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Abstract: The paper discusses applying the laser technique to modify the copper heater surface. The interaction of the laser beam with the base material leads to its melting, and various shapes can be obtained during the process. The study is focused on the boiling heat transfer analyses of the specimen in the form of a disc with longitudinal microfins of a height of 0.5 mm. The optical microscope was used to determine the morphology of the surface. The laser beam generated significant roughness, which benefitted the overall thermal performance. Considerable heat transfer augmentation was recorded for the laser–made surface in relation to the untreated sample, which served as a reference. The heat flux was several times higher, while the laser–treated sample's boiling curves were shifted to the area of smaller temperature differences. Two boiling models proved unsuccessful in predicting the heat exchange process occurring during pool boiling of distilled water and ethyl alcohol. According to the Smirnov, Xin and Chao models, the average differences between the experimental data and calculation results were ca. 93 kW/m2 and 116 kW/m2 for water, 78 kW/m2 and 68 kW/m2 for ethanol.
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1. Introduction
The need for efficient use of energy, its recuperation and production from renewable energy sources requires the application of effective heat exchangers (Dudkiewicz et al. 2022, Holubčík et al. 2024, Voznyak et al. 2023). They are needed in all technological devices, ranging from small to large scale ones, and in all areas of everyday engineering – from sewage treatment plants (Janaszek & Kowalik 2023, Janaszek et al. 2024) to nuclear power plants. A typical feature of improved design is proper surface modification, which might extend the heat transfer area (Wojtkowiak et al. 2019, Wojtkowiak & Amanowicz 2020). However, the exchange heat fluxes can significantly increase with phase – change processes such as boiling (Kaniowski & Poniewski 2013, Pastuszko et al. 2021, Pavlenko & Basok 2021). Even larger heat fluxes might be dissipated if the surfaces of the heat exchangers are modified using various techniques to produce more porous or irregular microstructures. One of the surface modification methods is the application of the laser beam. This relatively new technique enables shaping the metal elements without many constraints and, consequently, producing surfaces that can be highly efficient for heat exchange applications – presumably both in the pool and flow nucleate boiling conditions.  
The studies of boiling on laser–made surfaces are quite scarce. In the article (Kruse et al. 2015) distilled water was boiled on stainless steel samples, whose surface was modified with the laser beam. The morphology consisted of mound-like shapes with the coating of nanoelements. The roughness of the specimens was measured to be up to about 36 m. The augmentation of heat transfer occurred in the form of elevated values of the critical heat flux and the maximal heat transfer coefficient – by about one and a half and three times, respectively (in relation to the smooth surface without laser treatment). The study (Ho et al. 2015) is focused on the boiling phenomenon of the HFE-7000 agent on aluminium heaters with AlSi10Mg powder shapes made with a laser. The specimens contained sets of microcavities, whose average mouth diameter was 500 m and 700 m. The cavities were additionally separated by microgrooves with the mean distance of 120-150 m. Heat transfer augmentation of over thirty per cent was reported. In another paper (Ho et al. 2016) FC-72 boiling was tested on the surface with micro-fins and micro-cavities generated with the help of a laser from AlSi10Mg powder. The authors reported that micro-fins were more efficient in terms of heat dissipation. The boiling performance for the laser–made samples was better than that of the smooth ones. It was discovered that the average heat transfer coefficient was maximally ca. 70% higher, while the critical heat flux ca. 76% higher. It might have been caused by the surface features of the samples, which interrupted the bubbles' coalescence, thus delaying the critical heat flux. The same fluid was studied in (Liu et al. 2019). The sample that underwent laser processing augmented heat transfer and dissipated a few times higher heat fluxes than the smooth surface. The improvement in the value of the critical heat flux (by around ninety per cent) was also reported. Distilled water was used in the paper (Voglar et al. 2018) for boiling experiments on low-thickness foils processed with a fibre laser. Various kinds of textures were made, however, all produced specimens augmented boiling conditions. The value of the heat transfer coefficient was reported to exceed four times the value for the smooth surface. A similar enhancement was observed regarding the critical heat flux value. The researchers also stated that the specimens' performance improved with the rising share of the treated surface fabricated on it. The paper (Zakšek et al. 2020) contains boiling data collected for the same surface material, however with distilled water, ethyl alcohol, and their mixes as boiling agents. The laser beam was applied to produce lines on the surfaces, whose width was up to 2.5 mm. All of the laser–processed samples augmented heat transfer – the heat transfer coefficient for water was even ca. 3 times larger than for the smooth surface. In the case of ethyl alcohol, the enhancement was ca. 2.7 times. Laser processing was reported to lower the boiling initiation temperature and lead to the development of a bigger number of sites on the surface where vapour bubbles can grow. A confirmation of the presence of more nucleation sites on the laser–made surfaces can be found in (Zupančič et al. 2017a). The authors used water that boiled on 25 m-thick steel foils treated with Nd:YAG laser. The augmentation of heat flux reached one hundred and ten per cent (in relation to the untreated sample). In another paper (Zupančič et al. 2017b), the authors focused on water boiling tests conducted on specimens coated with polydimethylsiloxane-silica and treated with laser. It was concluded that the smooth stainless steel heater requires high nucleation activation temperatures. The highest heat transfer coefficient and nucleation site density were recorded on a laser-textured surface with nonuniform wettability and multi-scale microcavities. 
Efficient heat exchangers produced with the laser beam can be used in refrigeration/air conditioning applications – including even small–scale domestic devices (Kotrys-Działak & Stokowiec 2023, Krawczyk et al. 2023, Pavlenko & Szkarowski 2018, Pavlenko et al. 2014). Due to the significant practical application potential of such surfaces and the scarcity of experimental data in this area, the present paper is focused on the analysis of the laser–made heater and its boiling heat transfer performance and on the validation of selected boiling heat transfer models. 
2. Material and Method
The experiments were conducted under ambient pressure using two types of boiling liquids: distilled water and high-purity ethyl alcohol. The authors (Orman et al. 2020) have presented the details of the experimental apparatus together with error analysis and data reduction methodology. The production of the samples involved the application of the laser, which was used to generate longitudinal grooves on the copper specimens (Figure 1). The depth of the grooves and their width can be designed and set in the laser control unit, so that the process can produce samples of precisely defined geometrical dimensions. Copper was selected as the base material due to its high thermal conductivity and, thus, preferable properties for heat exchanger fabrication. A commercial high-purity copper block of 3 cm diameter was purchased and cut into slices of 3 mm thickness to produce the samples. Consequently, both the laser–treated and the untreated specimens came from the same copper block – of the same material properties.


Fig. 1. Photo of various laser–treated samples

A closer examination of the laser–made sample's surface reveals that the lines are highly regular (Figure 2a), however, the thermal phenomena of laser melting produce some irregularities (protruding elements) at the edges of the grooves (Figure 2b). Moreover, the groove cross-section seems asymmetrical, which might happen but is quite uncommon.

 		
Fig. 2. Close-up view of the laser–made sample (a), optical microscope image of a chosen groove (b)

Melting and later solidification of the remaining base material leads to the development of small hill-like microstructures of height up to ca. 0.15 mm. They can be removed with mechanical polishing. It must be remembered that the creation of the patterns on the surface is a process that requires repetition of the laser beam's interaction with the surface, during which evaporation of the metal into ambient air occurs. However, one of the most vital issues for boiling augmentation is the creation of elevated roughness at the bottom of the grooves. It is especially advantageous for phase–change heat exchangers because these are the locations where vapour bubbles can be created and function cyclically, releasing bubbles into the pool of liquid (where they either disappear if subcooled boiling occurs or travel to the fluid's surface where vapour is released). It enhances the thermal performance of the specimens. The difference in the morphology of the copper heaters with and without laser treatment has been presented in Figures 3 and 4. The first figure presents the surface that did not undergo laser processing. Its roughness amounts to a few micrometres (mostly falling from about 5.7 to 6.8 m, as seen in Figure 3b). Consequently, it can be stated that it is quite smooth, albeit with some shallow lines made during polishing.

		
Fig. 3. Surface morphology of the untreated sample: optical microscope image (a), distribution of roughness values (b)

However, in the copper heater processed with the laser beam, the area at the bottom of the grooves is characterised by highly elevated roughness. Figure 4 provides details of the microstructure morphology generated during the interaction of the laser beam with the copper base.

		
Fig. 4. Surface morphology of the laser-treated sample: optical microscope image (a), distribution of roughness values (b)


The sample's roughness is significantly elevated – to a few dozen micrometres (mostly from about 35.5 to 44.4 m). Naturally, in both of the analysed cases, there will always be lower and higher dips on the surface, but the influence of the laser on the morphology cannot be neglected. Moreover, these are the selected spot locations of the area 0.8 x 0.8 mm, so it might also vary on the whole surface of the specimen – especially at the edges. Nevertheless, both surfaces exhibit significantly different features, which can considerably impact their performance during the boiling experiments.
The ability of a sample to dissipate heat via phase–change is described graphically in the form of a boiling curve. This curve presents the dependency of how much heat is exchanged vs the temperature difference between the sample's outer surface temperature and the saturation temperature of the liquid (the outer surface of the laser–made sample is assumed to be at the tip of the microfins, thus both types of specimens have the same height of 3 mm). Thermocouples are located below the samples, so the temperature value at the outer part of the specimen is determined using the Fourier law of conduction (knowing the heat flux supplied to the sample from the electric heater located underneath).
The measurements of temperature values within the experimental setup make it possible to provide the information needed to draw the boiling curve according to the methodology described in detail in the open-access paper of the authors (Orman et al. 2020). It also contains the error analysis, which shows that the largest measurement errors occur for the lowest heat flux values.
3. Results and Discussion
The boiling phenomenon is very complex and involves several heat exchange mechanisms occurring simultaneously. During the nucleate pool boiling mode, the growth and departure of vapour bubbles is especially important due to significant heat fluxes being driven via latent heat exchange, thus, visualisation studies are needed to analyse this issue thoroughly. Figure 5 presents the bubble behaviour on the laser–made surface at different heat fluxes with the time step of 0.02 seconds.


Fig. 5. Bubble formation during water boiling at increasing heat fluxes:  21000 W/m2 (a), 45000 W/m2 (b), 88000 W/m2 (c)

As can be seen, the rising temperature from "a" to "c" leads to more bubbles being created on the surface and their merging within the liquid pool. Further rise in the surface temperature leads to film boiling, creating a blanket of vapour. It reduces the heat flux dissipated to the liquid and, thus, can damage the experimental stand. The critical heat flux was not measured in the present study, but it is typically much larger than for the untreated sample.
The boiling phenomenon on the surface without any modifications starts with the occurrence of single bubbles at isolated locations on the surface (which are typically cracks, cavities or other irregularities present on the surface). At first, bubbles are generated there, but as the temperature increases, they tend to occur at more and more locations until they cover the surface with a vapour blanket.
The results of the boiling heat transfer experiments will be presented for the sample shown in Figure 2 
– of the groove depth of 0.5 mm and groove width 0.5 mm (as measured in the middle of the depth). Figure 6 presents the boiling heat transfer performance of that specimen as a dependence of heat flux vs. the temperature difference between the sample's outer surface temperature (Tsur) and saturation temperature (Tsat) of the liquid (commonly called 'superheat'). Saturation temperature can be adopted from literature as a function of ambient pressure, but in the present study, this value was directly measured with a thermocouple located in the pool of liquid (at some distance from the heater).
	
Fig. 6. Boiling curves of the laser-treated surface with two boiling agents: distilled water (a) and ethyl alcohol (b)

The surface of the modified microgeometry dissipates significantly higher heat fluxes than the untreated sample (which served as reference material). The phenomenon of boiling heat transfer enhancement with other types of microfins has already been reported, e.g. (Kaniowski & Pastuszko 2018), however in the case of laser-made samples, the cross-sectional dimensions of the fins are different in the way that the thickness of them changes and becomes smaller at the top, while the bottom part is larger (see Figure 2). Such a design improves vapour removal from the heater.
In the case of both boiling agents investigated in the study, the boiling curves are shifted leftwards to the area of smaller temperature differences. Consequently, higher efficiencies can be achieved with such heat exchangers. The boiling process starts at smaller temperatures on the heater's surface, so higher application potential is possible with these kinds of microstructures (for example, using low-temperature waste heat sources). Similarly, the heat flux value exchanged with the liquid pool for the same temperature difference is overwhelmingly higher in relation to the untreated surface. This ratio cannot even be presented for ethanol, but it can be done for water, albeit for a limited temperature difference of 7.1-8.2 K, which is the range where the boiling curves for the treated and untreated specimens coincide. Thus, the enhancement ratio (calculated as heat flux exchanged from the laser–made sample divided by the heat flux from the untreated surface) has been presented for this limited temperature difference range in the figure below (the data were obtained from Figure 6 with mathematical smoothing of the experimental results).


Fig. 7. Enhancement factor for water boiling

Despite a small temperature range, the graphs backs the claims of the authors' previous works (Orman et al. 2020), that the augmentation potential diminishes as the temperature difference increases. It occurs almost linearly to the point when the heat flux removed from the laser–made sample is about seven times higher than from the untreated specimen. It seems that the removal of the vapour phase from the grooves becomes a problem if the generation of the vapour becomes significant and the volumes are difficult to transport effectively to the liquid pool.
Another issue to consider at the design stage of heat exchangers is the correct determination of heat flux as a function of the heater's geometrical and material characteristics. The research on this topic covering many decades has not resulted in developing a commonly acceptable model of boiling, even though many methods have been applied for such analyses (Hożejowska et al. 2021, Krechowicz et al. 2022a, Krechowicz et al. 2022b).
In the present research project, the experimental results from Figure 6 will be compared with two boiling models selected from the open literature. The first one chronologically is Smirnov's model (Smirnov 1977). This model was created to model heat transfer from a set of independent microfins as a function of the geometric and material features of the surface. Although it was proposed for the meshed surfaces, it can be effective because these are also microstructures of regular geometry. The second model taken for the analyses was proposed by (Xin & Chao 1987). Here, the microstructure is considered longitudinal microfins of the 'T' shape. However, the formula for the heat flux enabled us to set the width at the bottom, and the tip as equal, which is more-or-less true for the microstructure analysed in the present study.

	
Fig. 8. Comparison of the experiment (for water) with selected models: 1 – boiling curve data from Figure 6, 
2 – calculation results according to (Smirnov, 1977), 3 – calculation results according to (Xin & Chao, 1987)

The graphs above prove that both models selected from the literature (and for both liquids) did not correctly predict the thermal performance of the laser–made heater. The discrepancy between the experimental data and the calculation results according to the Smirnov's model could have been regarded as negligible for the smallest temperature difference. However, the heat flux was significantly underestimated for the second model, and the temperature difference was the same (about three times). Generally, the differences ranged from ca. 10% to 374% in the case of water boiling and from ca. 88% to 319% for high-purity ethyl alcohol). The discrepancies between the calculated and actual heat flux values a few times indicate that there is a need to develop a new model, especially for surfaces produced with laser technology.
The study's limitations are mainly related to the fact that the tests have been conducted for low-temperature differences (of a few Kelvin), which falls into the nucleate boiling mode of heat transfer. Moreover, the results can only be applied to boiling under ambient pressure because variations of pressure values have not been considered. The paper analyses only pool boiling, while the phenomena occurring on the laser-treated surfaces might differ under flow boiling conditions, for example, in minichannels or within pipes.
The present study has been focused on boiling of pure liquids' only. However, future studies could be performed with mixtures or even nanofluids as boiling agents. Nanofluids are commonly known as highly efficient heat-enhancing fluids (Mukherjee et al. 2024), which could augment the boiling performance of the laser–made heat exchangers even further.
4. Summary and Conclusions
The application of laser technology to produce phase–change heat exchangers proved successful. The boiling performance of such a surface has been much better than that of the untreated surface. Heat fluxes can be a few times higher if laser–made heaters are used as part of heat exchangers. Moreover, boiling curves of the modified surface are shifted to the area of smaller temperature differences (in relation to the untreated surface), which should lead to increased efficiency. 
The study has also shown that the existing boiling models might not be effective in predicting the heat flux dissipated from the laser-made heaters. Neither of the models selected for the analyses has been successful. Thus, a new model or a correlation would need to be created in the future for this type of heater. In the case of water, the average difference between the experimental data and calculation results according to the Smirnov and Xin and Chao models was ca. 93 kW/m2 and 116 kW/m2, respectively. The respective differences regarding ethanol boiling amounted to 78 kW/m2 and 68 kW/m2.
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