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Abstract: The boiling phenomenon that occurs on surfaces modified with the laser beam is very intense. The enhancement of heat flux in comparison to the unmodified surface is quite commonly reported in literature. However, a significant problem is the correct determination of heat flux dissipated from the laser-treated surfaces during pool boiling. This paper focuses on developing a modification of a model created by Rannenberg and Beer. It was initially proposed for a different type of microstructural coating, namely, wire meshes. The modified version of the model is used for predicting the heat flux transferred from laser-processed copper samples tested under boiling conditions of distilled water and ethyl alcohol. The modified correlation proved to provide reasonable accuracy in the analysed range of superheat values. The comparison of the experimental results and the results of the calculations made according to the modified model showed that the experimental points align along the qcalc = qexp line of ideal matching. Moreover, a great majority of the experimental points fall within the 100% error band.
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1. Introduction
Phase–change heat exchangers enable the transfer of very large heat fluxes. In the case of boiling, when additional coatings are applied onto smooth surfaces, further improvement can be expected. The favourable effect of such microstructures can be observed both in flow (Kaniowski & Poniewski 2013, Piasecka et al. 2021) and pool (Hożejowska et al. 2021) boiling modes. In Poniewski and Thome (2008), a detailed overview of various types of microstructures is provided. They typically have a highly advantageous impact on the performance of heat exchangers, which manifests itself in higher heat fluxes that can be dissipated and/or lower temperature differences needed to dissipate the same amount of heat compared to the surface without additional coatings. Thus, better energy management is an additional benefit, which is quite essential, e.g., in heating, air conditioning, or refrigeration systems (Dudkiewicz et al. 2022, Dudkiewicz & Fidorów-Kaprawy 2020, Ratajczak et al. 2022) or in the area of renewable energy recovery (Nešovič et al. 2024, Nešovič & Kowalik 2025, Ratajczak & Szczechowiak 2020).
The modification of the surface based on thermal phenomena caused by the laser beam can lead to considerable advantages in terms of the amount of heat that can be transferred from phase-change heat exchangers. The boiling performance of horizontal samples made of steel and treated with a femtosecond laser was described by Kruse et al. (2015). The microstructures had a mound-like shape, while their peak-to-valley height was from ca. 7 m to ca 36 m. The authors claim that the heat transfer coefficient was even about three times larger than that of the reference (untreated) surface. The confirmation of the favourable impact of the laser can be found in (Ho et al. 2015), where the test results of HFE-7000 boiling on square-shaped aluminum heaters are presented. The surface had microcavities and microgrooves made as a result of thermal interaction. A more than 30% increase in heat exchange rate was reported for the laser-made heaters. A later paper (Ho et al. 2016) focused on the boiling performance of a different agent, namely FC-72, on surfaces produced using a laser beam with an AlSi10Mg base powder. Two types of microstructures were obtained: containing microcavities (up to 9x9 on one sample) and dome-like microfins (up to 15x15 on one sample). The value of the average heat transfer coefficient was larger by about seventy percent, while the value of the critical heat flux was larger by seventy-six percent, in relation to the unmodified surface. Moreover, it was observed that modifying the heaters led to a higher density of active nucleation sites. The paper by Liu (Liu et al. 2019) also deals with FC-72 boiling (of the subcooling of 1K). The authors reported almost no increase in the critical heat flux value for the samples of small spacing (up to 70 m spacing), but it was improved by 91% for a large spacing sample (200 m spacing). On the other hand, the heat transfer coefficient was significantly improved (by almost six times) for the surface of small spacing (up to 70 m spacing). In the paper, a modified model for the critical heat flux is proposed, which considers the departure frequency of coalesced bubbles, the Jakob number, as well as capillary wicking effects. The authors also stated that improved wickability is not the only mechanism for enhancing critical heat flux in the FC-72 fluid. In (Voglar et al. 2018), water boiling on low-thickness foils, on which parallel lines, squares, and circles were generated with a laser, was investigated. All the samples demonstrated a positive effect on the heat transfer coefficient, which was over four times higher, while the critical heat flux was almost four times higher compared to the smooth surface. The most optimal spacing between the laser-made areas was stated to equal the capillary length of the boiling agent (which is 2.5 mm for water).
Recently, the authors (Berce et al. 2024) experimentally analyzed boiling on TiO2-water nanofluids (with mass concentrations up to 0.1%) on superhydrophobic laser-treated copper specimens. It was reported that this type of nanoparticle led to a deterioration of the heat transfer coefficient of up to 90% compared to pure water. This effect was attributed to nanoparticle deposition on the heater, which, at the same time, was mitigated by the fact that the surface was superhydrophobic. However, the critical heat flux values of the nanofluids were improved (up to 27%) in comparison to pure water. On the other hand, the study by Hadžič et al. (2024) on water boiling on laser-textured aluminum surfaces clearly shows that both the heat transfer coefficient and the critical heat flux values were larger than those of the untreated reference surface. Moreover, boiling was initiated at much lower temperature differences. Among the three different types of structures used in the study, the hexagonal micropillar pattern proved to be the most effective. At high temperature differences, this pattern enabled the development of distinct vapour-liquid pathways, which mitigated the creation of dryout areas.
The search for more reliable and efficient heat exchangers is not only focused on the modification of the surface, but also on the use of other boiling agents (Pavlenko & Basok 2005a, Pavlenko & Basok 2005b). Quite promising are different types of nanofluids (Wciślik & Taler 2024), which might offer significant advantages for heat transfer augmentation. 
It is worth noting that the development of efficient heat exchangers involves both experimental (Kotrys-Działak & Stokowiec 2023, Wcislik 2016, Wojtkowiak et al. 2019) and modeling (Jurišević et al. 2022, Kosiń et al. 2020, Major & Major 2014) activities. Modeling of boiling on surfaces without any coatings or modifications has been the focus of scientific work for decades, and the knowledge in this field is broader. In Stojanović et al. (2022), a review of models of boiling on untreated surfaces has been presented. The models and correlations were discussed, ranging from the earliest ones to the very recent. The authors stated that all the models can generally be divided into 4 types: vapor-liquid exchange models, bubble agitation models, latent heat and macro-/micro-layer evaporation models, as well as dry spot models. However, it was also concluded that one of the important unresolved issues in predicting nucleate and transition boiling heat fluxes is the knowledge of the density of active nucleation sites.
The textbook (Poniewski & Thome 2008) contains, among others, an overview of models and correlations used for the calculation of heat flux values based on selected parameters (typically geometrical, material properties of the surface, and the boiling agent). Many formulas could be used; however, their accuracy might be disputed. The reason behind it – according to the recent paper (Ustinov et al. 2025) – might be a multi-layered phase exchange nature, which extends from the development of a viable nucleus at the metastable initial phase, via the phase growth, up to the hydrodynamics of the heterogeneous fluid system with the moving interface of the liquid-vapour phase.
Moreover, the number of possible modifications to the surface may be one of the reasons why a universal model of pool boiling on microstructural coatings is not available. The paper (Ustinov et al. 2025) lists several microstructures used for boiling enhancement, including attached layers (such as meshes or plasma-sprayed particles), surfaces modified through techniques like laser drilling, etching, or micro structuring, as well as combinations of these techniques. The authors proposed a classification system that, according to them, is universal. It was formulated considering the physical mechanisms behind the nucleation process, as well as the enhancement mechanisms during different stages of vapor bubble growth.
Modelling of boiling heat flux performance on modified surfaces is still very challenging. The present paper aims to develop a modification of an existing correlation (proposed initially for a different type of microstructural coating) for boiling heat flux dissipated from laser–treated surfaces.

2. Materials and Methods
The application of the laser beam enables the precise design of the microgeometry of the samples, specifically the width, height, and distance between the grooves generated through the evaporation of metal from the surface. Figure 1a presents a specimen, a copper disc with a diameter of 3 cm and grooves. The nature of the thermal interaction of the beam with the surface is such that the edges of the grooves are slightly irregular (Fig. 1b). Obviously, the edges could be mechanically smoothed using various tools. Even the simplest method based on the emery paper could be selected for this purpose; however, each irregularity can be advantageous for boiling heat transfer enhancement, because it might become an active nucleation site (a location where vapour bubbles are formed). Thus, there seems to be no need to treat the laser–made samples with smoothing techniques. On the other hand, it is worth noting that the process of sample production using a laser is highly repeatable. 

                
Fig. 1. Photo of a laser–treated sample (a), shape of a chosen groove (b)

As shown in Figure 1b, the bottom of the groove is also irregular. The roughness generated there is also favourable and promotes heat transfer. Figure 2a and b provide details of the microstructure morphology created on the bottom, as an optical microscope image and distribution of roughness values, respectively. In the case of the analysed sample, the surface roughness of the bottom area is mainly within the range of about 25-42 μm. Nevertheless, it is quite irregular. This feature is typical of the laser–made copper specimens considered in the present study.

		
Fig. 2. Surface morphology of the laser-treated sample: optical microscope image (a), roughness distribution (b)

The boiling experiments were conducted on the stand, as described in detail in the open-access paper by the authors (Orman et al. 2020). The most important part is the heater, on which the sample undergoing the investigation is located. It is immersed in the boiling agent (distilled water and ethyl alcohol). Due to the high temperature within the heater, proper insulation materials were used in the design of the experimental setup. In Pavlenko and Szkarowski (2018), performance insulation materials were discussed and analyzed, which could further reduce heat losses.
3. Results and Discussion
The development and movement of vapor bubbles significantly influence the heat transfer phenomenon during pool boiling. Figure 3 presents the results of the visualization study obtained using a high–speed digital camera at a high heat flux (88 kW/m²) supplied by the electric heater. Bubbles might be leaving the surface from an isolated spot, but they can also merge before moving up into the pool of liquid. This phenomenon is clearly visible in the figure, where two neighbouring bubbles merge (at t = 0.004 s) and depart from the heater surface (at t = 0.01 s). It is one of many reasons why the boiling phenomenon is such a complicated process and, at the same time, difficult to model with high precision.


Fig. 3. Bubble coalescence during water boiling at the heat fluxes of 88000 W/m2

Significant difficulty arises from the accurate determination of heat flux (q) values based on the geometrical and material properties of samples and boiling agents. There may be significant discrepancies between experimental results and calculations based on models and correlations. Figure 4 presents the comparison of the test results obtained for the laser–processed sample (Orman et al. 2024) – denoted as "1" in the figure – with the calculation results according to the equations proposed by (Rannenberg & Beer 1980) – denoted as "2" – and (Nishikawa et al. 1979) – denoted as "3". In the figure, Tsur is the surface temperature, while Tsat is the saturation temperature at ambient pressure. 
The model proposed in (Rannenberg & Beer 1980) was initially developed for the meshed surface, so specific modification had to be implemented to use it for the laser – made surface (the wire diameter was replaced with the thickness of the microfin and denoted as "d", while the aperture with the width of the groove – determined in the middle of its height – "w").

 
Fig. 4. Comparison of the experimental data for the laser - treated sample with selected models: 1 – boiling heat flux data adopted from (Orman et al. 2024), 2 – calculation results according to the model (Rannenberg & Beer 1980), 
3 – calculation results according to the model (Nishikawa et al. 1979): a) water, b) ethanol

As can be seen, the calculation results provide either too low or too high heat flux values with regard to the experimental results of water and ethanol boiling. Thus, neither of the selected models can be applied to determine the amount of heat dissipated from the laser–processed surfaces. Consequently, a modification to the model (Rannenberg & Beer 1980) will be proposed to increase its accuracy. This model was chosen because it already provides better results (closer to the experimental data) than the other model (Nishikawa et al. 1979), which overestimates the heat flux significantly across the entire range of temperature differences.
The experimental data of pool boiling heat transfer on laser–textured surfaces presented in (Orman et al. 2020, Orman et al. 2024) have been used to modify the original model (Rannenberg & Beer 1980) with the value of two constants. In total, 70 measurement points were considered (covering two boiling agents: distilled water and ethyl alcohol), obtained during the experiments on seven differently shaped copper surfaces. The modified equation differs from the original one in the value of the constant, namely 23291.88, and the exponent of 0.09 adjacent to the thickness of the microstructure. The modified formula for the pool boiling heat flux, based on (Rannenberg & Beer 1980), takes the following form: 

	(1)
where the hydraulic diameter Dh can be obtained from the following formula:

	(2)
The value of the effective radius Ref was taken as half of the hydraulic diameter Dh, m, while the other elements in the above equations are as follows: l – thermal conductivity of the liquid phase, W/(mK), eff – effective thermal conductivity (calculated based on the solid and liquid phase thermal conductivity values as well as volumetric porosity), W/(mK),  – volumetric porosity, without the unit,  – height of the microstructure (microfins), m, cpl – specific heat of the liquid phase, J/(kgK), r – heat of vaporization, J/kg, d – width of the microfin, m, w – distance between the microfins, m.
Figure 5 presents the comparison of the experimental results of boiling on laser–made samples adopted from the papers (Orman et al. 2020, Orman et al. 2024) with the calculation results according to the original model (Rannenberg & Beer 1980) – Figure 5a, and according to this model, but modified with two constants, as in equation (1). The dashed red line is the line of ideal matching where qcalc = qexp, while the green lines represent the 100% error band.


Fig. 5. Comparison of the experimental data for the laser-treated surfaces adopted from (Orman et al. 2020, Orman et al. 2024) with the calculation results according to the original model (Rannenberg & Beer 1980) – (a), and according to the modified model (Rannenberg & Beer 1980) – (b)

As shown in Figure 5a, the original model (Rannenberg & Beer 1980) was unable to accurately determine the heat flux values properly dissipated from the laser–treated surfaces considered in the present study. The spread of the data is significant, and only some experimental points fall within the 100% error band. On the other hand, the modified correlation results (Figure 5b) align with the line representing qcalc = qexp, and a great majority of the experimental points fall within the 100% error band. The most vital thing is that the spread of the data has been eliminated, which suggests that the model may be quite successful in determining the performance of laser–treated heaters.
The most visible limitation of the study is the use of two boiling agents with quite similar characteristics and only one sample material (copper). However, this seems justified due to the high thermal conductivity and widespread heat transfer applications of copper. The nature of the modelling process might be quite similar for other boiling agents (possibly the values of the constants could be different for different types of agents, for example, nanofluids). 
4. Summary and Conclusions
The application of laser–treated surfaces could provide significant advantages for improving boiling heat transfer conditions and elevating heat flux exchanged in the process. However, determining heat flux values based on geometrical and material properties is very challenging. Two correlations adopted from the literature failed to accurately determine the heat flux dissipated from the laser–made samples. Thus, a modification of the selected model was developed. The modification was focused on determining the values of two constants. The comparison of the experimental results and the results of the calculations made according to the modified model showed quite a reasonable agreement with the experimental points aligning along the qcalc = qexp line. Moreover, a great majority of the experimental points fall within the 100% error band.
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