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Abstract: The current work aims to experimentally evaluate the effect of the size of circular superhy-
drophobic regions of biphilic surfaces on the bubble dynamics under pool boiling conditions. Biphilic
surfaces are structured surfaces with tunable wettability, presenting an array of hydrophobic small
spots in a hydrophilic surface or vice versa. The factors that affect the bubble dynamics are of geomet-
ric nature such as the diameters of the bubbles, their volume, and the height of the centroid, and of
more complex nature such as the departure frequency of the bubbles and the rate of evaporation mass
transfer. In this study, the bubble dynamics and boiling performance were evaluated by adjusting the
diameter of the single circular superhydrophobic regions. A stainless steel AISI 304 foil was used
as the base hydrophilic region, and the superhydrophobic regions were made by spray coating the
NeverWet® superhydrophobic solution over well-defined masks. The main conclusion was that the
bubble dynamics are clearly affected by the diameter of the superhydrophobic spots. The smaller
spots favored the generation of more uniform and stable bubbles, mainly due to the border surface
tension forces’ dominance. With the increase in the diameter of the bubbles, the surface tension acting
at the border with the much larger hydrophilic region impacts the process less. Thus, the smaller
superhydrophobic regions had higher evaporation mass transfer rates. The region with the best pool
boiling performance along with improved bubble dynamics was the superhydrophobic region with
an 0.8 mm diameter, corresponding to a superhydrophobic area to total area ratio of 0.11%. Moreover,
this experimental work confirmed that the bubble dynamics’ impacting factors such as the diameter
at the various stages of development of the bubbles can be modulated according to the final objectives
of the design and fabrication of the biphilic surfaces. The research significance and novelty of this
work come from the comprehensive study of the geometrical pattern of the heat transfer surface in
pool boiling conditions and its impact on the bubble dynamics and heat transfer capability. We also
suggest further studies considering nanoscale superhydrophobic spot arrangements and the future
usage of different working fluids such as nanofluids.

Keywords: heat transfer; nucleate boiling; biphilic surfaces; bubble dynamics

1. Introduction

Nowadays, the scientific community working in this field is perfectly aware that the
two-phase nucleate boiling regime is one of the most efficient heat dissipation processes.
This regime exhibits a considerably improved heat transfer performance, especially when
compared with the single-phase heat transfer procedures. Hence, the two-phase pool boil-
ing is used in a wide variety of purposes and technologies, which require the removal of
high heat fluxes, including the cooling and thermal stabilization of high-power electronic
components and systems [1], thermal and nuclear power plants [2], thermal desalination

Symmetry 2023, 15, 949. https://doi.org/10.3390/sym15040949 https://www.mdpi.com/journal/symmetry

https://doi.org/10.3390/sym15040949
https://doi.org/10.3390/sym15040949
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0001-7244-8611
https://orcid.org/0000-0001-9801-7617
https://orcid.org/0000-0001-5333-5056
https://doi.org/10.3390/sym15040949
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym15040949?type=check_update&version=1


Symmetry 2023, 15, 949 2 of 22

systems [3], aviation and space equipment [4], cryogenic engineering [5], and thermal man-
agement procedures based on the vaporization and condensation cycles using heat pipes,
heat exchangers, and thermosyphons [6]. The pool boiling process depends on a consider-
able number of factors including the temperature, pressure, and intrinsic thermophysical
characteristics of the working fluid, and heating surface morphology and properties. In
certain cases, an alteration in one of these factors may lead to serious consequences in the
heat transfer behavior and in the nucleate boiling crisis and may even lead to the erosion
or corrosion of the equipment in practical situations. These factors are also directly linked
with the achievable heat transfer coefficient (HTC) and critical heat flux (CHF) of the boiling
system, since they affect the saturation point of the operating fluid, nucleation active sites’
density, nucleation frequency, and postponing of the onset pool boiling. Moreover, the
most common strategies to enhance the HTC and CHF are based on the modification of
the heating surface, either by changing its morphology through structuring at micro- and
nanoscale or by tuning its wettability. In this sense, the first studies examining the nucleate
pool boiling heat transfer enhancement proposed, for instance, machining procedures to
modify the heating surface [7], the formation of re-entrant cavities [8], and porous coat-
ings [9]. The main conclusion of these approaches was related to increases in the HTC
and CHF during the pool boiling process on such surfaces, which were caused by the
formation of more nucleation sites and additional vapor trapping in the re-entrant cavities.
The fast development of nanotechnologies in the past few years has significantly provided
more feasible options for surface modification, especially at nanoscale, which have been
explored by various researchers to develop novel processes for boiling performance im-
provement. All these works demonstrated that the usage of modified enhanced surfaces
at nanoscale led to a noticeable heat transfer enhancement caused by the augmented va-
por entrapment and thin liquid film evaporation in the pores. Both effects can reduce the
surface superheating degree for a given working heat flux. Simultaneously, the stability
and durability of the coatings are still relevant concerns, given that they can make difficult,
or even impede, the implementation of one surface modification technique in practical
applications. Because of this, the search for the most adequate coating configuration and
fabrication techniques to improve the boiling heat transfer continues today. Nonetheless,
in this direction, Shi et al. [10] developed a multifunctional aviation aluminum alloy with
improved superhydrophobicity and corrosion resistance through a two-step process of
etching followed by polymer modification. The superhydrophobicity was achieved after the
polymer modification with fluorsilane, and the contact angle increased by about 101◦ after
the etching process. Additionally, the corrosion resistance of the metallic alloy increased by
up to 83.2% after etching for 7 min. The authors stated that the superhydrophobic character
of the surface appreciably enhanced its liquid repellence, leading to an improved counter
corrosion capability. Additionally, this type of surface should be applied in future pool
boiling studies. Another possible way to control the heat transfer during the pool boiling
process is to alter the wettability of the heating surface [11]. Particularly, the boiling process
on hydrophobic surfaces, with a contact angle superior to 90◦, can be characterized by an
appreciable decrease in the onset of nucleate boiling (ONB) [12]. On the other hand, the
usage of a hydrophilic heating surface, with a contact angle inferior to 90◦, results in an
increment in the CHF during the boiling process [13]. This is the rationale behind the interest
of the scientific community recently directed to the utilization of surfaces with heteroge-
neous wettability, usually designated by biphilic surfaces. Hence, many authors [14–18]
have performed boiling heat transfer studies on the wettability of heterogeneous heating
surfaces to take advantage of the wettability gradient effect by a mixture of hydrophilic
and hydrophobic properties. The appeal of biphilic surfaces comes fundamentally from the
decrease in the ONB and, at the same time, increase in the HTC and CHF during the pool
boiling process. Moreover, Lim et al. [19] studied the diameter and position of the vapor
bubbles by changing the size of the hydrophobic regions on the hydrophilic surface. The
researchers found that the bubble departure diameter decreased with decreasing size of the
hydrophobic regions, and the CHF increased with decreasing bubble departure diameter.
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Additionally, Jo et al. [20] reported that the HTC enhancement on biphilic surfaces was due to
the rapid ONB on the hydrophobic regions and the absence of waiting time caused by the re-
maining vapor bubbles on the hydrophobic regions after the detachment stage. Additionally,
Betz et al. [21] showed that the mixed hydrophilic and hydrophobic surfaces enhanced both
HTC and CHF by performing experiments on hydrophilic networks (hydrophilic surface
with circular hydrophobic regions) and hydrophobic networks (hydrophobic surface with
circular hydrophilic regions). The authors reported that the hydrophilic networks had the
best performance in preventing the formation of an insulating vapor blanket. Additionally,
Motezakker et al. [22] conducted pool boiling experiments on hydrophilic surfaces with dif-
ferent hydrophilic to hydrophobic region ratios and found that the optimal ratio was around
38.5%. Furthermore, Sun et al. [23] studied the boiling dynamics and heat transfer during
the pool boiling of biphilic surfaces composed of a silica oxide hydrophilic surface and
polytetrafluorethylene (PTFE) rectangular hydrophobic spots. The researchers concluded
that the nucleation site density of the biphilic surface was much higher than that of the
constitutive homogeneous surfaces. Hence, more than 70% of the hydrophobic spots could
be activated with a heat flux of 206 w/cm2. Additionally, it was confirmed that the bub-
bles nucleated on the interface of the hydrophobic and hydrophilic regions and, after that,
moved into the middle of the hydrophobic regions. Hence, the circular hydrophobic spots
played the role of improved active nucleation sites for the bubbles to grow until their depar-
ture from the surface. The bubble departure periods scattered between 80 ms and around
1500 ms. Similarly, Xia et al. [24] investigated the influence of the surface wettability on the
bubble formation and motion of superhydrophilic and superhydrophobic homogeneous
surfaces, as well as biphilic surfaces with symmetrically arranged superhydrophobic regions
in the superhydrophilic base region. The different surfaces were obtained by the surface
laser texturing ablation technique and by sililation grafting to obtain superhydrophobic
characteristics. The authors reported that the surface wettability had an appreciable role
in the bubble formation, growth, and departure. Once again, on the developed biphilic
surface, the bubbles spread toward the superhydrophobic region under the driving force
provided by the Laplace pressure difference. The vapor bubbles generated on the super-
hydrophilic region close to the biphilic boundary could be displaced and spread into the
superhydrophobic region when the bubbles contacted the superhydrophobic boundary,
which in turn induced the horizontal motion of the vapor and surrounding fluid. Moreover,
Serdyukov et al. [25] developed a biphilic surface to improve the pool boiling in a vacuum.
They used a sapphire hydrophilic surface and NeverWet® solution spray-coated hydropho-
bic spots. The results showed that the biphilic surface provided a significant increase in the
number of detached bubbles over time when compared to that of a bare sapphire surface
under the same pressure range. It was also reported that, under a pressure of 10 kPa, the
bubble departure diameters during the pool boiling of the biphilic surface were six times
lower than the ones of the bare hydrophilic surface. Additionally, it was found that for sub-
atmospheric pressures inferior to 39 kPa, the departure frequency of the bubbles increased
considerably compared to that using the bare sapphire surface. The results revealed that, in
contrast with the bare surface, the boiling curves for the biphilic surface coincide with each
other during the pressure variation between 10 kPa and 39 kPa. Moreover, an appreciable
near-four-fold HTC enhancement was reported for the biphilic surface compared to the one
verified with the bare surface. Recently, Liu et al. [26] studied the boiling heat transfer in
hydrophilic and hydrophobic copper surfaces. The research team found that at low heat
fluxes, the HTC of the hydrophobic surface was higher than that of the hydrophilic surface,
whereas at high heat fluxes, the opposite took place. The heat transfer capability modifi-
cation caused by the wettability is due to the bubble growth behavior difference in these
surfaces. At low heat fluxes, the bubbles on the hydrophobic surface presented an extended
growth period and enlarged diameter at departure, which are features that augment the
heat transfer capability since the phase change can continuously proceed. As the heat fluxes
increased, the large contact area between vapor and heating surface turned into an obstacle
to the heat transfer on the hydrophobic surface; hence, its HTC became lower than that
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of the hydrophilic surface. Additionally, the large vapor areas on the surface may break
the vapor channel, leading to a precocious deterioration of the heat transfer performance.
All the mentioned published studies aim to obtain the ideal parametric configuration for
CHF enhancement and heat-transfer-improved capability of the biphilic surfaces under pool
boiling regimes. Nevertheless, some fundamental issues need further investigation and
more complete understanding. This is the reason for the search for an optimal configura-
tion for a biphilic surface that enables a maximum HTC and CHF during the pool boiling
process. According to the aforementioned published studies, the influencing factors of the
optimal arrangement are mainly the number and location of the superhydrophobic spots,
the size of the spots, the pitch between the spots, and the ratio of hydrophobic to hydrophilic
areas, which are all factors closely linked with the bubble and vaporization dynamics of
the biphilic surfaces. In addition, there are already some publications proposing optimal
configurations for biphilic surfaces at atmospheric pressure [27,28]. However, the number of
published scientific articles concerning the influence of the experimental parameters on the
dynamics of the vapor bubbles during the pool boiling of biphilic surfaces is still relatively
low. Particularly, factors such as the nucleation frequency of the bubbles and their departure
diameters remain somewhat poorly understood. Once again, it should be emphasized
further comprehensive research in this field using modern measuring techniques is required.
Furthermore, more studies are required on the pool boiling processes of biphilic surfaces
that use nanofluids, such as the one by Kamatchi and Venkatachalapathy [29]. Additionally,
some practical applications in the electronics cooling field using heat exchangers, such as the
one described by Kannan and Kamatchi [30], should be further addressed. Accordingly, the
current experimental work’s goal is to study the effect of different configurations of a biphilic
surface composed of a hydrophilic stainless-steel foil and Neverwet™ spray formulation
producing superhydrophobic spots on the heat transfer performance during water pool
boiling at atmospheric pressure. The aim is to obtain the optimum diameter of the superhy-
drophobic arrangements in the biphilic surfaces, which enables the general amelioration of
the pool boiling characteristics and the CHF enhancement. This work intends to contribute
a parametric study for nucleate boiling heat transfer enhancement. Additionally, it suggests
further research studies with the use of nanofluids and nanoscale superhydrophobic regions.
Figure 1 shows some of the parameters and forces involved in the nucleation and growing
of a symmetrically shaped bubble in a superhydrophobic region.
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2. Materials and Methods

The pool boiling experiments were performed using an in-house developed pool
boiling setup, which is schematically represented in Figure 2. The detailed pool boiling
chamber scheme is presented in Figure 3. All the experiments were conducted at saturation
temperature and atmospheric pressure (1 bar) using distilled water (DW) as the working
fluid. The DW was introduced into the boiling chamber and was heated and kept at the
saturation temperature of 100 ◦C with the aid of a proportional-integrative-derivative (PID)
control system that regulated the power output of a cartridge heater. This element together
with two electric resistances and a coil heater kept the DW at the required temperature.
The pressure and temperature of the DW were monitored by an OMEGA DYNE INC
pressure transducer and two-type K thermocouples. One thermocouple was placed near
the heat transfer surface and connected to a DAQ reader, and the other thermocouple was
positioned close to the heat resistance and connected to the PID controller. The heat transfer
surface was a 20 µm-thick stainless steel AISI 304 rectangular foil with dimensions of
50 × 32 mm2, which was heated by Joule effect by regulating the electric current provided
by a HP62748 DC power supply. The bottom size of the testing surface was painted using a
high-emissivity black matt paint. The heat losses were evaluated by performing an energy
balance on the stainless-steel foil with the pool boiling chamber empty, and they were found
to be at most around 20% for the higher applied heat fluxes. We took high-speed images of
the bubble dynamics on the biphilic surfaces using a Phantom™ v4.2 camera from Vision
Research positioned in front of the glass chamber window. The frame rate of the camera
was set to 2200 fps and the relation mm/pixel used was 0.040 mm. The high-speed imaging
observation and analysis were obtained from extended-time experiments with a duration of
20 min. The total number of detached bubbles from the heating surface in this period was
counted for 40.5 s every 2 min. The departure frequency of the bubbles was determined
as the total number of detached bubbles during this period of 40.5 s. Such procedure
involving long-term periods was employed to infer the repeatability of the events and
obtained results, assuring that the short-term measurements of 10 s that were performed
next were not affected by the different bubble departure frequencies, which could occur
at longer time intervals due to, for instance, pressure variations. For each biphilic sur-
face test, we applied four different electric current values between 3A and 9A, which
allowed us to impose heat fluxes to the heat transfer surface between 0.025 W/cm2 and
0.229 W/cm2. All the data were recorded under steady-state conditions when the fluctua-
tions in data from the sensors became negligible. The waiting time to reach the steady-state
condition depended on the applied heat flux. We carried out experiments on one single
circular superhydrophobic region with diameters ranging between 0.8 mm and 5.2 mm.
For each set of experimental conditions, we conducted five experiments to characterize the
evolution of the contact angle of the bubbles, maximum diameter, base diameter, height of
the centroid, volume of the bubbles, departure frequency, and evaporation mass transfer
rate. An average of the data from these five experiments was taken to obtain representative
plots and results. The dynamic images were analyzed using a post-processing in-house
developed MATLAB routine. Additionally, all the measures were post-processed by the
border detection algorithm of this routine.

2.1. Uncertainties

Table 1 presents the measurement uncertainties considered in this work. The calculated
uncertainties are summarized along with the uncertainties provided by the manufacturers.

Additionally, the MATLAB routine was used for quantifying the bubble dynamics
parameters and associated uncertainties. According to the report in [31], the uncertainties
associated with the determination of the diameter of the bubbles (∆d) depends on factors
such as the pixel-to-millimeter conversion factor (Cf) and associated error (∆Cf), and
the detection of the border of the bubble-associated error (edb). Considering a pixel-to-
millimeter conversion uncertainty of ±5% and a detection of the border uncertainties
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of ±2 pixels, the uncertainties associated with the diameter of the bubbles can be given
by Equation (1):

∆d
d

=

√√√√(∆C f

C f

)2

+

(
2edb
dC f

)2

(1)
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Figure 2. Scheme of the in-house developed setup: 1—PC 1, 2—PID controller, 3—DAC 1, 4—DAC 2,
5—Pressure transducer, 6—Cartridge heater, 7—Coil heater, 8—Pool boiling chamber, 9—Sample
holder, 10—Condensate container, 11—Degassing station, 12—Light projector, 13—High-speed
camera, 14—PC 2, 15—DC voltage source.

Table 1. Uncertainties associated with the experimental parameters.

Parameter Uncertainty

Voltage ±1 V
Electric Current ±0.5 A

Surface Temperature ±1.2 ◦C
Working Fluid Temperature ±1.0 ◦C

Pressure (OMEGA DYNE sensor) ±1.6 mbar
Operating Fluid Volume ±10 mL

Bubble Departure Frequency ±0.025 Hz
Bubble Departure Radius ±0.05 mm
Bubble Departure Volume ±0.05 mm3

Contact Angle (theta tensiometer) ±0.1◦

Image Pixel Size 0.040 mm
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coil, 2—Heating cartridge, 3, 4—Type K thermocouples, 5—Testing Surface, 6—Kapton® insulating
tape, 7—Testing surface base, 8—Copper wire, 9—O-ring.

Table 2 shows the relative errors associated with the bubble dynamics parameters
in the largest superhydrophobic region with a diameter of 5.2 mm for an imposed heat
flux. The summarized values served as a reference for all the tested superhydrophobic
regions. The parameter dmax is the maximum diameter of the bubbles, θmin is the minimum
dynamic contact angle of the bubbles, ycmax is the maximum height of the centroid of the
bubbles, and Vmax is the maximum volume of the bubbles.

Table 2. Bubble-dynamics-parameters-associated uncertainties for the superhydrophobic region with
a diameter of 5.2 mm at constant heat flux.

Region Diameter (mm) e[dmax]
(%)

e[θmin]
(%)

e[ycmax]
(%)

e[Vmax]
(%)

5.2 7.8 10.6 18.5 13.0

Table 3 presents the relative errors associated with the mean departure frequencies
measured in the largest superhydrophobic region with a diameter of 5.2 mm for four
different imposed current intensities. It should be stated these errors are not negligible and
reveal some degree of imprecision in the frequency results. Nevertheless, the summarized
values served as a reference for all the tested superhydrophobic regions.

Table 3. Departure-frequencies-associated uncertainties for the superhydrophobic region with a
diameter of 5.2 mm for four different imposed currents.

Region Diameter (mm) e[f3A]
(%)

e[f5A]
(%)

e[f7A]
(%)

e[f9A]
(%)

5.2 - 25.5 16.4 10.0
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2.2. Design and Preparation of the Biphilic Surfaces

All the testing types of biphilic surfaces were fabricated on 50 × 38 × 0.020 mm3

AISI 304 stainless steel foils. The foils were profoundly cleaned in a bath of 99% pure
acetone before each test. Then, the foils were fixed with silicone onto a thermal glass
wafer. The superhydrophobic spots were made using a mask of polyvinyl chloride (PVC)
insulating tape with a well-defined circular hole with variable diameters. After that, we
spray deposited, step-by-step, five or more coating layers of the superhydrophobic spray
formulation NeverWet™ from RustOleum™. This formulation showed robustness after
being submitted to successive heating and cooling cycles, keeping its integrity without
noticeable cracks or relevant wettability changes. The second to the fifth coating layer
were applied after 30 min of drying of the last applied coating. Hence, the PVC tape
worked as a template for the superhydrophobic regions in the stainless-steel hydrophilic
surface. After 12 h of the deposition of the last coating layer, the tape was removed,
revealing well-defined circular superhydrophobic spots. The stainless steel superhy-
drophobic spots’ surrounding areas were carefully cleaned again with acetone. To find
the effect of the size of the superhydrophobic circular spots, the diameter of the spots
was gradually enlarged until a maximum value was reached. Since the current work
intended to evaluate the bubble dynamics of a single vapor bubble, the biphilic testing
configuration was composed by the hydrophilic stainless-steel surface and only one
superhydrophobic spot with variable diameter. We used six different spot diameters of
0.8 mm, 1.3 mm, 2.4 mm, 3.6 mm, 4.4 mm, and 5.2 mm. Table 4 summarizes the geometric
characteristics of the used biphilic surfaces.

Table 4. Geometric characteristics of the biphilic testing surfaces.

Surface Number Superhydrophobic Spot
Diameter φ (mm)

Superhydrophobic Area/
Total Area Ratio A%)

1 0.8 0.11
2 1.3 0.28
3 2.4 0.95
4 3.6 2.14
5 4.4 3.20
6 5.2 4.47

2.3. Wettability Determination of the Biphilic Surfaces

The biphilic surfaces were characterized by their wettability, evaluated through the
static water contact angle measurement by optical tensiometry. Hence, the equilibrium
static contact angle (θ) was measured using the THETA™ tensiometer from Attension.
A DW sessile drop of 5 µL was deposited at room temperature on the hydrophilic and
superhydrophobic surfaces, and a 10 to 12 fps video was captured by the OneAttension
v. 4.1 software. This software uses a drop detection algorithm, which is based on the
Young–Laplace equation. The procedure to obtain the final contact angle value involved
the value averaged over at least ten different measurements from representative areas of
the surfaces. The final average values of the measured contact angles and corresponding
standard deviations (SDV) are shown in Table 5. Figure 4 illustrates the contact angle
measurements for both regions of the biphilic surface. Previous work, e.g., [14,32],
checked for possible aging effects based on contact angle measurements before and after
the experimental tests. The results did not show any significant change in the wettability
which could be related to surface aging.

The values summarized in Table 5 show that the regions covered with the NewerWet™
spray solution presented a clear superhydrophobic behavior with a contact angle superior
to 150◦, and that the stainless-steel foil presented a hydrophilic nature with a contact angle
inferior to 90◦.
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Table 5. Measured contact angles of the biphilic surfaces’ superhydrophobic and hydrophilic regions.

Region Wettability Material
Number of
Measuring

Points

Contact
Angle θ (◦) ±SDV (◦)

Superhydrophobic NeverWet™
Formulation 10 151.6 2.6

Hydrophilic Stainless steel
AISI 304 10 63.7 3.3
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2.4. Surface Roughness Determination of the Biphilic Surfaces

The surface roughness of the biphilic surfaces was characterized by a Dektak3-Veeco
profilometer with a maximum vertical resolution of 200 Å. The obtained roughness profiles
were then processed to determine the average roughness Ra and average peak-to-peak
roughness Rz, which is the average of the highest peaks of the profile according to the
DIN4768 standard. The corresponding average values after at least five measurements,
together with the respective standard deviation for the superhydrophobic region, were of
Ra = 5.8 ± 1.5 µm and Rz = 22.6 ± 3.9 µm. The stainless-steel hydrophilic substrate resulted
in near-zero Ra and Rz values within the resolution of the equipment. Hence, the surface
roughness of the stainless-steel hydrophilic region was negligible.

3. Results and Discussion

One of the main objectives of the present work was the production of biphilic surfaces
with only one superhydrophobic region with a variable diameter. This procedure resulted
in a more accurate evaluation of the bubble dynamics. We also intended to develop
superhydrophobic spot matrixes with a diameter of less than 1 mm. First, we evaluated the
dynamic behavior of the bubbles. Figure 5 presents the different stages of the development
of the bubbles generated in the largest tested circular superhydrophobic region with a
diameter of 5.2 mm. The figure shows the high-speed images of the fundamental evolution
stages of a bubble from its nucleation to its departure from the heat transfer surface: the
nucleation stage, hemisphere formation, vertical elongation, departure beginning, necking,
and departure or detachment from the heating surface. On the first image on the left, the
bubble is at the early nucleation stage after the departure of the preceding bubble, and the
corresponding nucleation waiting time is 5 ms. As seen in the second and third images, the
bubble formed a hemisphere, which is vertically elongated in the two following Images.
This effect is due to the prevalence of the impulsion forces over the adhesion forces present.
It should be noted that the growing of the bubble is restricted to the superhydrophobic
region and, consequently, the relative weight of the surface tension forces can be attributed
to the geometry and size of that region. Additionally, the boundary region between the
hydrophilic and superhydrophobic regions of the biphilic surface also has a considerable
influence on the set of the forces present. In the period between 1200 ms and 1225 ms,
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the departure of the bubble started, and the surface tension forces promoted the necking
of the base of the bubble, which gradually developed until the departure of the bubble.
On the two following images corresponding to 1260 ms and 1270 ms, the departure of
the bubble is eminent, with only a small connection between the base of the bubble and
its upper part, resulting from a sharp necking. This necking of the base of the bubble
promotes, by the vapor mass conservation law inside the bubble, an acceleration of the
vapor to the zone of the bubble, which results in a complete detachment of the bubble from
the heating surface. At the moment of departure, 1280 ms, a vapor layer was left behind on
the superhydrophobic region. This time evolution of the bubble is consistent with findings
reported by Teodori et al. [33]. It is also proper to state that the last stages of the evolution
of the bubble were carried out in a very short period, 80 ms, as compared to the total time
required for the nucleation and development of the bubble. The vapor mass left deposited
on the heating surface may be due to the fact that in the superhydrophobic region, there
is no solid–vapor–liquid surface tension component that favors the detachment of that
vapor mass from the surface. Hence, and considering that the nucleation of a bubble in a
superhydrophobic region can occur at a temperature between 1 ◦C and 3 ◦C higher than the
saturation temperature, the fast nucleation and coalescence of microscale bubbles produces
a continuous vapor film over the superhydrophobic region. These mechanisms were also
detailed by Malavasi et al. [34] and Teodori et al. [35].
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In sum, the bubble diameter is constrained by the diameter of the circular superhy-
drophobic spot, growing up to the limit of the boundaries between the superhydrophobic
spot and the remaining hydrophilic surface. Additionally, given that there are no surface
tension forces acting on the superhydrophobic spots contributing to the detachment of the
bubble, these forces mainly act at the boundary of the superhydrophobic spots. Therefore,
for smaller superhydrophobic spots, the necking occurs earlier, and the departure frequency
of the bubbles increases. As the bubble detaches from the heating surface, the superhy-
drophobic spots are instantly covered by a new vapor layer, and there is no quenching
promoted by the rewetting of the liquid on the superhydrophobic spots. Nevertheless, the
liquid in the larger hydrophilic region may flow, promoted by the bubble departure and
coalescence processes. Moreover, the bubble departure frequency and the bubble diameter
are affected by the balance between the adhesive forces related to the surface tension at the
boundary of the superhydrophobic spots and the buoyancy forces, which are also linked to
the size of the superhydrophobic spots. The balance of the forces in play may affect the
interaction or coalescence of the vapor bubbles and, consequently, contribute to the latent
heat of evaporation and induced heat transfer by convection. Additionally, we observed
a larger bubble departure diameter in the larger superhydrophobic areas, which can be
explained by the fact that in these larger areas, the surface tension forces act only in the
boundary of the superhydrophobic/hydrophilic regions. Hence, the bubble grows freely
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in the superhydrophobic spot, and the surface tension forces can also act at later growth
stages, delaying the detachment of the bubbles. Furthermore, it should be noted that it
has already been demonstrated that the superhydrophobic regions attract the vapor, thus
contributing to the onset of nucleate boiling just 1-3K above saturation, as reported by
Malavasi et al. [34] and Teodori et al. [35]. Hence, the superhydrophobic regions act as nu-
cleation sites, where boiling starts just 1-3K above saturation. The maximum superheating
values obtained for the range of imposed heat flux and for the configuration used here are
of the order of 4K–8K (e.g., [14,32]). Furthermore, the bubbles stay constrained inside the
hydrophobic regions, as observed in the present work. Nonetheless, it can be stated that
the superheating at the boiling surface can affect the shape and dynamics behavior of the
vapor bubbles. A high superheat may lead to the formation of large and unstable bubbles,
which are more difficult to control than smaller bubbles. The general effects of an increased
superheat on the shape and behavior of the bubbles in film boiling are influenced by several
factors such as the geometry of the heat transfer surface, thermophysical properties of the
operating fluid, and the specific superheating conditions. At high superheats, the bubbles
present irregular shapes, which can affect the heat transfer capability of the system and
the behavior of the vapor film. Moreover, at high superheats, a second bubble of small
size is formed immediately after the detachment of the first bubble. After that, a third
bubble of small size is formed, and after a very small fraction of time, the first and second
bubble coalesce and merge into a larger bubble. This one detaches from the surface, and a
new bubble with the same dimension is formed as the third one detaches from the surface.
This bubble dynamics pattern continues with the detachment of more bubbles, disturbing
the vapor film and leading to an enhanced heat transfer capability. At high superheats, a
large amount of vapor is generated, and the bubbles burst with different sizes, forming
a vapor blanket over the heating surface, inducing film boiling or Leidenfrost boiling.
Additionally, the high values of the superheat lead to the rapid formation of vapor, which
causes the attachment of the bubbles to the vapor blanket. In addition, the increase in the
superheat implies an increase in the bubble detachment frequencies. Superheating plays a
very important role in augmenting the frequency of the detachment of the bubbles, thereby
increasing the heat flux. The imposed heat flux vs. superheat curves for the hydrophilic
region and superhydrophobic region, with a diameter of 5.2 mm, of the biphilic surface are
presented in Figure 6.
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The heat flux was controlled and kept at low values, always in early stages of nucleate
boiling so that bubbles only appeared on the superhydrophobic region and nowhere else.
That is the purpose of using the superhydrophobic region in a biphilic surface. It can
be observed from the plot in Figure 6 that for heat fluxes values lower than 1300 w/m2,
the superheat of the hydrophilic region and that of the superhydrophobic region were
practically the same. In the case where the imposed heat flux was higher than 1300 w/m2,
the superhydrophobic region exhibited a higher superheat than that of the hydrophilic
region. This occurs due to the continuous presence of vapor in the superhydrophobic
region right after the onset of boiling. This effect, which has been widely reported in the
literature, including our previous works, assures that the superhydrophobic region is the
nucleation site and that there is no nucleation in other unwanted and stochastic places.
Playing with their location is then possible by pumping fresh fluid into the hydrophilic
region as the bubbles leave the surface, keeping the overall superheat values low (which
is beneficial for cooling purposes). Hence, for heat fluxes superior to 1300 w/m2, the
presence of the superhydrophobic region enhances the heat transfer capability, which is
the main reason for the enhanced heat transfer when using superhydrophobic heating
surfaces or biphilic surfaces. Due to the early-onset nucleate boiling and this superheat,
bubbles were restricted to hydrophobic regions, and if we put then in a pattern, as the
bubbles left these hydrophobic regions, they did not coalesce or coalesced far away from
the surface, enough to promote the pumping of fresh fluid into the hydrophilic region,
so the biphilic surface had a higher heat flux for a low superheat (we see that only the
superhydrophobic region increased the superheat, but overall in low values). Nevertheless,
if the heat flux is excessive, one observes an increased bubble coalescence, and a vapor
film forms in both superhydrophobic and hydrophilic regions, limiting the flow of fresh
fluid and, consequently, leading to a reduction in the heat transfer coefficient compared
to that of a bare homogeneous hydrophilic surface. This effect is in agreement with that
previously reported and clearly shown in [36]. The following figures show the plots of
the evolution of the bubble dynamics’ influencing parameters of biphilic surfaces with
a single superhydrophobic spot. For the acquisition of the plots, we applied a crescent
electric current between 3A and 9A, thus obtaining the different heat fluxes between
0.03 W/cm2 and 0.22 W/cm2. In the X axis of the first set of plots, we used the nondimen-
sional time t* given by Equation (2):

t∗ =
t

tmax
(2)

where t is the time and tmax is the maximum time required for the bubbles to reach their
maximum base diameter for each value of imposed heat flux. This nondimensional time t* is
used to minimize the discrepancies in the obtained frequencies for each case. It is also worth
mentioning that the curves of the plots are the result of the average of at least four repeated
experiments for applied current intensities of 3A, 5A, 7A, and 9A, which correspond to heat
fluxes of 0.03 W/cm2, 0.07 W/cm2, 0.13 W/cm2, and 0.22 W/cm2. Thereafter, we present
the results according to the influencing factors of the bubble dynamics of biphilic surfaces
with a single superhydrophobic spot. The superhydrophobic spots had the following
diameters: 0.8 mm, 1.3 mm, 2.4 mm, 3.6 mm, 4.4 mm, and 5.2 mm. The analyzed parameters
were the contact angle, base of the bubble diameter, maximum bubble diameter, centroid
height, and volume of the bubble. Figure 7 illustrates the evolution of the contact angle as
a function of the non-dimensional time. From Figure 7, it is possible to confirm that the
contact angle of the generated bubbles decreased with the decreasing superhydrophobic
spot diameter. For instance, the superhydrophobic region with a diameter of 1.3 mm
generated bubbles with contact angles inferior to 70◦, whereas the 5.2 mm-diameter region
formed bubbles with contact angles equal or superior to 110◦. It can also be verified that
in the early growing stages of the bubbles, the decreasing of the contact angle was less
pronounced in the superhydrophobic spots with larger diameters. This was likely due to the
slower enlargement of the diameter of the bubble occurring in the larger superhydrophobic
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spots. The contact angle evolution was determined by the balance between the impulsion
forces and the surface tension forces. In the absence of the surface tension component,
which contributes more to the necking stage of development, the bubbles generated in the
larger superhydrophobic regions tended to keep growing without any restriction, along
with their base diameter. In the earliest stage of the formation of the bubbles, the contact
angle inside the bubbles was near 140◦. This angle decreased sharply as the bubbles grew
until a gradual stabilization occurred, which began at t* = 0.25 during the hemisphere-like
growing. The contact angle remained almost constant until t* = 0.85, which marked the
beginning of the departure stage of the bubbles. After this time value, the contact angle
increased gradually. When the contact angle surpassed 90◦, the necking of the base of
the bubble commenced and the angle increased significantly in a very short time. At the
moment of the complete detachment of the bubble from the heating surface, the contact
angle again reached 140◦. The evolution of the contact angle of the bubbles was not affected
by the heat flux and exhibited some similarity with the evolutions reported for a hydrophilic
surface by Phan et al. [37], and those recently reported for a superhydrophobic surface by
Teodori et al. [33]. On the one hand, the verified stabilization plateau during a long period
had already been reported by Teodori et al. [35]. At this stage, the growing of the bubble
was promoted only by the vapor layer produced in the superhydrophobic region and not
by the solid–vapor–liquid surface tension in the perimeter of the superhydrophobic region
and at the boundary with the hydrophilic region. On the other hand, at the initial and final
stages of the growing evolution of the bubbles, these are subjected to the surface tension at
the interface between the hydrophilic and superhydrophobic region and, consequently, the
involved mechanisms are comparable with the ones observed at the same stages for bubbles
generated in hydrophilic surfaces by Phan et al. [37]. Nevertheless, the bubbles which were
generated in the smaller superhydrophobic region with a diameter of 0.8 mm displayed
the smoothest contact angle evolution, with a difference of only about 10◦ between the
angle of the early growing stage and the departure, indicating the slowest bubble growing
rate of all the tested superhydrophobic regions. The noise in the spectral lines is associated
with the processing mode of the developed MATLAB algorithm, as well as with some
instability and oscillation of the bubbles during their growing. As already reported by
Teodori et al. [35], the instability may be the result of three distinct effects. The first one is
related to the upward impulsion forces along with the successively lower surface tension
forces, which make the bubbles more prone to suffer instabilities from the vapor layer
formed at the surface. The second effect is the alteration in the size of the bubbles, which is
promoted by the vapor transport between the produced vapor layer and the bubbles. The
last one derives from the slowness of the growing process of the bubbles, making them
more sensitive to local pressure variations. The second possible effect is less likely to occur
in the present situation, since this effect is primarily observed when the vapor layer is much
larger than the bubble. In addition, Figure 8 shows the mean base diameter evolution of a
generated bubble over time.

The plot in Figure 8 shows that the base diameter of the bubbles reached its maximum
when the bubbles totally occupied the corresponding superhydrophobic regions. These
results are consistent with the findings of published studies, suggesting that the base
diameter of the bubbles is closely related to the area of the superhydrophobic region [38]. It
can be stated that the base of the bubbles is confined to its corresponding superhydrophobic
region, which is consistent with the reported results, for instance, by Teodori et al. [35].
However, after the vertical elongation stage in the smaller superhydrophobic regions, the
bubble grows radially and reaches a dimension that is higher than that of the base. This
fact is not noticeable in the larger superhydrophobic regions. Nevertheless, it is possible to
verify that the base diameter has its lowest values at the beginning and at the end of the
bubble nucleation process, and this effect is more noticeable in the case of bigger bubbles.
In addition, in our experiment, the base diameters of the bubbles in all superhydrophobic
regions underwent an initial increase until they momentarily stabilized in a near-plateau
region. After that, the base diameters decreased in the final stages of the development



Symmetry 2023, 15, 949 14 of 22

of the bubbles until the detachment of the bubbles from the heat transfer surface. The
period that the base diameter stayed approximately constant increased as the size of the
superhydrophobic region decreased. It is also possible to verify from this plot, as well as
from the plot in Figure 9, that the larger the size of the bubble, the bigger the plot line
noise. This is likely due to the interference of the preceding bubble in the case of the bigger
bubbles. This effect is somewhat attenuated along the development of the new bubble.
Figure 9 depicts the mean evolution of the maximum diameter of the bubble over time. This
figure shows, in detail, the marked difference in the maximum diameter evolution for the
superhydrophobic regions with distinct diameters. It is possible to verify that for the larger
superhydrophobic regions, the almost-linear increasing trend in the maximum diameter of
the bubbles is gradually replaced by a trend like that of the base diameter evolution over
time, which is depicted in Figure 7. The maximum diameter of the bubbles progressively
increased and reached, or even surpassed, the value of the corresponding base diameter in
the hemispheric growing stage around t* = 0.4 for all the superhydrophobic regions. The
slope of the curves seems to be approximately constant until the stages before the departure
of the bubbles. The departure can be identified by the steeper decrease in the maximum
diameter at around t* = 1. Additionally, the bubbles had their biggest enlargement in the
smallest superhydrophobic circular region with a diameter of 0.8 mm, where the mean
maximum diameter reached 2.5 mm, which is more than three times greater than the
diameter of the corresponding superhydrophobic region.
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spots with different diameters.

For both the 0.8 mm- and 1.3 mm-diameter superhydrophobic regions, the maximum
diameter of the generated bubbles surpassed the diameter of the region even before t* = 0.25.
Additionally, in these regions, the maximum diameter of the bubbles increased linearly
until their departure from the heating surface. Moreover, Figure 10 presents the evolution
of the ratio between the maximum diameter of the bubble and its base diameter according
to the diameter of the superhydrophobic regions. Though the bubbles that were generated
in the larger superhydrophobic regions had larger diameters, it can be confirmed that the
ratio between the maximum diameter and the base diameter decreased with the increasing
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diameter of the superhydrophobic regions. The observed trend suggests that the larger
superhydrophobic regions do not necessarily potentiate the transfer of more evaporation
mass over time. This fact, together with the departure frequency of the bubbles, determines
the amount of latent heat dissipated from the heating surface. Adding the experimental
results of two more superhydrophobic regions of 1.5 mm and 2.6 mm diameters, it is
possible to observe an exponential trend line.
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Figure 10. Comparative evolution of the ratio between the maximum diameter of a bubble at
departure and its base diameter in the superhydrophobic regions with different diameters (0.8 mm,
1.3 mm, 1.5 mm, 2.4 mm, 2.6 mm, 3.6 mm, 4.4. mm, and 5.2 mm).

Furthermore, in the plot in Figure 11, we can observe the mean evolution over time of
the centroid height of the bubbles at the departure stage. We noticed a linear increase in
the centroid height of the bubbles until a nondimensional time of 0.85 for all the evaluated
superhydrophobic regions. For time values superior to 0.85, all the curves adopted an
exponential progress until the departure of the bubbles from the heating surface. In fact,
in the necking stage, the height of the geometrical center of the bubbles grew exponen-
tially during the short period of 0.95 < t* < 1, until the departure of the bubbles took
place. Moreover, the height of the centroid at the departure stage had an average value of
3.5 mm. It was also verified that the height of the centroid evolution was independent of
the imposed heat flux value.
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As expected, the values of the height of the centroid of the bubbles at departure were
higher for the bubbles nucleated in the larger superhydrophobic spots. However, there
were some inconsistent centroid height values during the formation of the bubbles in
the different superhydrophobic regions. These discrepancies may have arisen from the
developed MATLAB code. The plot in Figure 12 presents the evolution over time of the
mean volume of the bubbles.
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Figure 12. Comparative time evolution of the mean volume at departure of the generated bubbles in
the superhydrophobic regions with different diameters.

The plot in Figure 12 clearly shows distinct tendencies in the variation in the mean
vapor volume of the bubbles over time, according to the different sizes of the studied
superhydrophobic regions. In the larger regions, bigger bubbles with larger base diameters
formed, and consequently, they had higher mean volume values in each stage of their
generation. It can also be stated that there was a considerable increase in the slope of
the curves with the increasing diameter of the superhydrophobic spots. Hence, there
was an appreciable difference of around 140 mm3 between volumes of the bubbles at
the departure stage, which were naturally higher for the superhydrophobic spots, with
larger diameters and steeper curve slopes. For values of t* superior to 0.85, we observed
a marked instability in the trend lines of the evolution of the volume of the bubbles
generated in all the superhydrophobic spots. This instability may be derived from the
convective streams inside the boiling chamber, which affected the bubbles with special
emphasis at the necking stage when their connection with the surface was more fragile.
The necking stage also enhanced the flow effects induced by the convective streams, given
that apart from the base necking, the diameter of the bubbles reached its maximum in
this final growing stage. Additionally, the next two plots are relative to the comparative
evolution of the departure frequency of the bubbles and evaporation mass transfer rate
according to the heat flux. The plot in Figure 13 exhibits an increasing mean departure
frequency of the bubbles with increasing heat flux. This trend is almost linear for all
the evaluated superhydrophobic regions. The smaller superhydrophobic spots naturally
promoted the departure of bubbles with smaller diameters, thus enabling higher departure
frequencies of the bubbles. In the superhydrophobic region with the smallest diameter,
0.8 mm, the mean departure frequency of the bubbles reached a value superior to 2.5 Hz,
whereas the departure frequency in the superhydrophobic region with the largest diameter,
4.4 mm, was of only around 0.25 Hz. In the latter case, we also noticed an increase in the
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departure frequency that was higher than that expected. Indeed, for heat fluxes superior
to approximately 0.15 W/cm2, the mean departure frequency of the bubble generated in
the corresponding superhydrophobic spot was higher than the one of the smaller spot
with a 3.6 mm diameter. This tendency may be derived from the eventual pressure and
temperature fluctuations inside the pool boiling chamber. It should be noted that for a heat
flux of 0.03 W/cm2, corresponding to an applied electric charge of 3A, it was not possible
to observe any bubble nucleation in the largest superhydrophobic region, which indicated
that this value of heat flux was still too low to assure a stable bubble nucleation.
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Figure 13. Comparative evolution of the mean departure frequency of the generated bubbles in
superhydrophobic regions with different diameters (0.8 mm, 1.3 mm, 2.4 mm, 3.6 mm, and 4.4. mm)
according to the imposed heat flux.

It is of relevance to determine the evaporation mass transfer rate of each biphilic
surface, given that this parameter is closely linked with the latent heat fraction that can
be removed from the heating surface in pool boiling scenarios. In fact, the mechanistic
models proposed by Kurul and Podowski [3], for instance, mention that the total heat
flux dissipated in pool boiling results from the following fundamental factors: (i) natural
convection before the nucleation of the bubbles, (ii) latent heat removed from the surface
resulting from the liquid mass evaporation, and (iii) the convection induced by the cooler
liquid motion provoked by the displacement of the bubbles during the final stages of
development and departure. This last factor can be promoted by the interaction between
the bubbles and the nucleation active sites. The evaporation mass transfer rate in each
superhydrophobic region can be found using Equation (3):

.
m

ASHF
= 4 × ρv × f × Vb

π ×∅2 (3)

where
.

m is the evaporation mass per unit of time, ASHF is the area of the superhydrophobic
region, ρv is the vapor density, f is the departure frequency of the bubbles, Vb is the
estimated volume of the bubble, estimated by a spherical approach using the diameter
of the bubble at departure, and Φ is the diameter of the superhydrophobic region. The
trend displayed in the plot in Figure 13 is more pronounced in the plot in Figure 14. In
the latter, it is possible to observe that the superhydrophobic region with the smallest
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diameter, 0.8 mm, presented an evaporation mass transfer rate appreciably higher than the
rest of the superhydrophobic regions. Therefore, the superhydrophobic region with smaller
dimensions was the one that displayed the best performance and the largest contribution
to the latent heat fraction that can be removed from the heating surface.

Symmetry 2023, 15, x FOR PEER REVIEW 21 of 24 
 

 

micrometric, superhydrophobic spots, which have been demonstrated to achieve higher 

mass evaporation values in comparison with larger superhydrophobic regions. Addition-

ally, concerning the distance between the superhydrophobic spots, it is recommended to 

conduct further in-depth experimental works involving influencing factors such as the 

above-mentioned temperature gradients and the bubble departure dynamics, which pro-

mote the flow of the cold liquid in the spaces between the superhydrophobic regions. 

Nonetheless, the superhydrophobic spots should exhibit enough interspacing to avert the 

coalescence of the bubbles. If the superhydrophobic spots are not separated by a distance 

greater than the diameter of the bubbles, as reported by Pontes et al. [32], the bubbles 

interact and coalesce, forming a bridge between the vapor layers, and, hence, insulating 

the heat transfer surface between the spots and provoking the deterioration of the pool 

boiling heat transfer performance.  

 

Figure 14. Comparative evolution of the evaporation mass transfer rate per unit of time and area in 

superhydrophobic regions with different diameters (0.8 mm, 1.3 mm, 2.4 mm, 3.6 mm, and 4.4. mm) 

according to the imposed heat flux. 

4. Conclusions 

In view of the obtained results, the conclusions of this work can be summarized as 

follows: 

• The results and plots revealed well-defined trends in the bubble dynamics parame-

ters, including the contact angle, base diameter of the bubble, maximum diameter of 

the bubble, height of the centroid, and volume of the bubble. 

• The plots relative to the departure frequency of the bubbles and the evaporation mass 

transfer rate per unit of area have reinforced the notion that improved heat transfer 

can be achieved using smaller superhydrophobic regions in the biphilic boiling sur-

face. 

• The benefits of using a smaller superhydrophobic spot derive from the existence of a 

very a small superheat on the spot, and even a smaller superheat in the hydrophilic 

region, which is the region where the heat dissipates the most. High superheats 

should be avoided in cooling applications, given that they induce high overall oper-

ating temperatures and may cause the overheating of the system. It can be concluded 

that it is advantageous to use a smaller superhydrophobic spot within reasonable 

Figure 14. Comparative evolution of the evaporation mass transfer rate per unit of time and area in
superhydrophobic regions with different diameters (0.8 mm, 1.3 mm, 2.4 mm, 3.6 mm, and 4.4. mm)
according to the imposed heat flux.

Additionally, the linear progress in the plot for each superhydrophobic region con-
firms the general trend in the evolution of the evaporation mass transfer rate per unit of
area according to the heat flux. Hence, the evaporation mass transfer rate decreased with
the increasing area of the superhydrophobic regions. For instance, with an imposed heat
flux of 0.22 W/cm2, the superhydrophobic region with a 0.8 mm diameter presented an
evaporation mass transfer rate of around 2.6 × 10 g/s.cm2, which was ten-fold superior
to that of the superhydrophobic region with a 2.4 mm diameter. Therefore, in this case,
a nine-fold decrease in the superhydrophobic region represented a ten-fold increase in
the evaporation mass transfer rate. It can be concluded that the superhydrophobic region
with the smallest diameter, 0.8 mm, had the most effective heat transfer area, given that it
optimized the evaporation mass transfer rate per unit of area, producing proportionally
more vapor than the larger superhydrophobic regions. Although the respective plot is not
included in the current work, we also performed a surface temperature evolution over the
superhydrophobic regions in the function of the nondimensional position x* in the central
axis of the base of the bubble. The plot was obtained at a t* of 0.5 and a current intensity
of 9A. An analysis of the plot representing the surface temperature evolution showed
a decrease in the surface superheating and in the integral temperature oscillations with
the decreasing diameter of the superhydrophobic region. This fact reflects the improved
uniformization of the temperature of the surface, along with an enhanced stabilization of
the nucleate pool boiling in the smaller superhydrophobic regions. In essence, in accord
with the results reported by Pontes et al. [14] and in view of the obtained results, it can
be concluded that the bubble dynamics are directly influenced by the dimensions of the
superhydrophobic spots, mainly because of the effect of the surface tension forces at the
boundaries between the hydrophilic base region and the superhydrophobic spots. More-
over, the temperature differences were also found to be greater at the interfacial boundaries
between the hydrophilic and superhydrophobic regions and, hence, the smaller superhy-
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drophobic regions promoted increased evaporated mass fluxes, increasing the heat fluxes
closely linked with the latent heat of evaporation. Considering these facts, the ideal biphilic
surface arrangement should exhibit extremely small, millimetric or even micrometric, su-
perhydrophobic spots, which have been demonstrated to achieve higher mass evaporation
values in comparison with larger superhydrophobic regions. Additionally, concerning
the distance between the superhydrophobic spots, it is recommended to conduct further
in-depth experimental works involving influencing factors such as the above-mentioned
temperature gradients and the bubble departure dynamics, which promote the flow of the
cold liquid in the spaces between the superhydrophobic regions. Nonetheless, the superhy-
drophobic spots should exhibit enough interspacing to avert the coalescence of the bubbles.
If the superhydrophobic spots are not separated by a distance greater than the diameter of
the bubbles, as reported by Pontes et al. [32], the bubbles interact and coalesce, forming a
bridge between the vapor layers, and, hence, insulating the heat transfer surface between
the spots and provoking the deterioration of the pool boiling heat transfer performance.

4. Conclusions

In view of the obtained results, the conclusions of this work can be summarized
as follows:

• The results and plots revealed well-defined trends in the bubble dynamics parameters,
including the contact angle, base diameter of the bubble, maximum diameter of the
bubble, height of the centroid, and volume of the bubble.

• The plots relative to the departure frequency of the bubbles and the evaporation mass
transfer rate per unit of area have reinforced the notion that improved heat transfer can
be achieved using smaller superhydrophobic regions in the biphilic boiling surface.

• The benefits of using a smaller superhydrophobic spot derive from the existence of a
very a small superheat on the spot, and even a smaller superheat in the hydrophilic
region, which is the region where the heat dissipates the most. High superheats should
be avoided in cooling applications, given that they induce high overall operating
temperatures and may cause the overheating of the system. It can be concluded that it
is advantageous to use a smaller superhydrophobic spot within reasonable dimensions.
There is no need to use a tiny spot, given that there can be assured all the same very
small superheats in the hydrophilic region.

• At imposed heat fluxes superior to 1300 w/m2, we verified an increased superheat
of 11 K in the superhydrophobic region, which is associated with the continuous
vapor formation covering the superhydrophobic region, confirming a continuous
activation of the superhydrophobic region as a nucleation site. This contrasts with the
low superheat which is kept in the hydrophilic region. Playing with this effect one
can assure the increase in the heat transfer at an overall low superheat of the biphilic
surface, which is the main purpose of its usage in cooling applications.

• We found an exponential evolution of the ratio between the maximum diameter at
departure of a bubble and its base diameter in the various superhydrophobic regions.

• The technical capacity limitation of the present study was reached with the superhy-
drophobic region with a 0.8 mm diameter.

• Another mentionable limitation was the unsuccessful attempt to fabricate biphilic
surfaces with multiple superhydrophobic regions with diameters lower than 1 mm.
Thus, any thermographic imaging observation and analysis of a biphilic surface with
multiple superhydrophobic regions were excluded from this study.

• Further complementary studies involving multiple microscale spots and those smaller
than the ones used in this experimental work are expected to be of particular importance.

• We suggest conducting further studies with multiple superhydrophobic spot arrange-
ments to achieve a better understanding of the bubble coalescence effects in the pool
boiling heat transfer capability.
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• Working fluids other than distilled water should be tested, such as metallic [39], metal-
lic oxide, and graphene oxide [40] nanofluids to evaluate the heat transfer enhancement
of the system using the same geometrical configuration.

• Further studies on the durability and performance over time of biphilic surfaces are
highly recommended.
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