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h i g h l i g h t s

� Pool boiling bubble dynamics on extreme wetting regimes is described in detail.
� Under extreme wetting regimes, wettability plays a dominant role.
� ‘‘Quasi-Leidenfrost” regime is supported by comparison with theoretical predictions.
� The macro-contact angle can be used in correlations predicting bubble size.
� Apparent angles should not be approximated to quasi-static values for predictions.
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a b s t r a c t

This study focuses on the detailed description of the heat transfer and bubble dynamics processes occur-
ring for the boiling of water on surfaces with extreme wetting regimes, namely hydrophilicity and super-
hydrophobicity. The wettability is changed by modifying the surface chemistry and without significant
variations in the mean surface roughness. Under these conditions and for the range studied here the
effect of the extreme wetting regimes was dominant, thus the influence of surface topography was not
addressed. A particular trend is observed for the boiling curve obtained with the superhydrophobic sur-
faces, as the heat flux increases almost linearly with the superheat, although with a much lower slope
than the hydrophilic surfaces. This occurs due to the formation of a large stable vapour film over the
entire surface just at around 1 K superheat, because of the almost immediate coalescence of the bubbles
generated on the surface. This behaviour agrees with the so-called ‘‘quasi-Leidenfrost” regime recently
reported in the literature and with a theoretical prediction of the heat flux that is presented in this study.
Furthermore, a comprehensive analysis of bubble dynamics, useful for comparison with numerical sim-
ulations is given. Such analysis is based on the temporal evolution of the bubble diameter together with
bubble contact angle and with the velocity of the contact line. The results suggest that the existing mod-
els and correlations can predict the trends of the bubble growth using a modified contact angle value,
called the bubble contact angle (or its supplemental value), for the hydrophilic surfaces, even if they can-
not accurately predict bubble sizes. Approximating the modified contact angle with the quasi-static con-
tact angle, obtained during surface characterization is practical for a qualitative evaluation, but the
results obtained here do not support for its use when estimating the bubble departure diameter. On
superhydrophobic surfaces, the effect of the vapour film must be considered, since although this is not
the starting point of the boiling process, it represents the actual working conditions when using this kind
of surfaces.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Enhancement of pool boiling heat transfer is often achieved by
altering surface properties. The evolution observed in micro-and-
nano-fabrication techniques within the last decade provides the
researchers the opportunity to test a wide range of surface treat-
ments, which quickly evolved from the micro-patterned surfaces
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Nomenclature

Latin letters
q00 heat flux (W/cm2)
Db bubble departure diameter (mm)
Cp specific heat (J/kg K)
fb bubble emission frequency (Hz)
g gravity acceleration constant (m/s2)
h heat transfer coefficient (W/(m2 K))
hfg latent heat of evaporation (kJ/kg)
K thermal conductivity (W/(m K))
Lc characteristic length (capillary length) (mm)
Ra surface mean roughness (lm)
Rz surface peak-to-valley roughness (lm)
T temperature (�C)

Greek symbols
a thermal diffusivity (m2/s)

l dynamic viscosity (N s/m2)
hadv quasi-static advancing contact angle (�)
hrec quasi-static receding contact angle (�)
he apparent equilibrium contact angle (�)
hl micro contact angle (�)
q density (kg/m3)
r interfacial tension (N/m)

Subscripts
b bubble
e equilibrium
l liquid
v vapour

Fig. 1. Balance of the interfacial tensions on: (a) a droplet, (b) a bubble over a
hydrophilic surface).
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[1] to nano-coatings [2,3]. Nonetheless, many of these treatments
simultaneously alter surface topography and chemistry in a non-
systematic way, turning difficult to understand dominant effects
on the boiling mechanisms. In fact, the wettability is affected by
the chemistry of the surface (and of the working fluid) and by
the surface topography. However, it is possible and desirable to
separate them at some extent, as recently shown by Bourdon
et al. [4,5]. The surface wettability is usually roughly quantified
by the apparent equilibrium contact angle he, which is obtained
at the equilibrium between the interfacial tensions acting at
liquid-solid-vapour contact interfaces (often measured on a sessile
drop deposited on the surface). Based on this apparent angle, it
is widely accepted that a surface is lyophilic (i.e. promotes the
liquid spreading) for 0 < he < 90� and lyophobic (i.e. repels the
liquid) for he > 90�. The terms hydrophilic/hydrophobic, which
are commonly used for liquid attractive/repellent surfaces, derive
from the specific attraction/repellence of water. The boundaries
for extreme wetting scenarios, namely superhydrophilicity and
superhydrophobicity are still debated in the most recent literature,
as universal criteria to determine stable extreme wetting regimes
are not easily defined. It is known that the heterogeneous wetting
regime associated to superhydrophobicity may not be stable and
may not hold, as an activation energy barrier is transposed and
the contact line slowly moves [6]. Hence, the most representative
measures are given by the quasi-static advancing or receding con-
tact angles and by the hysteresis, which is basically the difference
between the quasi-static advancing and the receding angles. So,
based on this, several authors, such as Bhushan and Jung [7], con-
sider that a surface is superhydrophobic for hadv > 150�, if the hys-
teresis is lower than 10�. These advancing and receding angles are
also argued to be more representative of dynamic processes, as
shown for drop impacts (for example in [8]). For bubbles, however,
the vapour is over the surface and surrounded by the liquid, so the
balance of the interfacial forces is different, as illustrated in Fig. 1.

Addressing the effect of wettability in bubble generation and
detachment, quantified by a contact angle is a complex task that
has been debated for many years. Several authors consider a rough
approximation of the equilibrium angle to be representative of the
wettability effect on bubble formation and growth. For instance,
considering homogeneous nucleation, pioneering theories, such
as that proposed by Bankoff [9] establish an energy factor which
mainly represents the ratio of the energy required to form a bubble
with the apparent equilibrium contact angle he on the surface and
the energy required to form a full sphere with the same diameter.
Please cite this article in press as: E. Teodori et al., Effect of extreme wetting sc
org/10.1016/j.applthermaleng.2016.11.079
This factor is maximum at he = 0� (complete wetting) and mini-
mum at he = 180� (non-wetting). Even though Bankoff’s theory
for homogeneous nucleation, considers that bubble growth is
mainly due to evaporation of the superheated liquid layer that sur-
rounds the bubble after inception (e.g. [10,11]), similar arguments
have been recently used by Phan et al. [3] and by Cheng et al. [12]
for heterogeneous nucleation, considering that the bubble growth
is grounded on the evaporation from the base of the bubble, where
a microlayer between the liquid-vapour interface and the solid sur-
face is formed. Considering the variation of the free Gibbs energy
(or of the so-called availability function, as proposed by Cheng
et al. [12]) these authors show that bubble nucleation starts at
lower superheat values on a superhydrophobic surface, as the
energy barrier necessary for nucleus generation is smaller.

Given that the critical conditions for boiling incipience are
taken for static equilibrium, the use of static parameters seems
adequate for the initial growth behaviour [13]. However, the defi-
nition of the adequate contact angle during bubble growth until
detachment is not so clear. For instance, Phan et al. [3] establish
general trends between the size of the bubbles (at detachment)
and the static contact angle. However, when predicting the bubble
detachment diameter, these authors report an opposite trend of
the bubble growth with the static contact angle, when compared
to that given by the Fritz’s equation [14]. The accuracy of Fritz’s
equation has further been debated several times, particularly when
dealing with hydrophobic and superhydrophobic surfaces [15].
Hence, as an alternative approach, Phan et al. [3] define a micro-
contact angle, hl between the micro-layer and the liquid-vapour
interface. Evaporation at this region leads to a distortion in the
enarios on pool boiling conditions, Appl. Therm. Eng. (2016), http://dx.doi.
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mechanical equilibrium and therefore the contact line changes its
shape from Fig. 2a and b [16]. Consequently, a micro and a macro
contact angles can be identified (Fig. 2b). For a hydrophilic surface,
the contact line moves during bubble growth until this micro-angle
reaches 90� (Fig. 2c) and starts then to recede towards the bubble
axis (Fig. 2d) until bubble detachment (Fig 2e). However, this hl is
impractical to measure, so Phan et al. [3–17] further explain the
bubble growth process, based on the macro-angle. Recognizing
the importance of hysteresis and the use of quasi-static advancing
and receding angles for the bubble growth scenario as previously
reported for instance by Mukherjee and Kandlikar [18], Phan
et al. [3] argue that as the convex vapour appears at the cavity
shape, the contact angle is the equilibrium angle (at saturated tem-
perature), which is kept when the bubble forms at the cavity
mouth. As the liquid microlayer evaporates at the base of the bub-
ble, the bubble grows and the macro-angle is approximated to the
quasi-static receding angle. The force balance further leads the
contact line to recede and the macro-contact angle approaches
the quasi-static advancing angle. On the other hand, for lyophobic
surfaces, the presence of the microlayer is not so clear, so that only
the macro-contact angle is defined (Fig 2f). The macro-angle is still
approximated to the equilibrium angle as a concave vapour shape
appears and later the bubble forms at the cavity mouth. The con-
tact angle also approaches the receding angle during bubble
growth, but then, since there is no interfacial tension component
to push the bubble or contribute to its detachment from the sur-
face, the bubble radius keeps increasing with a macro-angle close
to the advancing angle.

The global description of the aforementioned processes allows a
qualitative explanation that is in agreement with the main trends
consistently reported in the various experiments performed on
a)

c)

e)

H

Fig. 2. Bubble growth at a single nucleation site, following the theory of Phan et al. [3,1
micro-contact angle hl and of the actuating surface tension, (c) definition of the micro-co
(d) contact line receding until bubble axis, (e) bubble detachment, (f) macro-contact an
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pool boiling over superhydrophobic vs hydrophilic surfaces, e.g.
[2,3,19,20]: the onset of boiling occurs at very low superheat val-
ues on superhydrophobic surfaces, but then as the force balance
does not favour the bubble release, large bubbles stay for longer
attached on the surface and coalesce, leading to a Critical Heat Flux
condition at low superheat values. Conversely, a hydrophilic sur-
face requires larger superheat to start bubble nucleation, but find
it easier to release the vapour bubbles, so that higher CHF can be
reached.

However, in this kind of descriptions, the contact angles are
continuously being re-defined and approximated to account for
the effect on wettability on bubble growth. On the other hand, a
detailed description of the nucleation process and of bubble
dynamics such as those performed for instance by Phan et al. [3],
McHale and Garimella [21] and Moita et al. [22] are still scarce
and do not allow establishing the accurate relation between bubble
dynamics and the aforementioned trends of the boiling curves. An
accurate and practical quantity that can satisfactorily account for
the wettability on bubble formation is therefore important to
understand the related heat transfer mechanisms, as the main heat
transfer processes are currently known to occur during bubble
growth and detachment [23–25]. Within this scope, the present
work aims at contributing with additional information to allow a
more adequate description of bubble dynamics and discusses on
the adequate parameters relating these dynamic processes with
wettability. Hence, boiling curves obtained for extreme wetting
scenarios (hydrophilic vs superhydrophobic) are described in
detail and related to the corresponding bubble dynamics, charac-
terized by the temporal evolution of several quantities, namely
bubble diameter, bubble emission frequency, bubble contact angle
and contact line motion. The quantification of these variables is
b)

d)

f)

ydrophilic 

Hydrophobic 

7]: (a) evaporation leading to the distortion of the contact line, (b) definition of the
ntact angle hl and of the actuating surface tension at the limiting condition hl = 90�,
gle for hydrophilic vs hydrophobic surfaces.

enarios on pool boiling conditions, Appl. Therm. Eng. (2016), http://dx.doi.
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supporting further numerical simulations of the boiling process.
Moreover, the surface topography is varied within these extreme
wetting conditions, in a systematic and controlled way to assess
on its role in a situation for which the wettability is mainly con-
trolled by the chemical modification of the surface.
2. Experimental analysis

2.1. Experimental set-up

The set-up is mainly composed by a boiling chamber, a degas-
sing system of the working fluid, pressurized and constantly
heated and filling and evacuating circuits, which connect the boil-
ing chamber respectively to the degassing station and to the waste
fluid container, being the latter at ambient pressure. The boiling
chamber, which is schematically represented in Fig. 3 has approx-
imately a cubic shape with 200 mm side. Heaters disposed inside
and on the outer walls of the boiling chamber are controlled by a
PID controller to assure that the liquid remains inside the chamber
at saturation temperature. The boiling chamber is isolated from the
outside with thermal resistant natural rubber. The type K thermo-
couple which acquires the data to characterize the saturation state
of the liquid is located 25 mm above the test surface. The temper-
ature and the pressure inside the boiling chamber are accurately
controlled with a precision of 1 �C and 1.6 mbar, respectively.

The pressure is controlled by means of two electronic valves,
which are actuated based on the measures given by a pressure
Fig. 3. Schematic representatio

Please cite this article in press as: E. Teodori et al., Effect of extreme wetting sc
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transducer (OMEGA DYNE Inc.) inside the chamber, using a
home-made software based loop control. This control system
allows the pressure variations to be lower than 5 mbar. The refill-
ing and the entire measurement processes are automatically con-
trolled by this routine. The temperatures are sampled using type
K and type T thermocouples. The signal is acquired and amplified
by a National Instruments DAQ board connected with a BNC2120.

The heating block, which heats and accommodates the different
surfaces, comprises a copper cylinder, with a dimeter of 20 mm,
inside which a cartridge heater (up to 315W) is placed. The cylin-
der is isolated with Teflon, from the outside. The surfaces are posi-
tioned into the heating block using a custom-made system with
bolts and springs, to assure reproducible thermal contact. The bolts
contacting the surface are made from PEEK (polyether ether
ketone) to minimize the heat that is dissipated from the surface
to the bolts. The heat flux is measured using a thin heat flux meter
(Captec Enterprise�) custom made to fit perfectly to the heating
block. This heat flux meter, which is placed between the copper
cylinder and the surface, has a sensitivity of 2.21 mV/(W/m2).
The surface temperature is measured with a T-type thermocouple
that is coupled with the heat flux meter. The accuracy of this ther-
mocouple is ±0.5 K.
2.2. Experimental procedures

The test surfaces are characterized in terms of their superficial
topography and wettability, before and after each essay
n of the boiling chamber.

enarios on pool boiling conditions, Appl. Therm. Eng. (2016), http://dx.doi.
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(corresponding to a single boiling curve), as detailed in the follow-
ing paragraphs. This procedure ensures the exact definition of the
boundary conditions related to the wettability and allows inferring
the effect of surface ageing on the wettability and, consequently on
the pool boiling curves. Then, pool boiling curves are constructed
for each test surface, which are obtained by slowly imposing the
heat flux in small increasing power steps. For each power step
increased, bubble dynamics and nucleation mechanisms are also
characterized based on visualization, using a high-speed camera
(Phantom v4.2 from Vision Research Inc.). Quantitative informa-
tion regarding bubble dynamics is further obtained by image
post-processing procedures. The working fluid is degassed distilled
water. The thermo-physical properties relevant to this study are
summarized in Table 1.

The pool boiling tests start by degassing the distilled water for
about 30 min being the degassing procedure kept during the entire
test. Before filling the boiling chamber, a vacuum pump is used to
remove air from the chamber. This pump stays on throughout the
entire filling process until the chamber is completely full to mini-
mize the possibility of keeping air entrapped that would be dis-
solved in the working fluid, which would affect the saturation
temperature. The fluid is degassed by applying full power to the
internal resistances until the saturation temperature is achieved
for the measured pressure, thus assuring that the fluid is degassed
within the uncertainty of the measurement instruments.

2.2.1. Surface preparation
Stainless steel surfaces (304S15) are prepared to have dissimilar

topographic and wetting properties. The many surfaces used in this
study (nearly 40) are divided in 4 main categories (see Table 2):
RAW – ‘‘smooth” hydrophilic surfaces, ROUGH – ‘‘rough” hydrophi-
lic surfaces, RAW SHS and ROUGH SHS, representing superhy-
drophobic surfaces with identical roughness amplitude as that of
the hydrophilic ones. The surfaces within each category have sim-
ilar roughness characteristics. The superhydrophobic surfaces are
obtained using a chemical coating (a commercial compound called
Glaco Mirror Coat Zero, from Soft99 Co, which is mainly a perfluo-
roalkyltrichlorosilane combined with perfluoropolyether car-
boxylic acid and a fluorinated solvent [26]), which does not alter
significantly the topography, as checked with a profile meter (see
Section 2.2.2). All the surfaces are first cleaned, following the main
steps: (a) 30 min in an ultrasonic bath in water at 40 �C, (b) drying
with compressed air and (c) 30 min in an ultrasonic bath in ace-
tone at 40 �C. Then the coating is applied as in [27]. The aforemen-
tioned cleaning procedure must be repeated for each surface and
for all the boiling curves.

2.2.2. Characterization of the surfaces
The homogeneity of surface topography and morphology is

checked by Laser Scanning Confocal Microscopy (Leica SP8 Confo-
cal Microscope) using the reflection mode. Then, the stochastic
roughness profiles are measured using a Dektak 3 profile meter
(Veeco) with a vertical resolution of 20 nm. These profiles are fur-
Table 1
Thermo-physical properties of water, taken at saturation at
1.013 � 105 Pa.

Property Value

Saturation temperature Tsat (�C) 100
Liquid density ql (kg/m3) 957.8
Vapour density qv (kg/m3) 0.5956
Liquid dynamic viscosity ll (mN s/m2) 0.279
Liquid specific heat cpl (J/kg K) 4217
Thermal conductivity kl (W/m K) 0.68
Latent heat of evaporation hfg (kJ/kg) 2257
Liquid surface tension rlv (N/m) � 10�3 58

Please cite this article in press as: E. Teodori et al., Effect of extreme wetting sc
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ther processed to obtain the mean roughness (determined accord-
ing to standard BS1134) and the mean peak-to-valley roughness
(determined following standard DIN4768). Average representative
values of Ra and Rz are taken from 10 measurements distributed
along the entire surface.

Wettability is quantified by the apparent quasi-static advancing
and receding angles. Hysteresis (i.e. the difference between the
quasi-static advancing and receding angles) is also evaluated for
the coated surfaces to assure that it was lower than 10� for the
superhydrophobic surfaces (following the criterion presented in
the Introduction). The measurements are performed at room tem-
perature (20 ± 3 �C), using an optical tensiometer (THETA from
Attention). The angles are evaluated from the images taken within
the tensiometer, using a camera adapted to a microscope. The
images (with resolution of 15.6 lm/pixel for the optical configura-
tion used) are post-processed by a drop detection algorithm based
on the Young-Laplace equation (One Attention software). The accu-
racy of these algorithms is argued to be of the order of ±0.1� [28].
Overall, the manufacturer assures ±1� for the contact angle mea-
surement accuracy, but their uncertainty depends on the repro-
ducibility of the measurements, which is affected by the
homogeneity of the surface. Nevertheless, Table 2, which depicts
the main characteristics of the four categories of surfaces defined
for the present study shows that the contact angle measurements
were reproducible, being the values presented here taken as an
average of 3 representative measurements distributed along the
surface. Deviations in Ra were admitted around 10% within each
category.

2.3. Data reduction and uncertainties

2.3.1. Pool boiling curves
The boiling curves are obtained under imposed heat flux condi-

tions on the surface, with continuous control and monitoring of the
surface temperature, liquid temperature and pressure inside the
pool boiling chamber. The data is acquired under controlled pres-
sure conditions, at 1 bar ± 10 mbar for each surface and the curves
constructed by varying the imposed heat flux in small steps of 1–
5 W until the maximum safe working temperature of the heat flux
sensor is attained (180 �C). This procedure allows obtaining 10–11
points per curve in one experiment. In each point, three seconds of
data for heat flux and pressure are recorded at 100 Hz and for every
one hundred data points, its average and standard deviations are
written to a spreadsheet. Simultaneously, one thousand points of
surface and fluid temperature are recorded and the average and
standard deviation values are calculated. Each final curve is aver-
aged from 4 experiments. Since the temperature provided by the
heat flux sensor is that of the under part of the test surface, the
boiling curves must be corrected considering the thermal resis-
tance between the heat flux sensor and the top of the surface fol-
lowing, which is evaluated using a high-speed infrared
thermographic camera - ONCA-MWIR-InSb-320 infrared camera
from Xenics (ONCA 4696 series). To reduce errors due to emissivity
the surface was painted in black (e = 0.95–0.96).

The uncertainty in the temperature measurements DT is
assessed according to [29]:

DT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2 þ ð2SÞ2

q
ð1Þ

U is the uncertainty of the measurement instrument itself, which in
this case is ±0.5� for the thermocouple embedded in the heat flux
sensor, and S is the standard deviation of the measurements. Fol-
lowing this, the maximum uncertainty for the temperature mea-
surements is ±0.95 K.

On the other hand, the error associated with heat flux measure-
ment in the sensor can be evaluated as:
enarios on pool boiling conditions, Appl. Therm. Eng. (2016), http://dx.doi.
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Table 2
Surface characteristics.

Category Surface material Ra (lm) Rz (lm) hadv (�) hrec (�) Hysteresis (�)

RAW Stainless steel 0.06 0.09 85 ± 1 <20 >10
ROUGH Stainless steel 1.20 1.58 90 ± 6 <20 >10
RAW SHS Stainless steel coated with Glaco 0.06 0.09 166 ± 1 164 2
ROUGH SHS Stainless steel coated with Glaco 1.20 1.58 166 ± 1 164 2
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Dq00 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2 þ ð2SÞ2

q
ð2Þ

In this case, the uncertainty value, given by the manufacturer, is
of ±3% and the maximum uncertainty in the heat flux measure-
ments is 3.3%.

2.3.2. Bubble dynamics
The characterization of the nucleation mechanisms and bubble

dynamics is based on high-speed visualization and image post-
processing. Images of 512/512 pixel2 are recorded with a frame
rate of 2200 fps and a spatial resolution of 31.85 lm/pixel. A
home-made routine developed in MATLAB enables determining
the temporal evolution of the bubble diameter (until detachment),
bubble contact angle, velocity of the contact line and bubble depar-
ture frequency. The temporal evolution of bubble growth is mea-
sured for each test condition, from the entire bubble growth
period until detachment. Then, averaged (bubble diameter) values
are taken, for the instant of bubble detachment for various detach-
ment events. Bubble departure frequency is estimated by counting
the number of detachment events in a defined time interval.
Table 3 depicts the maximum uncertainty of the aforementioned
quantities, evaluated according to the expressions listed in the
third column. For the worst-case scenario, the absolute error in
the contact angle measurement is estimated to be ±11.3�. This
evaluation considers the uncertainty associated to the identifica-
tion of the boundary of the bubble, which in turn affects the defi-
nition of the tangent line used to evaluate the angle.
3. Results and discussion

3.1. Boiling curves

Changing the wettability within extreme scenarios leads to sig-
nificant differences in the obtained boiling curves, as depicted in
Fig. 4. For such extreme wetting regimes, the surface topography
plays a secondary role, as its mild increase does not introduce sig-
Table 3
Uncertainties in bubble dynamics parameters.

Parameter Max.
error
(%)

Evaluation method

Bubble diameter -
Db (mm)

9.1
DDB
DB

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DCf

Cf

� �2
þ 2edb

DB �Cf

� �2r
Cf is the calibration factor. Given that this is
subjected to a random error depending on the
positioning of the pixel ruler on the image, an
uncertainty of ±5% is estimated for the worst-
case scenario. edb is the uncertainty associated
to the definition of the boundary of the bubble
which is evaluated to be 4 pixels, also for the
worse case (smaller bubbles)

Contact line
velocity – v
(mm/s)

8.2

Dv
v ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DCf
Cf

� �2

þ 2ev
Dx�Cf

� �2
r

Dx

Here, Dx is the advancing or receding distance
of the contact line between consecutive
frames
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nificant changes in the boiling curves, either in the hydrophilic or
in the superhydrophobic surfaces (Fig. 5). Hence a decoupled effect
of surface topography and surface chemistry can be achieved with
the chemical surface treatment proposed. The surface topography
should not play a negligible role, but for the present work, focus
is put on the wettability effect.

The boiling curve obtained for the hydrophilic surfaces is qual-
itatively in agreement to that reported in the literature, e.g.
[2,3,19,20]: the onset of boiling occurs approximately for a super-
heating of 12 K, followed by the typical increase in the curve slope,
caused by the triggering of the nucleate boiling regime. It is worth
mentioning that only part of the curve is represented here, still far
from the Critical Heat Flux conditions. To avoid comparisons with
empirical correlations, which as discussed in the following para-
graphs are strongly dependent on the particular experimental con-
ditions for which they are devised and are difficult to match with
the particular effects that are being discussed here, namely the
wettability, a quantitative comparison is only shown in Fig. 4, for
illustrative purposes, with the boiling curves reported by Malavasi
et al. [27] for hydrophilic (raw) surfaces, which were performed in
a different set-up, but considering wetting conditions (including
the raw material) very close to those addressed in the present
work. Overall the results show good agreement between the
curves.

Conversely, the boiling curve obtained for the superhydropho-
bic surface has an atypical tendency. The onset of boiling occurs
usually during the first power step, at about 1–2 K of wall super-
heat. Afterwards, the heat flux increases almost linearly with sur-
face superheating, with much lower slope than that of the
hydrophilic surface.

These trends can be related to bubble dynamics, as qualitatively
shown in Fig. 6, which depicts the bubble generation process for
various values of wall superheat, respectively for pool boiling of
water on a hydrophilic (on the left side) and superhydrophobic
(on the right side) surfaces.
Fig. 4. Boiling curves obtained for water on hydrophilic and superhydrophobic
stainless steel surfaces.

enarios on pool boiling conditions, Appl. Therm. Eng. (2016), http://dx.doi.

http://dx.doi.org/10.1016/j.applthermaleng.2016.11.079
http://dx.doi.org/10.1016/j.applthermaleng.2016.11.079


Fig. 5. Effect of surface topography (quantified by the parameters Ra and Rz depicted in Table 2) on the boiling curves of water on: (a) hydrophilic surfaces, (b)
superhydrophobic surfaces.
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From the sequence of images illustrating the boiling phenom-
ena on the hydrophilic surface, one can identify several character-
istics which are often reported in the literature, for similar wetting
conditions [19–21,30–31]: at low superheat, Fig. 6a, the nucleation
sites are sparsely located within the heated area (i.e. within the
diameter £20 mm) with very few active sites. Further raising the
surface superheat up to 32 K, (Fig. 6c) the heated area becomes
much more active with bubbles rising from a broader number of
nucleation sites. Here, boiling is triggered and the slope of the boil-
ing curve has visibly increased. Also, lateral coalescence starts to
occur. This trend in increasing the number of active nucleation
sites continues until the wall superheat rises typically up to 40 K
(Fig. 6e). Then, bubble interaction becomes chaotically evident
with strong coalescence occurring in both vertical and horizontal
directions. The heat flux still increases at relatively low superheat,
as one is still far from the Critical Heat, which cannot be achieved
in safe conditions for the present heat flux sensor.

On the other hand, for the superhydrophobic surfaces, even at
the lowest wall superheat value, corresponding to Fig. 6b the
heated area of the superhydrophobic surface is already completely
covered with a single bubble. In fact, the wall superheat value of
21 K was chosen for comparative purposes, but, as aforementioned,
for the superhydrophobic surface, the boiling starts immediately at
1–2 K of wall superheat, although single nucleation sites are not
distinguished. Instead, the boiling process is only visible by the
growing of this single large bubble. Hence, further increasing the
surface temperature, (Fig 6d and f), the boiling process is not qual-
itatively different from that observed at lower wall superheat,
except for the bubble size, since the bubble slightly grows as the
wall superheat increases. Near the saturation temperature, multi-
ple nucleation sites are in a metastable equilibrium, so that the
1–2 K superheat is enough to trigger the boiling. Also, as revised
in the Introduction, the energy barrier necessary for nucleuses gen-
eration is smaller. Hence, very small bubbles appear on the surface
already at 1–2 K superheat. However, being the surface superhy-
drophobic, there is no interfacial tension component promoting
bubble detachment, so these bubbles tend to stay attached on
the surface and start to coalesce in the horizontal direction, gener-
ating an initial insulating vapour blanket from which the single
bubble starts to depart, as enabled by the force balance. The partic-
ular superhydrophobicity of this surface allied to its stochastic
micro-roughness, strongly promotes this behaviour which occurs
very fast and at very low wall superheat values, so the growth
and coalescence of these small bubbles is almost impossible to
capture.
Please cite this article in press as: E. Teodori et al., Effect of extreme wetting sc
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This behaviour is qualitatively and quantitatively in agreement
with the so-called ‘‘quasi-Leidenfrost” effect recently reported by
Malavasi et al. [27] to occur on surfaces similar to those used in
the present study, both in the topography and in the chemical
treatment. The vapour film is always stable and contrarily to the
observations of [27], any intermittent rewetting is visible, even
for bubble departure frequencies above 1 Hz. This vapour blanket
is difficult to visualize, but should be in qualitative agreement with
a film boiling heat transfer trend.

To confirm this trend, a correlation for film boiling developed by
Berenson [30], as depicted in Eq. (3), was compared to the experi-
mental boiling curves obtained for the superhydrophobic surface,
as shown in Fig. 7. It is worth reminding that k represents the ther-
mal conductivity, q the density of the fluid, hfg the latent heat of
evaporation, Cp the specific heat, l the dynamic viscosity, r the liq-
uid surface tension and g the gravity acceleration constant. This
result must be interpreted only qualitatively, as one is using an
empirical correlation, but nevertheless the qualitative interpreta-
tion shows that the relation captures a behaviour resembling the
film boiling heat transfer, thus occurring over a vapour layer.

q00 ¼ 0:325
k3vqvg ql � qv

� �
hfg þ 0:4CpvðTW � TsatÞ
� �

lv TW � Tsatð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r=gðqL � qvÞ

p
" #1=4

ðTW � TsatÞ:

ð3Þ
The analysis performed here clearly evidences the strong rela-

tion between the boiling curves and heat transfer with bubble
dynamics. In fact, the visualization of the nucleation and the bub-
ble dynamics was particularly useful to understand the atypical
trend of the boiling curves obtained for the superhydrophobic sur-
faces. Following this, it is now important to complement this qual-
itative evaluation with a detailed a quantitative analysis of the
bubble dynamics, as reported in the next subsection.

3.2. Bubble dynamics

A wider overview of the trend of the average bubble departure
diameter and frequency for the extreme cases of hydrophilic and
superhydrophobic surfaces is depicted in Fig. 8. The results are
mainly in agreement with the qualitative description of bubble
dynamics discussed in the previous paragraphs.

Hence, for the hydrophilic surfaces, there is no obvious change
in the average bubble size with increasing heat flux (Fig. 8a). Even
though several correlations predict the increase of the bubble
diameter with the heat flux for hydrophilic surfaces, others mainly
enarios on pool boiling conditions, Appl. Therm. Eng. (2016), http://dx.doi.
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Fig. 6. High speed images of bubble dynamics for hydrophilic (left side) and superhydrophobic (right side) surfaces at various wall superheats.
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address a constant departure diameter, as revised for instance in
McHale and Garimella [21] and in Dhir [32]. These authors show
that such trend depends on several parameters, such as the inter-
action mechanisms between nucleation sites. Similar observations
are reported in [22]. Therefore, this result is not necessarily in dis-
agreement with the literature. On the other hand, for the water
boiling on the superhydrophobic surface, the higher heat flux
increases the amount of vaporization. Considering that the large
bubble is growing over the insulating vapour layer, this leads to
an almost steady increase in the bubble departure diameter. Nev-
ertheless, empirical correlations often fail to predict the bubble
diameter in hydrophilic surfaces, clearly underestimating the bub-
ble departure diameter obtained in the present work, as depicted
Please cite this article in press as: E. Teodori et al., Effect of extreme wetting sc
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in Fig. 8a, which compares the experimental data obtained here
with the correlation of Cole and Rohsenhow [33]. It is worth men-
tioning that these correlations are strongly dependent from the
particular experimental conditions for which they were devised.
Hence, large differences can be obtained between the values pre-
dicted by Cole and Rohsenhow [33] and those reported in the par-
ticular conditions studied here, namely for the superhydrophobic
surfaces, thus suggesting that the physics governing the observed
phenomena is not yet totally addressed in the correlation.

The difference in size of the bubble on the superhydrophobic
surface, when compared to those detached from the hydrophilic
surface also contributes to dissimilar results in terms of the bubble
emission frequency, fb, as depicted in Fig. 8b, being the emission
enarios on pool boiling conditions, Appl. Therm. Eng. (2016), http://dx.doi.
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Fig. 7. Berenson’s correlation as a qualitative description of the trend of the boiling
curves obtained for the superhydrophobic surfaces.
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frequency naturally much lower for the superhydrophobic surface.
For the boiling on the hydrophilic surface, on the other hand, the
emission frequency follows a decreasing trend, in agreement with
the behaviour proposed by many correlations, including the classi-
cal relation proposed by Zuber [34]. It is worth mentioning that the
bubble departure diameter and emission frequency do not have
inversely proportional trends, as proposed for instance by Jakob
and Fritz [35] or Mikic et al. [11], as this behaviour is also strongly
dependent on the interaction mechanisms, as also argued by Dhir
[32] and by McHale and Garimella [21]. For the boiling on the
superhydrophobic surface, the steady increase of the emission fre-
quency is identified for increasing heat fluxes. This trend is natu-
rally contrary to that typically reported for the hydrophilic
surfaces, as expected, since the bubble formation and release pro-
cess occurs over the vapour layer, so the entire growth and depar-
ture process mainly depend on the amount of vaporization.

The average values of parameters quantifying bubble dynamics,
namely the departure diameter and frequency, as usually pre-
sented in the literature, are useful to identify general trends and
to perform rough evaluations of the heat transfer. However, to
accurately characterize the bubble growth and departure mecha-
nisms one must not only the growth rate of the bubble, but also
the motion and stability of the contact line. This detailed analysis
is performed in the following paragraphs, focusing on a single
nucleation.
Fig. 8. (a) Average bubble departure diameters and (b) emis
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3.2.1. Bubble dynamics (single nucleation site analysis)
Given the secondary role of the surface topography for the con-

ditions analysed here, the results were mainly obtained for the
boiling of water over the smooth surfaces (RAW and RAW SHS,
respectively for the hydrophilic and superhydrophobic scenarios).

Fig. 9 depicts the temporal evolution of bubble growth, consid-
ering the extreme wetting scenarios of hydrophilicity and
superhydrophobicity.

The images shown in the sequences (b) and (d) result from the
post-processing of the sequence of images shown in (a) and (c),
respectively, so they are not simulations or schematic representa-
tions. The respective temporal evolution of the bubble diameter
and of the bubble contact angles are quantitatively shown in
Figs. 10–12.

As expected, the bubble growth time on the superhydrophobic
surface is much larger than that on the hydrophilic. This can be
easily confirmed by looking at the temporal evolution of the bub-
ble growth in Fig. 10: in the time one single bubble grows from
the superhydrophobic surface, nearly 10 bubbles have grown and
detached from the hydrophilic. Hence, while the bubble diameter
slowly grows on the superhydrophobic surface over more than
300 ms, attaining values larger than 10 mm, bubbles over the
hydrophilic surface grow up to 2–2.5 mm, within around 10–
16 ms. The abrupt decrease of the bubble diameter corresponds
to its detachment instant. The corresponding bubble departure
instant for the superhydrophobic surface could not be captured
in this data set, as the growth period is too long. Having a closer
look to the evolution of the departure diameter one can compare
the experimental data with several theoretical predictions, as
shown in Fig. 11. Many of these predictions mainly solve the
energy equation, considering transient thermal conduction. Plesset
and Zwick [10] assume a uniformly superheated thermal boundary
layer around a spherical bubble and predict the bubble to grow
asymptotically, following t1/2. Alternative approaches (e.g. [11])
consider a non-uniform temperature distribution around the bub-
ble, but predict the same trend of the bubble growth. More
recently, Kim et al. [13,36,37] refer a different trend, proportional
to t1/3. The bubble growth is argued to be slower since the pressure
difference between the bubble and the liquid is not constant dur-
ing growth, as simplified by the previously mentioned authors,
but instead the vapour pressure inside the bubble should decrease
as the bubble grows, so its actual growth rate should be slower.
Afterwards, bubble growth is thermally dominated and to follow
a trend with t1/5, independently from the working fluid [37–39].
However, these authors use a refrigerant and very well wetting
fluid, with very low surface tension, which may contribute to the
sion frequencies, as a function of the imposed heat flux.
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a) 

b)

c) 

       0ms 3.18ms            6.36ms 9.54ms 12.72ms 15.9ms

         0ms 3.18ms 6.36ms 9.54ms 12.72ms 15.9ms

        0ms   70.5ms            141ms 211.5ms 282ms 352.5ms 

        0ms   70.5ms            141ms 211.5ms 282ms 352.5ms 
d) 

Fig. 9. Temporal evolution of the bubble growth and detachment on: (a) a hydrophilic surface, (b) a hydrophilic surface (post-processed images), (c) a superhydrophobic
surface, (d) a superhydrophobic surface (post-processed images). The white circle identifies the bubble that is being measured on the hydrophilic surface. The lines in red in
(b) (3.18 ms) schematically represent the sign convention used to compute the velocity of the contact line, as discussed later: advancing motion corresponds to positive
velocity values, while negative values are associated to the receding motion. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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deviations observed for the present data, with the hydrophilic sur-
face. Hence, for our experimental data, the bubble radius has a fast
increase within the first 1–3 ms, which is approximately propor-
tional to t1/2 and only for later stages the bubble growth turns
indeed proportional to t1/5. Instead, the growth rate is quite slower
for the bubble over the superhydrophobic surface (even slightly
slower than t1/5), probably due to the presence of the vapour blan-
ket, which restricts the heat transfer to the bubble.

Regarding the temporal evolution of the bubble contact angle,
identified as illustrated in Fig. 9b and d, on the hydrophilic surface
(Fig. 12a), the bubble contact angle starts at a low value and then
increases during bubble growth until the contact line starts reced-
Please cite this article in press as: E. Teodori et al., Effect of extreme wetting sc
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ing. Afterwards, the angle further decreases until bubble detach-
ment. The bubble contact angle starts with very low values (less
than 50�), which are not represented here, as the bubble at this
period is yet too small to be accurately tracked and measured by
the post-processing routine. The bubble contact angle increases
up to around 135–140� during bubble growth up to its maximum
diameter (for the first bubble represented in Fig. 10, this time cor-
responds to nearly 8 ms), decreasing afterwards at bubble detach-
ment. This is still a macro-angle so it does not decrease to zero.
Instead, a sudden discontinuity occurs at bubble detachment, at
t ffi 15 ms. Naturally that the macro-contact angle on the side of
the surface, as defined by Phan et al. [3] has the opposite evolution,
enarios on pool boiling conditions, Appl. Therm. Eng. (2016), http://dx.doi.
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Fig. 10. Comparison between the bubble growth on a hydrophilic and a superhy-
drophobic surfaces at �10 K of wall superheat.

Fig. 11. Bubble growth on a hydrophilic and superhydrophobic surface at �10 K of
wall superheat: comparison with the theoretically predicted trends.
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as it is mainly supplementary to the angle defined in the present
study.

The temporal evolution described in these paragraphs is quali-
tatively in agreement with the process reported by Phan et al. [3],
but the values obtained here are far from the quasi-static advanc-
Fig. 12. Temporal evolution of the bubble contact angle during the growth and detachm
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ing and receding angles, shown in Table 2, so the approximation to
these angles, as suggested by other authors, namely [3] does not
seem to apply here.

On the other hand, given that for the superhydrophobic surface,
the large bubble is formed already over a thin vapour film, it
already appears with a shape that is indeed very close to that
reported by Phan et al. [3] for hydrophobic surfaces, when the bub-
ble is at its final stage and the radius keeps increasing while the
contact angle remains nearly constant, during the entire slow
growing process of the bubble, until it suddenly detaches from
the surface (Fig. 12b). However, also in this case, the values of
the macro or of the bubble contact angle do not seem to match
to the advancing contact angle presented in Table 2.

It is worth mentioning that the oscillations between 70� and 75�
come from the resolution of the measurement procedure itself
which are dependent upon the number of useful border pixels to
measure the angle. Hence, due to the shape of the bubble from
the superhydrophobic surfaces, resolution is lower capturing angle
changes above that threshold. To better infer on the stability of the
actual bubble’s growth process, the motion of the contact line is
monitored during the time required for a single bubble to grow
and detach from the surface in both hydrophilic and superhy-
drophobic cases, as represented in Fig. 13.

Hence, on the hydrophilic surface (Fig. 13a) the bubble has a
stable contact line motion during the whole growth process, hav-
ing one peak at the beginning of the bubble growth, which corre-
sponds to the instant in which the bubble is visible for the first
time. The velocity of the contact line slowly decreases then, until
the maximum bubble size is reached at nearly 8 ms, in agreement
with the analysis of the bubble diameter and contact angle, per-
formed in the previous paragraphs. Around this instant, the contact
line velocity becomes close to zero. Afterwards it slowly starts to
accelerate again during the receding motion, when buoyancy
effects start to lift the bubble, pulling it away from the surface. Fol-
lowing the convention signs identified in Fig. 9, the receding
motion is identified by the negative values of the velocity. The con-
tact line does not decelerate until bubble detachment, which is
identified by the sudden velocity increase back to zero.

Instead, for the bubble on the superhydrophobic surface, the
contact line depicts an unstable motion, with many oscillations
occurring stochastically throughout the growth process. The con-
tact line follows almost like a wave movement along the growth
process, which is also associated to the aforementioned instabili-
ties in growth. Due to the large amount of data required to repre-
sent the entire process until bubble detachment, with the high
temporal resolution used here, only half of the process is repre-
ent of a single bubble on: (a) a hydrophilic surface, (b) a superhydrophobic surface.
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Fig. 13. Contact Line Velocity evolution for: (a) a hydrophilic surface; (b) a superhydrophobic surface.
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sented. However, the entire process was recorded and consistently
presents the occurrence of these stochastic instabilities. Three
main reasons can be pointed to explain this behaviour: the most
likely is the ‘‘quasi-Leidenfrost” effect reported by [27], given that
the vapour layer on top the surface, from which the bubble rises is
much larger than the actual bubble, thus allowing it to go back and
forth on top of this layer. In addition, the actual bubble size may
also contribute to this instability, as the larger size of the bubble
is mainly associated to the fact that buoyancy is balanced against
the surface tension forces, maintaining the bubble close to the sur-
face, which can induce instabilities. Finally, the actual slowness of
the growth process may also allow for the local pressure variations
to produce some effect on the bubble shape, which in turn would
affect the size and position of the contact line.

3.3. Parameters quantifying the effect of wettability on bubble
dynamics

Overall, the analysis performed up to now, describes the process
of bubble growth and detachment which agrees with that reported
in previous studies in the literature, namely by Phan et al. [3],
when boiling occurs over hydrophilic surfaces. On the other hand,
the bubble growth on the superhydrophobic surfaces is rather dif-
ferent, due to the formation of the stable vapour blanket, at very
low superheating values (1–2 K) which affects the bubble growth
process as well as the boiling curve.

From the quantitative point of view, there are some differences
to point out in both hydrophilic and superhydrophobic cases, when
compared to the literature. Hence, contrarily to the theory consid-
ered, for instance in [3], the contact line motion is significant,
reaching values around zero only at maximum bubble diameter.
Also, looking at the values of the bubble contact angle, which is
mainly the supplementary of the macro-angle defined in Phan
[3], it is not clear that any of these angles approach the receding
and advancing angles, respectively as the bubble reaches its max-
imum diameter and afterwards when it detaches from the surface.
Within this scope, one may perform a simple quantitative evalua-
tion of using this macro-contact angle (supplemental to the bubble
angle represented in Fig. 9) in some correlations reported in the lit-
erature. Hence, starting with the classical relation proposed by
Fritz [14], the bubble departure diameter predicted by Fritz corre-
lation when considering the equilibrium angle (Db = 4.39 mm) is
quite far from the experimental values reported in Table 4, being
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the relative deviation as high as 93%. Instead, when considering
the supplemental of the bubble angle, the values predicted by Fritz
correlation [14] are in quite good agreement with the experimental
data, with relative deviations up to 23%. On the other hand, Fritz
model considers that the bubble departure diameter increases with
the contact angle. However, the opposite trend is observed in the
experimental data, being these data in agreement with those
reported in the literature (e.g. [21,22,39]). This trend of the exper-
imental data is also in agreement with the detailed discussion of
the results presented in the previous paragraphs and with the
recent observations of Phan et al. [3,17]. So, considering the corre-
lation proposed by Phan et al. [17] :
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is the capillary length, the results depicted in

Table 4 show now a qualitatively correct trend of the bubble diam-
eter to decrease with the macro-contact angle, in agreement with
Phan et al. [3,17], but there is a significant disparity between the
experimental values and those predicted by the correlation.

The number of cases that are available for comparison is very
small for a conclusive analysis, since, despite nearly 40 cases were
analysed in the present work, the contact angles and the measured
diameters are very similar, so a wider range of contact angles will
be required for a proper evaluation. Nevertheless, the use of the
macro-angle may still not be the correct one, but provides a correct
trend. Regarding the approximation from the macro-contact angle
as measured during bubble growth (the approach used in the pre-
sent work) and the quasi-static angles, which is suggested in the
literature, looking at the trend of the bubble diameter with these
angles, as depicted in Fig. 14, they follow exactly the same trend,
but the quantitative values are quite different. Consequently, any
satisfactory result comes out from Eq. (4) when using such approx-
imation. Hence, this approximation is practical for a qualitative
evaluation, but should not be used for the estimation of the bubble
departure diameter. Additional work is now required to describe
the bubble growth on the superhydrophobic surface, given that
the initial contact angle is much higher than the 90�, which is
the limit for several correlations reported in the literature, includ-
ing the one given in Eq. (4). In this case, the bubble growth over the
vapour film must be already considered since, although this is not
enarios on pool boiling conditions, Appl. Therm. Eng. (2016), http://dx.doi.
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Table 4
Bubble departure diameter as a function of the bubble macro-contact angle: comparison between the experimental results obtained in the present study and those calculated as
proposed by Fritz [14] and by Phan et al. [17].

Macro-contact angle (Supplemental to
the bubble angle) (�)

Predicted data Fritz
[14] (mm)

Predicted data Phan
et al. [17] (mm)

Experimental
data (mm)

Relative deviation for
Fritz [14] (%)

Relative deviation for Phan
et al. [17] (%)

54 2.79 1.34 3.11 11.47 132.09
57 2.95 1.31 2.27 23.05 73.28

Fig. 14. Average bubble departure diameter as a function of the bubble contact
angle, macro- contact angle and quasi-static angle.
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the starting point of the boiling process, it represents the actual
working conditions when using this kind of surfaces.
4. Final remarks

The present study addresses the description of the heat transfer
and bubble dynamics processes occurring at the boiling of water
over surfaces with extreme wetting regimes, namely hydrophilic-
ity and superhydrophobicity, which are mainly obtained by modi-
fying the surface chemistry. Under these conditions and for the
range studied here the effect of the extreme wetting regimes was
dominant. Hence, the influence of surface topography was not
addressed here.

In agreement with the literature, the onset of boiling occurs at
much lower surface superheat for the superhydrophobic surfaces.
However, a quite atypical boiling curve is obtained: the heat flux
increases almost linearly with the superheat, until reaching a max-
imum value, after which it does not further increase. This trend
agrees with the so-called ‘‘quasi-Leidenfrost” regime, recently
reported in the literature. In the observed phenomena, a film
vapour is almost immediately formed at 1–2 K of superheating,
covering the entire surface, thus the heat transfer is reduced just
after the onset of boiling. This evolution of the boiling curve is also
in agreement with correlations for film boiling, which consider the
presence of a stable vapour layer, as observed here.

Bubble dynamics is useful to understand such atypical boiling
curves, so a detailed analysis of bubble dynamics is presented,
focusing on the temporal evolution of the bubble growth diameter
together with bubble contact angle. Furthermore, contact line
velocity profiles obtained for the bubbles growing on the superhy-
drophobic surfaces was shown to be highly unstable, contrasting to
the stable growing process depicted on the hydrophilic surfaces.
This instability is attributed to the large bubble size, to the vapour
layer resulting from the ‘‘quasi-Leidenfrost” phenomenon and to
the slowness of the growth process, which allows the bubble to
be affected by pressure variations, occurring within minutes.
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Bubble dynamics analysis show that using the macro-contact
angle i.e. the macroscopic contact angle supplemental to the bub-
ble angle in correlations to predict the bubble departure diameter
provides an accurate trend, although non-negligible disparities are
still obtained when comparing the experimental data with the pre-
dicted values. Also, approximating the macro-contact angles mea-
sured during bubble growth to the quasi-static angles which can be
obtained a priori during surface characterization is practical for a
qualitative evaluation, but should not be used for the estimation
of the bubble departure diameter.

Additional work is required to describe the bubble growth on
the superhydrophobic surface, given that the initial contact angle
is much higher than the 90�, which is the limit for the correlations
tested. The effect of the vapour film formed on these surfaces at
very low superheats must be considered since although this is
not the starting point of the boiling process, it represents the actual
working conditions of bubble growth and heat transfer, when
using this kind of surfaces.
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