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Abstract: To date, using biphilic surfaces is one of the most promising methods for enhancing heat transfer and critical heat flux during boiling simultaneously. However, most of studies on the effect of biphilic surfaces on boiling performance have been carried out under atmospheric pressure conditions. In this context, the issues of heat transfer enhancement and stabilization of the boiling process at subatmospheric pressures are particularly critical due to the interesting characteristics of boiling heat transfer and bubble dynamics at subatmospheric pressures and their practical significance including aerospace applications. This paper investigates the effect of the pitch size between hydrophobic spots on a biphilic surface on heat transfer and bubble dynamics during boiling at subatmospheric pressures (from 11.2 kPa up to atmospheric pressure). The data analysis using infrared thermography demonstrated that the maximum heat transfer rate was achieved on a surface with a uniform pitch size (6 mm) at all pressures. In this case, the heat transfer enhancement, compared a bare surface, reached 3.4 times. An analysis of the departure diameters of bubbles based on high-speed visualization indicated that the optimal configuration of the biphilic surface corresponds to the pitch size equal to the bubble departure diameter. Using high-speed visualization also demonstrated that an early transition to film boiling was evident for configurations with a very high density of hydrophobic spots (pitch size of 2 mm).
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Nomenclature



	A
	Area, m2



	CHF
	Critical heat flux, kW/m2



	Ddep
	Bubble departure diameter, m



	h
	Heater thickness, m



	HSV
	High speed visualiation



	HTC
	Heat transfer coefficient, kW/m2K



	I
	Current, A



	IR
	Infrared



	ITO
	Indium-tin-oxide



	lcr
	Critical pitch size, m



	ONB
	Onset of nucleate boiling



	ps
	Saturation pressure, kPa



	q
	Heat flux density, kW/m2



	U
	Voltage, V



	δ
	Relative uncertainty symbol



	ΔT
	Superheat, K



	ε
	HTC enhancement factor



	Θ
	Contact angle




1  Introduction

Boiling at subatmospheric pressures is of interest because the reduction in pressure lowers the absolute boiling temperature, which is crucial for several practical applications, including absorption heat pumps, the cooling of microchips, the cooling of lithium-ion batteries, and the desalination process [1–4]. Nevertheless, the reduction in pressure results in a decline in the heat transfer coefficient and critical heat flux, as well as in significant changes in bubble sizes, bubble departure frequency, nucleation site density, and transition to intermittent boiling [5–9].

A recent trend in boiling heat transfer enhancement involves the control of the wetting properties of the heat-dissipating surface. It has been demonstrated that the activation temperature of nucleation sites is significantly reduced by hydrophobic surfaces. Furthermore, for weakly hydrophobic surfaces (90° < θ ≤ 130°), the density of nucleation sites increases resulting in enhanced heat transfer at low heat fluxes [10–13]. However, these surfaces also result in to an early transition to film boiling, which is a significant drawback for high heat flux systems. At the same time, hydrophilic surfaces are known to enhance significantly the critical heat flux during boiling [14–17]. Several studies have reported that superhydrophilic surfaces increase the temperature of the onset of nucleate boiling (ONB) and reduce the heat transfer performance [15,16].

Recently, attention has shifted to surfaces with heterogeneous wettability. Numerous studies have shown that biphilic surfaces, composed of (super) hydrophobic spots on a (super) hydrophilic base, combine the advantages of both hydrophilic and hydrophobic properties. This combination leads to a reduction in ΔTONB, an increase in the heat transfer rate, and a higher critical heat flux during the water boiling. A comprehensive review of biphilic surfaces was recently performed by Xiang et al. [18]. The heat transfer coefficient and critical heat flux are significantly dependent on the pattern geometry of the biphilic surface, including the pitch size and spot diameters. A substantial body of research have investigated the influence of biphilic configurations on boiling performance. High-speed visualization (HSV) of the boiling process has demonstrated that the maximal heat transfer enhancement is typically observed when the pitch size is equal to the bubble departure diameter [19]. In a numerical study that modeled boiling on biphilic surfaces using the lattice-Boltzmann method, Fedoseev et al. came to the same conclusion [20]. On one hand, it is reasonable to hypothesize that an increase in the density of nucleation sites, i.e., hydrophobic spots, would enhance the heat transfer rate [21,22]. On the other hand, the study by Pontes et al. [23] indicated that if the pitch size is too small, a sessile bubble may extend across multiple hydrophobic spots resulting in local film boiling potentially leading to an early boiling crisis at high heat fluxes. In terms of boiling curves, this is reflected in behavior similar to that observed on homogeneous hydrophobic surfaces [24]. From a hydrodynamic standpoint, the development of the crisis was examined by Xiang et al. [25]. However, experimental data indicate that increasing the density of hydrophobic spots up to a certain threshold results in an improved heat transfer rate [26]. With regard to the pitch size between (super) hydrophobic spots, its impact on local characteristics and heat transfer rate has been studied [19,23,25,27]. It has been demonstrated that reducing the diameter of hydrophobic spots results in a bubble size decrease [23,27,28], theoretically allowing for a higher density of hydrophobic spots on the surface. Simultaneously, a reduction in spot size increases their departure frequency, resulting in a greater total volume of vapor produced per unit of time [23,27]. However, direct measurements of the heat transfer rate while varying spot sizes have yielded different results in various studies. In the study of Mortezaker et al. [24], a two-fold change in the heat transfer coefficient (HTC) was observed when the spot sizes were varied from 50 to 1100 µm. The maximum HTC was observed at a pitch size of 700 µm. In contrast, Može [19] found that spot sizes ranging from 250 to 750 µm had no significant effect on the HTC. These studies indicate that local boiling processes and vapor bubble parameters play a key role in determining the optimal configuration of a biphilic surface. It is also known that pressure has a decisive influence on the local characteristics of the boiling phenomenon and, consequently, on boiling heat transfer.

The heat transfer performance of a biphilic surface at subatmospheric pressures with a pitch size of 10 mm and a spot diameter of 1.5 mm was examined by Serdyukov et al. [29]. The findings revealed that for the biphilic surfaces, the heat transfer rate at different pressures remains unchanged, and the increase in heat transfer reaches 300%. Nevertheless, in contrast to conditions of atmospheric pressure, there are few studies investigating the effect of changing the parameters of a biphilic surface pattern under vacuum conditions. A recent series of studies by Shen et al. [30–33] focused on boiling under vacuum conditions using biphilic surfaces. These studies achieved heterogeneous wetting properties by applying hydrophobic coatings via electroplating [30] and spray deposition [31–33] on a copper base surface. The authors demonstrated that biphilic surfaces markedly reduced the superheat at the onset of boiling and increased the critical heat flux (CHF) by 250% across the entire pressure range (down to 14 kPa) [30]. However, they found that at pressures between 6.9 and 8.8 kPa, there was a sharp transition to intermittent boiling, leading to a steep drop in HTC. To explain this effect, the authors conducted more detailed studies on bubble dynamics at very low pressures. Shen et al. [31] examined bubble dynamics on a single hydrophobic spot under reduced pressure conditions. The authors demonstrated that at various pressures, the conditions governing the growth and departure of vapor bubbles exhibited notable differences due to the varying dynamics of the contact line relative to the hydrophobic spot boundaries. Below a certain pressure threshold, as the bubble growth rate increased, the probability of the contact line exceeding the hydrophobic spot boundaries also increased. This resulted in larger departure diameters and altered bubble departure processes. At larger diameters, bubble departure was accompanied by wetting over hydrophobic spots, which interrupted vapor bubble generation and led to intermittent boiling [32]. Based on these findings, Shen et al. [33] investigated surfaces with simultaneously modified structures and wetting properties. This approach successfully delayed the transition to intermittent boiling by retaining vapor nuclei. However, the authors noted that further research on the detailed dynamics of the triple contact line is necessary to prevent intermittent boiling completely.

The above studies show that biphilic surfaces are a promising method for improving boiling heat transfer and stabilizing boiling at subatmospheric pressures. However, data on the influence of surface parameters on boiling at various pressures are scarce. Although the development and application of biphilic coatings are actively progressing, there is a lack of understanding the local processes on these surfaces and optimal configurations of biphilic coatings for boiling at subatmospheric pressures. This study investigates the effect of the pitch size between hydrophobic spots on a biphilic surface on boiling heat transfer and local evaporation processes during boiling of water at pressures ranging from 11.2 kPa to atmospheric pressure.

2  Experimental Techniques

2.1 Experimental Setup

In order to study the local pool boiling characteristics and heat transfer in boiling under various pressure conditions, a setup shown in Fig. 1 was made. The working volume consists of a sealed stainless steel chamber placed in a controlled thermostat to maintain the saturation temperature at a specified pressure. The pressure in the chamber was set with an EVP 2XZ-1C rotary vane vacuum pump and monitored with a Thyracont VD81 digital vacuum gauge. To maintain constant pressure during boiling, a closed water-cooled condenser was installed at the top of the working volume. Deionized water prepared with a Merck Direct-Q 3 UV system was used as the working fluid. The experiments were conducted within a pressure range of 11.2–102.8 kPa, corresponding to saturation temperatures of 48.0°C–100.3°C.
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Figure 1: The experimental setup

When determining the pressure on the surface of bubble nucleation, the influence of the liquid column pressure of approximately 1.5 kPa, was taken into account. This significantly affected the saturation temperature on the heater surface during low-pressure experiments, where it was comparable to the chamber pressure. It should be noted that for subatmospheric pressures, the thermostat temperature was set above the saturation temperature to achieve saturation conditions, but at atmospheric pressure, the degree of subcooling was 2°C–3°C in different runs.

The qualitative characteristics of the different regimes as well as bubble departure diameters were investigated using high-speed videography through a transparent heater from below (the design is detailed in Section 3.2). The videography was performed using a Phantom VEO 410 camera with a frame rate of up to 4000 fps and a maximum spatial resolution of 73 μm/pixel. To illuminate the working area during high-speed videography, an LED connected to an external power source through a sealed connector was installed inside the working volume.

To study the heat transfer rate, a high-speed infrared camera, FLIR Titanium HD 570 M, with a spectral response of 3.7–4.8 μm and a noise equivalent differential temperature (NETD) value of 18 mK was used. In this study, the thermographic camera had a frame rate of 1000 fps, an integration time of 300 μs, and a maximum spatial resolution of 220 μm/pixel. To eliminate parasitic reflected rays and to enhance the intensity of the IR signal in experiments with the IR camera, the bottom side of the heater was painted with black matte paint.

2.2 Heater Design

A key feature of the experimental setup used in this study is the transparent heater (Fig. 2a), which consists of a 1 µm thick ITO (indium tin oxide) film deposited at the bottom of a sapphire substrate. The transparency of the heater allows for high-speed video recording from below through the heater. This visualization technique provides comprehensive information about the local characteristics of boiling and allows detailed tracking of the evolution of individual bubbles and the behavior of the contact line. The size of the heat dissipation area, i.e., the ITO film area, was 28 × 30 mm², while the sapphire substrate used as the base was a disc with a diameter of 60 mm and a thickness of 2 mm.
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Figure 2: (a) The heater design (b) contact angles of the sapphire surface and hydrophobic coating (c) configurations of biphilic surfaces

2.3 Biphilic Surfaces

Hydrophobic spots were applied by spraying, using a mask to create a pattern with a specific geometry. Vinyl stickers with holes cut at specified distances using a plotter were used as masks of various configurations. In this study, five different configurations of biphilic surfaces with different distances between the hydrophobic spots of 2, 4, 6, 8, and 12 mm (Fig. 2c) were made. The diameter of the hydrophobic spots was constant for all coatings and was set as 1.5 mm. The ratio of the area of hydrophobic spots to the total area, used by some authors to determine the configuration of the biphilic surfaces, was 51.0%, 12.8%, 5.6%, 3.2%, and 1.4%.

To create hydrophobic spots on the surface of the sapphire substrate, a silicone-based coating (Glaco Zero) was used. The results of static contact angle measurements of water droplets which were performed using a KRUSS DSA100 system (Fig. 2b) show that the contact angle is 151° for the hydrophobic coating, while the base sapphire surface was characterized by a contact angle of 70°. During the test experiments, the surface demonstrated stable wettability properties after 6 h of boiling. Furthermore, to ensure that the biphilic surface properties do not change during the experiment, each boiling curve was obtained 3 times.

2.4 Data Preprocessing

To obtain the surface temperature data recorded by the IR camera, a calibration procedure was performed using a Honeywell HEL 700 thermosensitive sensor attached to the heater before the experiments. The calibration was performed by gradually increasing the temperature of the entire liquid volume using a thermostat.

To analyze the heat transfer rate, the surface temperatures were averaged over the heater area and a 10-s interval, thus obtaining the mean heater temperature for a fixed heat flux. Since the IR camera recorded the temperature on the lower side of the sapphire substrate where the heat was dissipated, the surface temperature in direct contact with the liquid was determined by calculating the temperature drop across the thickness of the sapphire substrate using Fourier law for steady-state conditions. This procedure was described in detail in a previous study [12].

To ascertain the precise heat flux to the liquid from the surface area covered by the subject biphilic pattern, the heat losses were analyzed in detail. This was performed based on the numerical solution of the heat transfer equation in 3D domain. The boundary conditions for the problem were as follows:

1.    A constant heat flux density q=U⋅IA was set on the lower side in the ITO-covered area.

2.    A heat flux density q=0 was set on the lower side in the area not covered by ITO.

3.    A constant temperature equal to the saturation temperature was set on the lateral sides.

4.    A third-kind boundary condition in the form of a q(T) dependence, determined from the boiling curves for the biphilic surface, was set on the upper side in the biphilic pattern-covered area.

5.    A third-kind boundary condition in the form of a q(T) dependence, determined from the boiling curves for the bare surface, was set on the upper side in the area not covered by the biphilic pattern.

Several heat fluxes were assessed. It was found that the heat losses did not exceed 14.0% and exhibited a decrease to 8.3% when the heat flux was increased to 200 kW/m². The calculated heat loss values as a function of heat flux were taken into account when constructing the boiling curves.

2.5 Measurement Uncertainties

The uncertainty in the heat flux was found using the uncertainty in the electrical current supply, as well as the uncertainty in the voltage. In total, it was calculated as 0.5% of the multiplication error in indirect measurements.

The uncertainty in the pressure consists of the sensor accuracy, which is less than 0.3% according to the manufacturer datasheet, and the accuracy of the liquid column height, measured with an uncertainty of <5 mm corresponding to a maximum uncertainty of 0.5% at the lowest pressures. However, since the pressure was set manually, it could be different for different experiments. Therefore, when summarizing the data of different experiments, conditionally at the same pressure, it is necessary to specify the mean square deviation for various tests. It was 1.4 kPa.

To ascertain the temperature of the working surface, it is essential to consider the uncertainties associated with both the temperature measurement with the IR camera and the heat flux, since the heat flux contributes to the calculation of the upper heater surface in direct contact with water, as discussed in the previous section. For the IR camera, there is an uncertainty associated with the calibration procedure and the sensitivity of the IR camera. The absolute value of the uncertainty in the temperature measurement after calibration experiments was no more than 1 K. As a result, the uncertainty in temperature measurement via the IR camera can be found as δΔT=(δTIT0)2+(δqhk)2=1.28K. In light of uncertainties of the heat flux and wall superheat, the uncertainty in HTC can be quantified using the uncertainty proposition method. The average uncertainty in HTC is about 21%, mainly due to the uncertainty of the wall superheat.

In the case of geometric parameters that are measured based on HSV data, it is necessary to take into account the uncertainty in spatial resolution since it is measured based on the high-speed visualization through the transparent heater. This contribution can be estimated as the size of a single pixel divided by the characteristic departure size of the bubble, which is approximately 6 mm. Thus, the uncertainty in Ddep becomes 73 µ/6 mm, which equates to 0.013 (1.3%).

3  Results

3.1 Heat Transfer Rate

Fig. 3 shows the comparison of boiling curves for biphilic surfaces with different pitch sizes at four different pressures (11.2, 22.3, 41.8, and 102.8 kPa). As a reference, the boiling curve of a bare surface is also displayed at similar pressures [6]. The boiling curves for biphilic surfaces are significantly shifted to the left compared to the bare surface. While the curve slope changes corresponding to the onset of nucleate boiling (ONB) on the bare surface occurs at superheats from ΔTONB = 21 K at 11.2 kPa to ΔTONB = 11 K at 102.8 kPa, the ONB on biphilic surfaces is significantly reduced at all studied pressures. The transition between convection and nucleate boiling on biphilic surfaces was observed at superheats of approximately 5 K ± 2.
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Figure 3: Boiling curves for different configurations of biphilic surfaces at pressures of (a) 11.2 kPa, (b) 22.3 kPa, (c) 74.3 kPa, (d) 102.8 kPa

It should be noted that for biphilic surfaces with a pitch size of l ≥ 4 mm, the boiling curves are similar to each other. However, for the smallest pitch size of 2 mm, a markedly disparate slope is observed in the boiling curve. As the heat flux increases for this type of biphilic surface, the temperature rises sharper as compared to the other biphilic surface configurations. Moreover, a continuous temperature rise can be observed on the surface with a 2 mm pitch size at heat fluxes of approximately 250–300 kW/m² indicating a transition to film boiling and the onset of a boiling crisis. This indicates that there is a lower limit for the pitch size, below which the heat flux that can be dissipated through boiling decreases significantly. The observed values (250–300 kW/m²) are approximately four times lower than the critical heat flux for water calculated using the Kutateladze-Zuber correlation [34,35] for atmospheric pressure.

To undertake a quantitative comparison of the influence of biphilic surfaces on boiling heat transfer, the HTC values were determined for different configurations at varying pressures (a comparison diagram for the heat flux of 200 kW/m²) is shown in Fig. 4). It is evident that there is an optimal configuration that yields the highest HTC values. A reduction from 12 to 6 mm has been observed to result in a gradual increase in HTC, with a corresponding increase of 20%–30%, depending on the pressure. The highest HTC values at all pressures were observed for the pitch size of 6 mm. However, with a further reduction in the pitch size to 2 mm, the heat transfer rate drops sharply by 2–2.5 times. In order to gain insight into the mechanisms of the influence of the biphilic surface configuration on boiling heat transfer, high-speed visualization through a transparent heater was conducted, which will be discussed in the following section.
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Figure 4: Comparison of heat transfer coefficients for different configurations of biphilic surfaces at different pressures (q = 200 kW/m2). The maximum enhancement factor for the current pressure is marked on the diagram ε = HTC(p)/HTCbare(p)

Fig. 4 also demonstrates that there is a dependence of HTC on pressure for the investigated biphilic surfaces, contrary to the findings of previous studies [29,32]. In comparison to the biphilic surface, the factor of heat transfer enhancement increases with decreasing pressure. As a result, the relative enhancement using biphilic surfaces becomes higher with decreasing pressure, even though the HTC itself decreases, which is a promising outcome for the use of biphilic surfaces at subatmospheric pressure.

3.2 High-Speed Visualization

3.2.1 Boiling Regimes

To analyze the bubble dynamics during boiling on biphilic surfaces with different pitch sizes at various pressures, high-speed images captured through a transparent heater were acquired. Fig. 5 presents typical frames of boiling on surfaces with varying pitch sizes at the lowest pressure of ps = 11.2 kPa, which clearly demonstrate the influence of the configuration.
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Figure 5: Comparison of boiling regimes on surfaces with different pitch size at q = 40 kW/m2 (Ps = 11.2 kPa +/− 0.5 kPa)

First of all, it can be observed that the biphilic surface facilitates continuous nucleation and bubble departure across the entire surface, specifically at each hydrophobic site. This leads to a notable increase in the frequency of bubble detachment (number of bubbles per unit time) compared to a bare surface, where only a single large bubble forms at extended intervals. Moreover, the bubble departure size on the biphilic surface is significantly reduced. Additionally, the nature of bubble detachment from the heating surface changes on the biphilic surface. Specifically, after bubble departure from the hydrophobic sites, a portion of the vapor remains on the surface. As a result, during boiling on a biphilic surface, the waiting period between the detachment of one bubble and the nucleation of the next on individual hydrophobic spots is minimized [29]. Consequently, the bubble departure frequency is considerably higher than that observed on a base hydrophilic surface. This mechanism plays a crucial role in enhancing the heat transfer coefficient (HTC) on biphilic surfaces.

For the pitch size of 2 mm, the contact lines of adjacent bubbles merge, forming a large sessile bubble that occupies a substantial area, covering several spots as it is demonstrated in Fig. 6. The bubble dynamics on such a surface are similar to those observed on a surface with homogeneous hydrophobic properties [12]. This fact indicates that there is a critical value of pitch size lcr at which the transition to a boiling regime similar to boiling on a hydrophobic surface occurs. The region enclosed by the contact line remains insulated from the liquid by vapor for an extended period. In essence, these bubbles act as local sites of film boiling, which cover an increasingly larger area as the heat flux increases. Once the areas enclosed by the contact lines of the sessile vapor bubbles reach a critical size, irreversible growth of dry spots occurs, leading to a boiling crisis. When the pitch size between hydrophobic spots decreases, based on the energy balance, it is more favorable that the contact line covers several spots rather than each spot individually due to the lower total surface energy of the phase boundaries. However, it is evident that the balance is also influenced by the pressure and evaporation rate associated with the heat flux.
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Figure 6: (a) The boiling regime with pitch size >lcr (b) The boiling regime with pitch size >lcr

3.2.2 Bubble Departure Diameters

Using the images obtained via high-speed visualization, departure diameters of vapor bubbles were measured for the biphilic surface configurations at various pressures. Fig. 7a shows the results for different surfaces as a function of pressure. The analysis indicates that during boiling on the biphilic surfaces, the diameters are weakly dependent on pressure for all the configurations as compared to the bare surface. While the departure diameters increase to 38 mm upon a pressure decrease to 11.2 kPa on the bare hydrophilic surface, [12], the average diameters for all configurations range from 3.5 to 7 mm for the biphilic surfaces. Since superheats corresponding to the onset of bubble growth on a biphilic surfaces are significantly lower than those on hydrophilic surfaces, the bubble growth rate is lower, and inertial effects do not strongly influence the bubble departure process [36]. As a result, a weaker dependence of the bubble departure diameter on the pressure is visible as compared to a hydrophilic surface.
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Figure 7: (a) Dependence of bubble departure diameter on pressure for different configurations of biphilic surfaces. (b) Dependence of bubble departure diameter on the pitch size for different pressures

Fig. 7b shows the dependence of the bubble departure diameter on the pitch size at different pressures. When the pitch size is reduced from 12 to 6 mm, the departure diameter of bubbles decreases. However, with a decrease in the pitch size from 6 to 2 mm, the bubble diameter increases. The existence of a minimum on the profiles presented in Fig. 7b can be attributed to the fact that bubble departure occurs depending on different scenarios, as demonstrated in Fig. 7. For distances of 6 mm and more, most bubbles reach the departure stage, showing virtually minimal interaction with neighboring bubbles throughout most of the growth stage (Fig. 6a). As the distance between spots increases, the area around the spot not occupied by bubbles also expands. Since active evaporation and heat dissipation occur in the regions where bubbles originate, for large gaps between spots the superheat of liquid in gaps reaches the higher values than in the case of the dense spot configuration. As a result, the temperature of liquid around the growing bubble becomes higher, which leads to an increased bubble growth rate. As a result, inertial effects begin to influence the departure, to an increase in the duration of the bubble growth stage [36].

In the case of the biphilic surface with a pitch size of 2 mm, bubble departure occurs due to another reason. For this configuration, large stationary bell-shaped slowly growing bubbles form on the surface (Fig. 7b), similar to those on the reference hydrophobic surface [12]. Due to the geometry of their base, at the same diameter, the length of the contact line is greater than for spherical bubbles with a thin stem. As a result, surface tension forces can hold a larger volume of vapor than spherical bubbles, and buoyancy forces exceed surface tension forces at large bubble diameters.

In most studies, the departure diameter of bubbles is indicated as a parameter that determines the optimal geometry of biphilic surfaces. In particular, Fedoseev et al. [20], who investigated the influence of biphilic surfaces on boiling heat transfer using the Lattice Boltzmann method, stated that the optimal distance between unwetted spots corresponds to 0.9–1.3 of the departure diameter of bubbles. In this study, as the bubble departure diameter varies for different biphilic surfaces, its value ranges from 4 to 6 mm, except for the surface with a distance of 2 mm, where a quasi-hydrophobic boiling regime was observed. So, the pitch size, corresponding to the highest values of HTC in our experiments, is also about the bubble departure diameters. In the experimental study by Može et al. [19], which investigated the influence of the distance between spots on a biphilic surface at atmospheric pressure, it was stated that the maximum enhancement was observed for a distance between spots equal to the departure diameter of bubbles, while the bubble diameter differed significantly as compared to this study.

Regarding the departure diameters, the highest HTC is achieved for the same distance between spots at all pressures which is explained by the weak dependence of bubble departure diameter on pressure. The optimum distance between spots in these experiments roughly matches with the bubble departure diameter, which qualitatively agrees with the data of other authors, despite the fact that in other works the changes in the values of the Ddep differed significantly and could be about 1–1.3 mm at atmospheric pressure and diameters of hydrophobic spots of 0.25–1 mm [19].

According to the highlighted above, we should note that the departure diameter is not the only criterion and somewhat not the most critical factor. In the case of a very small distance between spots, which was 2 mm in our experiment with hydrophobic spots diameter of 1.5 mm, there is a significant change in the boiling phenomenon, which leads to a dramatic decrease in both HTC and CHF. In this regard, the most important parameter governing the geometric configuration of the biphilic surface is the criterion of stability for large-scale vapor bubbles, which is determined by the total surface energy of interfacial boundaries, the pressure of liquid, and probably the evaporation rate of liquid near the contact line, influenced by the heat flux and contact angle of the hydrophilic part of the surface. However, this deserves another detailed study and will be addressed in future studies.

4  Conclusions

The effect of the pitch size of biphilic surface configurations on boiling heat transfer and bubble dynamics during boiling at subatmospheric pressures in the range of 11.2–102.8 kPa was investigated. Surfaces with hydrophobic spots of 1.5 mm diameter and pitch sizes ranging from 2 to 12 mm were examined. Based on the experimental results obtained using IR thermography and high-speed visualization through a transparent heater, the following conclusions can be drawn:

•   In the range of heat fluxes studied (0–300 kw/m2), biphilic surfaces were observed to enhance heat transfer by 2.5–3.4 times depending on pressure (at the optimum pitch size). A reduction in pressure leads to an increase in the enhancement of heat transfer with biphilic surfaces, which is a promising result for operating at subatmospheric pressures.

•   The pitch size at which the maximum factor of the heat transfer enhancement was achieved in the experiment is 6 mm (the hydrophobic area was 5.6%), the same for all studied pressures.

•   The mean bubble departure diameter on biphilic configurations is observed to vary from 3.5 to 7 mm which is significantly smaller than the values obtained in boiling on hydrophilic bare surface at subatmospheric pressures (up to 40 mm at 8.8 kPa). The lowest bubble departure diameter could be observed for the biphilic surface with a 6 mm pitch size, which provides the greatest heat transfer enhancement.

•   High-speed visualization shows that for a pitch size of 2 mm, the formation of large-scale sessile vapor bubbles, which cover several hydrophobic spots, can be detected from the onset of boiling, similar to the case of the homogeneous hydrophobic surface. For this surface, a sharp temperature rise is obtained due to the early transition to boiling crisis at the heat flux of 250–300 kW/m².

The data obtained can be used to develop an analytical criterion of the optimal configuration of the biphilic surface, to achieve the highest heat transfer and simultaneously avoid negative trends associated with the transition to a quasi-hydrophobic boiling regime.
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