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armin.hadzic@fs.uni-lj.si (A.H.); klara.arhar@fs.uni-lj.si (K.A.); matevz.zupancic@fs.uni-lj.si (M.Z.);
iztok.golobic@fs.uni-lj.si (I.G.)
* Correspondence: matic.moze@fs.uni-lj.si; Tel.: +386-1-4771-309

Abstract: The enhancement of boiling heat transfer has been extensively shown to be achievable
through surface texturing or fluid property modification, yet few studies have investigated the
possibility of coupling both enhancement approaches. The present work focuses on exploring the
possibility of concomitant enhancement of pool boiling heat transfer by using TiO2-water nanofluid
in combination with laser-textured copper surfaces. Two mass concentrations of 0.001 wt.% and
0.1 wt.% are used, along with two nanoparticle sizes of 4–8 nm and 490 nm. Nanofluids are prepared
using sonification and degassed distilled water, while the boiling experiments are performed at atmo-
spheric pressure. The results demonstrate that the heat transfer coefficient (HTC) using nanofluids is
deteriorated compared to using pure water on the reference and laser-textured surface. However, the
critical heat flux (CHF) is significantly improved at 0.1 wt.% nanoparticle concentration. The buildup
of a highly wettable TiO2 layer on the surface is identified as the main reason for the observed perfor-
mance. Multiple subsequent boiling experiments using nanofluids on the same surface exhibited a
notable shift in boiling curves and their instability at higher concentrations, which is attributable to
growth of the nanoparticle layer on the surface. Overall, the combination of nanofluids boiling on a
laser-textured surface proved to enhance the CHF after prolonged exposure to highly concentrated
nanofluid, while the HTC was universally and significantly decreased in all cases.

Keywords: nanoparticles; nanofluids; boiling; heat transfer; heat transfer enhancement; nanoparticle
deposition

1. Introduction

Pool boiling heat transfer has been widely used in numerous engineering systems,
such as aircraft and spacecraft thermal management, high power electronics cooling, heat
exchangers, nuclear reactors, air conditioning, thermal power generation, etc. [1–6]. Com-
pared to natural and forced convection without phase change, the advantage of pool boiling
is a higher heat removal rate from a surface while maintaining a low superheat (i.e., the
temperature difference between the surface and the boiling liquid), which is an important
advantage for its use in dissipating highly concentrated thermal loads.

Pool boiling is the process of vaporization at the solid–liquid interface. and it occurs
when the temperature of the surface exceeds the saturation temperature of the liquid at
the given pressure. The characteristics of the pool boiling heat transfer process can be
described by the boiling curve, which was first reported by Nukiyama [7]. In the first phase
of boiling heat transfer, all of the heat is dissipated through single-phase natural convection.
When the surface superheat is high enough, vapor bubbles begin to form in the cavities on
the surface (i.e., heterogeneous boiling takes place), which represents the onset of nucleate
boiling (ONB) and the inception of the nucleate boiling phase. The nucleate boiling heat
transfer regime is the most effective heat transfer region of the pool boiling process due
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to very high heat transfer coefficients at low surface superheat values, making it the most
suitable method for various engineering applications. The heat transfer coefficient (HTC),
representing the ratio between dissipated heat flux and the corresponding wall superheat,
is the most common metric to describe the heat transfer intensity. With increasing heat
flux, the number of active nucleation sites on the surface increases. When the population of
bubbles becomes too high (at a high heat flux), neighboring bubbles coalesce extensively
(i.e., merge on or above the surface), forming an insulating blanket of vapor covering
the heating surface and thereby significantly decreasing the heat transfer intensity. This
phenomenon is known as the boiling crisis, and the maximum heat flux associated with its
incipience is the critical heat flux (CHF). After CHF onset, the boiling process transitions
towards film boiling, which is characterized by a high increase in wall temperature and a
large decrease in the HTC [8,9].

While boiling heat transfer represents an efficient cooling method, the HTC and CHF
need to be enhanced to meet the specifications of certain applications, allowing for the safe
and efficient operation of such systems. The enhancement of heat transfer in the nucleate
boiling regime can be achieved in various ways, including by (i) changing the characteristics
of the boiling surface, (ii) modifying the surface-fluid interaction, (iii) modifying the
working fluid, or (iv) changing the operating conditions [10,11]. The aim of these methods
is generally to lower the ONB and increase both the CHF and the HTC [11–13]. Most
approaches to boiling enhancement only consider one technique, meaning that possible
combinations and synergies between more techniques are largely unexplored. This is
addressed in the present study, where surface modification via laser texturing is coupled
with fluid modification through the addition of nanoparticles, with the aim of obtaining
superior boiling performance to that using a single enhancement approach.

1.1. Methods for Intensifying Boiling Heat Transfer

In recent years, researchers have thoroughly studied different techniques for intensify-
ing boiling heat transfer, such as adding nanoparticles to the base fluid or modifying the
surface characteristics of the boiling surface, namely its roughness, porosity, wettability,
wickability, etc. [13–18]. Surface modification may be performed on the macro-, micro- or
nanoscale [11]. The techniques for the modification of surface morphology can generally be
divided into physical and chemical categories [19]. Common physical techniques include
electro-deposition [20] and pulsed laser deposition [21], while in most studies, the chemical
techniques are chemical vapor deposition [22], the sol-gel technique, and electrochemical
deposition [23]. Overall, surface modification aims to alter the surface wettability and
microstructure, which have a profound impact on the boiling process and the associated
heat transfer parameters [16,24,25]. Free surface energy, roughness of the surface, and its
micro- and nanotexture have a strong influence on wettability [10,26,27]. Based on the
contact angle of a liquid droplet on the surface, the latter can be classified as phobic or
philic to the liquid. As water is the most common testing medium, the surfaces are typically
classified as hydrophilic (contact angle < 90◦) or hydrophobic (contact angle > 90◦). Based
on previous experimental findings, the ONB will occur at a lower superheat, and CHF
will be decreased on hydrophobic surfaces, while hydrophilic surfaces will exhibit delayed
ONB, but increased CHF [10,28,29].

1.2. Boiling of Nanofluids

A common method of modify the properties of the coolant in boiling applications is
the addition of various types of nanoparticles to the base fluid [30–32]. This changes its
thermophysical properties, but more importantly, the nanoparticles are deposited onto
the boiling surface during boiling, creating micro- and nanostructures that can favorably
affect the boiling process [33]. The available literature mostly suggests that the boiling
of nanofluids leads to an improvement of the HTC and the CHF, while some few studies
make the opposite conclusion [34]. The increase in HTC and CHF tends to be correlated
with increasing the concentration of nanoparticles, up to a certain point. At excessive
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concentrations, the HTC begins to decrease, while the CHF will remain unaltered [35].
At high nanoparticle concentration, the deposited layer on the surface becomes thicker,
which leads to greater thermal resistance and decreases the HTC [35]. Due to the deposi-
tion of nanoparticles on the surface and their large effect on heat transfer during boiling,
Fang et al. [31] suggested that further experiments on nanofluid boiling should be com-
bined with a comprehensive study of the influence of nanoparticle deposition time for
different concentration ranges. Long-term experiments on the variation of nanoparticle
deposition time should be performed, and correlations to predict the evolution of deposited
nanoparticle layers should be proposed. In addition to the concentration, the material
and size of the nanoparticles and the preparation of the nanofluid also affect the boiling
performance. Dadhich et al. [36] and Fang et al. [31] pointed out that there is a significant
need for a database of thermal properties for different materials in different size ranges
of nanoparticles.

The deposition of nanoparticles from the nanofluid during boiling is the most com-
mon enhancement strategy involving modified fluids. Manetti et al. [37] conducted an
experimental study of HTC in pool boiling of deionized water and Al2O3-water nanofluid
with low (0.0007 vol.%) and high (0.007 vol.%) volume concentration on smooth and rough
copper surfaces within a heat flux range of 100 to 800 kW m−2. They observed that HTC
increased at low concentrations at average heat flux values, which was related to increasing
the radius of the cavities through deposition of nanoparticles on the surfaces due to boiling.
Increasing the heat flux led to a decrease in the HTC caused by the increased deposition
rate of nanoparticles on the rough surface and the filling of the cavities with nanoparticles.
Ahmed et al. [38] investigated pool boiling heat transfer performance on horizontal flat
copper surfaces using nanofluid and pure water. They used 40–50 nm alumina nanopar-
ticles to prepare three different nanoparticle concentrations (0.01 vol.%, 0.1 vol.%, and
1 vol.%). After performing boiling experiments, the nanoparticle-coated surfaces were used
for pool boiling experiments using pure water. During the nanofluid boiling experiments,
the authors concluded that the concentration of nanoparticles has a major effect on the
heat transfer performance. At lower concentrations, the rate of deposition of the particles
is lower, resulting in a greater enhancement of heat transfer, which can be attributed to
the fact that the increased thermal conductivity of nanofluids has a greater dominance
than the effect of nanoparticle deposition on the surface. On the other hand, the boiling
of pure water on the surface coated with nanoparticles showed that high deposition rates
lead to an improvement in heat transfer, which was explained by a less uniform deposition
layer on the surface. Huang et al. [39] studied the enhancement of boiling on nickel wires
coated with TiO2 nanoparticles in pure water. The coating was produced by electrical
heating of the wire in nanofluids with concentrations from 0.01 to 0.1 wt.% and heat flux
up to 1000 kW m−2. Experimental results of pure water boiling showed an enhancement
of the CHF of up to 82.7% for coated nickel wire prepared in 0.1 wt.% nanofluids. On
all nickel-coated wires, the HTC deteriorated due to the higher thermal resistance caused
by the deposition of nanoparticles. Kiyomura et al. [40] investigated boiling heat transfer
performance of surfaces coated with Fe2O3 nanoparticles in Fe2O3 water-based nanofluid
at a high (0.29 g/L) and a low concentrations (0.029 g/L). The results showed the highest
HTC values on coated copper surfaces with low mass concentration, and with increasing
the concentration, the roughness of the surfaces increased. Salimpour et al. [41] performed
boiling experiments on smooth and rough copper surfaces using iron-oxide-water-based
nanofluid at low and high heat fluxes. They found that at low heat fluxes on smooth
surfaces, and at high heat fluxes on rough surfaces, the deposition of nanoparticles on the
surface enhanced the heat transfer during boiling. According to other research conducted
in this field, there is no clear understanding of how the boiling heat transfer performance is
changed by the various effects of nanoparticle deposition during nanofluid boiling [42,43].

In addition to in situ nanoparticle deposition, dip coating and drop casting techniques
were also proposed for boiling applications. An example is the study by Yim et al. [44], who
investigated the surface wettability in nucleate pool boiling on aluminum surfaces coated
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with TiO2 nanoparticles from 1 wt.% TiO2 ethanol-based nanofluids, using a drop casting
technique. The obtained results showed that the performance of nucleate pool boiling was
64.1% higher for TiO2-coated surfaces than for the bare surfaces.

1.3. Boiling on Laser-Texured Surfaces

Laser texturing is a very effective method for locally or globally changing the morphol-
ogy of the surface to intensify boiling heat transfer. Može et al. [45] demonstrated a strong
enhancement of boiling performance of water on superhydrophobic and superhydrophilic
surfaces textured with a nanosecond fiber laser. By combining laser texturing with a su-
perhydrophobic coating, they showed significant improvement in HTC and found that
the intensification of boiling heat transfer is possible with a suitable surface morphology
where the Wenzel wetting regime is achieved. Kurse et al. [46] studied the pool boiling heat
transfer of deionized water on laser-textured surfaces. Microstructures were fabricated on
stainless steel using a femtosecond laser. It was found that CHF and the maximum heat
transfer coefficient on laser-textured surfaces were improved compared to those on the
polished reference surface. It was also found that the improvement of CHF is related to
the wetting and wicking capability of the surface, which allows for the replenishing of
the evaporating liquid and affects the delay of the CHF. The study of the nucleate pool
boiling of water and water-ethanol mixtures on untreated and laser textured stainless steel
foils showed a significant improvement in boiling performance on laser-textured surfaces
compared to the untreated surfaces for pure liquids and binary mixtures. The improvement
in boiling performance is directly related to the microcavities, which act as active nucleation
sites [47]. Serdyukov et al. [48] investigated nucleate pool boiling of water on laser textured
silicon surfaces. Their results showed an enhancement of the heat transfer coefficient by up
to 49.5%, compared to a rough silicon sample, and by up to 234%, compared to a polished
sample. Additionally, the study showed that laser texturing of the surfaces resulted in a
remarkable increase in the frequency and density of nucleation sites. It was concluded that
a decrease in the diameter of the departure bubble and a lower nucleation temperature are
characteristics that are associated with the laser-modified silicon surfaces. The study of the
stability of copper surfaces before and after functionalization by laser texturing performed
with a nanosecond fiber laser was presented by Može et al. [49]. The study showed the en-
hancement of CHF by up to 90% and HTC by up to 115% on textured surfaces compared to
the reference surface. The results also demonstrate the tendency of constant shifts of boiling
curves in each experimental run, while the shifts on laser textured surfaces did not occur
after the second run. This fact is confirmed by changes in the morphological and chemical
structure of the surface after the first onset of CHF and is associated with the effects of
low-temperature annealing. Finally, only one study, published by Karthikeyan et al. [50],
was found to have previously combined surface laser texturing and the use of nanofluids
to enhance boiling heat transfer. The latter authors reported a notable enhancement of
boiling heat transfer, but the nanofluid used was rather unconventional (carbon nanotubes
dispersed in ethanol or water).

1.4. Scope and Aim of this Study

There are few studies that investigate the boiling performance of nanofluids on pre-
modified surface (e.g., laser-textured surfaces) [51,52], despite the seemingly great potential
for concomitant and synergistic enhancement of boiling performance. To fill this knowledge
gap, we investigated the pool boiling heat transfer performance of TiO2-water nanofluids
prepared with two mass concentrations (0.001 and 0.1 wt.%) and with two different sizes
of nanoparticles (small: 4–8, and large: 490 nm), on laser textured copper surfaces. Five
consecutive measurements were performed on each laser-textured surface under pool
boiling conditions. The surface morphology of deposited nanoparticles was analyzed using
scanning electron microscopy (SEM), and the wettability changes were recorded through
water contact angle (WCA) measurements. The results were analyzed through multiple
comparisons to elucidate the effect of nanoparticle size and concentration on possible
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additional enhancement or deterioration of boiling performance of the laser-textured
copper surfaces.

2. Methods
2.1. Sample Preparation and Amalysis

Samples for boiling experiments were prepared on high purity copper (>99.9% Cu).
Each sample was first sanded using P1200 and P2000 grit sandpaper to achieve a surface
roughness of approx. 0.15 µm. Afterwards, the samples were cleaned using isopropanol
and lint-free wipes. One sample was tested without any further treatment, and it is denoted
as REF (i.e., untreated reference sample). All other samples underwent direct laser texturing
immediately before the boiling experiments.

To perform the laser texturing, a nanosecond pulsed fiber laser was used (FL-mark-C
with JPT Opto-electronics Co., Ltd. “M7 30 W” MOPA source, Shenzhen, China). The
laser system is equipped with an OPEX F-Theta lens with a focal distance of 100 mm and
working field of 70 × 70 mm2. A pattern of equidistant parallel lines (∆x = 60 µm) was
used to create a channel-like microstructure on each sample. The pulse frequency was set
to 110 kHz, the pulse duration to 45 ns, and the full power of 30 W was applied. With the
focal beam diameter of ~25 µm and laser beam quality parameter M2 ≤ 1.3, the average
laser pulse fluence was calculated to be ~56 J cm−2.

The morphology and elemental composition of the samples were analyzed using
scanning electron microscopy (ThermoFisher Scientific Quattro S, Waltham, MA, USA) and
energy-dispersive X-ray spectroscopy (Oxford Instruments Ultim Max 65, Abingdon, UK).
SEM images of the reference sample REF and laser-textured sample (LT) before exposure to
boiling are shown in Figure 1.
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Figure 1. SEM images of the (a) untreated reference sample REF (blue frame) and (b) laser-textured
sample LT (red frame) before exposure to boiling.

The analysis of sample wettability was performed using a goniometer to record the
static contact angles with water. Cleaning of the samples was performed with a UV/ozone
cleaner (Ossila) to remove hydrocarbon contaminants after boiling/storage. Contact angles
were measured: (i) before boiling, (ii) immediately after boiling experiments, (iii) 7 days
after the boiling process, (iv) after UV/ozone cleaning (7 days after the experiments), and
finally (v) three days after UV/ozone cleaning. Measurements were conducted using a
goniometer (Ossila, ±1◦). Five drops were deposited onto different parts of the surface,
and the contact angles were recorded and averaged.
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2.2. Boiling Performance Evaluation

The boiling performance evaluation of nanofluids on laser-textured copper surfaces
was performed using a previously developed experimental setup shown in Figure 2 [53].
A glass cylinder with an inner diameter of 60 mm was placed between two stainless
steel flanges, thus forming the boiling chamber. The latter was filled with 200 mL of the
working fluid during experiments. As shown in Figure 2b, the sample was mounted on a
copper heating block, and inserted through the bottom stainless-steel flange into the boiling
chamber. PEEK bushing, a ring of flexible epoxy glue, and a silicone O-ring were used
to ensure sealing, limit heat loss, and prevent parasitic boiling. Before every experiment,
the working fluid was preheated and degassed with an immersion heater, which was
controlled by a variable transformer. An immersion heater was also used to maintain the
saturated state of the working fluid during the boiling experiment. The cartridge heaters,
positioned inside the heating block, were used for the generation of heat and were also
controlled by a variable transformer. All measurements were performed at atmospheric
pressure, and the stability was confirmed by the stable temperature of the saturation. Vapor
produced during measurements went to the water-cooled glass condenser and returned to
the boiling chamber.
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The temperatures inside the sample were measured by utilizing three K-type ther-
mocouples spaced 5 mm apart from one another. The thermocouple closest to the boiling
surface was positioned 5.3 mm from the top of the sample, as shown in Figure 2c. Two fur-
ther K-type thermocouples were submerged into the boiling chamber at different heights to
measure the temperature of the working fluid. A KRYPTONi-8xTH DAQ device was used
for collecting all temperature signals as raw voltages. The temperature of each cold junction
was recorded internally and used to offset the measurements to obtain correct temperature
readings. The calculation of temperatures based on offset voltages was performed, utilizing
NIST 9th degree polynomial. Data from the DAQ device were acquired using Dewesoft X3
software at a frequency of 10 Hz.
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2.3. Data Reduction and Measurement Uncertainty

The calculation of relevant heat transfer parameters is based on measured tempera-
tures. The parameters which are most relevant in boiling heat transfer systems are heat
transfer coefficient, heat flux, and superheat of the surface. The methodology used for the
calculation of the spatial temperature gradient between the highest positioned and the low-
est positioned thermocouple in the sample utilizing the following linear interpolation (1) is
suggested in [54]:

∆T
∆x

=
TTC3 − TTC1

2∆x1
(1)

Heat losses during the experiments are neglected because of favorable insulative
properties achieved using a very low thermal conductivity material (PEEK). Consequently,
a simplified case of 1D conduction through the sample towards the boiling surface is
considered. The heat flux is calculated using Fourier’s law of conduction:

.
q = −k

∆T
∆x

(2)

To accurately calculate the heat flux, thermal conductivity needs to be precisely evalu-
ated. This is achieved by using a temperature-dependent value of thermal conductivity.
Based on the average of all three temperatures measured within the sample, the thermal
conductivity is calculated at the mean temperature (T) of all three temperatures in the
sample according to the following equation:

k(T) = 0.000283T2 − 0.1646T + 378.07, (3)

The laser-flash measurement method of thermal diffusivity at various temperatures,
and the determination of thermal conductivity based on temperature-dependent density
and specific heat capacity are used to determine the latter expression. All temperature
values are expressed in ◦C, and the thermal conductivity, as the result value, is returned in
W m−1 K−1. The temperature of the boiling surface is calculated by linear extrapolation
using the previously determined heat flux and the temperature measured with the highest
positioned thermocouple in the sample. The thermal conductivity is first determined at
the highest positioned thermocouple in the sample, TTC1, utilizing Equation (3) to obtain
an estimate of surface temperature. The mean temperature of the top part of the sample
is determined as the arithmetic average value between the estimated surface temperature
and the temperature of the highest positioned thermocouple. The mean temperature of the
top part of the sample is used to determine the average thermal conductivity, which is then
used to evaluate the surface temperature with increased accuracy. The saturation tempera-
ture of the working fluid is calculated as the arithmetic average value of the temperatures
measured with two immersed thermocouples. The difference between the saturation tem-
perature of the working fluid and surface temperature is the surface superheat (Tw − Tsat).
Dividing the heat flux by the corresponding surface superheat is used to determine the
heat transfer coefficient:

h =

.
q

Tw − Tsat
, (4)

2.4. Peparation of Nanofluids

The nanofluids used were prepared by dispersing different amounts of nanoparticles
in the base fluid (twice-distilled water). The nanofluids used in this study were prepared
and stabilized using ultrasonic vibration, without using surfactants or adjusting the pH
value. TiO2 nanoparticles were chosen for the study because of their favorable chemical
and physical stability and their hydrophilicity, which was previously shown to enhance the
CHF value during boiling experiments. Two nanoparticle size ranges were used to examine
the effect of their size, especially relative to the size of laser-induced surface structures.
One type of nanofluid was prepared using very small nanoparticles (sized below 10 nm,
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much smaller than the majority of structures resulting from laser texturing), while the
other type used nanoparticles that were two orders of magnitude larger, with diameters
close to 500 nm (close to the scale of laser-induced surface structures). Furthermore, two
nanofluids concentrations were tested for each type of nanofluid. Most studies typically
report nanofluid concentrations in the range from 0.001 wt.% to 0.1 wt.%. Therefore, we
opted to use the two extreme values, again separated by two orders of magnitude, in order
to evaluate the effect of nanoparticle concentration on boiling performance.

One type of nanofluid was prepared using small nanoparticles, with a size of 4 to 8 nm
(Carl Roth, Karlsruhe, Germany; ROTInanoMETIC ≥ 99.9%), and the second type was
prepared using large nanoparticles, with a size of 490 nm (Nanografi Nano Technology,
Ankara, 99.995+%). Both types of nanofluids were prepared at two different mass con-
centrations: 0.1 and 0.001 wt.%. The third type of nanofluid was prepared with 0.05 wt.%
of the large-sized and small-sized nanoparticles, respectively. Twice-distilled water was
degassed for 45 min via vigorous boiling before it was used to prepare the nanofluids to
reduce the amount of entrapped gases and also reduce the need for further degassing in
the boiling chamber, where deposition of nanoparticle on the immersion heater reduces
the concentration of the nanofluid in an uncontrolled way. Nanofluids were sonicated for
1 h immediately after preparation in an ultrasonic bath (ASonic, Ultrasonic Cleaner-Pro 30,
40 kHz, 120 W). To stabilize the solution before use in the experiment, the nanofluid was
again sonicated for 1 h. The performed experiments are summarized in Table 1.

Table 1. The characteristics of the performed experiments.

Name Boiling Fluid Surface Size of
Nanoparticles

Concentration
(wt.%)

REF water Bare
copper / /

LT water

laser
textured
copper

/ /

TiO2-S-0.001 TiO2-water small (4–8 nm) 0.001

TiO2-S-0.1 TiO2-water large (490 nm) 0.1

TiO2-L-0.001 TiO2-water small (4–8 nm) 0.001

TiO2-L-0.1 TiO2-water large (490 nm) 0.1

TiO2-Mix-0.05 TiO2-water small (4–8 nm) +
large (490 nm)

0.05 small and
0.05 large

Overall, the used nanoparticle sizes and concentrations are based on the extreme
values reported in the literature, and the corresponding extreme combinations, as used
here, are expected to allow for the generalization of the results.

2.5. Measurement Protocol

After degassing the working fluid, five experimental runs were performed for each
combination of the sample and working fluid. During each experimental run, the heat flux
was continuously increased at a rate of 2 kW m−2 s−1. The chosen methodology of a slow
continuous increase in the heat flux can be considered as quasi-stationary, as shown by
Može et al. [45]. The boiling curve was recorded until the CHF was reached or, when that
was not possible, until a surface superheat was reached (~100 K, representing a safety limit
of the experimental setup). When an experimental run was finished, cartridge heaters were
turned off, and the sample was left to cool down on its own. The duration of each run was
approximately 45 min, while all 5 runs were completed in a 5-hour period.
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3. Results and Discussion
3.1. Boiling Heat Transfer with Water

To establish a baseline for experiments with nanofluids, the boiling performance
of the bare copper surface and the laser textured surface was first evaluated utilizing
twice-distilled water. The results are shown in Figure 3.
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Figure 3. Boiling curves (a) and heat transfer coefficients (b) on the reference surface; boiling curves
(c) and heat transfer coefficients (d) on the laser-textured surface.

Figure 3a,c shows the boiling curves (i.e., heat flux as a function of surface superheat)
recorded on the bare surface (REF) and the laser textured surface (LT), respectively. In
both cases, the boiling curves were recorded until the incipience of the CHF. It is evident
that the boiling curves on the REF surface are slightly shifted towards lower superheats
after each experimental run. The same shifting of the boiling curve also occurs on the LT
surface during the first two runs, but then boiling curves stabilize, with a slight reversal of
the trend. This is also consistent with the wettability of the examined surfaces. The REF
surface is transitioning from a hydrophilic state (before boiling) towards the hydrophobic
state (after boiling), and the LT surface is transitioning from a super hydrophilic state
to a hydrophobic state. This is in correlation with the previous research, where it was
shown that the shift in the boiling curves ensues due to changes in surface morphology and
chemistry [49,53]. The HTC of the REF and LT surfaces at selected heat fluxes are shown in
Figure 3b,d, respectively.

The highest HTC values were recorded at the point of CHF incipience, where the LT
surface provides a significant improvement compared to the untreated reference surface.
Secondary boiling effects were detected on the LT surface, leading to a significant decrease
in wall superheat temperature near the CHF, which in turn leads to the remarkable en-
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hancement of the HTC. The reduction in surface superheats is caused by the higher density
of active nucleation sites at high heat flux, when boiling also starts to take place on the
peaks of the surface morphology instead of just within the cavities [46,55].

SEM images of the laser-textured sample (LT) after exposure to the boiling of water are
shown in Figure 4. It is evident that the microtopography remains the same, but changes are
present on the submicron scale, where the transition of oxide species from copper(II) oxide
to copper(I) oxide is evident and perfectly matches previous observations [49,53]. In [49],
the appearance of copper(I) oxide in the form of sub-micron sized cubes or (truncated)
octahedra was shown to take place after CHF incipience as a result of low temperature
annealing, resulting in a transition of needle-shaped copper(II) oxide in the reduced form.
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3.2. The Effect of Concentration on Boiling of Nanofluid with Small and Large TiO2 Nanoparticles

The boiling of nanofluid with small (4–8 nm) TiO2 nanoparticles on the copper laser
textured surface was evaluated at two different mass concentrations of 0.001 and 0.1 wt.%.
The corresponding boiling curves and HTCs are shown in Figure 5a,b for 0.001 wt.%
nanofluid, while the data for the 0.1 wt.% nanofluid is shown in Figure 5c,d. The boiling
curves obtained using 0.001 wt.% nanofluid are very stable, while the curves for the 0.1 wt.%
nanofluid are shifted towards higher superheat temperatures with each consecutive run.
This shifting can be explained through a decrease in the active nucleation site density [33,35]
due to the deposition of nanoparticles onto the surface. At 0.1 wt.%, many microcavities on
the laser textured surface become filled with nanoparticles during the first experimental
run, which leads to a decrease in active nucleation site density and an increase in surface
superheat during the next boiling runs. With increasing the number of runs, the surface
superheat increases to unacceptable levels for practical use and the boiling performance is
deteriorated. The highest HTC value, recorded during the first run (approx. 1 h of boiling
on the surface), was 79,4 kW m−2 K−1 near CHF incipience. After the 5th run, the HTC
value was 83% lower at same heat flux. During the second boiling run, the high surface
temperature prevented the CHF incipience from being recorded, as the setup was turned
off due to safety reasons. The highest CHF of 1457 kW m−2 was recorded at 0.1 wt.%, which
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represents an enhancement of 35% compared to the highest recorded CHF at 0.001 wt.%
(1082 kWm−2). The enhancement of CHF is attributed due to a reduction in static contact
angle and an improvement in surface wettability.
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(a) and heat transfer coefficients (b). Boiling of TiO2-water nanofluid with small size nanoparticles at
0.1 wt.%: boiling curves (c) and heat transfer coefficients (d).

SEM images of the laser-textured sample after exposure to boiling of 0.1 wt.% nanofluid
with smaller nanoparticles are shown in Figure 6. It is observable that a thick nanoparticle
deposit has formed on the surface, obscuring the shape of the laser-induced microstruc-
ture below. However, the deposited layer is not homogeneous and uniform, as evident
from the missing patches, under which the laser-textured copper surface is visible. This
was confirmed through EDS analysis, which detected a mixture of titanium and oxygen
stemming from the TiO2 deposits on most of the surface, while a lower percentage of these
two elements was detected, along with a notable percentage of copper on the flaked-
off patch.

The boiling of nanofluid with larger nanoparticles (490 nm) was performed at
0.001 and 0.1 wt.%. Boiling curves at 0.001 and 0.1 wt.% are shown in Figure 7a,c, re-
spectively, while the HTCs are shown in Figure 7b,d, respectively.
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At 0.001 wt.%, a significant shift in the boiling curves towards a lower surface su-
perheat was observed, while at 0.1 wt.%, the boiling curves are shifted toward higher
superheat values. The general observations match those made for the smaller nanopar-
ticle size. However, it was observed that after prolonged boiling of highly concentrated
nanofluid (0.1 wt.% for 4+ h), the boiling curves became very unstable (e.g., Figure 7c) due
to the very thick deposited layer on the surface, which also flakes off locally. SEM images
of the laser-textured sample after exposure to the boiling of 0.1 wt.% nanofluid with larger
nanoparticles are shown in Figure 8. Here, the underlying laser-induced microstructure
is evident, but the deposited layer is again heterogeneous. It is estimated that significant
flaking of the deposited layer occurred during the boiling process and after removal of the
sample due to the low adhesion strength. The EDS analysis confirmed a nearly perfect
atomic ratio of oxygen to titanium (2:1) for the TiO2 deposit.
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with large nanoparticles (i.e., L-0.1).

Interestingly, the boiling performance increase detected with larger nanoparticles at
0.001 wt.% was not observed at the same concentration using the smaller nanoparticle size.
It is likely that the small nanoparticles (two orders of magnitude smaller than the large
nanoparticles used in this study) form a thin, compact deposited layer without additional
nucleation sites (i.e., the HTC is not enhanced at comparable heat flux values), while
the increased wettability is able to raise the CHF value. On the other hand, much larger
nanoparticles (490 nm) form a more porous deposit, which offers additional cavities for
bubble nucleation, thus enhancing the HTC, but the overall effect on increasing the surface
wettability (and with that, the CHF value) is lower. A comparison of the SEM images taken
after boiling of 0.001 wt.% nanofluid, with both small and large nanoparticle size, is shown
in Figure 9. Only a thin layer of small nanoparticles remains on the laser-induced structured
after boiling the 0.001 wt.% nanofluid and is only evident at higher magnifications. On the
contrary, larger nanoparticles deposited at the same concentration are more clearly visible
and seem to fill a part of the laser-induced surface channels.



Nanomaterials 2022, 12, 2611 14 of 22Nanomaterials 2022, 12, x FOR PEER REVIEW 14 of 22 
 

 

 
Figure 9. (a) SEM images of the laser-textured sample LT after exposure to boiling 0.001 wt.% 
nanofluid with small nanoparticles (i.e., S-0.001) and (b) after exposure to boiling 0.001 wt.% 
nanofluid with large nanoparticles (i.e., L-0.001). 

The HTC is enhanced by 49% after 5 h of boiling at the concentration of 0.001 wt.%, 
and both the CHF and the HTC enhancements are stable. The CHF enhancement is more 
pronounced with larger nanoparticles at 0.1 wt.%, with the highest value reaching 2021 
kW m−2, which represents an 86% enhancement over the highest CHF recorded for the 
0.001 wt.% Enhancement of the CHF was recorded for all performed runs, which was at-
tributed to better wettability characteristics of the surface exposed to the boiling of the 
concentrated nanofluid. Increased wettability compared to the results for the boiling of 
pure water on the LT surface was confirmed by the measurement of the static contact 
angle after boiling. The contact angle after boiling with the 0.1 wt.% nanofluid was 13.5°, 
and 29.8° for the 0.001 wt.% nanofluid. 

A further investigation was performed by mixing 0.05 wt.% of small and 0.05 wt.% 
of large size nanoparticles, respectively. The boiling curves and HTCs are shown in Figure 
10. 

 
Figure 10. Boiling of TiO2-water nanofluid with 0.05 wt.% of small size and 0.05 wt.% large size 
nanoparticles, respectively: boiling curves (a) and heat transfer coefficients (b). 

The boiling curves are again shifted toward a higher surface superheat, which 
matches the behavior when 0.1 wt.% nanofluid was boiled with either small or large na-
noparticles. After the first experimental run, the surface superheat increased significantly, 
which was likely caused by the presence of small size nanoparticles that filled the micro-
cavities and surface channels, thus decreasing the active nucleation site density. As the 
latter decreases, so does the HTC. CHF was again not recorded after the first hour of 

Figure 9. (a) SEM images of the laser-textured sample LT after exposure to boiling 0.001 wt.%
nanofluid with small nanoparticles (i.e., S-0.001) and (b) after exposure to boiling 0.001 wt.% nanofluid
with large nanoparticles (i.e., L-0.001).

The HTC is enhanced by 49% after 5 h of boiling at the concentration of 0.001 wt.%,
and both the CHF and the HTC enhancements are stable. The CHF enhancement is
more pronounced with larger nanoparticles at 0.1 wt.%, with the highest value reaching
2021 kW m−2, which represents an 86% enhancement over the highest CHF recorded for
the 0.001 wt.% Enhancement of the CHF was recorded for all performed runs, which was
attributed to better wettability characteristics of the surface exposed to the boiling of the
concentrated nanofluid. Increased wettability compared to the results for the boiling of
pure water on the LT surface was confirmed by the measurement of the static contact angle
after boiling. The contact angle after boiling with the 0.1 wt.% nanofluid was 13.5◦, and
29.8◦ for the 0.001 wt.% nanofluid.

A further investigation was performed by mixing 0.05 wt.% of small and 0.05 wt.% of
large size nanoparticles, respectively. The boiling curves and HTCs are shown in Figure 10.
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Figure 10. Boiling of TiO2-water nanofluid with 0.05 wt.% of small size and 0.05 wt.% large size
nanoparticles, respectively: boiling curves (a) and heat transfer coefficients (b).

The boiling curves are again shifted toward a higher surface superheat, which matches
the behavior when 0.1 wt.% nanofluid was boiled with either small or large nanoparticles.
After the first experimental run, the surface superheat increased significantly, which was
likely caused by the presence of small size nanoparticles that filled the microcavities and
surface channels, thus decreasing the active nucleation site density. As the latter decreases,
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so does the HTC. CHF was again not recorded after the first hour of boiling due to very high
surface temperatures and the danger of damage to the setup, but the achieved maximal
heat flux values were notably lower than for the 0.1 wt.% nanofluid with large particles,
but higher than for the same concentration of nanofluid with small nanoparticles.

SEM images of the surface after exposure to the boiling of nanofluid with mixed
particle size (i.e., MIX-0.05) are shown in Figure 11.
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Figure 11. SEM images of the laser-textured sample LT after exposure to boiling of nanofluid with a
mixture of 0.05 wt.% of small nanoparticles and 0.05 wt.% of large nanoparticles (i.e., MIX-0.05).

It is noticeable that the surface is rather uniformly covered with a deposited layer, and
the laser-induced structures are not visible. However, the deposit is again inhomogeneous.

3.3. Contact Angle Measurments

The static contact angle of water was measured on each surface to determine its
wettability and help explain the observed boiling behaviors, especially in terms of the effect
of nanoparticle deposition onto the surface during the experiments. The recorded values,
obtained through measurements at different points in time, as previously explained in
Section 2.1, are depicted and compared in Figure 12.
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Figure 12. Static contact angle measurements on all surfaces before boiling, after boiling, and
after storage.

Laser textured surfaces were initially superhydrophilic immediately after processing,
and the contact angle of the bare copper surface was 82◦ before the boiling experiments.
After the boiling experiments with water on the laser textured surface and the reference
surface, the contact angles increased, as was shown in previous studies [51]. After the
boiling experiments, the wettability of the surfaces changed due to the deposition of
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nanoparticles. The increase in the contact angles of surfaces is slightly higher after boiling
with low-concentration nanofluids than for the contact angles measured after boiling with
high-concentration nanofluids. This could be due to the higher deposition rate at higher
concentrations, which causes a thicker layer of deposited TiO2 nanoparticles on the surface.
TiO2 nanoparticles are (super)hydrophilic, and a thick layer of them on the surface leads to
the surface staying in a hydrophilic state. At lower concentrations and for the small-sized
nanoparticles, the deposited layer on the surface is thinner. On the other hand, the larger
nanoparticles form more porous deposits, resulting in lower contact angles compared to
those for the smaller nanoparticles used in this study.

Additionally, all surfaces were exposed to ambient conditions for several days after the
boiling experiments were finished and then cleaned with a UV/ozone cleaner to remove
volatile organic compounds (VOC) and other carbon-based impurities. Contact angle
measurements were performed before and immediately after cleaning with the UV/ozone
cleaner. Afterward, the surfaces were again exposed to ambient air for three days, and the
contact angles were measured again. The results of the measurements show the contact
angles of all surfaces gradually increased over time, which was observed in many previous
studies [56,57], and this was confirmed by previous research [58,59]. The change in the
wettability is attributed to the adsorption of hydrophobic contaminants from the air. The
adsorption of polymeric organosilicon compounds was recently found to be important as
the most probable reason for the wettability transition of such samples in the laboratory
environment [60]. The air-exposed surfaces were then cleaned with a UV/ozone cleaner
for 30 min. This removes most typical contaminants, such as oils and greases, and other
contamination adsorbed during prolonged exposure to air [61]. The wettability of all
surfaces increased dramatically after the UV/ozone cleaning, but after exposing them to
the ambient air conditions for a further 3 days, the wettability again decreased.

3.4. Comparison of the Overall Boiling Performance

It was observed that regardless of the size of the nanoparticle, an increase in con-
centration had the same effect on the CHF and HTC, which agrees with the findings of
previous research [33,35,62–64]. The research groups in this field concluded that an in-
crease in nanoparticle concentration leads to the creation of a fouling layer on the surface,
which deteriorates HTC due to a decrease in active nucleation site density. In our case, the
laser-induced microcavities were filled with nanoparticles, leading to a decrease in contact
angle and a reduction in the number of cavities suitable for bubble nucleation [65,66]. Ad-
ditionally, the adhesion energy, which is defined as the horizontal component of the surface
tension force acting against the bubble growth, significantly increased with nanoparticle
deposition. This caused the bubble departure frequency to decrease and prolonged their
growth times. On top of that, the fluid was wetting the entire deposited layer, which
lead to deterioration of the active nucleation sites on the surface [67]. On the other hand,
the layer formed on the surface improved the wettability, capillary wicking action, and
constitution of inflow liquid inside the fouling layer [62,63,68], which effectively increased
the achievable heat flux values without CHF incipience.

A comparison of the boiling performance of nanofluids with small nanoparticles
with the performance of twice-distilled water on the reference and LT surface is shown in
Figure 13. Nanofluids at both concentrations deteriorated the heat transfer parameters,
in comparison with the boiling of pure water, on the LT surface. Additionally, at the low
concentration, the boiling performance also decreased compared to the boiling performance
of water on the untreated reference surface. The highest deterioration in HTC recorded at
CHF was measured to be 60% at the low and 89.5% at the high nanoparticle concentration
compared to the HTC recorded on the LT surface with the base fluid (water) at CHF.
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Furthermore, Figure 14 shows a comparison of the boiling performance of nanofluids
with the performance of twice-distilled water on the reference and LT surface. Here, a
deterioration of the HTC when using the nanofluid instead of pure water is also recorded.
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Figure 15 shows a comparison of the performance of the laser-textured surface, when
used either with water (denoted as LT), or with nanofluids, relative to the boiling perfor-
mance of pure water on the untreated reference surface (REF). At low and medium heat flux
values, the reference surface provides superior performance during the first experimental
run and only at high heat fluxes, the laser-texturing and nanoparticle deposition enhance
the HTC (Figure 15a). However, after 5 experimental runs were performed on each surface,
the performance of the laser-textured surface used with pure water or 0.001 wt.% large
nanoparticle nanofluid significantly exceeds the performance of the untreated surfaces.
This is mainly attributed to the increased number of potential active nucleation sites on
both surfaces, as shown in the SEM images and discussed previously. On the other hand,
the deterioration of HTC is exacerbated on other surfaces, with its values being up to
75% lower compared to those of pure water boiling on the untreated surface. The main
cause for the deterioration of boiling performance is the growth of a thick nanoparticle
deposit layer, which raises the surface temperature due to increased thermal resistance
of the deposited titanium dioxide layer. The obtained results are in accordance with the
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findings of other authors for large nanoparticles and mixed sizes of nanoparticles [69], and
also for nanofluids with small nanoparticle diameters [70].
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Figure 15. Comparison of HTC for different boiling media (pure water or nanofluids) relative to the
performance of the untreated reference surface during the 1st run (a) and during the 5th run (b).

Significant enhancement of the CHF was not observed at 0.001 wt.% compared
to the CHF for pure water on either the laser-textured or untreated surface, while the
highly concentrated nanofluid evidently caused thicker deposits, resulting in significant
increases in the CHF value. Enhanced CHF can be mainly be attributed to the increased
wettability [69,71] of the surfaces and their porosity; this also agrees with the contact angle
measurements after boiling, shown in Figure 12.

Finally, a comparison of all boiling curves for the first and last experimental run is
made in Figure 16a,b, respectively, to elucidate the effect of both nanoparticle concentration
and size on boiling performance. Additionally, the corresponding plots comparing HTC
values at selected heat fluxes are shown in Figure 16c,d.

During the first experimental run, an enhancement of boiling performance in terms of
increased HTC at medium and high heat flux values was observed for the laser-textured
surface tested with pure water, for both mixed nanoparticle size nanofluid and for both
low-concentration nanofluids (0.001 wt.%). A noticeable CHF increase was obtained with
highly concentrated nanofluids (0.1 wt.%), but high surface superheat values were already
recorded for the nanofluid with large nanoparticles, hinting at thicker deposits and prob-
lems during future testing. It can be concluded that large nanoparticles agglomerate much
faster, which improves the deposition rate, leading to a reduction in the number of active
nucleation sites. This observation is not in accordance with previous research, which con-
cluded that if the size of nanoparticles is much smaller than the roughness of the surface, an
enhancement of boiling performance will be achieved. While even the large nanoparticles
are approximately two orders of magnitude smaller than the laser-induced roughness, a
deterioration in boiling performance was observed, matching previous reports for larger
ratios of nanoparticle size to surface roughness [70,72]. Here, we report that regardless
of the sizes of nanoparticles, the HTC of nanofluids at the higher concentration on laser-
textured surface decreases compared to the boiling of water on the same surface. The last
experimental run on each surface revealed that highly concentrated nanofluids provided
a notable CHF enhancement, but universally at the expense of notable surface superheat
increase, which reached 100 K for nanofluid containing 0.1 wt.% of small nanoparticles.
Overall, CHF enhancement due to the boiling of nanofluid on laser-textured surfaces was
not observed at the low concentration.
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4. Conclusions

The pool boiling performance of TiO2-water nanofluids with two different sizes of
nanoparticles (4–8 nm and 490 nm) at two different concentrations (0.001 wt.% and 0.1 wt.%)
was investigated on laser-textured copper surfaces. The following conclusions were made
based on the results of the performed experiments:

1. The boiling of nanofluids on an already enhanced (i.e., laser-textured) surface failed
to provide a notable (additional) enhancement of the heat transfer coefficient.

2. At a low nanoparticle concentration, the influence of nanofluid on boiling performance
is minimal, with heat transfer coefficient and CHF values comparable to those obtained
using pure water on both the untreated and laser-textured surface.

3. The boiling of a nanofluid with a high nanoparticle concentration resulted in signifi-
cant 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.

4. 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. Furthermore, thicker nanoparticle deposits resulted
in added thermal resistance. While the surface porosity granted a notable delay in
CHF incipience due to enhanced liquid replenishment, the surface superheat was
massively increased.

In summary, the use of nanofluids on surfaces previously functionalized with surface
treatment methods (e.g., laser texturing) was generally proved to be unable to provide an
additional viable heat transfer performance enhancement.
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56. Gregorčič, P.; Conradi, M.; Hribar, L.; Hočevar, M. Long-term influence of laser-processing parameters on (Super)hydrophobicity
development and stability of stainless-steel surfaces. Materials 2018, 11, 2240. [CrossRef]
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