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Abstract: This work aims to study the impact of nanofluids with alumina particles on pool boiling
performance. Unlike most studies, which use a trial-and-error approach to improve boiling perfor-
mance parameters, this study details the possible effects of nanoparticles on the effective mechanisms
of boiling and heat transfer. For this purpose, biphilic surfaces (hydrophilic surfaces with superhy-
drophobic spots) were used, which allow the individual analysis of bubbles. Surfaces with different
configurations of superhydrophobic regions were used. The thermophysical properties of fluids
only vary slightly with increasing nanoparticle concentration. The evolution of the dissipated heat
flux and temperature profiles for a nucleation time frame is independent of the fluid and imposed
heat flux. It can be concluded that the optimal concentration of nanoparticles is 3 wt%. Using this
nanoparticle concentration leads to lower surface temperature values than those obtained with water,
the reference fluid. This is due to the changes in the balance of forces in the triple line, induced
by increased wettability as a consequence of the deposited particles. Wherefore, smaller and more
frequent bubbles are formed, resulting in higher heat transfer coefficients. This effect, although
relevant, is still of minor importance when compared to that of the use of biphilic surfaces.

Keywords: alumina nanofluids; pool boiling heat transfer; bubble dynamics; biphilic surfaces; wettability

1. Introduction

Technological development observed in the last decades has led to the constant search
for new, improved, and more efficient mechanisms in many high technology industries,
such as electronics, communication, and manufacturing. Increasing server rack density
and chip density, new use cases such as harsh edge computing environments, and pressure
to reduce energy consumption during data center cooling are expected to drive the cooling
market [1].

However, the higher performance of the devised equipment raises the need for inno-
vative cooling systems capable of dissipating the high heat fluxes associated. The cooling
market is projected to grow from USD 243 million in 2021 to USD 700 million by 2026, at a
CAGR of 23.6% from 2021 to 2026 [2].

At the same time, the global heat transfer fluids (HTFs) market size is expected to grow
from USD 3.1 billion in 2020 to USD 4.9 billion by 2025, at a Compound Annual Growth
Rate (CAGR) of 9.9%. This high growth is due to the increasing awareness regarding energy
conservation and high demand in chemical, oil and gas, and renewable energy end-use
industries [2].

The defense industry also has similar needs, but where the equipment is exposed to
very harsh environmental conditions. This is particularly relevant in the portable electronic
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equipment and, for instance, in the use of drones, which has dramatically widened its range
of application in several military operations, particularly since 2018 [3]. In this context,
air-based cooling systems fail completely in meeting the required heat transfer rate inherent
to more powerful and compact equipment. Hence, liquid coolants are more reasonable to
be used [4].

Nevertheless, conventional heat transfer liquids like water, ethylene glycol, and engine
oil still have poor thermophysical properties [5]. Hereupon researchers tried to enhance
the thermal conductivity of these coolants by suspending solid particles in the fluid [6–8].

As it is well known, solid particles, such as metals, have high thermal conductivity,
and therefore, liquids containing them are expected to present better thermal properties.
Numerous theoretical and experimental studies have been conducted with micro and
larger-sized particles since Maxwell’s work, more than one hundred years ago [9]. How-
ever, such large particles do not have an interest in practical applications due to problems
like sedimentation, erosion, fouling, and increased pressure drop [10]. Modern technology
provided the tools to produce nanometric scale particles, which are suspended in a base
fluid, constitute a nanofluid, as it was first named by Choi [11]. This new type of fluid
reduces the problems associated with common slurries and presents enhanced thermo-
physical properties compared to common coolants [12]. However, problems related to the
accurate characterization of nanofluid properties, their stability, and the reproducibility
of the thermophysical properties depending on the preparation method gave rise to a
number of critical reviews on the use of nanofluids, e.g., Khan and Ali [13], Kamel and
Lezsovits [14], Ciloglu and Bolukbasi [15], and Murshed et al. [16], particularly for pool
boiling applications.

In fact, the use of liquid phase change has been intensively explored for cooling
applications to take advantage of the latent heat of evaporation. Despite the aforementioned
problems when using nanofluids, most that most pool boiling studies have focused on heat
transfer enhancement strategies based on surface modification (topography) [16]. Several
authors have already explored the use of nanofluids in pool boiling applications [17].
However, in light of the literature analyzed, it is still not clear how nanofluids affect pool
boiling most important parameters, such as the critical heat flux (CHF) and the boiling
heat transfer coefficient (BHTC). You et al. [18] reported three times to increase in CHF
using alumina (Al2O3)/water nanofluid with no apparent change in BHTC. Additionally,
Tu et al. [19] reported an improvement of 64% in BHTC, and Wen and Ding [20] 40%
enhancement for 1.25 wt%, both using Al2O3/water nanofluids. On the other hand,
Das et al. [21] observed deterioration in boiling performance using the same fluid. This
type of inconsistency appears quite often throughout the literature. Thus, it is imperative
to conduct more research on pool boiling, where several factors, properly specified, must
be considered and fully characterized.

Despite these contradictory results, it is possible to establish some conclusions:

• Pool boiling performance is affected by nanofluids thermophysical properties, and
therefore by its size, concentration, and type of particles used;

• During the nanofluids boiling process, there is a continuous accumulation of particles
in the surface, depending on concentration and boiling time;

• The enhancement or deterioration of boiling heat transfer is dependent on the surface
particle interaction. Factors like surface topography, wettability, and capillary wicking
play an important role in this matter;

• The use of additives, like surfactants, stabilizes the fluid and, depending on its concen-
tration, can increase boiling heat flux;

• Almost all researchers state that nanofluids increase CHF. However, the same does
not happen with the BHTC. Results show that this parameter can be deteriorated,
increased, or remain unchanged with the use of nanofluids.

In this context, the present paper addresses a critical perspective on the use of alumina
nanofluids in pool boiling performance for cooling applications. Special emphasis is given
to the effect that nanoparticles deposition plays on wettability, and how it can contribute to
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the improvement or deterioration of heat transfer processes. Alumina was selected as it
is an inexpensive nanofluid, stable, and easy to prepare, so it is appropriate for industrial
applications. On the other hand, the use of alumina nanofluids is widely reported in the
literature, thus enabling more critical analysis of the results. Finally, the use of alumina
nanofluids is combined with the use of biphilic surfaces, which is still scarcely reported in
the literature. The results obtained here may complement our previous studies on biphilic
surfaces [22] in which single superhydrophobic regions on a hydrophilic surface were
tested in pool boiling conditions.

2. Materials and Methods
2.1. Materials and Methods

The scheme in Figure 1 identifies the main components of the experimental arrange-
ment. The main component of the experimental setup is the boiling chamber (index 1 of
Figure 1), where the experiments are conducted.
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Figure 1. Schematic view of the experimental setup: (1) boiling chamber, (2) funnel, (3) condensed
fluid recipient, (4) computer, (5) tank base, (6) DC power supply, (7) high-speed camera, (8) infrared
camera, (9) LED, and (10) Personal computer.

The boiling chamber is filled through a funnel (index 2), with a tube and a valve con-
necting them. Subsequently, the fluid is degassed and heated by means of two resistances,
namely a coil and a cartridge heater. The experiments are performed under controlled
temperature and pressure conditions, always being monitored. To assure that the tem-
perature is held constant, a proportional integral derivative (PID) controller is connected
both to a type K thermocouple and the cartridge heater, turning off the resistance when a
defined value is reached. An open system, with the vapor formed during boiling, flowing
through a tube into a recipient, where it condensates (index 3), maintains the boiling tank
at atmospheric pressure. A pressure sensor (OMEGA DYNE, Inc., Sunbury, Ohio) at the top
of the tank and a type K thermocouple near the surface are connected to data acquisition
equipment (DAQ), transmitting the information to a computer (index 4). In the base of the
tank, it is located the test surface, a stainless-steel sheet (AISI304), where the nucleation
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phenomena take place (index 5). The surface is heated by the Joule effect, applying direct
current supplied by an HP 6274B DC power supply (index 6). The boiling process is cap-
tured using two different cameras: a Phantom v4.2 high-speed camera (index 7), allocated
next to and facing a window of the tank; and an Onca MWIR-InSb-320 (Xenics) infrared (IR)
camera placed under it (index 8). The boiling chamber is illuminated by a LED backlight
(index 9). Both cameras are connected to the same computer (index 10), where the images
can be visualized in real-time and saved for subsequent analysis.

2.2. Surface Preparation

The test surfaces were mainly stainless-steel thin foils (20 µm thick) to which super-
hydrophobic patterns (1.5 mm diameter spots) were applied. The surfaces were prepared
following the procedure described below:

1. A stainless-steel sheet (AISI304) was cut with well-defined dimensions (50 × 38 mm);
2. Two small steel blocks, properly sanded and cleaned, were welded to the ends of two

copper wires;
3. The blocks were welded to the steel sheet ends;
4. A thin layer of high-temperature silicone was poured on the thermal glass, where the

test surface previously cleaned with acetone was glued. The surface was properly
pressed against the glass to remove possible air pockets. The silicone was allowed to
dry and cure for twelve hours;

5. The free ends of the copper wires were fixed to a female electrical connector, isolated
from the base of the reservoir with ceramic washers;

6. Kapton insulating tape was glued at the end of the stainless-steel sheet to preclude
the occurrence of boiling in undesired places;

7. A metal sheet with the patterns to form the superhydrophobic regions (wholes done
by laser) were used to serve as stencil;

8. Three layers of the superhydrophobic coating were applied at 30 min intervals. After
the last layer, the surface is allowed to dry and cure for 12 h;

9. The stencil is then removed, revealing the superhydrophobic patterns. Excessive
spray and other impurities are cleaned using acetone and distilled water.

2.3. Nanofluids Preparation

The working fluids used in this work were water and Al2O3/water nanofluids with
different concentration values (0.05 wt%, 0.5 wt%, 1 wt%, 1.5 wt%, 2 wt%, 2.5 wt%, and
3 wt%). The alumina nanoparticles have diameters between 40 and 50 nm. The nanofluids
produced had a white color and were opaque, which disables the use of the high-speed
camera for the largest nanoparticles concentrations. Given that all nanofluids used were of
the same type (alumina/water mixtures), for simplicity, they will only be referred by their
concentration in weight percentage.

The nanofluids were prepared using the two-step method [23]. As the concentration
values used are expressed in weight percentage, the first two steps were to weigh both
nanoparticles and water needed to achieve the desired concentration. For this purpose,
the UWE HGS-1500 scale was used to weigh the distilled water, and a more precise
balance (KERN ABJ-NM/ABS-N) was used to weight the nanoparticles. Then, water and
nanoparticles are mixed in a recipient and are well manually stirred. The third step is
additional stirring, using a magnetic stirrer (Rotilabo MH-15), working at 1100 rpm for
15 min. Once the stirring was completed, the fluid was homogenized and was ready for the
final step, the ultrasonication. The ultrasonic probe of the sonicator (Hielscher UPT200Ht)
was inserted into the fluid recipient and left to operate at 60% amplitude for 90 min. To find
the optimum amplitude and sonication time, several sedimentation tests were performed.
Nanofluids exhibited good stability due to the sonication performed and confirmed by
UV spectroscopy showing, therefore, that they were in the correct condition to perform
the experiment.
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2.4. Surface and Fluids Characterization

Once the surface and the working fluid had been prepared, it was important to
characterize the fluid surface tension and the interaction between the fluid and the surface
(wettability). This characterization was performed before and after the boiling test so that
it could be assessed whether the experiment influences these properties and to assure that
wetting properties of the surface remain similar at the beginning of every experiment. Both
parameters were measured using an optical tensiometer (THETA from Attension).

In order to define surface wettability, the static contact angle (θ) was measured on
the hydrophilic region, and this same angle, as well as the quasi-static advancing (θa)
and receding (θr) angles, and hysteresis (∆θ) were measured for the superhydrophobic
regions. To measure the contact angle, using the sessile drop method [24], droplets with
1.5 µL volume were placed on the surfaces, and a video with 10 s at 12 fps was recorded.
Then, the frames were analyzed with the OneAttension software, which uses a drop
detection algorithm based on the Young–Laplace equation [25]. The final angle value for
the hydrophilic and superhydrophobic regions was an average of 3 to 4 measurements
distributed within the area of interest, to be representative of each area [25].

Regarding the quasi-static angles, the process was similar, with the exception that
after the droplet is placed on the surface, additional fluid was inflated or deflated at a very
low flow rate (0.5 µL/s and 1 µL/s, respectively). The value of the quasi-static advancing
and receding angles are given by the first frame where the triple line between the droplet
and the surface advances or recedes, respectively. The difference between these two angles
is the hysteresis. The fluids’ surface tension (σ) was measured using the same principles
used for wettability; however, instead of placing the droplet on the surface, this was left
suspended at the tip of the needle. The surface tension was calculated according to the
droplet weight, using a balance of forces. The effective density (ρe f f ), specific heat (Cp, eff ),
viscosity (µe f f ), and thermal conductivity (ke f f ), were calculated using Equations (1)–(4),
respectively. So, the density of the nanofluids was estimated based on the physical principle
of the mixture rule [26]. The specific heat was calculated using the same principle used for
density and assuming thermal equilibrium between the nanoparticles and the basefluid
phase [26]. Effective dynamic viscosity was evaluated from Einstein’s model [27], and
the thermal conductivity was determined using Maxwell’s model [9]. Water and alumina
properties were taken from Incropera et al. [28]. In these equations, ρ stands for density,
V represents volume and φp =

Vp
Vf +Vp

. The subscripts f and p refer to the basefluid and
nanoparticles, respectively.

ρe f f =
(m

V

)
e f f

=
m f + mp

Vf + Vp
=

ρ f Vf + ρpVp

Vf + Vp
=
(
1− φp

)
ρ f + φpρp (1)

(
ρCp

)
e f f = ρe f f

(
Q

m∆T

)
= ρe f f

(
mCp

)
f ∆T +

(
mCp

)
p∆T(

m f + mp
)
∆T

⇒ Cp,e f f =

(
1− φp

)(
ρCp

)
f + φp

(
ρCp

)
p(

1− φp
)
ρ f + φpρp

(2)

µe f f =
(
1 + 2.5φp

)
µ f (3)

ke f f = k f

kp + 2k f + 2φp

(
kp − k f

)
kp + 2k f − φp

(
kp − k f

) (4)

Table 1 summarizes the main thermophysical properties of the working fluids used in
the present work as determined from the aforementioned equations.

2.5. Pool Boiling Experiments

Heat flux was imposed by the Joule effect on the heating surface. Several current
intensities were used during the experiments, so one could evaluate the boiling performance
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for different imposed heat fluxes. The resistance (R) of the stainless-steel sheet is given by
the following equation [29]:

R = ρ′
L

wz
= 0.05Ω (5)

where the sheet resistivity is ρ′ = 76× 10−8 Ω·m, its length L = 0.05 m, width w = 0.038 m,
and thickness z = 20× 10−6 m. The power supplied (P) is given by the product of the
resistance of the sheet by the second power of the current intensity (I):

P = R× I2 (6)

Using the simple equation that defines the heat flux, power over surface area (As),
is now possible to relate the imposed heat flux (q′′ ) with current, and sheet properties,
as follows:

q′′ =
P
As

=
R× I2

As
(7)

The different current intensities and respective power and heat fluxes are depicted
in Table 2.

Table 1. Working fluids thermophysical properties at saturation temperature (373.15 K = 100 ◦C)
and atmospheric pressure (1.013× 105 Pa).

Fluid ρeff (kg/m3) Cp,eff (kJ/(kg·K)) µeff (mPa·s) keff (W/(m·K))

water 957.85 4.217 0.279 0.680
0.05 wt% 958.23 4.215 0.279 0.680
0.5 wt% 961.65 4.200 0.280 0.682
1 wt% 965.47 4.184 0.281 0.685
1.5 wt% 969.33 4.167 0.282 0.687
2 wt% 973.21 4.151 0.283 0.690
2.5 wt% 977.13 4.134 0.283 0.692
3 wt% 981.07 4.117 0.284 0.695

Table 2. Power and heat flux values imposed by varying the current intensity.

I (A) 3 5 7 9 12
P (W) 0.45 1.25 2.45 4.05 7.2
q′′
(
W/m2) 237 658 1290 2132 3790

As aforementioned, a high-speed video and a high-speed thermal camera were syn-
chronized to collect data during the boiling experiment. The frame rate of both cameras
was set to 1300 fps. The resolution of the video camera was 45 micron/pixel, while the
resolution of the thermographic camera was 127 micron/pixels. Nevertheless, the high-
speed camera could not be used with the nanofluids with higher concentrations since
they were opaque, and consequently, it was impossible to observe nucleations using this
camera. Therefore, it was only be used for setup validation purposes, as well as to establish
a parallelism between bubble detachment and thermographic data.

Bubble dynamics and thermal images were treated using an in-house routine devel-
oped in MATLAB, as in [22,30].

2.6. Uncertainty Analysis

The uncertainties associated with the different equipment used are given in Table 3.
The uncertainty in bubble diameter estimation relies mainly on two parameters: the

conversion factor from pixels to millimeters (C f ) and the associated error (∆C f ), and the
error in detecting bubble boundary (ebb) [30]. The first is obtained with a millimetric scale
and was estimated as ±5%. The second depends on the threshold chosen in the image
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processing routine, which was of the order of ±2 pixels for less defined bubble boundaries.
Then, the uncertainty associated with the bubble diameter can be calculated as:

e(d) =
∆d
d

=

√√√√(∆C f

C f

)2

+

(
2ebb
dC f

)2

(8)

Table 3. Equipment uncertainties.

Equipment Uncertainty

Scales ±0.01 g, ±0.1 mg
OMEGA DYNE sensor ±1.6 mbar
PID controller ±1 ◦C
Power Supply ±0.5 A
Type K thermocouples ±0.5 ◦C
Theta Tensiometer ±0.1◦, ±0.01 mN/m
Onca MWIR-InSb-320 camera ±0.5 ◦C

Another error appears when it is defined the tangent line to the bubble, to calculate the
contact angle. The worst-case comes when, after two pixels are counted horizontally, the
line has a vertical offset of one pixel. This situation leads to an absolute error of 11.31◦ [30].

Regarding thermographic analysis, there are essentially two major sources of uncer-
tainty: the type K thermocouple, which measures the temperature at which the background
video is recorded, and the ADU scale reading and subsequent conversion to temperatures.
The error associated with the thermocouple (∆Tt) is ±0.5 ◦C. The error in converting the
ADU scale to temperatures (∆Tc) is ±0.5 ◦C. Hence, the uncertainty inherent in calculating
temperatures can be estimated by:

e(T) =
∆T
T

=

√(
∆Tt

T

)2
+

(
∆Tc

T

)2
(9)

The maximum error obtained is e(T) = 0.707%, leading to uncertainty of ±0.707 ◦C.

3. Results and Discussion

The present section is divided into three main subsections. Hence, the first subsection
will discuss the alumina nanofluid properties and how they are affected by the concen-
tration of the nanoparticles. Emphasis is given to the effect of nanoparticles deposition
on wettability. The second section discusses the overall effect of the nanofluids on the
pool boiling performance. Boiling processes are studied on a hydrophilic stainless-steel
surface with a 1.5 mm circular superhydrophobic region. This surface configuration was
chosen as previous work [22] showed significantly improved control on the basic nucleation
phenomena, isolating influencing parameters and being able to focus on the impact of the
nanoparticles’ concentration. Once this effect is well defined, the final section will discuss
the combination of both effects (surface modification, using the biphilic pattern suggested
in [17] with the nanofluids.

3.1. Thermophysical Properties of the Alumina Nanofluids

The effective density (ρe f f ), specific heat (Cp,e f f ), viscosity (µe f f ), and thermal conduc-
tivity (ke f f ), were calculated using Equations (1)–(4). The results are depicted in Table 4.

Looking at the table, it can be noticed that the largest variations, relative to water,
occur for the nanofluid with the highest nanoparticle concentration. Density, viscosity,
and thermal conductivity increased with nanoparticle concentration increment, while the
specific heat decreased. However, the differences were quite small, and even for the highest
nanoparticle concentration, they were only around 2%.
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Table 4. Thermophysical properties of the working fluids, at saturation temperature (373.15 K = 100 ◦C)
and atmospheric pressure (1.013× 105 Pa).

Fluid ρeff (kg/m3) Cp,eff (kJ/(kg·K)) µeff (mPa·s) keff (W/(m·K))

water 957.85 4.217 0.279 0.680
0.05 wt% 958.23 4.215 0.279 0.680
0.5 wt% 961.65 4.200 0.280 0.682
1 wt% 965.47 4.184 0.281 0.685
1.5 wt% 969.33 4.167 0.282 0.687
2 wt% 973.21 4.151 0.283 0.690
2.5 wt% 977.13 4.134 0.283 0.692
3 wt% 981.07 4.117 0.284 0.695

During the experimental test, particles got deposited in several parts of the tank. In
particular, tank walls, heat resistance, and most of all, the tank base, which was included in
the test surface. The deposition of nanoparticles will lead to a decrease in concentration,
so the percentage increase that was previously estimated will actually be much lower due
to this phenomenon. In fact, nanoparticle deposition will change not only the concentra-
tion but even more relevant aspects, which are the surface-related parameters, including
wettability. The modification of surface appearance is visible after the experimental test, as
shown in Figure 2.
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Figure 2. Test surface: (a) clean; (b) with deposited nanoparticles, after the experiment with 3 wt%
concentration nanofluid.

Table 5 depicts the mean surface tension values, measured before and after the experi-
mental tests, for all working fluids.

Analyzing the values in the table it is not possible to establish a relation between
nanoparticle concentration and surface tension variation. Additionally, the differences
were small, and there were errors associated with the measurement, easily noticed by the
standard deviation (SD) values. Such discrepancy was reported for the same nanofluid, due
to different nanoparticle concentrations in each measure, especially after the experiment, in
which the fluid loses some stability. Furthermore, according to the literature, the surface
tension is much more susceptible to change with temperature rather than nanoparticle con-
centration. Hence, one can conclude that the surface tension is not significantly altered by
nanoparticle concentration. This is in agreement with previous works, e.g., Malý et al. [31].

The measured contact angles for both the hydrophilic and superhydrophobic regions
before the experimental test are summarized in Table 6.
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Table 5. Mean surface tension of all working fluids at a temperature of 20 ◦C.

Before the Experimental Test After the Experimental Test

Fluid σ (mN/m) (SD) σ (mN/m) (SD)

water 72.4 (0.8) - -
0.05 wt% 72.8 (0.5) 71.0 (0.3)
0.5 wt% 73.4 (0.7) 70.7 (1.4)
1 wt% 71.7 (0.8) 70.4 (3.8)
1.5 wt% 68.7 (1.0) 71.4 (2.1)
2 wt% 69.7 (0.5) 67.7 (0.7)
2.5 wt% 72.2 (0.7) 72.1 (1.1)
3 wt% 70.4 (0.3) 73.2 (0.6)

Table 6. Mean contact angles of all working fluids, for the hydrophilic and superhydrophobic regions,
before the experimental test, at a temperature of 20 ◦C.

Hydrophilic Superhydrophobic

Fluid θ (◦) (SD) θ (◦) (SD) θa (◦) (SD) θr (◦) (SD) ∆θ (◦)

water 64.3 (5.7) 159.9 (1.4) 159.3 (1.2) 158.3 (1.5) 1.0
0.05 wt% 77.3 (3.8) 156.5 (0.6) 158.5 (0.3) 158.6 (1.0) 0.1
0.5 wt% 71.7 (4.9) 160.3 (2.0) 159.0 (0.4) 160.3 (1.1) 1.3
1 wt% 82.5 (5.8) 156.9 (0.7) 158.3 (0.2) 160.4 (1.8) 2.1
1.5 wt% 82.1 (7.4) 158.3 (1.1) 157.9 (1.1) 159.7 (1.7) 1.8
2 wt% 84.8 (5.8) 160.6 (3.6) 159.5 (3.5) 157.6 (1.3) 1.9
2.5 wt% 75.1 (2.9) 159.6 (1.2) 159.7 (1.9) 159.1 (0.6) 0.6
3 wt% 64.4 (7.3) 160.7 (2.0) 159.9 (0.9) 159.4 (0.5) 0.5

The contact angle for the hydrophilic region varies between 60◦ and 90◦, which is
expected for this type of surface. There was no apparent relation between the concentration
of the nanoparticles and the variation of the contact angle. Nevertheless, higher contact
angles were obtained when using nanofluids, which indicates that the existence of nanopar-
ticles constitutes an obstacle for liquid spreading over the surface. Notwithstanding, all
fluids exhibited a large SD, which indicated that the contact angle varied a lot, depending
on the spot where it was measured. This is a known factor due to hysteresis [25].

Regarding the static contact angle for the superhydrophobic regions, it can be noticed
that all fluids had values above 150◦ and hysteresis less than 10◦; therefore, these regions
were indeed superhydrophobic. The static and quasi-static angles were comprised between
155◦ and 161◦; hence, the use of nanofluids does not affect these contact angles.

The measured nanofluid contact angles, for both hydrophilic and superhydrophobic
regions, after the experimental test are shown in Table 7.

Comparing with the values measured before the experiment, it can be seen that the
values of the superhydrophobic contact angle remained practically unchanged. There was
only a small decrease as a result of the deterioration of the spot throughout the experiment.
On the other hand, the values of the hydrophilic contact angle decrease substantially. After
the test, the contact angle was comprised between 30◦ and 60◦. On average, there was a
30◦ decrement as a result of the nanoparticles deposited during the experiment, which
formed a porous layer above the surface that promotes liquid spreading. This reduction
is in accordance with the literature [22], and as described before, surfaces with higher
wettability promote bubble detachment, as the balance of forces in the triple line is altered.

3.2. Thermophysical Properties of the Alumina Nanofluids

The lack of synchronization between the high-speed camera and the infrared camera,
due to nanofluids opacity, observed for higher nanoparticles concentrations, makes it
impossible to distinguish and individualize each nucleation. However, this problem can
be overcome by establishing a relation between bubble formation and thermographic
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parameters, such as the dissipated heat flux and the mean surface temperature for a certain
area. It is worth reminding that, for this part of the investigation, the surface in the study
is a stainless-steel surface with a 1.5 mm circular superhydrophobic region. To do this,
an experiment was conducted using water, with both cameras synchronized. Then, the
dissipated heat flux and the mean surface temperature were determined for a circular area
with twice the diameter of the superhydrophobic spot.

Table 7. Mean contact angles of nanofluids, for the hydrophilic and superhydrophobic regions, after
the experimental test, at a temperature of 20 ◦C.

Hydrophilic Superhydrophobic

Nanofluid θ (◦) (SD) θ (◦) (SD) θa (◦) (SD) θr (◦) (SD) ∆θ (◦)

0.05 wt% 57.8 (2.1) 159.7 (2.0) 160.4 (1.6) 159.2 (1.0) 1.2
0.5 wt% 40.7 (8.4) 159.7 (1.5) 158.7 (0.4) 159.6 (0.8) 0.9
1 wt% 50.8 (8.8) 156.9 (1.7) 157.8 (1.7) 158.6 (1.4) 0.8
1.5 wt% 59.6 (10.7) 155.4 (1.2) 157.0 (0.8) 153.2 (1.3) 3.8
2 wt% 54.6 (12.2) 155.7 (1.7) 155.9 (0.2) 155.0 (1.5) 0.9
2.5 wt% 41.5 (9.1) 153.8 (1.1) 153.1 (1.1) 153.7 (2.3) 0.6
3 wt% 37.5 (11.4) 156.4 (3.6) 155.9 (1.7) 155.2 (1.1) 0.7

The temporal evolution of the dissipated heat flux and mean surface temperature for
one video recorded with an imposed heat flux of 1290 W/m2 is depicted in Figure 3. The
plots also include the instant when a bubble detaches from the surface, and consequently, a
new nucleation beginning (red lines).
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Looking at Figure 3, both dissipated heat flux and mean surface temperature exhibited
a cyclical variation, marked by bubble detachment; that is, each nucleation presented
a similar behavior throughout the stages of bubble formation. It is important to notice
that these parameters show completely opposite behaviors. This trend observed was also
observed for the experiments with nanofluids.

In order to analyze the heat transfer promoted by the formation of bubbles in the
superhydrophobic region, the dissipated heat flux was evaluated for a nucleation time
frame for different imposed fluxes. The obtained results for water and the nanofluid with
the maximum concentration, as a function of dimensionless time, are shown in Figure 4.
Examining the three graphs, it can be concluded that the dissipated heat flux curve was not
altered when using nanofluids.
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Figure 4. Average dissipated heat flux for a nucleation time frame, for different imposed heat fluxes,
using water and 3 wt% concentration Al2O3/water nanofluid. The superhydrophobic region is
1.5 mm in diameter. (a) 1290 W/m2 (7 A). (b) 2132 W/m2 (9 A). (c) 3790 W/m2 (12 A).

The results suggest that the behavior of the dissipated heat flux curve was independent
of the imposed current intensity and the working fluid. The dissipated heat flux increased
in the early stages of bubble nucleation, promoted by previously bubble detachment, as a
result of fresh liquid renewal near the superhydrophobic region. A maximum value was
reached somewhere between the hemisphere formation phase and the beginning of vertical
elongation (for a non-dimensional time of t* = 0.1 and t* = 0.4, where t*/ttotal, being t the
time instant of the frame in analysis, counting from the instant when bubble nucleation
starts, and the total time that the bubble takes to form and detach from the surface).

As the bubble growth progresses, the layer of superheated vapor inside the bubble
increases significantly, reducing the ability to dissipate heat at its base. Consequently, the
dissipated heat flux will decrease until the final stages of the vertical elongation phase
(t* = 0.8 to t* = 0.9). Finally, in the necking phase, the dissipated heat flux undergoes a new
and substantial increment, caused by the decrease in the vapor mass directly above the
spot, which is now occupied by liquid—allied to the fact that necking also promotes vapor
movement inside the bubble, increasing the convective heat transfer coefficient. This rise
continues until bubble separation.

Averaging the temperature profiles of all nucleations along a horizontal line that goes
over the center of the superhydrophobic region, with twice its diameter, it is possible to
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draw a mean temperature profile. This procedure was done for the imposed heat fluxes of
1290 W/m2, 2132 W/m2, and 3790 W/m2. Those temperature profiles are shown in Figure 5.
The highest temperature occurs in the center of the superhydrophobic region, substantially
decreasing in the hydrophilic region. All working fluids presented a similar behavior when
rising the imposed heat flux. A substantial increment in temperature was observed in the
center of the superhydrophobic region and not that significant in the hydrophilic region.
This shows that heat dissipation is much more efficient in the hydrophilic region, given
that the convective heat transfer coefficient of water in this region is much higher than the
one of vapors inside the bubble.
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is 1.5 mm diameter. The imposed heat fluxes are: (a) 1290 W/m2 (7 A), (b) 2132 W/m2 (9 A), and
(c) 3790 W/m2 (12 A).

The comparison between the different fluids studied did not show any evident rela-
tion between the nanoparticles concentration augmentation and temperature variations.
Moreover, the temperature differences were small and were within the range of uncertainty.
However, the temperature differences are more significant for the superhydrophobic region,
at higher imposed heat fluxes, where there was a temperature increase for 1 wt% concentra-
tion (worse results) and a decrement for 2.5 wt% and 3 wt% concentration (better results).

Once completed the analysis of the dissipated heat flux and temperature profiles, it
was possible to draw the typical pool boiling curves: wall superheat versus dissipated heat
flux (Figure 6) and dissipated heat flux versus heat transfer coefficient (Figure 7).
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Figure 7. Dissipated heat flux versus heat transfer coefficient. The superhydrophobic region is 1.5 mm
in diameter.

Looking at Figure 6, it can be easily concluded that nanofluids only mildly influenced
the dissipated heat flux. Additionally, it could be verified that nanofluids do not signif-
icantly affect wall superheat. The largest variations occur at the highest dissipated heat
flux for 1 wt% and 3 wt% concentration. In the first case, the wall superheat was 0.35 ◦C
higher than water. In the second case, the wall superheat was 0.38 ◦C lower than water.
This means that, for the same dissipated heat flux, the temperature in the interest region
was 0.38 ◦C lower than for water, which represents a 15% decrease.
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To assess boiling performance, it is important to analyze heat transfer coefficient
variations. As illustrated in Figure 7, heat transfer coefficient increased progressively with
heat flux increment as a result of higher bubble frequency. The worst case is for 1 wt%
concentration, which exhibited a 202 W/(m2K) decrement in the heat transfer coefficient,
compared with water. Hence, for the same imposed heat flux, higher temperatures are
obtained. On the other hand, using a 3 wt% concentration was verified a 265 W/(m2K) heat
transfer coefficient increment, which corresponds to a 17% increase. This shows a higher
ability to dissipate heat; therefore, lower surface temperatures were reported (even though
absolute temperature differences are small).

3.3. Combining Nanofluids with Biphilic Surfaces

Once the impact of the alumina nanofluids was analyzed, the best performing nanofluid
was then combined with a biphilic surface, using a pattern of superhydrophobic regions
with 1.5 mm in diameter, 1.5 mm apart, following the recommendation of [17]. The
existence of multiple superhydrophobic regions promotes the onset of boiling for very low
superheat degrees (1–3 K) and the circulation of the cold flow on the hydrophilic region.
Additionally, the bubble coalescence also promoted fluid motion, resulting in greater heat
transfer coefficient. In order to evaluate the impact of bubble coalescence in boiling heat
transfer, the dissipated heat flux was analyzed for a nucleation time frame, for the different
imposed heat fluxes. The analysis performed here covers a circular area around the central
superhydrophobic spot with twice its diameter. The dissipated heat flux obtained for water
and 3 wt% concentration nanofluid, as a function of the dimensionless time, are depicted
in Figure 8.

Looking at the three different graphs, it is clear that the dissipated heat flux was
not altered when using nanofluids. Additionally, the curves depict a similar behavior,
regardless of the imposed current intensity. Initially, there was a small increase (up to
50 W/m2) in the dissipated heat flux, as a result of previously bubble detachment, that
promotes fresh liquid renewal near the superhydrophobic regions. Then, it stabilized
somewhere between hemisphere formation and bubble vertical elongation beginning
(t* = 0.2 and t* = 0.4). Posteriorly, unlike what happens for the single bubble case, in the
final phase of bubble growth (between t* = 0.8 and t* = 0.9), the dissipated heat flux started
to rise abruptly as a result of bubble interaction. At this stage of bubble formation, bubbles
came close to each other, touching in their maximum diameter point. This phenomenon
induced great fluid motion between bubbles, and the dissipated heat flux reaches its
maximum value at t* = 0.9. However, as bubbles continued to grow, they fully joined with
each other, at t* = 0.95, in what is called bubble coalescence. In this phase, a single and
larger bubble is formed. The space between bubbles that was occupied by liquid is then
fulfilled by vapor. The dissipated heat flux drops again quickly as a result of vapor lower
convective heat transfer coefficient and remains that way until bubble detachment.

Averaging the temperature profiles of all nucleations and videos, it is possible to draw
a mean surface temperature profile for both fluids. The results are shown in Figure 9.

For all imposed heat fluxes, there was a temperature decrement relative to water when
using the 3 wt% concentration nanofluid. Notwithstanding, the temperature differences
were small (no more than 5 ◦C), so further testing is necessary to make definite conclusions.
Still, the constant temperature reduction in the center of the superhydrophobic spot suggests
that the use of nanoparticles can lead to smaller bubbles. Either suspended or deposited
nanoparticles can contribute to changes in the balance of forces in the triple line. As a
result, bubble volume can decrease, and bubble frequency increase. On the other hand, the
temperature decrement in the hydrophilic region, for lower imposed heat fluxes, may be
due to deposited nanoparticles that improve heat transfer by conduction.

Averaging the temperature and dissipated heat flux, the typical wall superheat versus
heat flux graph can be drawn, as depicted in Figure 10.
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Figure 8. Average dissipated heat flux for a nucleation time frame, for different imposed heat fluxes,
using water and 3 wt% concentration Al2O3/water nanofluid. Multiple superhydrophobic spots
configuration. (a) 1290 W/m2 (7 A). (b) 2132 W/m2 (9 A). (c) 3790 W/m2 (12 A).

Looking at the figure, lower temperatures are obtained at the surface when using a
3 wt% concentration nanofluid. The largest difference occurred for 1290 W/m2, for which
the surface temperature was 0.6 ◦C lower when using the nanofluid. This corresponds to a
52% reduction. Temperature differences tended to attenuate as the imposed heat flux was
increased. Heat transfer coefficient evolution, as a function of the dissipated heat flux, is
represented in Figure 11.

Comparing the two fluids is clear that the 3 wt% concentration nanofluid shows better
boiling performance throughout the curve. This was particularly evident at lower imposed
heat fluxes. The maximum difference was obtained for 1290 W/m2, where an 1108 W/(m2K)
increase was observed relative to water. This represents an impressive 98% increment. Part
of this substantial gain may be due to increased conductive and convective heat transfer as
a result of deposited and suspended nanoparticles. Nevertheless, the prominent factor for
heat transfer coefficient enhancement shall be the formation of smaller and more frequent
bubbles, as a consequence of the deposited nanoparticles that improve wettability and lead
to changes in the balance of forces in the triple line. Despite the large improvement for
lower imposed heat fluxes, further studies are now required to extend these conclusions
drawn to the basic conditions that allow studying the fundamental processes of nucleation,
e.g., to extend the boiling curve to elevated heat fluxes.



Energies 2022, 15, 372 16 of 19Energies 2022, 15, x FOR PEER REVIEW 16 of 19 
 

 

 
(a) 

 
(b) 

 
(c) 

Figure 9. Mean surface temperature profiles. Septuple superhydrophobic region with 1.5 mm diam-

eter spots. The imposed heat fluxes are: (a) 1290 W/m2 (7 A), (b) 2132 W/m2 (9 A), and (c) 3790 W/m2 

(12 A). 

For all imposed heat fluxes, there was a temperature decrement relative to water 

when using the 3 wt% concentration nanofluid. Notwithstanding, the temperature differ-

ences were small (no more than 5 °C), so further testing is necessary to make definite con-

clusions. Still, the constant temperature reduction in the center of the superhydrophobic 

spot suggests that the use of nanoparticles can lead to smaller bubbles. Either suspended 

or deposited nanoparticles can contribute to changes in the balance of forces in the triple 

line. As a result, bubble volume can decrease, and bubble frequency increase. On the other 

hand, the temperature decrement in the hydrophilic region, for lower imposed heat 

fluxes, may be due to deposited nanoparticles that improve heat transfer by conduction. 

Averaging the temperature and dissipated heat flux, the typical wall superheat ver-

sus heat flux graph can be drawn, as depicted in Figure 10. 

Figure 9. Mean surface temperature profiles. Septuple superhydrophobic region with 1.5 mm
diameter spots. The imposed heat fluxes are: (a) 1290 W/m2 (7 A), (b) 2132 W/m2 (9 A), and
(c) 3790 W/m2 (12 A).
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So, in agreement with our previous studies, e.g., [17,22], biphilic surfaces show a
better performance than hydrophilic or superhydrophobic surface alone since, as they
combine extreme wetting characteristics, they promote the boiling to be triggered at very
low superheat values in the superhydrophobic regions, while promoting fluid flow within
these regions (in the remaining hydrophilic surface). Furthermore, the derived pattern
allows for a controlled bubble coalescence, which enhances the induced convection during
bubble detachment.

4. Conclusions

The present paper focused on the impact of alumina nanofluids within various con-
centrations on pool boiling over biphilic surfaces. The results show that the addition of
alumina nanoparticles to water at a 3 wt% concentration has the potential to enhance
pool boiling performance for the studied conditions. Using this nanofluid, the surface
temperature decreases in the center of the bubble, which suggests that smaller and more fre-
quent bubbles are generated. The most plausible reason for this to happen is the deposited
nanoparticles that result in surface wettability increment. Both deposited and suspended
nanoparticles can change the balance of forces in the triple line, affecting bubble growth, its
dimensions, and frequency. Additionally, nanoparticles can improve the convective heat
transfer due to enhanced turbulence, and the conductive heat transfer near the surface,
due to their higher thermal conductivity. This effect, although relevant, is still of minor
importance when compared to that of the use of biphilic surfaces. The biphilic pattern
clearly promotes fluid flow within the superhydrophobic regions, as well as a controlled
coalescence, which further promotes induced convection of fresh fluid near the surface.

Despite various challenges mentioned in this work, such as dispersion stability, the
studied nanofluids are improved working fluids that can be used for various energy
applications, especially when talking about energy performance in industrial applications.
Therefore, we can conclude that this study is a step further to understand the behavior of
nanofluids in experimental setups, also in industrial devices, or real facilities.
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