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S1. Sample fabrication process

Schematic representation of the sample

A sample mounted on the copper heating block is shown in Figure S1. A copper heating block is
used to supply the heat from the cartridge heaters to the sample. Three thermocouples at a distance
of 5 mm from one another are used to record the axial spatial temperature gradient in the sample,
which is then used to calculate the heat flux and extrapolate the surface temperature. The
thermocouple closest to the boiling surface is positioned 6.5 mm from the top of the sample. This
subassembly is then inserted through the lower flange into the boiling vessel. KRYPTON:i- 8xTH
DAQ device was used for collecting all temperature signals as raw voltages. The temperature of
each cold junction is recorded internally and used to offset the measurements to obtain correct
temperature readings. The calculation of temperatures based on offset voltages was performed
utilizing NIST 9th-degree polynomial. Data from DAQ device are acquired using Dewesoft X3
software.
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Figure S1. a) Heating block and sample assembly, b) sample dimensions including thermocouple
locations.
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S2. Laser functionalization process

The initial stage of laser texturing employed in the production of micropillar bases entailed the
generation of microcavities and aluminum oxide layers. This laser processing phase involved the
utilization of either five or ten laser passes to create bases characterized by varying thicknesses of
the aluminum oxide layer. Specifically, one subset of samples underwent fabrication with five
laser passes, resulting in the formation of a thinner aluminum oxide layer. Subsequently, these
samples underwent chemical etching in HCI for 20 minutes. In contrast, a second subset of samples
was manufactured using ten laser passes, yielding a thicker aluminum oxide layer. These samples
then underwent chemical etching for a prolonged duration of 40 minutes. Consequently, two
distinct sets of samples were obtained, each exhibiting micropillars of differing heights. A
graphical representation of the structuring pattern scheme used for the fabrication of micropillars

is shown in Figure S2.

Figure S2. Graphical representation of laser texturing step utilized for fabrication of micropillar base.

The structuring scheme of the second laser texturing step used for the second set of micropillar

aluminum surfaces is shown in Figure S3.
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Figure S3. Graphical representation of the second laser texturing step.

S-6



S3. Experimental setup

A schematic depiction of the pool boiling experimental setup is shown in Figure S4. The boiling
chamber is constructed of a glass cylinder with an inner diameter of 60 mm and placed between
two stainless steel flanges. Produced vapor is condensed in a glass condenser, which is also vented
to the atmosphere to prevent the pressure from rising above atmospheric pressure. Before each
experiment, the working fluid (double distilled water) was preheated and degassed using an
immersion heater controlled by a variable transformer. An immersion heater was also used to
maintain the saturated state of the working fluid during the boiling experiment.
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Figure 8$4. Pool boiling experimental setup.

The relevant heat transfer parameters were calculated using the temperatures measured in the
sample and the boiling vessel by using a methodology that was utilized and thoroughly described
in previous studies [1-3].

The contributing characteristics considered and the methodology used for the evaluation of the
measurement uncertainty are in detail presented in our previous publication [4].

S-7



S4. Surface analysis

Figures S5-S7 show additional SEM images of the first set of fabricated surfaces with circular,
hexagonal, and Einstein micropillar patterns. The first set of samples involves just surfaces that
are fabricated utilizing the first step of laser texturing and chemical etching in HCl. SEM analysis
was conducted of the aforementioned surfaces after boiling tests.

Figure S$6. SEM analysis of aluminum surface after chemical etching with hexagonal micropillar pattern.
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Figure S7. SEM analysis of aluminum surface after chemical etching with Einstein micropillar pattern.

Figures §8-S10 show additional SEM images of the second set of fabricated surfaces with circular,
hexagonal, and Einstein micropillar patterns. The second set of samples involves surfaces that are
fabricated utilizing the first step of laser texturing and chemical etching in HCI, and then undergo

an additional (second) laser texturing step. SEM analysis of these surfaces was conducted after
boiling tests.

Figure §8. SEM analysis of aluminum surface after the additional laser texturing step with circular
micropillar pattern.
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Figure S9. SEM analysis of aluminum surface after the additional laser texturing step with hexagonal
micropillar pattern.

Figure S10. SEM analysis of aluminum surface after the additional laser texturing step with Einstein
micropillar pattern.
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S5. Effect of the actual surface area

Table S1 specifies the surface area increase in the tested surface due to the presence of micropillars.

Table S1. Real-to-projected surface area ratio of the designed microchannel surface.

Sample characteristics H-20 | H-40 C-20 C-40 E-20 E-40
Micropillar height (um) 369 569 369 569 369 569
Number of micropillars 128 128 128 128 142 142
Micropillar width (um) x length (um) 400 x 400
Real-to-projected surface area ratio 1.49 1.76 1.49 1.76 1.54 1.84

In Figure S11, a comparison is made between the boiling curves relying on the actual or projected
surface area of the micropillar aluminum surfaces. In the boiling curve obtained based on the
projected surface area, the area used for heat flux calculation is equal to the area of the reference
sample, approximately 1.54 cm™. On the other hand, in the boiling curve obtained based on the
actual surface area, the area used for heat flux calculations was the real area of the micropillar
surfaces, and the real-to-projected surface area ratio is shown in Table S1. The results reveal that
an increase in surface area has a huge effect that leads to the enhancement of boiling performance.
It is observed that in both cases, smaller or higher micropillars, CHF enhancement is affected by
surface area augmentation. It is observed that surface surfaces with hexagonal patterns still
exhibited the CHF highest value, when heat fluxes were calculated using the actual s area,
compared to two other patterns at both micropillar heights. Therefore, the CHF enhancement
cannot be solely attributed to the augmented surface area, but the role of the micropillar pattern
has a significant influence on CHF enhancement. Moreover, it is also observed that surfaces with
Einstein pattern exhibited the largest argumentation of the surface area, and after calculation of the
heat flux to the actual surface, those surfaces still exhibited low CHF values. Thus, the lowest
enhancement of the CHF value with the Einstein pattern can be attributed to the small micropillar
pitch on some parts of the sample which is highly suitable for the formation of small vapor films
on such parts of the sample, causing eventual merging and possible earlier incipience of the boiling
Crisis.
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Figure S11. Boiling performance of the micropillar aluminum surfaces (immediately after chemical
etching) evaluated through boiling curves through the utilization of the actual surface area (refer to A) and
projected surfaces area (refer to P) for: a) surfaces with smaller micropillars and b) surfaces with higher
micropillars.

Figure S12 shows the boiling curves relying on the actual or projected surface area of the
micropillar aluminum surfaces (after an additional laser texturing step). Since the actual surface
area of all micropillar surfaces is higher than the projected surface area, the boiling curves are
shifted towards lower heat flux values. The results indicate that the surface area increase also has
an impact on the enhancement of boiling heat transfer performance. It is observed that surfaces
with higher micropillars exhibited higher CHF values, which can be attributed to the surface area
augmentation.
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Figure S12. Comparison of boiling performance of the micropillar aluminum surfaces (after additional
laser texturing step) evaluated through boiling curves through the utilization of the actual surface area
(refer to A) and projected surfaces area (refer to P) for: a) surfaces with smaller micropillars and b)
surfaces with higher micropillars.

S-12



S6. Stability of boiling performance

For instance, the stability of the boiling performance obtained on the E-20 surface with smaller
micropillars, tested immediately after chemical etching is shown in Figure S13a, while the stability
of the boiling performance obtained H-20-LT surface with smaller micropillars, tested after the
second laser texturing step is shown in Figure S13b. For both samples it can be observed that
boiling curves are shifted towards higher surface superheat during consecutive measurements. For
sample E-20, the surface superheat was increased by 2.2 K, while for sample H-20-LT, the surface
superheat increased by 1.4 K from the first to the third experimental run at a heat flux level of
800 kW m™. The measurement uncertainty of surface superheat was 1.1 K therefore the observed
shift cannot be attributed to the measurement uncertainty. This shift can be attributed to the
changes in the chemistry of the micropeak structure, where exposure to hot water causes a layer
of boehmite to grow in the form of nanoneedles on aluminum samples [5—7]. The formation of a
boehmite layer on aluminum surfaces after exposure to hot water is very well known and explained
in the literature on chemically etched surfaces as well as laser-ablated surfaces [5—10]. The growth
of boehmite nanoneedles can potentially increase the energy barrier for nucleation by reducing the
number of open cavities. However, boehmite can also lead to an increase in heat transfer resistance
within the porous structure and thus a reduction in boiling performance [5—7]. Figure 4 in the
manuscript shows the boehmite structures from on samples after the boiling test.
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Figure S13. Stability of boiling performance on surfaces with smaller micropillars: a) sample E-20,

immediately after chemical etching and b) sample H-20-LT, after second laser texturing step.

Moreover, the stability of the boiling performance obtained on the C-40 surface with smaller
micropillars, tested immediately after chemical etching is shown in Figure S14a, while the stability
of the boiling performance obtained E-40-LT surface with smaller micropillars, tested after the
second laser texturing step is shown in Figure S14b. Surfaces with higher micropillars also showed
a shift in boiling curves toward higher surface superheat. The surface superheat was increased by
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2.6 K for sample C-40, while for sample E-40-LT, the surface superheat increased by 1.6 K at a
heat flux at a heat flux level of 800 kW m™ from the first to the third experimental run. The shift
in the boiling curve can be attributed to the formation of the boehmite layer upon exposure to hot
water, which leads to an increase in heat transfer resistance within the porous structure and thus a
reduction in the boiling performance [5-7].
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Figure S14. Stability of boiling performance on surfaces with smaller micropillars: a) sample C-40,

immediately after chemical etching and b) sample E-40-LT, after second laser texturing step.
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S7. Wicking of micropillar surrounding area

Wicking of the micropillar surrounding area was measured using the capillary tube method. The
wicking measurements were performed on a custom experimental setup. We tested the wicking of
the micropillar surrounding areas, by fabricating four separate aluminum samples. Two samples
underwent chemical etching for 20 minutes and 40 minutes which is the same as with micropillar
surrounding of the first type of surface. The third and fourth sample were prepared by a
combination of chemical etching (20 and 40 minutes) and the additional laser texturing step. Three
wicking tests were performed on each surface using double distilled water. The results of wicking
evaluation are shown in Figure SI15. It can be observed that surfaces with the additional laser
texturing step wick a higher amount of liquid compared to the surfaces that only underwent
chemical etching. The total wicked volume on the surface etched for 20 minutes was found to be
~5 pL after 13 s, while etching the sample for 40 minutes increased it to ~7.5 pL, corresponding
to a 50% increase. Surfaces etched for 20 and 40 minutes and then treated with the additional laser
texturing step wicked similar volumes of liquid, i.e., ~8.87 pL after 13 s, an increase of 78%
compared to the surface that was only etched for 20 minutes. Under the conditions adopted in this
work, the micropillar surface surrounding areas fabricated with a combination of chemical etching
and laser texturing is identified to be the best for preparing a highly wicking surface for increased
liquid replenishment.
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Figure S15. Wicked liquid volume versus time for different surface treatments of the micropillar

surrounding area.
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S8. Brief summary of the best-performing surfaces

Figure S16 presents a summary of the key results concerning HTC and surface superheat values.
Our findings demonstrate that surfaces featuring hexagonal patterns and tested immediately after
chemical etching or following additional laser texturing steps exhibited superior performance.
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Figure S16. A summary of the key results of this study, plotted as HTC versus surface superheat.

Furthermore, it is evident that the highest HTC within a high heat flux region, specifically at CHF,
was recorded on sample H-40. In the high heat flux region, surface H-40 exhibited the highest
HTC value due to the activation of additional nucleation sites on top of the laser microstructures,
not solely within the cavities. This phenomenon led to the occurrence of secondary boiling effects,
resulting in a significant decrease in superheat within the high heat flux region.

Conversely, in a low heat flux region within the heat flux range up to 300 kW m?, surface H-20
demonstrated the best performance. For instance, at a heat flux of 200 kW m?, surface H-20
exhibited an HTC of 59 kW m™ K!, which is 26% higher compared to its counterpart with larger
micropillars.

Furthermore, in the high heat flux region, surfaces featuring hexagonal patterns tested after
undergoing additional laser texturing steps exhibited lower HTC values compared to surfaces with
hexagonal micropillar patterns tested immediately after chemical etching. Additionally, for
instance, although surface H-40-LT exhibited a higher CHF value compared to surface H-40, the
significantly lower HTC obtained on the surface with the additional laser texturing step led to the
conclusion that surface H-40 represents the best-performing surface in this study.
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S9. Comparison with Literature-Reported Data

The data used in Figure 11. are summarized in Table S2. Table S2 presents data for the highest
CHF values and the HTC values recorded at those CHFs in the literature. Additionally, the data
recorded on best-performing surfaces from our study are also shown in Table S2.

Table S2. Summarized data from literature.

Surface
Authors CHF (kW m?) | HTC (kW m?2K) Material structure
) ) Boehmit
Godinez et al. [7] 1820 59 Aluminum oehmite
structure
2029 79 Bochmit
Kim et al.[11] 2029 75 Aluminum ochmite
structure
2052 66
1412 193 L textured
aser texture
Moze et al.[12] 1431 131 Aluminum X
structure
1470 81
1389 61 Laser-textured
tructus
MozZe et al.[6] 1235 4l Aluminum ) r.uc .r.e
(Biphilic
1394 48
surfaces)
1790 138 Boehmit
Moze et al. [5] 1490 37 Aluminum OChmIte
structure
1580 54
2674 109 Mi "
Wang et al.[13] 2017 85 Aluminum feroptiar
surface structure
169 61
2542 64 Mi ”
Song et al.[14] 2459 55 Silicon feroptrar
surface structure
1702 66
2175 40 Mi "
Kim et al.[15] 1703 34 Silicon ‘eroptrar
surface structure
1623 45
2490 134 Mi "
Lictal[16] 2299 123 Copper weroprat
surface structure
2242 119
2221 264 Mi "
Sun et al. [17] 2207 210 Copper ‘eroprat
surface structure
2062 152
1433 23 Mi "
Cho et al.[18] 1503 25 Silicon feroptrar
surface structure
1894 24
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2280 79 i "
Liu et al. [19] 2280 75 Silicon ieropitiar
1862 64 surface structure
2430 99 " .
Song et al. [20] 2577 81 Silicon icropillar
2559 63 surface structure
1322 279 Laser-textured
1038 282 structure
Hadzi¢ et al. [21 C ure
adzi¢ et al. [21] 317 %3 opper (Superbiphilic
1337 299 surface)
2495 242
2609 161 Micronl
This study 2292 125 Aluminum icropitiar
2323 112 surface structure
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