concentration of the self-rewetting fluid produced
higher surface tension and, consequently, attracted a greater amount of nanoparticles onto
the microwire surface. However, the unstable settlement of the nanoparticles generated
a less-uniform deposit as compared with that of the nanofluid alone, which is likely due
to the greater disturbance derived from the surfactant addition. In conclusion, when
the n-butanol was added to the nanofluid, this surfactant promoted the clustering of the
nanoparticles at low heat fluxes. The nanoparticle deposition pattern indicated that this
one modified the surface roughness and, thus, accelerated the emergence of the sweeping
mechanism of the vapor bubbles. Moreover, it was found that the nanoparticle deposition
is more intense with the further addition of a surfactant. The addition of the surfactant
will increase the CHF and such an increase is higher for high-nanoparticle concentrations.
Moreover, the CHF enhancement ratio decreased when more surfactant was added. In
addition, the overall mechanism of the heat transfer enhancement in which the Marangoni
flows imposed by the surfactant pushes the nanoparticles to the heating surface to produce
the deposition layer and conducts the nanoparticles to penetrate the confined wedge of
the vapor bubbles. Furthermore, in the work conducted by the authors Jung et al. [100],
the addition of nitric acid as an ionic surfactant promoted the formation of self-assembled
layers and structures of nanoparticles on the heat transfer surface. This alternative method
builds a more uniform and smoother surface structure, reducing the CHF improvement.

5. Limitations and Challenges

Several questions and issues require investigation studies to further understand the
main features of the nanoparticle deposition during the boiling of nanofluids. Hence, the
following suggestions and challenges are stated for future work:

1.  Despite the many published nanofluid-related studies, issues such as long-term stabil-
ity, erosion, agglomeration, deposition, and maintenance procedures are still obstacles
to large-scale commercialization of nanofluids. Hence, studies to extend the actual pre-
dictive correlations or innovative numerical simulation tools are highly recommended.

2. The methods for an effective nanoparticle deposition should be reviewed to find a
replacement for the deposition rather than the nanofluid boiling; for instance, pre-
boiling deposition of nanocoatings on the surface by physical or chemical vapor
deposition. However, these depositing techniques require further in-depth investiga-
tion studies regarding the optimal thickness of the coatings to observe the delay of
the CHF occurrence.

3. Concerning the depositing trend of the nanoparticles in the course of pool boiling,
the coating of the surface with particles has been intensively explored to improve
the HTC and CHE In this context, the probable detachment or failure of the layer of
particles over boiling time should be further addressed in a laboratory environment.
Additionally, the complexity of correlations between the main properties of the heating
surface should be addressed to further clarify the mechanisms of amelioration of the
heat transfer parameters through the deposition of the nanoparticles.

4.  Future experimental works should include the exploration of the possible boiling-
induced nanoparticle deposition influencing parameters, including nanoparticle size,
shape, type, and substrate material, and base fluid type to the wettability modification
and its impact on the pool-boiling heat-transfer characteristics.

5. Regarding the effect of the deposition layer on the boiling surface heat transfer, the
thickness of the layer should be optimized to induce the maximum value of latent
heat at CHF occurrence.

6.  The durability of the nanoparticle deposition layer and its effects on the CHF should be
further systematically investigated. The initial studies indicated that the porous nanopar-
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ticle deposited layer is affected by the dilatation effect and, under certain conditions, by
the formation of a pocket of vapor between the heater and the deposited layer.

The particle sorting effect of the boiling-induced nanoparticle deposition requires
further in-depth studies. The particle sorting effect has already been observed over the
deposited layer of nanoparticles wherein larger micrometer-sized particles, compared
with the ones observed close to the center of the deposited layer, have been found
in the peripheral regions of the deposited layer. It should be also made clear if this
phenomenon is indeed a particle sorting effect or, alternatively, if it is only the result
of the boiling-induced capillary wicking flows through the deposition layer toward
the center of the nucleation sites.

The conjugated effect of the wettability and capillary wicking should be further
studied to reveal the heat transfer enhancement for different sizes and fractions of
nanoparticles.

The bubble dynamics of a single bubble should be further investigated in experi-
mental works and numerical simulations to determine the fraction of the deposited
layer and of the suspended nanoparticles that contribute to the pool-boiling heat-
transfer amelioration.

Efforts should be made to mitigate the initial heating surface differences and, also, to
diminish the surface differences occurred during the boiling nanoparticle deposition,
given that the modification of the boiling surface geometries is the main factor respon-
sible for the contradictory literature reports on boiling heat transfer with nanofluids.
The enhancement or deterioration of boiling heat transfer is dependent upon the
relative size between the nanoparticles suspended in the fluid and the heating surface
geometry, and respective interactions. Published experimental works already showed
that for an initial smooth surface, the deposition of particles increases the surface
roughness contributing to the improvement in the nucleate boiling heat transfer,
whereas for a starting rough surface, no obvious change in the surface geometry is
observed that results in a similar boiling curve.

The use of only one heating surface should be avoided, since this procedure will make
the quantitative comparison of results more difficult. The experimental evaluation of
the nanoparticle concentration effect will also be difficult. The heat transfer surface
modification by the deposition of nanoparticles is an intrinsic feature of the use of
nanofluids that occurs each time after boiling. Hence, the experimental results are
affected by the number and frequency of the usage of the same heating surface.
Regarding the effect of the pressure of the pool-boiling system, the growth of the dry
patches should be addressed under different pressure levels to elucidate its influence
on the heat transfer enhancement from the deposition layer.

The possible melting characteristic at some sites on the coated heating surface after
confined pool-boiling experiments should be further analyzed. In these cases, the
bubble dynamics in the inner confined region and the enhanced residence time of the
bubbles on the heating surface underneath could appreciably increase the temperature
on the coated layer, melting the nanoparticles through a regressive melting process
similar to liquid phase sintering.

Further attention must be paid to the possible residual chemical elements dissolved
in the working fluid, given that these elements may interact with the deposited
nanoparticles and, consequently, modify the morphology and chemical structure of
the heating surface and, hence, impair the pool-boiling heat transfer effectiveness.
Moreover, this phenomenon tends to take place more under confined boiling in which
the hot spots are more sensitive because of the dryout phenomenon.

Future studies on the reusability of formerly boiled nanofluids and correspondent
stability may be an adequate pathway to better understand the practical implications
of the boiling-induced nanoparticle deposition process using nanofluids.

To better understand the underlying mechanism of the suspended nanoparticles
deposited underneath the vapor bubbles, techniques such as infrared thermography
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should be further explored to obtain the temperature and heat flux distributions
of the active nucleation sites. Additionally, more microscopic measurements of the
nucleation site should be carried out with the aid of optical profilometry and AFM to
determine the shape of the nanoparticle deposited layer underneath the bubbles.

17. It is suggested that further studies be conducted on repetitive quenching with con-
centrated nanofluids by monitoring the heating surface wettability alteration and
concentration changes after each individual quenching run to better understand the
mechanisms of CHF enhancement and achieve a quantitative characterization of the
impact of the suspended nanoparticles and its cumulative effect.

18. To better understand how the motion at the microscale of the nanoparticles influences
the perturbation suffered by the bubbles in the heating surface, the motion path of the
nanoparticles during boiling should be further examined with the aid of a component
analyzer and by labeling the nanoparticles. Moreover, it is also advisable to observe
and evaluate the generation of bubbles using a high-speed camera.

19. The impact of a multi-component solution on the nucleate pool-boiling heat transfer
should be verified through the external condensation of the pool-boiling apparatus,
and the relative motion between the different solutions should be observed and
discussed. Furthermore, the movement and disturbance of the bubbles should be
observed and analyzed by this procedure.

20. Itis highly recommended to produce a database that will include the heat transport
characteristics together with specific information about the deposited nanoparticle
morphology and amount, and dispersion stability with or without the addition of
surfactants, in which the enhanced pool-boiling thermal performance of promising
nanofluids are prioritized.

6. Conclusions

The current work can be characterized as an overview of the transient characteristics
of the pool boiling of nanofluids, namely, the nanoparticle deposition advantages and
disadvantages during boiling time. The following conclusions should be highlighted:

1. The nanofluids already demonstrated the improvement of the CHF derived from the
enhanced wettability of the heating surface after the deposition of the nanoparticles
onto the heating surfaces. Nevertheless, the published data concerning the effect of
nanofluids on the nucleate boiling HTC are still contradictory. This can be caused
by the involvement of intricate concerns such as the nature of the thermal fluid,
roughness of the heating surface, and imposed heat flux conjugated with the type,
morphology, volume fraction, and preparation and functionalization methods of the
nanoparticles. All these factors can significantly alter the thermophysical properties
of the nanofluid and certain surface characteristics such as the wettability, surface
roughness, number of active nucleation sites, and alterations in the three-phase contact
line. Such limiting and complexing issues can strongly restrict the accurate modeling
of the nanofluid pool boiling.

2. It was already confirmed that the thickness and density of the deposition layer de-
creases outward radially when the layer has a spherical shape. Taking into account
the morphology and evaporation dynamics of the microlayer, the most verified thick-
ness trend of the deposition layer has been suggested to be caused by the microlayer
evaporation phenomenon. Nevertheless, the initiation of the deposition at the active
nucleation sites may be caused by the contact line evaporation since such a mechanism
is expected to be present in the nanofluid pool boiling.

3. Although the nanofluids have demonstrated great potential in improving boiling heat
transfer, there are specific practical concerns that must be considered prior to any
usage of the nanofluids in thermal management purposes including the agglomera-
tion, sedimentation, and precipitation of the nanoparticles, equipment and systems
clogging, boiling surface erosion, evolution in time of the heat transfer parameters,
and inherent overall cost.
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The nanoparticle deposition onto the heating surface alters its wettability and num-
ber of active gasification sites, which affects the heat transfer capability. Moreover,
the nanoparticle deposited layer changes the generation of the bubbles and their
departure frequency.

The morphology of the surface settlement of the various nanoparticles increases the
capillary effect, thus enhancing the liquid replenishing after the detachment of the
bubbles, which in turn increases the CHFE.

The development of a closed porous deposit of nanoparticles increases the heat trans-
port resistance of the heating surface and reduces the HTC. Moreover, the deposition
causes the CHF to increase more rapidly than the layer superheat value, which results
in an increment of the maximum HTC value. It is also common for a significant
increase in the thermal conductivity of the base fluid to occur so that the HTC is
enhanced. The perturbation of the heating surface caused by the nanoparticles turns
the liquid microlayer thinner and enhances the disturbance of the bubbles, resulting
in the amelioration of the HTC.

The prevalence of larger microparticles in the peripheral regions of the deposition
layer has been observed to assume a well-defined circular shape. Nevertheless, the
identification of the underlying mechanism still remains unclear, given that it has
already been attributed to the eventual nanoparticle sorting or, alternatively, to the
pool-boiling capillary wicking through the deposition layer toward the center of the
active nucleation sites.

It was already observed that the suspension of the nanoparticles in a base fluid with
higher viscosity brings benefits to the boiling heat transfer since the deposition of the
nanoparticles is smaller; hence, the enhancement of the thermal conductivity of the
fluid is more intense than the microscopic motion of the nanoparticles on the surface
and the heat transport becomes enhanced.

In the cases where the fluid is a multi-component solution, the relative motion between
the different composing solutions increases the movement of the nanoparticles due
to the different evaporation rates. Therefore, the disturbance of the bubble on the
heating surface increases and the boiling heat transfer performance is enhanced.
When compared with the thermal conductivity of the heat transfer surface, the de-
position of nanoparticles having poor thermal conductivity on the heating surface
decreases the heat dissipation and enhances the surface superheat value. Hence,
the enhancement of the HTC should be attributed to the thermal conductivity of
the nanoparticles and the effect of their movement in the disturbance of the surface
vapor bubbles.

The different natures of the nanoparticles result in different thermal conductivity and
the effects on the pool-boiling heat transfer strongly depend on the deposition pattern.
Moreover, only small amounts of the deposited nanoparticles enhance the number of
available active nucleation sites and, by this method, the pool-boiling heat transfer
capability is improved.

Author Contributions: Conceptualization, J.P.; methodology, ].P. and A.M. (Ana Moita); software,
A.M. (Ana Moita); validation, A.M. (Ana Moita) and A.M. (Anténio Moreira); formal analysis, A.M.
(Ana Moita); investigation, J.P.; resources, A.M. (Anténio Moreira); data curation, J.P.; writing—
original draft preparation, J.P.; writing—review and editing, J.P.; supervision, A.M. (Ana Moita) and
A.M. (Anténio Moreira); project administration, A.M. (Anténio Moreira); funding acquisition, A.M.
(Antonio Moreira). All authors have read and agreed to the published version of the manuscript.

Funding: The authors are grateful to the Fundacao para a Ciéncia e a Tecnologia (FCT), Portugal, for
partially financing the Project “Estratégias interfaciais de arrefecimento para tecnologias de conversao
com elevadas poténcias de dissipagao”, Ref. PTDC/EME-TED/7801/2020, Anténio Luis Nobre
Moreira, Associacao do Instituto Superior Técnico para a Investigagao e o Desenvolvimento (IST-ID).
The author José Pereira also acknowledges FCT for his PhD Fellowship Ref. 2021.05830.BD.

Informed Consent Statement: Not applicable.



Nanomaterials 2022, 12, 4270 36 of 39

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Buongiorno, J.; Hu, L.; Bang, I.C. Towards an Explanation of the Mechanism of Boiling Critical Heat Flux Enhancement in
Nanofluids. In Proceedings of the ASME 2007 5th International Conference on Nanochannels, Microchannels, and Minichannels.
ASME 5th International Conference on Nanochannels, Microchannels, and Minichannels, Puebla, Mexico, 18-20 June 2007;
pp. 989-995. [CrossRef]

Vafei, S.; Wen, D. Spreading of triple line and dynamics of bubble growth inside nanoparticle dispersions on top of a substrate
plate. J. Colloid Interface Sci. 2011, 362, 285-291. [CrossRef] [PubMed]

Ham, J.; Kim, H.; Shin, Y.; Cho, H. Experimental investigation of pool boiling characteristics in Al;Osnanofluid according to
surface roughness and concentration. Int. J. Therm. Sci. 2017, 14, 86-97. [CrossRef]

Umesh, V.; Raja, B. A study on nucleate boiling heat transfer characteristics of pentane and CuO-pentane nanofluid on smooth
and milled surfaces. Exp. Therm. Fluid Sci. 2015, 64, 23-29. [CrossRef]

Sarafraz, M.M.; Hormozi, F. Comparatively experimental study on the boiling thermal performance of metal oxide and multi-
walled carbon nano tube nanofluids. Powder Technol. 2016, 287, 412-430. [CrossRef]

Shoghl, S.N.; Bahrami, M.; Jamialahmadi, M. The boiling performance of ZnO,x-Al,O3 and MWCNTs/water nanofluids: An
experimental study. Exp. Therm. Fluid Sci. 2017, 80, 27-39. [CrossRef]

Das, S.K,; Putra, N.; Roetzel, W. Pool boiling characteristics of nano-fluids. Int. |. Heat Mass Transf. 2003, 46, 851-862. [CrossRef]
Chopkar, M.K;; Das, A.K.; Manna, I. Pool boiling heat transfer characteristics ofZrO2-water nanofluids from a flat surface in a
pool. Heat Mass Transf. 2008, 44, 999-1004. [CrossRef]

Narayan, G.P.; Anoop, K.B.; Das, S.K. Mechanism of enhancement/degradation of boiling heat transfer using stable nanoparticle
suspensions over vertical tubes. J. Appl. Phys. 2007, 102, 074317. [CrossRef]

White, S.B.; Shih, A.].; Pipe, K.P. Boiling surface enhancement by electrophoretic deposition of particles from a nanofluid. Int. J.
Heat Mass Transf. 2011, 54, 4370-4375. [CrossRef]

Bang, I.C.; Chang, S.H. Boiling heat transfer performance and phenomena ofAl,O3-water nano-fluids from a palin surface in a
pool. Int. . Heat Mass Transf. 2005, 48, 2407-2419. [CrossRef]

Abdollahi, A.; Salimpour, M.R.; Etesami, N. Experimental analysis of magnetic field effect on the pool boiling heat transfer of a
ferrofluid. Appl. Therm. Eng. 2017, 111, 1101-1110. [CrossRef]

Sarafraz, M.M.; Hormozi, F. Pool boiling heat transfer to dilute copper oxide aqueous nanofluids. Int. J. Therm. Sci. 2015, 90,
224-237. [CrossRef]

Diao, Y.H,; Liu, Y;; Wang, R.; Zhao, Y.H.; Guo, L.; Tang, X. Effects of nanofluids and nanocoatings on the thermal performance of
an evaporator with rectangular microchannels. Int. J. Heat Mass Transf. 2013, 67, 183-193. [CrossRef]

Liang, G.; Mudawar, I. Review of pool boiling enhancement with additives and nanofluids. Int. J. Heat Mass Transf. 2018, 124,
423-453. [CrossRef]

Malavasi, I.; Teodori, E.; Moita, A.S.; Moreira, A.L.N.; Marengo, M. Wettability Effect on Pool Boiling: A Review. In Encyclopedia of
Two-Phase Heat Transfer and Flow III; World Scientific Publishing Co. Pte Ltd.: Singapore, 2018; pp. 1-61.

Liang, G.; Mudawar, I. Review of pool boiling enhancement by surface modification. Int. |. Heat Mass Transf. 2019, 128, 892-933.
[CrossRef]

Forrest, E.; Williamson, E.; Buongiorno, J.; Hu, L.-W.; Rubner, M.; Cohen, R. Augmentation of nucleate boiling heat transfer and
critical heat flux using nanoparticle thin-film coatings. Int. J. Heat Mass Transf. 2010, 53, 58-67. [CrossRef]

Raveshi, M.R.; Keshavarz, A.; Mojarrad, M.S.; Amiri, S. Experimental Investigation of pool boiling heat transfer enhancement of
alumina-water-ethylene glycol nanofluids. Exp. Therm. Fluid Sci. 2013, 44, 805-814. [CrossRef]

Tang, X.; Zhao, Y.-H.; Diao, Y.-H. Experimental investigation of the nucleate boiling heat transfer characteristics of the 5-Al,O3-
R141b nanofluids on a horizontal plate. Exp. Therm. Fluid Sci. 2014, 52, 88-96. [CrossRef]

Manetti, L.L.; Stephen, M.T; Beck, P.A.; Cardoso, E.M. Evaluation of the heat transfer enhancement during pool boiling using low
concentrations of Al,O3-water based nanofluid. Exp. Therm. Fluid Sci. 2017, 87, 191-200. [CrossRef]

Nunes, ].M.; Souza, R.R.; Rodrigues, A.R.; Safaei, M.R.; Cardoso, E.M. Influenceofcoatedsurfacesandgapsizeonboilingheattrans-
ferofdeionizedwater. J. Braz. Soc. Mech. Sci. Eng. 2020, 42, 127. [CrossRef]

Xing, M.; Yu, ].; Wang, R. Effects of surface modification on the pool boiling heat transfer of MWNTs/water nanofluids. Int. J.
Heat Mass Transf. 2016, 103, 914-919. [CrossRef]

Li, Z.; Mazinani, A.; Hayat, T.; Al-Rashed, A.A.A.A_; Alsulami, H.; Goodarzi, M.; Sarafraz, M.M. Transient pool boiling and
particulate deposition of copper oxide nano-suspensions. Int. J. Heat Mass Transf. 2020, 155, 119743. [CrossRef]

Cao, Z.; Wu, Z.; Abbood, S.; Sundén, B. An analysis of pool boiling heat transfer on nanoparticle-coated surfaces. Energy Procedia
2019, 158, 5880-5887. [CrossRef]

Kiyomura, I.S.; Manetti, L.L.; Cunha, A.P; Ribatski, G.; Cardoso, E.M. An analysis of the effects of nanoparticles deposition on
characteristics of the heating surface and ON pool boiling of water. Int. J. Heat Mass Transf. 2017, 106, 666—-674. [CrossRef]


http://doi.org/10.1115/ICNMM2007-30156
http://doi.org/10.1016/j.jcis.2011.06.048
http://www.ncbi.nlm.nih.gov/pubmed/21802094
http://doi.org/10.1016/j.ijthermalsci.2016.12.009
http://doi.org/10.1016/j.expthermflusci.2015.01.016
http://doi.org/10.1016/j.powtec.2015.10.022
http://doi.org/10.1016/j.expthermflusci.2016.07.024
http://doi.org/10.1016/S0017-9310(02)00348-4
http://doi.org/10.1007/s00231-007-0345-5
http://doi.org/10.1063/1.2794731
http://doi.org/10.1016/j.ijheatmasstransfer.2011.05.008
http://doi.org/10.1016/j.ijheatmasstransfer.2004.12.047
http://doi.org/10.1016/j.applthermaleng.2016.10.019
http://doi.org/10.1016/j.ijthermalsci.2014.12.014
http://doi.org/10.1016/j.ijheatmasstransfer.2013.07.089
http://doi.org/10.1016/j.ijheatmasstransfer.2018.03.046
http://doi.org/10.1016/j.ijheatmasstransfer.2018.09.026
http://doi.org/10.1016/j.ijheatmasstransfer.2009.10.008
http://doi.org/10.1016/j.expthermflusci.2012.09.025
http://doi.org/10.1016/j.expthermflusci.2013.08.025
http://doi.org/10.1016/j.expthermflusci.2017.04.018
http://doi.org/10.1007/s40430-020-2223-8
http://doi.org/10.1016/j.ijheatmasstransfer.2016.07.053
http://doi.org/10.1016/j.ijheatmasstransfer.2020.119743
http://doi.org/10.1016/j.egypro.2019.01.537
http://doi.org/10.1016/j.ijheatmasstransfer.2016.09.051

Nanomaterials 2022, 12, 4270 37 of 39

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.
57.

Stutz, B.; Morcelli, C.H.S,; Silva, M.E,; Cioulachtjian, S.; Bonjour, ]. Influence of nanoparticle surface coating on pool boiling. Exp.
Therm. Fluid Sci. 2011, 35, 1239-1249. [CrossRef]

Souza, R.R.; Passo, J.C.; Cardoso, E.M. Influence of nanoparticle size and gap size on nucleate boiling using HFE7100. Exp. Therm.
Fluid Sci. 2014, 59, 195-201. [CrossRef]

Heitich, L.V,; Passos, ].C.; Cardoso, E.M.; Silva, M.E,; Klein, A.N. Nucleate boiling of water using nanostructured surfaces. J. Braz.
Soc. Mech. Sci. Eng. 2014, 36, 181-192. [CrossRef]

Rostamian, F.; Etesami, N. Pool boiling characteristics of silica/water nanofluid and variation of heater surface roughness in
domain of time. Int. Commun. Heat Mass Transf. 2018, 95, 98-105. [CrossRef]

Akbari, E.; Gheitaghy, A.M.; Saffari, H.; Hosseinalipour, S.M. Effect of silver nanoparticle deposition in re-entrant inclined
minichannel on bubble dynamics for pool boiling enhancement. Exp. Therm. Fluid Sci. 2017, 82, 390-401. [CrossRef]

Kumar, N.; Jothi, TJ.S.; Selvaraju, N. Effect of nanoparticle deposition rate on critical heat flux in pool boiling. |. Eng. Res. 2017, 5,
209-222.

Hadzic, A.; Moze, M.; Arhar, K.; Zupancic, M.; Golobic, I. Effect of Nanoparticle Size and Concentration on Pool Boiling Heat
Transfer with TiO; Nanofluids on Laser-Textured Copper Surfaces. Nanomaterials 2022, 12, 2611. [CrossRef] [PubMed]

Kamel, M.S.; Lezsovits, F. Experimental Investigation on Pool Boiling Heat Transfer Performance Using Tungsten Oxide WO
Nanomaterial-Based Water Nanofluids. Materials 2020, 13, 1922. [CrossRef] [PubMed]

Gajghate, S.S.; Bandurkar, A.V,; Das, S.; Saha, B.B.; Bhaumik, S. Effect of ZrO Nanoparticle Deposited Layer on Pool Boiling Heat
Transfer Enhancement. Heat Transf. Eng. 2021, 42, 1184-1202. [CrossRef]

Minakov, A.V,; Pryazhnikov, M.I; Guzei, D.V.; Zeer, G.M.; Rudyak, V.Y. The experimental study of nanofluid boiling crisis on
cylindrical heaters. Int. J. Therm. Sci. 2017, 116, 214-223. [CrossRef]

Sulaiman, M.Z.; Matsuo, D.; Enoki, K.; Okawa, T. Systematic measurements of heat transfer characteristics in saturated pool
boiling of water-based nanofluids. Int. J. Heat Mass Transf. 2016, 102, 264-276. [CrossRef]

Modi, M.; Kangude, P.; Srivastava, A. Performance evaluation of alumina nanofluids and nanoparticles-deposited surface on
nucleate pool boiling phenomena. Int. |. Heat Mass Transf. 2020, 146, 118833. [CrossRef]

Li, X.; Cheung, S.C.P; Tu, J. Nucleate boiling of dilute nanofluids— Mechanism exploring and modeling. Int. ]. Therm. Sci. 2014,
84,323-334. [CrossRef]

Kim, H.-D.; Kim, J.-B.; Kim, M.-H. Experimental Study on CHF Characteristics of Water-Ti0O,Nano-Fluids. Nucl. Eng. Technol.
2006, 38, 61-68.

Kangude, P; Srivastava, A. On the mechanisms leading to ordered nanoparticle deposition during single bubble nucleate pool
boiling regime. Phys. Fluids 2021, 33, 113306. [CrossRef]

Mori, S.; Utaka, Y. Critical heat flux enhancement by surface modification in a saturated pool boiling: A review. Int. |. Heat Mass
Transf. 2017, 108, 2534-2557. [CrossRef]

Kwark, S.M.; Kumar, R.; Moreno, G.; Yoo, J.; You, S.M. Pool boiling characteristics of low concentration nanofluids. Int. J. Heat
Mass Transf. 2010, 53, 972-981. [CrossRef]

Phan, H.T.; Caney, N.; Marty, P; Colasson, S.; Gavillet, J. Surface Coating with Nanofluids: The Effects on Pool Boiling Heat
Transfer. Nanoscale Microscale Thermophys. Eng. 2010, 14, 229-244. [CrossRef]

Kim, H.; Kim, E.; Kim, M.H. Effect of nanoparticle deposit layer properties on pool boiling critical heat flux of water from a thin
wire. Int. J. Heat Mass Transf. 2014, 69, 164-172. [CrossRef]

Kwark, S.M.; Amaya, M.; Moon, H.; You, S.M. Effect of soluble additives, boric acid(H3BO3) and salt(NaCl) in pool boiling heat
transfer. Nucl. Eng. Technol. 2011, 43, 195-204. [CrossRef]

Sezer, N.; Khan, S.A.; Kog, M. Boiling Heat Transfer Enhancement by Self-Assembled Graphene/Silver Hybrid Film for the
Thermal Management of Concentrated Photovoltaics. Energy Technol. 2020, 8, 2000532. [CrossRef]

Neto, A.R;; Oliveira, ].L.G.; Passos, ].C. Heat transfer coefficient and critical heat flux during nucleate pool boiling of water in the
presence of nanoparticles of alumina, maghemite and CNTs. Appl. Therm. Eng. 2017, 111, 1493-1506. [CrossRef]

Anuar, ES.; Malayeri, M.R.; Hooman, K. Particulate Foulingand Challengesof Metal Foam Heat Exchangers. Heat Transf. Eng.
2017, 38, 730-742. [CrossRef]

Master, B.I.; Chunangad, K.S.; Pushpanathan, V. Fouling mitigation using helix changer heat exchangers. In Proceedings of the
Heat Exchanger Fouling and Cleaning: Fundamentals and Applications, Santa Fe, NM, USA, 18-22 May 2003.

Mueller, S.H.; Malayeri, M.R.; Watkinson, A.P. Fouling of heat exchanger—New approaches to solve old problem. Heat Transf.
Eng. 2005, 26, 1-4. [CrossRef]

Epstein, N. Thinking about Heat Transfer fouling: A 5 x 5 Matrix. Heat Transf. Eng. 1983, 4, 43-56. [CrossRef]

Awad, M.M. Fouling of Heat Transfer Surfaces, Heat Transfer. In Theoretical Analysis, Experimental Investigations and Industrial
Systems; Belmiloudi, A., Ed.; In Tech: Bondi Junction, NSW, Australia, 2011.

Roy, U. Fouling and Its Effect on Heat Exchangers. In Advanced Analytic and Control Techniques for Thermal Systems with Heat
Exchangers; Elsevier: Amsterdam, The Netherlands, 2020; pp. 233-246.

Elimelech, M.; Gregory, J.; Jia, X.; Williams, R. Particle Deposition and Aggregation: Measurement, Modellingand Simulation, 1st ed.;
Butterworth-Heinemann: Woburn, MA, USA, 1995.

Hunter, R.J. Foundations of Colloid Science, 2nd ed.; Oxford University Press: Oxford, UK; NewYork, NY, USA, 2001.
Miiller-Steinhagen, H. Cooling-Water Fouling in Heat Exchangers. Adv. Heat Transf. 1999, 33, 415-496. [CrossRef]


http://doi.org/10.1016/j.expthermflusci.2011.04.011
http://doi.org/10.1016/j.expthermflusci.2013.11.001
http://doi.org/10.1007/s40430-013-0058-2
http://doi.org/10.1016/j.icheatmasstransfer.2018.04.003
http://doi.org/10.1016/j.expthermflusci.2016.11.037
http://doi.org/10.3390/nano12152611
http://www.ncbi.nlm.nih.gov/pubmed/35957045
http://doi.org/10.3390/ma13081922
http://www.ncbi.nlm.nih.gov/pubmed/32325822
http://doi.org/10.1080/01457632.2020.1777011
http://doi.org/10.1016/j.ijthermalsci.2017.02.019
http://doi.org/10.1016/j.ijheatmasstransfer.2016.06.017
http://doi.org/10.1016/j.ijheatmasstransfer.2019.118833
http://doi.org/10.1016/j.ijthermalsci.2014.05.021
http://doi.org/10.1063/5.0070494
http://doi.org/10.1016/j.ijheatmasstransfer.2017.01.090
http://doi.org/10.1016/j.ijheatmasstransfer.2009.11.018
http://doi.org/10.1080/15567265.2010.502926
http://doi.org/10.1016/j.ijheatmasstransfer.2013.10.014
http://doi.org/10.5516/NET.2011.43.3.195
http://doi.org/10.1002/ente.202000532
http://doi.org/10.1016/j.applthermaleng.2016.06.130
http://doi.org/10.1080/01457632.2016.1206415
http://doi.org/10.1080/01457630590889906
http://doi.org/10.1080/01457638108939594
http://doi.org/10.1016/S0065-271770307-1

Nanomaterials 2022, 12, 4270 38 of 39

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Nikkhah, V,; Sarafraz, M.M.; Hormozi, F. Application of Spherical Copper Oxide(II) Water Nano-fluid as a Potential Coolant in a
Boiling Annular Heat Exchanger. Chem. Biochem. Eng. Q. 2015, 29, 405-415. [CrossRef]

Ge, Z.; Cahill, D.G,; Braun, P.V. Thermal Conductance of Hydrophilic and Hydrophobic Interfaces. Phys. Rev. Lett. 2006, 96, 186101.
[CrossRef] [PubMed]

Ajaev, V.S.; Kabov, O.A. Heat and mass transfer near contact lines on heated surfaces. Int. |. Heat Mass Transf. 2017, 108, 918-932.
[CrossRef]

Kim, H.; Kim, M. Experimental study of the characteristics and mechanism of pool boiling CHF enhancement using nanofluids.
Heat Mass Transf. 2009, 45, 991-998. [CrossRef]

Wen, D.; Corr, M.; Hu, X,; Lin, G. Boilingheattransferofnanofluids:Theeffectofheatingsurfacemodification. Int. J. Therm. Sci. 2011,
50, 480-485. [CrossRef]

Ji, W-T.; Zhao, P-F,; Zhao, C.-Y; Ding, ].; Tao, W.-Q. Pool boiling heat transfer of water and nanofluid outside the surface with
higher roughness and different wettability. Nanoscale Microscale Thermophys. Eng. 2018, 22, 296-323. [CrossRef]

Shahmoradi, Z.; Etesami, N.; Esfahany, M.N. Pool boiling characteristics of nanofluid on flat plate based on heater surface analysis.
Int. Commun. Heat Mass Transf. 2013, 47, 113-120. [CrossRef]

Wen, D.; Ding, Y. Experimental investigation into the pool boiling heat transfer of aqueous based y-alumina nanofluids. ].
Nanoparticle Res. 2005, 7, 265-274. [CrossRef]

Vafei, S. Nanofluid pool boiling heat transfer phenomenon. Powder Technol. 2015, 217, 181-192. [CrossRef]

Park, S.D.; Moon, S.B.; Bang, I.C. Effects of thickness of boiling-induced nanoparticle deposition on the saturation of critical heat
flux enhancement. Int. |. Heat Mass Transf. 2014, 78, 506-514. [CrossRef]

Das, AK,; Das, PK,; Saha, P. Heat transfer during pool boiling based on evaporation from micro and microlayer. Int. |. Heat Mass
Transf. 2006, 49, 3487-3499. [CrossRef]

Xu, J.; Ji, X;; Zhang, W.; Liu, G. Pool boiling heat transfer of ultra-light copper foam with open cells. Int. . Multiph. Flow 2008, 34,
1008-1022. [CrossRef]

Xu, Z.G.; Zhao, C.Y. Experimental study on pool boiling heat transfer in gradient metal foams. Int. |. Heat Mass Transf. 2015, 85,
824-829. [CrossRef]

Park, S.D.; Bang, I.C. Experimental study of a universal CHF enhancement mechanism in nanofluids using hydrodynamic
instability. Int. . Heat Mass Transf. 2014, 73, 844-850. [CrossRef]

Zuber, N. On the Stability of Boiling Heat Transfer. Trans. Am. Soc. Mech. Eng. 1958, 80. Available online: https://www.osti.gov/
biblio /4326542 (accessed on 21 September 2022). [CrossRef]

Liter, S.G.; Kaviany, M. Pool-boiling CHF enhancement by modulated porous-layer coating: Theory and experiment. Int. |. Heat
Mass Transf. 2001, 44, 4287-4311. [CrossRef]

Park, S.D.; Lee, SSW.; Kang, S.; Bang, I.C.; Kim, J.H.; Shin, H.S.; Lee, D.W.; Lee, D.W. Effects of nanofluids containing
graphene/graphene oxide nanosheets on critical heat flux. Appl. Phys. Lett. 2010, 97, 023103. [CrossRef]

Watanabe, Y.; Enoki, K.; Okawa, T. Nanoparticle layer detachment and its influence on the heat transfer characteristics in saturated
pool boiling of nanofluids. Int. |. Heat Mass Transf. 2018, 125, 171-178. [CrossRef]

Lin, L.; Chang, Z.; Ding, G. Resuspension of deposited nanoparticles during pool boiling. Int. J. Heat Mass Transf. 2019, 130,
230-239. [CrossRef]

Chen, Y.; Guo, J.; Liu, X.; He, D. Experimental and predicted model study of resuspended nanofluid pool boiling heat transfer
under electric field. Int. Commun. Heat Mass Transf. 2022, 131, 105847. [CrossRef]

Vafei, S.; Holmes, L; Errion, B.; Thukka, Z.; Narita, R.; Sugiura, T.; Manseki, K. Manufacturing a TiO-Based Semiconductor Film
with Nanofluid Pool Boiling and Sintering Processes toward Solar-Cell Applications. Nanomaterials 2022, 12, 1165. [CrossRef]
Kathiravan, R.; Kumar, R.; Gupta, A.; Chandra, R. Characterization and Pool Boiling Heat Transfer of Nanofluids. J. Heat Transf.
2009, 131, 081902. [CrossRef]

Sarafraz, M.M.; Hormozi, F. Nucleate pool boiling heat transfer characteristics of dilute A 1,03-ethylene glycol nanofluids. Int.
Commun. Heat Mass Transf. 2014, 58, 96-104. [CrossRef]

Karimzadehkhouei, M.; Shojaeian, M.; Sendur, K.; Mengug, M.P.; Kosar, A. The effect of nanoparticle type and nanoparticle mass
fraction on heat transfer enhancement in pool boiling. Int. J. Heat Mass Transf. 2017, 109, 157-166. [CrossRef]

Haramura, Y.; Katto, Y. A new hydrodynamic model of critical heat flux, applicable widely to both pool and forced convection
boiling on submerged bodies in saturated liquids. Int. |. Heat Mass Transf. 1983, 26, 389-399. [CrossRef]

Theofanous, T.G.; Dinh, T.N. High heat flux boiling and burnout as microphysical phenomena: Mounting evidence and
opportunities. Multiph. Sci. Technol. 2006, 18, 1-26. [CrossRef]

Hu, YW,; Li, H.R.; He, Y.R.; Wang, L.D. Role of nanoparticles on boiling heat transfer performance of ethylene glycol aqueous
solution based graphene nanosheets nanofluid. Int. J. Heat Mass Transf. 2016, 96, 565-572. [CrossRef]

Theofanous, T.G.; Dinh, T.N.; Tu, ].P; Dinh, A.T. The boiling crisis phenomenon: Part II: Dryout Dynamics and burnout. Exp.
Therm. Fluid Sci. 2002, 26, 793-810. [CrossRef]

Rohsenow, W.M.; Griffith, P. Correlation of Maximum Heat Flux Data for Boiling of Saturated Liquids; Massachusetts Institute of
Technology, Division of Industrial Cooperation: Cambridge, MA, USA, 1955.

Murshed, S.M.S,; Sharifpur, M.; Giwa, S.; Meyer, J.P. Experimental Research and Development on the Natural Convection of
Suspensions of Nanoparticles—A Comprehensive Review. Nanomaterials 2020, 10, 1855. [CrossRef]


http://doi.org/10.15255/CABEQ.2014.2069
http://doi.org/10.1103/PhysRevLett.96.186101
http://www.ncbi.nlm.nih.gov/pubmed/16712374
http://doi.org/10.1016/j.ijheatmasstransfer.2016.11.079
http://doi.org/10.1007/s00231-007-0318-8
http://doi.org/10.1016/j.ijthermalsci.2010.10.017
http://doi.org/10.1080/15567265.2018.1497110
http://doi.org/10.1016/j.icheatmasstransfer.2013.06.006
http://doi.org/10.1007/s11051-005-3478-9
http://doi.org/10.1016/j.powtec.2015.02.040
http://doi.org/10.1016/j.ijheatmasstransfer.2014.06.090
http://doi.org/10.1016/j.ijheatmasstransfer.2006.02.050
http://doi.org/10.1016/j.ijmultiphaseflow.2008.05.003
http://doi.org/10.1016/j.ijheatmasstransfer.2015.02.017
http://doi.org/10.1016/j.ijheatmasstransfer.2013.11.066
https://www.osti.gov/biblio/4326542
https://www.osti.gov/biblio/4326542
http://doi.org/10.1115/1.4012484
http://doi.org/10.1016/S0017-9310(01)00084-9
http://doi.org/10.1063/1.3459971
http://doi.org/10.1016/j.ijheatmasstransfer.2018.04.072
http://doi.org/10.1016/j.ijheatmasstransfer.2018.10.092
http://doi.org/10.1016/j.icheatmasstransfer.2021.105847
http://doi.org/10.3390/nano12071165
http://doi.org/10.1115/1.3111260
http://doi.org/10.1016/j.icheatmasstransfer.2014.08.028
http://doi.org/10.1016/j.ijheatmasstransfer.2017.01.116
http://doi.org/10.1016/0017-9310(83)90043-1
http://doi.org/10.1615/MultScienTechn.v18.i3.30
http://doi.org/10.1016/j.ijheatmasstransfer.2016.01.066
http://doi.org/10.1016/S0894-1777(02)00193-0
http://doi.org/10.3390/nano10091855

Nanomaterials 2022, 12, 4270 39 of 39

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

Mukherjee, S.; Ali, N.; Aljuwayhel, N.F,; Mishra, P.C.; Sen, S.; Chaudhuri, P. Pool Boiling Amelioration by Aqueous Dispersion of
Silica Nanoparticles. Nanomaterials 2021, 11, 2138. [CrossRef]

Mukherjee, S.; Mishra, P.C.; Chaudhuri, P. Pool boiling performance of aqueousAl,O3andTiOpnanofluids on a horizontal lyp
laced fat polished surface: An experimental investigation. J. Therm. Anal. Calorim. 2021, 146, 415-433. [CrossRef]

Kole, M.; Dey, T.K. Investigations on the pool boiling heat transfer and critical heat flux of ZnO-ethylene glycol nanofluids. Appl.
Therm. Eng. 2012, 37, 112-119. [CrossRef]

Ahmed, O.; Hamed, M.S. Experimental investigation of the effect of particle deposition on pool boiling of nanofluids. Int. ]. Heat
Mass Transf. 2012, 55, 3423-3436. [CrossRef]

Coursey, J.S.; Kim, J. Nanofluid boiling: The effect of surface wettability. Int. ]. Heat Fluid Flow 2008, 29, 1577-1585. [CrossRef]
Murshed, S.M.S.; de Castro, C.A.N. Superior thermal features of carbon nanotubes-based nanofluids—A Review. Renew. Sustain.
Energy Rev. 2014, 37, 155-167. [CrossRef]

Murshed, S.M.S.; Leong, K.C.; Yang, C. Enhanced thermal conductivity of TiO,-water based nanofluids. Int. |. Therm. Sci. 2005,
44,367-373. [CrossRef]

Murshed, S.M.S.; de Castro, C.A.N. Conduction and convection heat transfer characteristics of ethylene glycol based nanofluids—
A review. Appl. Energy 2016, 184, 681-695. [CrossRef]

Peng, H.; Ding, G.; Hu, H,; Jiang, W. Effect of nanoparticle size on nucleate pool boiling heat transfer of refrigerant/oil mixture
with nanoparticles. Int. J. Heat Mass Transf. 2011, 54, 1839-1850. [CrossRef]

Hu, Y; Li, H;; He, Y.; Liu, Z.; Zhao, Y. Effect of nanoparticle size and concentration on boiling performance of SiO; nanofluid. Int.
J. Heat Mass Transf. 2017, 107, 820-828. [CrossRef]

Murshed, SM.S.; de Castro, C.A.N.; Lourengo, M.J.V. Effect of Surfactant and Nanoparticle Clustering on Thermal Conductivity
of Aqueous Nanofluids. J. Nanofluids 2012, 1, 175-179. [CrossRef]

Zhou, L.; Wei, L.; Du, X; Yang, Y.; Jiang, P.; Wang, B. Effects of nanoparticle behaviors and interfacial characteristics on subcooled
nucleate pool boiling over microwire. Exp. Therm. Fluid Sci. 2014, 57, 310-316. [CrossRef]

Jung, ].Y,; Kim, H.; Kim, M.H. Effect of ionic additive on pool boiling critical heat flux of titania/water nanofluids. Heat Mass
Transf. 2013, 49, 1-10. [CrossRef]


http://doi.org/10.3390/nano11082138
http://doi.org/10.1007/s10973-020-09995-z
http://doi.org/10.1016/j.applthermaleng.2011.10.066
http://doi.org/10.1016/j.ijheatmasstransfer.2012.02.021
http://doi.org/10.1016/j.ijheatfluidflow.2008.07.004
http://doi.org/10.1016/j.rser.2014.05.017
http://doi.org/10.1016/j.ijthermalsci.2004.12.005
http://doi.org/10.1016/j.apenergy.2016.11.017
http://doi.org/10.1016/j.ijheatmasstransfer.2010.12.035
http://doi.org/10.1016/j.ijheatmasstransfer.2016.11.090
http://doi.org/10.1166/jon.2012.1020
http://doi.org/10.1016/j.expthermflusci.2014.05.003
http://doi.org/10.1007/s00231-012-1055-1

	Introduction 
	Nanoparticle Deposition over Boiling Time 
	Causing Mechanisms 
	Characteristics of the Deposition Layer 
	Fundamental Time-Dependent Features 
	Fouling Resistance 
	Thermal Resistance 
	Three-Phase Contact Line Behavior 
	Capillary Wicking 
	Roughness 
	Roughness-to-Particle Size Ratio 
	Thickness over Boiling Time 
	Peripheral Regions of the Nucleation Sites and Deposition Points 
	Vaporization Core Sites Density 
	Hydrodynamic Instability 
	Exfoliation 
	Re-Suspension of the Nanoparticles 
	Sintering of the Nanoparticles 


	Effects of the Nanoparticle Deposition on the Boiling Heat Transfer Parameters 
	Heat Transfer Coefficient 
	Critical Heat Flux 
	Surface Superheat 

	Main Factors Impacting the Nanoparticle Deposition 
	Concentration of the Nanoparticles 
	Size and Shape of the Nanoparticles 
	Type of Nanoparticles 
	Wettability of the Nanoparticles 
	Base Fluid 
	Surfactants 

	Limitations and Challenges 
	Conclusions 
	References

