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Nucleate boiling was examined on Joule heated stainless steel foils, functionalized by PDMS-silica coating
and/or nanosecond-laser texturing. The nucleating bubbles and transient temperature fields were visual-
ized through high-speed IR and video recordings. The differences in boiling performance were evaluated
through wall-temperature distributions. Results confirmed that smooth surfaces require high activation
temperatures and produce larger bubbles, while wall-temperature distributions display higher standard
deviations, higher local superheats, and bimodal shapes. Similarly, relatively high activation tempera-
tures were observed on the superhydrophilic surface, where the enhanced liquid replenishment on the
active nucleation sites reduces the bubble departure diameters and prevents formation of local hotspots.
Consequently, the analyzed temperature distributions have negative skewness and decreased standard
deviation. The highest heat transfer coefficient was achieved on a laser textured surface with non-
uniform wettability and multi-scale microcavities. Here, nucleation site density was as high as
200 cm ™2 at 300 kW/m?, while wall-temperature distributions demonstrated by far the lowest standard
deviation. The temperature distributions also proved that annealed PDMS-silica coating significantly
increased the thermal resistance of the entire heater. On the contrary, laser textured surfaces provided
an even better boiling performance compared to coated surfaces and did not increase heater’s thermal
resistance. This additionally endorses the coating-free, direct laser texturing method as a cutting-edge
technology in the development of surfaces capable of significantly enhanced boiling heat transfer.
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1. Introduction

Phase change heat transfer allows for the dissipation of high
heat fluxes and provides very high heat transfer coefficients and
is consequently indispensable in many heat transfer applications.
Especially nucleate boiling has an important role in cooling of
microelectronics, supercomputers, and nuclear power plant fuel
rods [1-4]. Due to constant advancements in the aforementioned
fields, perpetual enhancements of boiling heat transfer are also
required.

In pool boiling, a seemingly infinite and stationary amount of
boiling liquid is considered. One of the pool boiling regimes is
nucleate boiling, during which the liquid is vaporized and leaves
the heating surface in the form of vapor bubbles of various sizes.
This boiling regime is characterized by a relatively low surface
superheat, i.e. the difference between the temperature of the sur-
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face and the saturation temperature of the surrounding liquid.
Additionally, high heat fluxes can be removed from the surface
and high heat transfer coefficients are obtainable. Therefore, it is
the most prudent regime for the majority of boiling heat transfer
applications. As both the boiling process and the accompanying
heat transfer can be significantly influenced through the modifica-
tion of the heating surface and its interaction with the liquid [5-8],
the desire to enhance both antecedent crucial pool boiling factors
lead to the development of various surface modification tech-
niques [9-12].

In recent years, laser texturing is gaining popularity as a surface
modification approach for the fabrication of surfaces capable of
enhanced boiling heat transfer due to its many advantages com-
pared to most other methods. Laser texturing is relatively fast
and flexible; furthermore, laser textured surfaces are quite durable
and the production generally does not involve any coatings or
chemicals thus reducing or eliminating the thermal resistance of
the modified surfaces and - at the same time - making the method
more environmentally acceptable. Both the wettability and the
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micro/nanostructure of surfaces can be modified using laser tex-
turing [13-16]. Both parameters greatly influence boiling heat
transfer and are frequently closely intertwined; in many cases
changing the micro/nanostructure causes the wettability of the
surface to change and vice versa. Through careful manipulation
and combination of both parameters, especially by means of laser
surface texturing, considerable enhancements of boiling heat
transfer can be achieved [17,18].

Several different approaches are possible when it comes to ana-
lyzing the boiling heat transfer performance of various surfaces.
The most common mean of analysis is the so-called boiling curve,
which defines the relation between the surface superheat and the
heat flux [19]. A significant advantage of this approach is the fact
that the experimental data needed to plot a boiling curve is easily
obtained. However, a major drawback of the boiling curve is tem-
poral and spatial averaging; in other words, local features of the
boiling phenomena [20-22] are completely disregarded. Therefore,
the boiling process is not characterized in its entirety. As we have
previously shown [23], the evaluation of the boiling process based
on wall-temperature distributions grants a significantly better
insight into the phenomena during boiling on a particular surface.
However, the prerequisite for the calculation of the distributions is
an abundant amount of data regarding the transient temperature
fields on the boiling surface, which requires a rather specific
approach to the temperature measurement. The distributions
show not only the minimum, maximum, and mean temperatures,
but also the standard deviation and the overall shape of wall-
temperature distribution. This allows for a better understanding
of the boiling performance of each individual surface as high local
superheats and large standard deviations of the surface tempera-
ture are most undesired due to the possibility of the onset of a boil-
ing crisis [24] as well as the additional thermal stress and fatigue
as a result of locally concentrated thermal loads [25].

In this study, we present an in-depth analysis of enhanced pool
boiling performance on several recently developed coated and
non-coated surfaces with an emphasis on the comparison of spa-
tiotemporal temperature fields during boiling. Stainless steel foil
with a thickness of 25 um was used as the base material and
high-speed IR thermography was employed to record unsteady
temperature fields on the foil. Manufacturing procedures and
nucleate boiling curves for these surfaces were already shown in
our previous studies [12,18]. Here, we aim to exploit the concept
of wall-temperature distributions [23]| and show the important dif-
ferences in the boiling performance of various surfaces, which can-
not be observed solely on the basis of the boiling curves.

2. Experiments and methods
2.1. Pool boiling experiments

The schematic representation of the pool boiling experimental
setup is shown in Fig. 1. As the experimental setup has been
described in details in our previous publications [12,18], we are
hereby providing only a brief overview of its vital components.
The setup consisted of a double glazed glass boiling chamber with
external dimensions of 170 x 100 x 100 mm> mounted between
two steel plates. The 25 pm thick stainless steel (AISI 316) foil with
an effective heat transfer area of 17 x 27 mm? was affixed to the
electrical contacts and the whole assembly was inserted into the
boiling chamber. The foil acted as a heater by the Joule heat gener-
ation principle. Its bottom side was covered with a thin layer of a
high emissivity paint, which enabled us to use a high-speed IR
camera for transient temperature measurements. In order to avoid
placing the camera directly under the fluid-filled boiling chamber,
a golden mirror at an angle of 45° was used to reflect IR radiation

towards the IR camera. Double-distilled water was used as the
working fluid and was degassed through a two-hour session of vig-
orous boiling prior to every series of measurements using a car-
tridge heater. This heater was also used to maintain the
saturated state of the liquid and was turned off momentarily dur-
ing every measurement in order to prevent it from influencing the
heat transfer from the foil and therefore affecting the experimental
results.

The heat generation was determined on the basis of the voltage
drop across the foil and the supplied electrical current measured
through the voltage drop on a reference resistor. To obtain the heat
flux, the calculated heat generation was divided by the effective
heat transfer area of the foil. Uniform heat flux was assumed across
the entire surface.

Visible spectrum high-speed camera Casio Exilim EX-F1 record-
ing at 1200 fps was used for the visualization of the bubble forma-
tion and departure dynamics. A high-speed IR camera FLIR SC6000
recording at 1000 fps with the resolution of 250 pum per pixel was
employed for the unsteady temperature field measurements. The
average wall temperature was calculated by temporal and spatial
averaging of the temperature fields during a 10 s IR camera record-
ing (corresponding to 10,000 frames). The expanded absolute mea-
surement uncertainty of the temperature was determined to be
2.0 K, the expanded relative measurement uncertainty of the heat
flux was 0.5% and the maximum expanded measurement uncer-
tainty of the heat transfer coefficient was calculated as 3.4 kW/
m? K.

2.2. Manufacturing of functionalized surfaces

Several different methods were utilized to functionalize sur-
faces for enhanced boiling heat transfer including hydrophobic
coating application, laser heat treatment of the said coating, and
direct laser texturing of the surfaces. All manufacturing proce-
dures, surface characterization and analysis, and nucleate boiling
curves are explained in detail in our previous studies [12,18].
Table 1 lists all of the surfaces used in this study, while Fig. 2 shows
SEM and AFM images and nucleate boiling curves obtained during
saturated pool boiling experiments [12,18]. Stainless steel was
used as the base material in all cases due to its favorable resistance
to corrosion, widespread use in thermal and process engineering,
and because previous research indicates the possibility of changing
its wettability by means laser texturing [15,16].

The first group of surfaces [Fig. 2(b)] was created by applying
polydimethylsiloxane (PDMS) coated fumed silica to the 25-um-
thick stainless steel substrate rendering the surfaces highly
hydrophobic. The water contact angle on the hydrophobic coating
was 138°. It was shown [12] that thermal treatment of the coating
caused oxidation of non-polar methyl groups as well as formation
of silicon oxide and silicon carbide, which resulted in a wettability
transition from hydrophobic to superhydrophilic. Based on this, we
developed an annealed superhydrophilic surface (sample SHPI)
and a laser treated biphilic surface (sample BPly,s). A pulsed
nanosecond Nd:YAG laser (wavelength of 1064 nm and pulse dura-
tion of 340 ns) was used to locally heat the coating and conse-
quently modify (increase) the wettability of the surface. Biphilic
surfaces, i.e. surfaces with intermittent regions of significantly dif-
ferent wettabilities, are known to provide significant boiling heat
transfer improvements [11,23,26,27].

The second group of surfaces [e.g. see Fig. 2(c)] consisted of sur-
faces, textured using solely a marking nanosecond Nd:YAG laser
(wavelength of 1064 nm and pulse duration of 40 ns). The laser
textured surfaces produced on 25-pm-thick S316 stainless steel
foils were either slightly hydrophilic (samples F1 and F2), superhy-
drophilic (sample F3) or had non-uniform wettability (sample F4)
immediately after texturing. Temporal changes of the wettability
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Fig. 1. Pool boiling experimental setup.

power supply

Label  Description Static water Modification technique Modification parameters
contact angle (°)
SS 25-s-thick S316 stainless steel foil (reference) 88 None /
SHPI Surface with annealed coating <1 PDMS-silica coating + annealing Annealed at 600 °C for 8 h
(superhydrophilic)
BPlp»s Biphilic surface (superhydrophilic/hydrophobic) <1/138 PDMS-silica coating + local laser heat 0.25 x 0.25 mm? hydrophobic spot size,
treatment of the coating 1.5 mm pitch between spots

F1 Laser-textured surface (hydrophilic) 64 Direct Nd:YAG laser texturing 4.0 J/cm? laser pulse fluence, grid texturing
pattern

F2 Laser-textured surface (hydrophilic) 66 Direct Nd:YAG laser texturing 4.0 J/cm? laser pulse fluence, completely
textured

F3 Laser-textured surface (superhydrophilic) <1 Direct Nd:YAG laser texturing 6.0 J/cm? laser pulse fluence, completely
textured

F4 Laser-textured surface (non-uniform Non-uniform Direct Nd:YAG laser texturing 9.0 J/cm? laser pulse fluence, non-uniform

wettability, microcavities, microporous)

grid texturing pattern

were also investigated; the wettability decreased slightly over time
[18], which is consistent with the results of other researchers
[15,16]. In addition to non-uniform wettability of the surface F4,
this sample included multi-scale microcavities on specific regions
based on local laser texturing parameters. An in-depth description
of the laser texturing and a complete characterization of the mod-
ified surfaces can be found elsewhere [18].

Surfaces were tested in various heat flux ranges but only the
results for the 0-400 kW/m? range are shown in Fig. 2(d). The ref-
erence surface SS and the laser-textured surface F1 were not able
to dissipate heat fluxes above 300 kW/m? without the onset of
the CHF conditions and data is therefore shown only for the mea-
surable range for these two surfaces. It is important to note that
the CHF value, obtained on a thin substrate, is not comparable with
the CHF calculated from Zuber's theoretical model [28], which con-
siders only hydrodynamic effects while ignoring heat transfer at
the heated surface, thermal properties, and thickness of the surface
[5]. Therefore, the maximum values of the heat flux in Fig. 2 do not
necessarily represent the CHFs for tested surfaces.

Judging from the boiling curves, all surfaces with the exception
of the surface F1 show boiling heat transfer enhancements as the
superheats are lower at a given heat flux compared to the reference

SS surface. The greatest improvement was provided by the biphilic
surface BPIg 55 and the laser-textured surface F4. While the surfaces
F2, F3, and SHPI provided an enhancement over the reference sur-
face, they were considerably outperformed by the other aforemen-
tioned surfaces.

3. Results and discussion
3.1. High-speed visualization

Representative images showing nucleate boiling at 25 kW/m?
and 100 kW/m? were extracted from the high-speed camera
recordings and are shown in Fig. 3(a). The recordings obtained at
100 kW/m? were further analyzed and the average bubble depar-
ture diameters were measured with the results provided in Fig. 3
(b). At 25 kW/m?, the nucleate boiling regime has not yet been
fully established on surfaces SS, F1, F2, and F3. Therefore, laser tex-
tured samples F1-F3 provided no enhancement regarding the
onset of nucleate boiling (ONB), i.e. moving the ONB towards lower
surface superheats. Nonetheless, the average bubble departure
diameter at 100 kW/m? was approximately 20% lower on surfaces
F1 and F2 and 50% lower on the surface F3.
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Fig. 2. SEM and AFM images of (a) bare stainless steel foil [12], (b) superhydrophilic and biphilic PDMS-silica coated foils [12], (c) non-coated laser textured foils [18] and (d)

nucleate pool boiling curves in the range up to 400 kW/m?.

The lowest temperature of the ONB was achieved on the biphilic
sample BPlg,s, which consequently resulted in the highest heat
transfer coefficient at the early stages of the nucleate boiling
regime [e.g. see Fig. 2(d)]. High-speed video confirmed that this
sample provided the highest nucleation site density at 25 kW/m?
since each hydrophobic spot represented an active nucleation site.
In Fig. 3(a), enhanced boiling activity on surfaces SHPI, BPIg 5, and
F4 compared to the other samples is clearly noticeable. All of these
surfaces provided much higher active nucleation site densities and
up to 70% smaller bubble departure diameters compared to the SS
sample (the reference surface). At heat fluxes above 100 kW/m?,
the emerging vapor bubbles prevent visual observation of the boil-
ing surface and high-speed IR thermography becomes the main
mean of analysis.

3.2. Local temperature variations

Temperature variations on active nucleation sites and on inac-
tive areas are shown in Fig. 4, while wall-temperature profiles
across the bubble contact diameter during a single nucleation
event are presented in Fig. 5. The results are compared for all sam-
ples at 300 kW/m?2.

It is evident from Fig. 4 that the temperature difference
between the active nucleation site and the inactive area is the lar-
gest on the reference surface (SS). Prior to the nucleation, the wall
temperature gradually increases until the nucleation activation
temperature (roughly 120 °C) is reached. As the bubble begins to

grow, the heat is utilized for the phase change, which causes the
local temperature to drop down to around 102 °C. The entire nucle-
ation event repeats itself with the frequency of 30 Hz in this case,
even though the average frequency for all nucleation sites is 25 Hz.
In the area with no nucleation activity, the wall temperature is
much higher and equals to approximately 138 °C. The wall temper-
ature in the inactive region also fluctuates due to the natural con-
vection and nearby nucleations, which cause movement of the
liquid water. Temperature profiles across a single nucleation site
on the SS sample [e.g. see Fig. 5(a)] reveal that the bubble reaches
its final contact diameter approximately 5 ms after the beginning
of nucleation. Maximum bubble contact diameters are on average
4 mm at 300 kW/m?, but might also exceed 6 mm in some cases.
We observed comparable heat transfer performance between SS
and F1 samples [e.g. see Figs. 4(d) and 5(d)]. The maximum bubble
contact diameters were determined to be between 1.3 and 6.3 mm
and the average recorded nucleation frequency was around 26 Hz.
Temperature differences between the active nucleation sites and
the inactive areas are also significant. However, there is one impor-
tant distinction between the two samples: nucleation activation
temperatures were approximately 4 K higher on the sample F1.
Boiling curves also revealed that the average temperatures were
constantly higher on the F1 sample.

On the samples F2 and F3 [e.g. see Figs. 4(e,f) and 5(e,f)] the
bubble contact diameters were approximately two times smaller
compared to the surfaces F1 and SS and the bubble growth time
was shorter. However, the bubble contact diameters were the
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Fig. 3. (a) Sample video images of nucleate boiling on all tested samples at 25 kW/
m? and 100 kW/m?, and (b) average bubble departure diameters at 100 kW/m?.

smallest on the surface F4 and ranged between 0.4 mm and
1.8 mm. Bubble nucleation site density was also by far the highest
on the surface F4 and reached 200 cm 2 at the heat flux of 300 kW/
m?. There was virtually no surface area without boiling activity and
the average wall temperatures on an active nucleation site and the
inactive area were practically the same.

The highest nucleation frequency of 100 Hz was recorded on the
biphilic surface BPlg,s. Fig. 5(c) reveals that the bubble growth
time was only roughly 2 ms and the maximum contact diameter
of a growing bubble was 1 mm. Hydrophobic spots on BPlg>s
define the locations of active nucleation sites [12] and nucleation
site density was therefore equal to the density of hydrophobic
spots, which is 44 cm~2. Certain parts of the superhydrophilic net-
work around the hydrophobic spots never a come into contact with
the growing vapor bubbles and this area had consistently higher
temperature compared to the active nucleation site as presented
in Fig. 4(c).

Fig. 4 reveals that the wall temperatures on the active nucle-
ation sites drop down to about 105 °C or less during each nucle-
ation event. This is true for all surface types except for the SHPI
surface, where the wall temperature on a given active nucleation
site on average fluctuated between 119 °C and 114 °C. Tempera-
ture profiles across the growing vapor bubble on SHPI foil in
Fig. 5(b) confirm that the temperature drop during each nucleation
had significantly lower amplitude compared to the other surfaces.
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Fig. 4. Sample IR images (left) and wall-temperature fluctuations (right) at 300 kW/
m? on an active nucleation site (in red) and an inactive area (in black). (a) Bare
stainless steel, (b and c) PDMS-silica coated samples, and (d-g) non-coated laser
textured samples. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

3.3. Wall-temperature distributions

On one hand, high-speed IR recordings provide an excellent
insight into the boiling phenomena on various engineered surfaces,
however a comprehensive analysis is rather time consuming due
to the large amount of data. Figs. 4 and 5 show only the results
on a small, localized part of the boiling surface during a relatively
short period. Therefore, a constant concern whether the selected
areas and the selected time frames are representative for the entire
process is always present. On the other hand, the process of obtain-
ing the boiling curves in Fig. 2(d) is fairly straightforward. How-
ever, they show only the average heat flux versus the
spatiotemporal averaged wall superheat. To overcome the gap
between the transient temperature fields and the boiling curves,
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steel, (b and c) PDMS-silica coated samples, and (d-g) non-coated laser textured samples.
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we recently proposed a new method of calculating the tempera-
ture distributions on the boiling surface on the basis of a series
of temperature fields obtained from high-speed IR camera record-
ings [23]. All the IR temperature readings at a given heat flux dur-
ing a 10 s recording period (e.g. 10,000 frames) are arranged into
equidistant temperature intervals and a probability density func-
tion is obtained for each interval. Each probability density is
assumed to correspond to the temperature in the middle of the
interval in question. The analysis requires a sufficiently long time
interval to ensure representative results.

Fig. 6 shows wall-temperature distributions for all surfaces at
heat fluxes up to 400 kW/m?. From Fig. 6(a and d) it is apparent
that the surfaces SS and F1 exhibit highest wall-temperature devi-
ations. Maximum local superheats on these two surfaces are in the
excess of 20 K at low heat fluxes and close to 60 K at 300 kW/m?.
During boiling on smooth surfaces where large bubbles with large
contact diameters are formed, local hot spots start to appear within
the bubble contact area as a result of a local dryout [23,24,29]; the
temperature of a hot spot can significantly exceed the average wall
superheat. By solving a 3-dimensional (3-D) inverse heat conduc-
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Fig. 6. Wall-temperature distributions on (a) bare stainless steel, (b and c) PDMS-silica coated surfaces, and (d-g) non-coated laser textured surfaces.
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tion problem, we recently showed that the local heat flux and heat
transfer coefficient on the location of the hot spot are considerably
reduced [29]. Theofanous et al. [24] also proved that the life span
and the number of the local hot spots increase with the increasing
heat flux and ultimately, the liquid water’s access to active nucle-
ation sites is hindered to such extent that it does not rewet one or
more of these spots and they further grow in size, which leads to
the heater burnout. We can confirm that temperature values on
the right-hand side of the wall-temperature distributions corre-
spond to the local temperatures of the hot spots. At the same time,
the distributions for the surfaces SS and F1 are bimodal (e.g. at
300 kW/m?) with the first peak at the superheat of 3 K and the sec-
ond at 24 K. The temperature of the first peak corresponds to the
temperature underneath the vapor bubble after the contact diam-
eter grows to its final size [e.g. see Fig. 5(a and d)]. For the surfaces
SS and F1 this temperature is equal to 103 °C. To summarize, large
vapor bubbles with the contact diameters of several millimeters
produce large areas with a decreased temperature, which reflects
in an additional low-temperature peak in the wall-temperature
distribution. Furthermore, local hot spots are formed underneath
large bubbles and this reflects in an elongated tail on the right side
of the distribution.

Despite the fact that the surface F1 underwent modification
with the aim of a heat transfer enhancement, the nucleation site
density, the nucleation frequency, and the bubble sizes are very
similar to those recorded on bare stainless steel (SS foil). Relatively
shallow microstructures without any microcavities [see Fig. 2(c)]
did not trigger additional bubble nucleations or significantly
reduce bubble growth times. However, Fig. 2(d) shows that the
average wall superheat was constantly higher on the surface F1
compared to the reference surface SS. Comparison of the tempera-
ture fluctuations presented in Fig. 4(a and d) further showes that
the nucleation activation temperatures on the surface F1 were
4 K higher compared to the surface SS. This difference cannot be
contributed to the measurement error, since the expanded mea-
surement uncertainty of IR thermography was estimated at 2 K
[12]. Differences in the activation temperatures between the sur-
faces F1 and SS were also observed on all other nucleation sites.
Sample F1 was hydrophilic with a contact angle of 64° and the
unmodified surface SS exhibited a contact angle of 88°. Surfaces
with a higher wettability require higher energy for the nucleation
to occur [7,12,30,31], which in turn results in a higher activation
temperature. At the same time, the replenishment of the nucle-
ation sites is enhanced on hydrophilic surfaces and the possibility
of formation of local dryouts (hotspots) is reduced. This theory is in
accordance with our experimental results, since the maximum
wall temperatures are lower on the surface F1 compared to the
surface SS, in spite of higher activation temperatures on the
former.

Similar conclusion can be drawn from the comparison of the
wall temperature distributions on the surfaces F2 and F3 [see
Fig. 6(e and f)]. Both surfaces had a comparable roughness and
microstructure [ 18], but the surface F2 was hydrophilic with a con-
tact angle of 66° and the surface F3 was superhydrophilic with a
contact angle below 1°, which was the limit of our equipment’s
measurement capability. Analysis of the transient temperature
fields proved that the activation temperatures on the surface F3
were constantly higher compared to F2. As a result, the average
wall superheat on the surface F3 was more than 1K higher
throughout the entire measurement range of heat fluxes [see
Fig. 2(d)]. However, wall-temperature distributions presented in
Fig. 6(e) and (f) shows that the local maximum temperatures were
lower on the surface F3. Our explanation of this is based on the
limited bubble growth on the structured superhydrophilic (e.g.
super wicking) surface [see Fig. 3(b)] and the stimulated rewetting
of the nucleation site after bubble departure. Higher activation

temperatures and lower local maximum temperatures result in
the shifting of the peak of probability density function to the right,
e.g. the skewness (Sk) decreases. For example, at 300 kW/m? the Sk
for the sample F2 is 0.33 and for the F3 it equals to —0.66.

Based on the results and discussion provided above, one could
claim that the surface F1 should provide lower activation temper-
atures as F3 due to the higher contact angle of the former surface.
Nevertheless, one needs to bear in mind that the surfaces F1 and F3
cannot be directly compared only on the basis of their wettability;
instead a comparison of boiling behavior on both surfaces should
also take into account their substantial differences in the surface
micro- and nanostructure. On the contrary, surfaces F2 and F3 have
similar microstructure (e.g., see Fig. 2(a) and Ref. [18] for details
about the surface roughness parameters). It was recently published
[32] that the intrinsic contact angle as a surface factor is not a suf-
ficient parameter to predict the boiling performance. Therefore, we
believe that further systematic research isolating the influence of
the wettability and surface micro/nanostructure is needed to inde-
pendently study effects of surface roughness, wettability, porosity,
and other surface factors influencing the nucleate boiling process.

The nucleation site density on the surface F4 was one order of
magnitude higher compared to all the other samples. This was
due to the heterogeneous wettability and multi-scale microcavities
on the surface [see Fig.2(c)], which served as potential active
nucleation sites in a wide range of wall superheats [18]. Virtually,
the entire boiling surface was in contact with the growing vapor
bubbles that formed at higher frequencies compared to other laser
processed samples F1-F3. Fast emerging bubbles with relatively
small contact diameters [see Fig. 4(g)] prevent the formation of
local hot spots. As a result, the wall-temperature distribution for
the surface F4 demonstrate the lowest temperature deviation and
the shortest tail at higher wall superheats (i.e., the lowest maxi-
mum temperatures) among all of the tested samples. The standard
deviation of the wall temperature is 1.5 K on the surface F4 at
300 kW/m?. On the surface BPly>s, it is 3.2 K and on all other sur-
faces it is in excess of 4 K.

It should be emphasized that the thicknesses of the heat trans-
fer surfaces in real applications are usually much higher than in
our experiments. From practical sense, there is still a need to mea-
sure wall-temperature distributions with thicker substrates and
compare it with our current results. In future investigations we
are aiming to utilize recently proposed fluorescence-based tech-
nique [35], which allows submicron transient temperature map-
ping inside the erbium-doped fluoride glass during the nucleate
boiling process. Temperature measurements just underneath the
boiling surface and at different thickness levels should reveal the
influence of heater thickness on wall-temperature distributions.

3.4. The effect of surface coating

Surfaces SS and F1-F4 were all non-coated stainless steel foils,
whereas the surfaces SHPI and BPIy ;5 were produced on steel foil
coated with a 1-pum-thick layer of PDMS-silica, as stated in Table 1.
More than 97% of the BPly,s surface was also treated with a
nanosecond pulsed laser to produce a superhydrophilic network
around the hydrophobic areas. During this process, most of the
coating was ablated as explained by Zupancic et al. [12]. Therefore,
only the SHPI surface is fully coated with the annealed PDMS-silica
coating with the approximate thickness of 1 pm.

The set of experimental results on this surface undoubtedly
stands out from the rest. Transient temperature fields in Figs. 4
(b) and 5(b) show that minimum temperatures on the active nucle-
ation sites were significantly higher compared to all of the other
tested surfaces. Finally, the wall-temperature distribution in
Fig. 6(b) confirms that the minimum wall temperature is con-
stantly increasing with the increasing heat flux and reaches
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112 °C at 400 kW/m?. This trend continues all the way up to the
burnout at 1400 kW/m? (e.g., see Refs. [18,23]). On all of the other
surfaces, the tails of the distributions at low wall superheats are at

or

close to the water saturation temperature even at a high heat

flux. The final conclusion regarding the coating effect is that the
annealed PDMS-silica coating increases the thermal resistance of
the entire heater. Moreover, the prolonged thermal response across
the coating prevents accurate dynamic measurements of wall tem-
peratures with the technique applied. Heat is generated inside the
metal foil, which is coated on the bottom with high emissivity
paint and with the PDMS-silica coating on the top. Even though
the values on the boiling curve for the SHPI surface are comparable
with many results in the present literature [32-34], we can con-
firm that the IR temperature measurement readings on the bottom

of

the high-emissivity coating provide values higher the actual

wall-temperatures at the surface/fluid interface especially at high
heat fluxes.

of

For both research and application purposes in the development
enhanced heat transfer surfaces, coating-free laser texturing

might become the current cutting-edge technology enabling a
more accurate analysis compared to coated surfaces.

4. Conclusions

Nucleate boiling performance was evaluated on 25-pum stain-

less steel foils with the use of double-distilled water as the working
fluid. Several surfaces were functionalized either by the application
of a PDMS-silica coating, which was potentially followed by a heat
treatment; or solely by nanosecond-laser texturing. The recently
proposed concept of wall-temperature distributions was utilized
in order to emphasize important differences in the boiling process
on all of the tested samples. Our results clearly lead to the follow-
ing conclusions:

Smooth stainless steel surface requires high nucleation activa-
tion temperatures and the bubble departure diameter as well
as the bubble contact diameter can exceed 5 mm. Wall-
temperature distribution in the nucleate boiling regime is
bimodal with the first peak at the superheat of roughly 3K,
which is equal to the superheat underneath the growing bub-
bles. Distributions also reveal that the maximum local super-
heat can exceed 50K as a result of local hotspots.

Enhanced boiling performance on a PDMS-silica coated biphilic
surface and laser textured surfaces results in lower standard
deviations and shorter tails of the wall-temperature distribu-
tions at higher wall superheats. The highest measured nucle-
ation site density was 200cm 2 at 300 kW/m? and it was
achieved on a laser textured surface, which was strewn with
microcavities and had a heterogeneous wettability. This surface
provided the highest heat transfer coefficient among all of the
tested surfaces, while the standard deviation of the wall tem-
perature was only 1.5 K at 300 kW/m?. On all of the other sam-
ples, the standard deviation of the temperature distributions
exceeded 3 K.

A textured superhydrophilic surface enhances liquid replenish-
ment on the active nucleation sites and thus prevents the occur-
rence of distinct local hot spots. It promotes small bubble
departure diameters and - at the same time - also requires rel-
atively high nucleation activation temperatures. Higher activa-
tion temperatures and lower local maximum temperatures
result in the peak shifting of the wall-temperature distribution
towards higher wall superheats, e.g., negative skewness (Sk) can
be observed. We demonstrated that it is possible to clearly dif-
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ferentiate between boiling on a superhydrophilic and a slightly
hydrophilic surface solely on the statistical parameters of the
wall-temperature probability density function.

The wall-temperature distributions also revealed that the
annealed PDMS-silica coating significantly increases the ther-
mal resistance of the thin-foil heater. As a result, the tempera-
tures at the bottom side of the foil, which are measured with
a high-speed IR camera, are higher than the actual temperatures
at the solid/fluid interface. In contrast, enhanced heat transfer
surfaces produced using the direct laser texturing method are
not prone to such measurement errors, since the method does
not require any additional coatings. Therefore, nanosecond laser
texturing was proved to be a versatile and low-cost method
having a high potential to become a future cutting-edge tech-
nology in the development of surfaces for enhanced heat trans-
fer for research and real applications.
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