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ABSTRACT ARTICLE HISTORY
Nucleate pool boiling experiments were performed on plain and five laser- Received 19 August 2019
textured stainless-steel foils using saturated pure water, 100% ethanol, 0.4% Accepted 1 November 2019
and 4.2% mole fraction ethanol — water mixtures. All laser-textured samples
contained untreated, smooth 0.5 mm wide regions and intermediate tex- Pool boiling; water: ethanol;
tured surfaces, that differ in the width of the laser patterned regions (from binary mith;res; e ;
0.5 mm to 2.5 mm). For smooth surfaces, we measured significant decreases surface engineering; laser
in average heat transfer coefficients (HTC) and increases in bubble activa- texturing; capillary length
tion temperatures in comparison with the laser-textured surfaces for all the

tested working fluids. Significant enhancement in HTC (280%) on a textured

heating surface with 2.5-mm-wide laser pattern was recorded using pure

water. For pure ethanol, the highest enhancement of 268% was achieved

on a heating surface with 1.5-mm-wide laser pattern. The highest enhance-

ment of HTC for the tested binary mixtures was obtained using 2.0-mm

wide-laser-textured regions (HTC improved by 235% and 279% for the 0.4%

and 4.2% mixtures, respectively). Our results indicate that laser texturing

can significantly improve boiling performance when the intervals of the

laser-textured patterns are close to the capillary lengths of the tested fluids.

KEYWORDS

Introduction

Nucleate pool boiling heat transfer has been intensively investigated with the intention of identifica-
tion and improved understanding of the heat transfer mechanisms [1, 2]. A wide interest to gain
a new knowledge about phase-change heat transfer with pure, single-component fluids and even
more with binary mixture fluids systems arises from their wide use in a multitude of important
processes, such as distillation, chemistry, petrochemistry, refrigeration, nuclear power generation etc
[3-9]. Existing experimental results and many semi-empirical or theoretical models show that it is
not easy to predict the boiling heat transfer coefficient even for single-component pure fluids [10-
12]. Studies of boiling heat transfer with binary mixtures have demonstrated higher level of
complexity, e.g., even the smallest amount of one of the two pure fluids in mixture leads to results,
which cannot be predicted by simple linear interpolation between the heat transfer coefficients of the
pure mixture components [3, 8, 13-15]. Different authors suggested various physical explanations
for nonlinear reductions. They assumed a decrease of the individual effects during the boiling of
mixtures: (i) local rise of the heater temperature due to preferred evaporation of more volatile
component and resulting concentration gradients, (ii) limited mass diffusion of the more volatile
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components toward micro-layer on the way to nucleation site, and (iii) the effects of mixture
physical properties on the nucleation phenomena [16-20].

The pioneering research work on boiling of binary mixtures began with Stephan and Korner [21].
They recognized that the absolute value of the difference between the mixture’s more volatile
component vapor and liquid molar concentrations causes a reduction of heat transfer intensity
with binary mixtures. A number of later investigators (Clus and Leonidopoulos [22], Jungnickel et al.
[23], Thome [24], Fujita et al. [25], Kandlikar [3]) followed these findings and developed different
models for better prediction of boiling heat transfer using binary mixtures. However, there is still no
theoretical method enabling the prediction of the heat transfer coefficient of binary mixtures with
satisfactory accuracy. Thus, it is still necessary to implement an experimental approach to investigate
boiling heat transfer of such working fluids [15, 26, 27].

Most research of boiling with binary mixtures has been limited to the variation of only one of the
following influencing parameters: (i) the properties of the working fluid [28, 29] or (ii) the properties
of the heater surface [30, 31]. Changing properties of the working fluid (e.g., using nano fluids) [32,
33], changing the physical conditions (e.g., pressure) [15] or changing of properties of the boiling
surface (e.g., surface modification) [34, 35] can augment the boiling heat transfer. Due to the
operating limits during the use of boiling in engineering applications, the preferred method is
modification of the boiling surface [19]. Biao Shen et al. [36] studied pool boiling of ethanol on
wettability-patterned surfaces. A polished copper surface was treated with an array of circular spots
of a hydrophobic coating. They found that the maximal enhancement of the heat transfer coefficient
is over 300% compared to a plain copper surface using a pitch-to-spot-ratio close to 2.5 mm. Sahu
et al. [37] investigated pool boiling of ethanol, water and their binary mixtures on smooth and nano-
textured surfaces comprised of copper-plated nanofibers. They found that the heat transfer coeffi-
cient is significantly higher at lower superheats when comparing nano-textured surfaces with smooth
samples. The effect of bare copper and nano-textured surfaces was experimentally studied during the
pool boiling of ethanol and self-rewetting fluids by Sankaran [38], who found that 0.1 volume
concentration of n-heptanol in an aqueous solution improved boiling heat transfer considerably.
Rahman et al. [39] observed enhanced boiling heat transfer using surfaces by incorporating the low-
conductivity materials at the interface between the surface and fluid. They manufactured an array of
non-conductive lines incorporated into a high-conductive substrate. Spatial variation of the non-
conductive lines with a capillary-length spacing showed an increase of HTC for more than five times.
Voglar et al. [40] tested pool boiling performance of water on surfaces with the capillary-length-
spaced one- and two-dimensional laser-textured patterns. They found the heater surfaces with
hexagonally arranged textured circular shapes with a diameter of 2.0 mm in separated by capillary
length for water (2.5 mm) provided a more than four times higher heat transfer coefficient compared
to the untreated sample. Their experimental results showed that the spacing between treated and
untreated areas of the surface should be equal to the capillary length of water.

In this study, we investigate the pool boiling performance of pure water, pure ethanol, and two
ethanol - water mixtures (0.4% and 4.2%) on smooth and laser-textured stainless steel foils. Textured
surfaces have parallel linear patterns of active nucleation sites spaced to cover the capillary lengths of
both pure liquids (e.g., water and ethanol). Implementation of high-speed IR thermography in the
boiling experiments allowed us to directly measure the transient temperature fields of the boiling
surfaces in order to gain a detailed insight into the complex boiling phenomenon.

Materials and methods
Laser processing of the boiling surfaces

We recently proposed a cost-effective and chemical-free laser texturing process to produce surfaces
for enhanced pool boiling heat transfer on metal substrates [35, 41]. Pulsed fiber laser (wavelength of
1060 nm, SPI Lasers Ltd., G4, SP-020P-A-HS-S-A-Y) with a pulse duration of 28 ns, pulse energy of
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60 pJ, repetition rate of 25 kHz and beam waist diameter of 38 um is led over the foil surface with
a scanning velocity of 0.15 ms™'. In this way, the 35-um-wide microchannels, surrounded by
remolten material on both sides, are produced. The distance between the microchannels is alternated
between 40 um, 45 um and 50 um (Figure 1d). This results in the appearance of multiscale
microcavities on the borders between successive channels, as explained in Ref [41]. The diameters
of laser-induced microcavities range from 0.2 pm to up to 10 pm, as presented in Figure le.
According to the Hsu’s nucleation criterion [35, 42] and considering that the contact angle of
water on the laser textured surface is around 15°, the developed cavity diameters corresponds with
the optimal cavity sizes for potentially active nucleation sites during saturated boiling of water.

Surface roughness of smooth (non-processed) and laser-textured regions were measured with an
optical confocal microscope Alicona InfiniteFocus at 50x magnification (see Fig. S5). Analysis showed an
average height value Sa of 0.16 pm and 2.2 um for the smooth and the laser-textured region, respectively.

The boiling surfaces were designed with the notion of optimal spacing between the active nucleation
sites for water and pure ethanol, which was set to the capillary lengths equal to 2.5 mm and 1.55 mm,
respectively. On this basis, we created the laser-textured lines that were separated by 0.5-mm-wide
untreated areas in the y direction throughout the entire surface (Figure 1c). The period P of the laser-
textured lines was in the range of 1.0-3.0 mm. It is expected that multi-scale microcavities on each laser-
textured line interval will present active nucleation sites, leading to the enhancement of the nucleation
site density and improvement of the boiling performance. Coverage ratio for the laser-textured line
intervals on each heating surfaces in comparison to the entire surface is shown in Table 1.

Preparation of the boiling fluids

Double-distilled water (Roth, 3478) and ethanol (EMSURE ACS) were used as the working fluids.
We tested pure water, ethanol of purity 299.9%, and ethanol-water mixtures with an ethanol mole
a) c)

Thermally resistive epoxy 25 pm stainless
(DURALCO 4538) steel foil

High emissivity
paint

Ceramic base
(MACOR)
Copper electrical contacts

Figure 1. (a) Cross-section view of the thin metal foil heater unit; (b) a stainless steel foil with the 2.5 mm laser pattern width; (c)
an optical image of the laser-textured foil; (d) SEM image of the laser-textured area; and (e) the magnified SEM image of the
microcavities, which formed in between the laser scanning lines.

Table 1. Laser pattern widths and laser coverage ratio for all tested samples.

Laser pattern width [mm] 0.0° 0.5 1.0 1.5 2.0 25
Period P [mm] 0® 1.0 15 2.0 2.5 3.0
Laser area coverage of boiling surface [%] 0* 50 65 74 79 82

®smooth untreated stainless steel sample
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Table 2. Properties of pure fluids and ethanol-water mixtures.

Mole fraction of ethanol-water Molar mass  Boiling point  Capillary length

mixture x [%] M [g/mol] [°C at 1013 hPa] Ac [mm]
0 18.01 100 2.5
0.4 18.12 98.8 24
42 19.18 91.2 23
100 46.07 783 1.55

fraction of 0.4% and 4%, respectively. Properties of the used fluids shown in Table 2 were acquired
using REFPROP software [43] and their capillary length was determined by Equation (1).

A= [—V (1
(P —p,)8 :

Pool boiling experiments

A detailed explanation of the experimental system, the method for determining the distribution of the
local heat fluxes and the measurement uncertainty are reported in our previous work [16, 35, 44] as
well as in the Supplementary material. Pool boiling experimental setup consists of a boiling chamber,
power supply unit, data acquisition system and high-speed visualization system (see Figure S3). Boiling
chamber with external dimensions of 170 x 100 x 100 mm® is made of two steel plates and walls made
of double-pane glass to enable visualization and at the same time minimize heat losses during the
measurements. The heater unit (schematically presented in Figure 1a) with 25-um stainless steel foil
(8316, Precision Brand; effective boiling area of 17 x 27 mm”) is mounted on the bottom of the boiling
chamber. Stainless steel foils are powered with direct current (TDK Lambda, GEN 10-1000) and are,
therefore, heated with the Joule effect. The heater unit has a rectangular borehole milled in the center
to enable the IR thermographic observation of a thin foil from the bottom side, which is painted with
a high-emissivity paint (emissivity of 0.90, thickness <2 um) in order to improve the accuracy of the IR
measurements.

Water, ethanol and ethanol-water mixtures were boiled for 2 h prior to the experiments in order
to remove dissolved gasses. An immersed cartridge heater is used for degassing, preheating and
maintaining the saturation temperature during the experiments. Bulk temperature is measured with
two K-type thermocouples (placed at the same level as the boiling surface and 0.5 cm below the
liquid level). Vapor temperature is measured with one K-type thermocouple placed about 1.0 cm
above the liquid level. Voltage and temperature signals are recorded with an Agilent 34970A data
acquisition unit and a multiplexer module 34901A.

The visualization system consists of the high-speed IR camera (FLIR SC6000) recording at 1000
fps. Spatial resolution of the IR thermography equals 125 pm per pixel. For each given heat flux we
acquired 10 s of recording. Thus, the IR measurement at a certain heat flux consists of 10,000
consecutive frames (10 s of recording at 1000 fps), which corresponds to more than 10® individual
temperature points considering the IR image resolution is at least 128 x 80 pixels. In addition to
boiling curves that show spatio-temporal averaged heat flux versus wall superheat, we also report
wall-temperature distributions in order to determine variation of the wall temperatures at certain
operating conditions. Calculation of the wall-temperature distributions is discussed in details in our
previous publication [44], whereas the calculation of local heat fluxes is provided by equations (S9)
and (S10) in the Supplementary material.

The transient temperature fields, measured from the bottom, directly depend on the boiling
process that takes place on the upper side of the electrically heated foils. The effects of vertical and
lateral heat conduction as well as the response of the heater to the periodic temperature disturbance
are quantified in the Supplementary material (see Figs. S2-S4). Overall, the absolute temperature-
measurement uncertainty is 2 K and the noise equivalent differential temperature (i.e., sensitivity) of
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the IR camera is 20 mK. Relative uncertainty of the measured heat flux was estimated as 0.5% and
the maximum expended uncertainty of the heat transfer coefficient equals 3.5 kW/m?K.

Results and discussion

Boiling curves

The measured boiling curves for different working fluids are shown in Figure 2. Smooth surfaces
are represented with a five-pointed star (pentagram), while other symbols are used for the laser-
textured surfaces. If we only consider heat fluxes greater than 75 kW/m? where the nucleate
boiling was fully developed, we can observe that the entire laser-textured surfaces provide on
average significantly lower superheats (7.8 K, 6.3 K, 8.2 K and 8.9 K) than the smooth sample for
all of the tested working fluids. Heating surface with 2.5 mm wide laser patterns provides the most
effective heat transfer with pure water with the lowest superheat over the entire measuring range.
For pure ethanol, the optimal heating surface is treated using a laser pattern with a width of
1.5 mm. For 0.4% and 4.2% ethanol-water mixtures, the surface with 2.0 mm texturing width
provides the best heat transfer coefficient.
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Figure 2. Boling curves for all the surfaces and for each of the tested working fluid: (a) pure water, (b) 0.4% ethanol-water mixture,
(c) 4.2% mixture, and (d) pure ethanol.
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Figure 3. Saturated pool boiling of water at 250 kW/m? (a) wall-temperature distributions and (b) time-averaged temperature fields.

Wall-temperature distributions and time-averaged wall temperature fields

To explain the differences in boiling performance between smooth and laser-textured surfaces, we
further analyzed IR recordings at different heat fluxes: water (up to 250 kW/m? in Figure 3), 0.4%
ethanol-water mixture (up to 225 kW/m” in Figure 4), 4.2% ethanol-water mixture (up to 200 kW/
m” in Figure 5), and pure ethanol (up to 150 kW/m” in Figure 6). Figures 3-6 show the wall-
temperature distributions as well as the temperature fields for different boiling surfaces. Note that
x-axis in Figures 3-6(a) represents the absolute wall temperature and that saturation temperatures
equal 100°C, 98.8°C, 91.2°C and 78.3°C for water, 0.4% and 4.2% ethanol-water mixtures, and pure
ethanol, respectively. Average temperature fields are calculated based on 10 s of recording at 1000
fps. Thus, each pixel value in Figures 3-6(b) represents the 10-s temperature average. The cold spots
on the time-averaged temperature fields coincide with the active nucleation sites during boiling.
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Figure 4. Saturated pool boiling of 0.4% ethanol-water mixture at 225 kW/m? (a) wall-temperature distributions and (b) time-
averaged temperature fields.
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Figure 5. Saturated pool boiling of 4.2% at 200 kW/m? (a) wall-temperature distributions and (b) time-averaged temperature fields.
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Figure 6. Saturated pool boiling of pure ethanol at 150 kW/m?* (a) wall-temperature distributions and (b) time-averaged
temperature fields.

It is clear from Figure 3a that the peaks of the distributions of wall temperatures are significantly
higher on the laser-textured surfaces compared to the smooth sample and the maximal values of the
temperatures are much lower during boiling on laser-textured surfaces. The most significant
difference is observed on the laser-textured surfaces with 2.5-mm-wide textured regions. The
standard deviation on the laser-textured surfaces is on average 11 K lower compared to the
temperature standard deviation on the smooth surface. For water at 250 kW/m?, a local maximum
temperature of 128°C was measured on the smooth surface, while the maximum reached only 107.5°
C on the laser-textured surface. Average temperature fields in Figure 3b reveal that active nucleation
sites are randomly distributed on the smooth surface, while on the laser-textured surface virtually
each structured region represents an active nucleation region (e.g., see boiling of water at 250 kW/
m?). This results in a more discrete temperature pattern across the entire foil, where the laser-
induced multiscale microcavities also provide lower bubble activation temperatures. From the
thermograms, it also follows that the laser-textured areas limit the bubble contact diameter and
prevent horizontal coalescence directly on the boiling surface. Since boiling does not take place on
smooth regions, the coalescence is partially prevented only perpendicularly to the laser scanning
lines (e.g. across the smooth surface regions).

Results for 0.4% and 4.2% ethanol-water mixtures at 225 kW/m?® and 200 kW/m?* are shown on
Figures 4,5. Again, one can observe that each detected nucleation site corresponds with the location of
the laser-textured lines. The calculated capillary length (2.4 mm) for 0.4% ethanol-water mixture is only
0.1 mm away from the 2.5-mm-laser-patterned width and it is far closer as the next nearest laser-
patterned interval of 2.0 mm. On this basis, one expects the best performance on the same sample as with
water. However, only a small amount of ethanol (0.4% ethanol-water mixture) causes a major influence
on the boiling heat transfer. The standard deviation of wall temperature is on average 3.2 K lower on
2.0 mm laser patterned width compared to the 2.5 mm width. Further results for the 4.2% ethanol-water
mixture (Figure 5) with a capillary length of 2.3 mm show that the best boiling performance was achieved
on the surface with pitch of the textured regions equal to 2.5 mm (laser-textured width of 2.0 mm).
Standard deviation of the wall temperature in fully developed nucleate boiling regime is on average 3.6
K lower on 2.0 mm textured widths compared to 2.5 mm. Additionally, the surface with 2.0-mm-wide
texturing provides on average 12.6 K lower standard deviation than the smooth surface.

Using pure ethanol, one can observe that the highest heat transfer coefficient is achieved on the
surface with 1.5-mm-wide laser-textured areas. On the one hand, the surface with 1.5-mm-wide
areas provides the lowest bubble activation temperatures and average wall superheat, while on the
other hand, optimally distributed nucleation sites provide lower maximum temperatures compared
to all other surfaces. Compared to the smooth foil at 150 kW/m?, the local maximum temperature on
the 1.5-mm-wide textured surface is 13.2 K lower. With pure ethanol, it is not able to clearly
distinguish between the textured areas (boiling regions) and the smooth areas (non-boiling regions)
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based on the thermograms (Figure 6b). This is due to much lower heat of vaporization of ethanol
(849.6 KkJ/kg) compared to water (2256.5 kJ/kg). Consequently, each individual bubble causes
a smaller temperature drop during the nucleation, which is harder to detect. Taking into account
the differences in bubble size between ethanol and water, we are not able to clearly capture each
nucleation event, despite the fact we used thin (25-pum) stainless steel foils. To clearly identify each
nucleation, even for the smallest ethanol bubbles, it would require a setup with even thinner foils or
thin metal films atop of IR transparent glass. Despite this, we are able to measure average wall
superheat (within a given measurement uncertainty) and show that the surface with 1.5-mm-wide
textured areas in this case provides the highest heat transfer coefficient across the entire range of the
measured heat fluxes.

Average heat transfer coefficients

Average heat transfer coefficients for the heat fluxes from 50 kW/m? (increasing steps of 25 kW/m?)
for all of the used working fluids are shown on Figure 7. Laser-textured surfaces promote heat
transfer coefficient and minimize the superheat for each measured fluid, regardless of the pitch
between the laser-textured regions. The highest heat transfer coefficient for pure working fluids (34.6
KkW/m?K for water at 250 kW/m? and 23.8 kW/m’K for ethanol at 150 kW/m?) was observed on
laser-textured surfaces with the widths of the textured area corresponding to the distance of the
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Figure 7. Average heat transfer coefficients for (a) pure water, (b) 0.4% ethanol-water mixture, (c) 4.2% mixture and (d) pure
ethanol at different widths of laser-textured regions. For the sake of clarity, standard measurement uncertainty of heat transfer
coefficient is only shown for the highest heat flux.
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capillary length. The optimal spacing between the laser pattern intervals for ethanol-water mixtures
is between the capillary lengths of pure substances. Results for both ethanol-water mixtures exhibited
the highest heat transfer coefficients on 2.0-mm-wide texturing. At 200 kW/m? heat transfer
coefficient of 26.8 kW/m’K was measured during boiling of 0.4% ethanol-water mixture and 31.7
kW/m’K for the 4.2% mixture.

The HTC enhancement factor on the laser-textured surfaces in comparison with the smooth,
reference foil is shown in Table 3. The calculated capillary length [Equation (1)] for pure water and
pure ethanol at the saturation temperature equals 2.5 mm, and 1.55 mm, respectively. This correlates
with peaks of HTC enhancement factor for pure fluids (regarding the widths of the textured areas).
Surface with the 2.0-mm-wide texturing regions has peaks of HTC enhancement factor at 2.35 for
0.4% and 2.79 for 4.2% mixture, respectively. Except for pure ethanol on 0.5 mm surface, the heat
transfer coefficient is enhanced for more than 50% on the laser-textured surfaces for all of the tested
fluids.

Local heat flux distributions

To better explain the distribution of the active nucleation sites and the optimal pattern design for a given
fluid, we used the temperature fields to calculate a local heat flux distribution based on the equations
explained in ref [12]. Figure 8 represents the time-averaged heat flux distribution (at nominal heat flux of
150 kW/m?) for 0.4% ethanol-water mixture. On the left-hand side of Figure 8, each circular region with
a higher local heat flux represents an active nucleation site, whereas the diameter of this region
corresponds to the bubble footprint diameter during its growth.

On the surface with the 1.5 mm laser pattern width (Figure 8a), we can observe that a single
nucleation site is formed across the width of the laser-textured area, as schematically shown on the
right-hand side of Figure 8. Untreated areas represent the regions of low heat flux, implying that
no boiling takes place on those areas. In this case, the bubble footprints have an average diameter
of 0.7 mm. When the laser-textured width is increased to 2.0 mm (Figure 8b), several nucleation
sites are observed across the width of the textured area and the bubble footprints are decreased to
approximately 0.4 mm. Consequently, nucleation site density is increased from 20 sites/cm”
(for 1.5 mm surface) to 63 sites/cm”® (for 2.0 mm surface), which reflects in the increased heat
transfer coefficient, as represented in Figure 7b and Table 3. Additional increase in the laser-
textured width to 2.5 mm then reduces the nucleation site density and increases the bubble
footprint diameter (decreasing the nucleation frequency), which corresponds to a decrease of the
heat transfer coefficient.

The results in Figure 7 show that by changing the width of the laser-textured area, the peak of the heat
transfer coefficient is achieved for all the tested fluid mixtures. However, the comparison of the results in
Figure 7 with the data in Table 2 show that this peak is achieved at periods larger than the capillarity length.
Note that the period equals to the sum of the width of the textured area (x-axis of graphs on Figure 7) and the
width of the non-treated surface (0.5 mm in our case).

This imply that the existing capillary-length criteria can be used (only) as a guideline in
development of surfaces with optimally arranged patterns of active (boiling preferential) and
non-active (non-boiling) regions - not only for water, but also for ethanol and ethanol-water
mixtures, which has not been shown before. Despite the agreement with the results from other

Table 3. The HTC enhancement factor at 150 kW/m*
Laser pattern width 0mm 05mm 1.0mm 15mm 20mm 25 mm

Water 1 2.09 1.94 1.81 2.34 2.80
0.4% 1 1.93 2.15 1.51 235 2.00
4.2% 1 1.70 2.18 1.63 2.79 1.92

100% Ethanol 1 1.12 1.82 2.68 2.15 1.84
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Figure 8. The time-averaged heat flux distribution at nominal heat flux of 150 kW/m? and interpretation of the bubble distribution
for 0.4% ethanol-water mixture on surfaces with (a) 1.5 mm, (b) 2.0 mm and (c) 2.5 mm laser pattern widths. On the left-hand side,
the 0.5-mm-wide untreated areas are marked with the black parallel lines.

investigations [39, 40], the high-speed IR measurement of the boiling surface revealed new and
important insights.

The idea to create separate liquid return pathways in the non-active areas with the
wavelength (P) corresponding to the expected bubble size, should provide the highest heat
transfer coefficient. In this configuration, the bubbles would ideally form in the middle of the
active boiling area and their lateral coalescence would be prevented due to the intermediate
non-active areas, as observed in Figure 8a. However, slightly larger laser-textured area (Figure
8b) allows multiple nucleation sites across the laser-textured width, which significantly
increases the nucleation site density and increases the heat transfer coefficient across a wide
range of heat fluxes, despite the higher probability of lateral bubble coalescence. This shows
that the capillary length criteria are not the ultimate optimization technique for all types of
surface/fluid pairs. Rather, the optimum should be determined based on the maximization of
the nucleation site density [45], while allowing the liquid to replenish active nucleation sites to
avoid the dry-out event.

Conclusions

Saturated pool boiling investigation was carried out using water, ethanol and two different
ethanol-water mixtures with heat fluxes from 50 kW/m® to up to 250 kW/m?* Nucleate pool
boiling heat transfer coefficients were measured on the untreated and laser-textured stainless
steel foils. Results show that laser texturing improves nucleate pool boiling performance not
only for pure fluids, which has been already shown, but also for binary mixtures of water and
ethanol.
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The improvement results due to the formation of microcavities that act as active nucleation sites.
This increases the nucleation site density and nucleation frequency and lowers the temperature of onset
of nucleate boiling. Also, in case of binary mixtures, the multiscale microcavities with appropriate
dimensions effectively trap vapor and provide spots for bubble growth. Thus, our results show that the
laser texturing of surfaces has a potential to improve applications of distillation processes.

The most important result of this work is the optimization of the laser-patterned width
between the untreated smooth regions. Results lead to the conclusion that a peak in the heat
transfer coefficient can be obtained by changing the width of the laser-textured areas. In
designing the pattern of the surface, the capillary length criteria of active/non-active areas
could give a good starting point in maximizing the heat transfer coefficient not only for pure
fluids, but also for various types of mixtures. However, the true maximization of the boiling
performance was in our case always achieved on the surfaces that provided the highest nuclea-
tion site density. Additionally, the period (P) between the active and non-active areas does not
necessarily completely agree with the capillary length of the working fluid. In our case, this
period was always (i.e., for all the tested fluids) above the capillary length.

The highest measured heat flux coefficient of 34.6 kW/m?K (at a heat flux of 250 kW/m?) for
water was achieved on a laser-textured surface with 2.5-mm-wide regions separated by 0.5-mm-
interruptions. Compared to the smooth, untreated sample the improvement equaled 280%. A similar
improvement (268%) was measured also for pure ethanol. However, in this case, the highest
improvement was achieved on the sample with 1.5-mm-wide laser-textured region (period of
2.0 mm). For the tested ethanol-water mixtures, the highest enhancement of the heat transfer
coefficient was obtained using 2.0-mm-wide laser-textured regions (for 0.4% mixture it equaled
26.8 kW/m’K at 225 kW/m?, while for 4.2% mixture it equaled 31.7 kW/m’K at 200 kW/m?).
Opverall, the laser texturing with multiscale microcavities lead to an enhancement of the heat transfer
coefficient over the entire range of heat fluxes.

Highlights

e Study presents boiling of water and ethanol-water mixtures on laser-textured foils.
Pulsed fiber laser was used to create active and non-active boiling regions.
High-speed IR thermography was used to measure transient temperature fields.
Laser-made microcavities provide active nucleation sites on all tested fluids.
Boiling patterns close to the fluids’ capillary length show the best performance.
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Nomenclature

M
P
q
T
P
g
fps

molar mass (g/mol)
wavelength (m)

heat flux (W/m?)
temperature (K or °C)
probability density (1/K)
acceleration of gravity (m?/s)
frames per second (1/s)

Greek symbols

~ 0o
o

< o >

HTC; heat transfer coefficient (W/m?*K))
capillary length (m)

mole fraction ethanol-water mixtures; (/or %)
delta

density (kg/m’)

liquid surface tension (N/m)

Subscript

w  wall
1 liquid

v vapor
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Pool boiling experimental setup

The experimental setup for the saturated pool boiling experiments consists of a 170 x 100 x
100 mm? pool boiling chamber made of double-pane glass and steel plates on the top and the
bottom of the chamber, as shown in Fig. S1b [S1]. The heater unit is mounted on the bottom of
the chamber and consists of a ceramic base with two electrical contacts to hold and power the
stainless steel foil with a size of 27 x 17 mm? (Fig. S1a). The ceramic base has a 23 x 13 mm?
borehole milled in the center to enable recording of the transient temperature fields on the
bottom side of the foil. A golden mirror is placed below the heater at an angle of 45° to reflect

the thermal radiation to the IR camera.

The vaporized working fluid condenses on the top and returns to the boiling chamber so that its
level is maintained approximately 3.5 cm above the boiling surface. Immersed cartridge heaters
are used for preheating, degassing and maintaining saturation conditions. The metal foil is
heated using the Joule effect and the heat flux equals to the product of the current and the
voltage drop across the foil, divided by its surface area. A homogenous heat generation across

the foil is assumed.
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Figure S1. a) Cross-section of the thin-metal-foil heater unit; b) pool boiling experimental setup

[S1]; ¢)-d) photos of the pool-boiling experimental setup.
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Uncertainty of the IR temperature measurement

A high-speed IR camera (FLIC SC6000) was used to record the transient temperature field on
the bottom of the stainless steel foils during the pool boiling experiments with a frame rate of
1000 fps and a spatial resolution of 250 um pixel™. The conversion from the raw digitalized IR
signal into temperature was done using a calibration curve obtained under the same ambient
conditions as were later maintained during the actual boiling experiments. The absolute
expanded uncertainty of the temperature measurement is determined to be around 2 K and was
practically constant across the entire calibration range (80-180 °C). However, the noise
equivalent differential temperature (i.e., sensitivity) of the IR sensor is 20 mK. The uncertainty
of the temperature difference among the individual pixels is therefore much lower than the

absolute temperature uncertainty.

Uncertainty of the heat flux and the heat transfer coefficient

The expanded relative measurement uncertainty of the heat flux is estimated to be 0.5% of the
heat flux. This results from the combined measurement uncertainty of the voltage drop across
the foil, the electrical current and the uncertainty of the heater area. The uncertainty of the heat
transfer coefficient depends on the inaccuracies in the heat flux and wall-temperature
measurements. The maximum expended uncertainty of the heat transfer coefficient equals 3.5
kW m2 K, which can be greater than 100% of the value at the low heat fluxes and low
superheats. However, the relative uncertainty decreases as the superheat and the heat flux

increase.
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Heat conduction through the heater

Vertical heat conduction under the steady state conditions

The stainless steel foils were painted on the bottom side with a high emissivity paint to improve
the IR thermography measurements. The paint consisted of 40% silicone-polyester binder and
60% amorphous carbon (Pigment Black 7). The physical properties of the stainless steel and
the paint are listed in Table S1. The average spectral emissivity of the paint was measured to

be 0.9 in the mid-wave infrared band (3 to 5 um).

Table S1. Material properties of the stainless steel foil and the high emissivity paint.

Material Thickness Density Specific heat Thermal conductivity
o (um) p (kg/m3) Cp (kd/kgK)  k (W/mK)

Stainless steel, S316 25 7990 0.50 16.2

High emissivity paint 5 1560 0.95 78.0

Since the boiling occurred on top of the foils and the temperature fields were on the bottom, we
estimated the steady state heat conduction through the entire heater, as schematically presented
in Fig. S2. We should note that laser processing, that is performed on the stainless steel foils,
does not require any additional surface treatment/coating and therefore we presume it does not

increase thermal resistance of the heater.

5/14



Temperature gradient sat
under steady state conditions Tsal
e 1/hboiling
Stainless steel ____ LT,
..... ql
x| ;
High-emissivity paint 5 Jk . Toeer
g y p ] pain ‘paint
Tpainl
1/hair
T T,

Figure S2. The vertical heat conduction through the heater. Schematic representation of the
one-dimensional, steady state, heat transfer profile in the stainless steel foil and high emissivity

paint.

The heat flux through the high emissivity paint equals

k
qpaint = _le(Tpaint _Tsteel ) = hair (Tpaint _Too) ) (Sl)

5paint
where k, h and ¢ denote the thermal conductivity, the heat transfer coefficient and the material
thickness, respectively. The surrounding temperature (T») was kept constant during the

experiments at 25 °C.

Based on the McAdams’ correlation [S2] for the natural convection from a down-facing
horizontal plate, the convective heat transfer coefficient between the bottom heater surface and
the air is around 10 W/m?2K for a heater temperature in the range 100-300 °C. The temperature
gradient across the stainless steel foil was determined by solving the steady state, heat

conduction equation with internal thermal energy generation (q')
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The boundary conditions for our example are

T

steel

T . (S3)

|X=7‘SsteeI/2 Tw

dT .
ksteel d_ = hboiling (TW - sat) =q §steel - qpaint

X==0tee1 12

|X=5steel 12

Considering the first two boundary conditions in Eg. (S3), the solution to the differential

equation is

X + Tstee

I+Tw

(S4)

steel

T(x)= _%{(%j —x2]+(Tstee, T~

Taking into account the third boundary condition in Eq. (S3), we can calculate the temperature

difference between Tsweel and Tw as

Tor T fi
The effect of the steady state heat conduction though the heater was evaluated for the highest
heat flux ever reported on the 25-micron foils, which was around 1400 kW m-2 during boiling
on a superhydrophilic surface [S1]. This corresponds to a thermal energy generation rate of 56
GW m3. At this point, the measured temperature on the surface of the high emissivity paint
equaled 141 °C. Based on Eq. (S1), the heat flux to the air is around 1.2 kW m2, which is less
than 0.1% of the electrically generated heat flux. In fact, the calculated heat loss is an
overestimate, since the actual heat transfer coefficient is lower due to the stagnant air under the

foil, which is held in the rectangular borehole in the test section. Most of the heat is, therefore,
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removed by the working fluid and the heat losses through the bottom were neglected in our
analysis. The temperature difference between the bottom of the heater (Tpaint) and the wall
temperature (Twan) is calculated to be around 1.1 K. This value is still within the uncertainty of

the IR temperature measurement (2 K).

Heater response to a periodic temperature disturbance

The bubbles at one nucleation site nucleate with a certain frequency that is relatively constant
for a given heat flux. The nucleation occurs at a certain wall superheat and the surface rapidly
cools down during the bubble’s growth. After the bubble’s departure, the surface heats up again
until the next nucleation occurs. If we consider the temperature disturbance on the surface as a
harmonic function, we can calculate the transient temperature distribution along the thickness

of the heater. The one-dimensional transient heat conduction equation is

o°T 1eoT <
ox> aot’ (50)
where a denotes the thermal diffusivity. We consider the heater as an infinite medium and the

boundary conditions for a given example (see Fig. S3) are given by

T(0,t)=T,+AT,(e*"
(0.)=T, +4T, (&) o
T(oo,t)=T,

where fy is the nucleation frequency, Tw is the average wall temperature at a certain operating
point and ATy is the amplitude of the harmonic temperature disturbance. The result of Eq. (S6)

is

T(x,t) =T, + AT g V702 xg VFhRbEmhat). (s8)
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We evaluated the transient heat conduction through the 25-um-thick stainless steel foil and 5-
um-thick high emissivity paint for nucleation frequency of 90 Hz and surface temperature of
118 °C, where the maximum amplitude of the temperature disturbance was 10 °C. These
parameters were previously recorded during our studies on boiling of water on biphilic surfaces
[S1]. The results, given in Fig. S3b, show that the heat conduction through the high emissivity
paint is negligible, but could be important for the stainless steel layer. In the worst case, the
temperature difference between the top of the stainless steel foil and the bottom of the paint is
2 K. This suggests that the actual measurement uncertainty could be more than 2 K in some
cases. During boiling of pure ethanol, where bubbles are relatively small and nucleate with a

high frequency, the limited thermal response of the heater also limits the applicability of the IR

thermography.
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Figure S3. a) A schematic representation of the heater and b) thermal response of a stainless

steel foil and high emissivity paint to a harmonic temperature disturbance.
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Effect of lateral heat conduction

The results of our experiments are spatio-temporal temperature fields of the boiling surface. It
is therefore possible to estimate the local heat transfer coefficient and the local heat flux for
every pixel of the measured temperature field. This could be done by solving the inverse heat
conduction problem [S3, S4] or by using the energy-balance-based equation [S5] for the local

heat transfer coefficient and the local heat flux

N+1 _TN 2N 2—N
gy —dpe, 1Y) =T (xY) | 5k[a T (xy) , O (x, y)j

At x> 2
% +

TWN (X’ y)_Tsat
. 1
h™(x, Y)=§ . (89)

-I-WN+1 (X, Y)—TWN (X, y) . 5k 82TWN+1(X, y) . GZTWN+1(X, y)
At ox? oy’

qin - 5pcp

TWNH (X' y) _Tsat

TN+1+TN
9" (x,y) =h(x, y)(%—leﬂ} : (S10)

The subscripts N and N+1 indicate two consecutive time points and Qin is equal to the
electrically generated input heat flux. The use of a time-averaged wall temperature (TN*1+TN)/2
only leads to small apparent inconsistencies between the plots of TN, gV and hN when the
temperature is changing very rapidly in the first 1-2 ms. To evaluate the effect of lateral thermal
conduction in the heater, the calculations were performed with and without the lateral
conduction terms in Eq. (S9). All the calculations were performed only for the stainless steel
layer, since we already proved that high emissivity paint has a negligible effect on the heat
transfer and the temperature distribution across the heater. The results in Fig. S4 show that
lateral conduction has a low impact on the local heat flux and the local heat transfer coefficient,
which is mainly due to the small thickness and the low thermal capacity of the heated foil. Some
difference between the values calculated with and without the lateral conduction terms could

be observed at points that are subjected to the highest temperature changes (i.e., the middle of
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the nucleation site). However, the relative difference between the values is on average less than
1%. Lateral conduction, therefore, only negligibly affects the spatial resolution and the

uncertainty of the temperature measurement.

11/14



2 T, (°C)
134

126
18

|110

102

T, (°C)
134
126
118

I110
102

Figure S4. a) An example of the temperature field during boiling of pure water on a stainless
steel foil at the beginning of the nucleation (1 ms) and after the end of the bubble’s growth
(8 ms). Black lines indicate the cut-off section of the temperature profiles. b) Temperature
profiles across the nucleating bubble during bubble growth. ¢) Local heat transfer coefficient
during bubble growth across the profile marked in a). Square-like symbols and continuous lines
represent the values with and without accounting for the lateral thermal conduction,
respectively. d) Local heat flux during bubble growth; diamond-like symbols and continuous

lines represent the values with and without accounting for the lateral thermal conduction,

respectively.
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Surface roughness of smooth and laser-textured samples
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Figure S5. Surface topography images obtained by an optical confocal microscope (Alicona

InfiniteFocus, 50x magnification) for a) smooth (unprocessed) stainless steel and b) laser-
textured region. Results were obtained on a surface with laser pattern width equal to 2.0 mm
(P = 2.5 mm) and completely comparable values were also measured on all other laser-textured

foils.
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