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Abstract

:

This paper presents the results of an experimental study on the evolution of a nonstationary temperature field during ethanol pool boiling in a pressure range of 12–101.2 kPa. Experimental data were obtained using infrared thermography with high temporal and spatial resolutions, which made it possible to reconstruct the distribution of the heat flux density and to study the influence of pressure reduction on the local heat transfer rate in the vicinity of the triple contact line under vapor bubbles for the first time. It is shown that, for all studied pressures, a significant heat flux density is removed from the heating surface due to microlayer evaporation, which exceeds the input heat power by a factor of 3.3–27.7, depending on the pressure. Meanwhile, the heat transfer rate in the area of the microlayer evaporation significantly decreases with the pressure reduction. In particular, the local heat flux density averaged over the microlayer area decreases by four times as the pressure decreases from 101.3 kPa to 12 kPa. Estimates of the microlayer profile based on the heat conduction equation were made, which showed the significant increase in the microlayer thickness with the pressure reduction.
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1. Introduction


Boiling is one of the most efficient heat transfer regimes, widely used in various technologies. To date, quite a large number of experimental and theoretical studies devoted to various aspects of boiling have been presented. Despite this, today there is no complete theory of heat transfer during nucleate boiling [1,2,3]. In particular, to calculate the heat transfer coefficients (HTC) during the boiling of various liquids under various conditions, dozens of semi-empirical correlations are given in the literature, which usually describe only a narrow change range of regime parameters. This is due to the fact that boiling is a multiscale nonstationary process, and for its correct description it is necessary to take into account the effects that take place on various scales, down to micro- and even nanoscales (Figure 1).



One of the phenomena that occur on the microscale during boiling is the formation and further evaporation of a liquid layer under a vapor bubble, which is called a microlayer due to its small thickness [4,5,6]. As can be seen from Figure 1, this region is limited on one side by the wall–liquid–vapor contact line and the surrounding liquid (the so-called macrolayer) on the other. To date, it has generally been accepted that the process of formation and evaporation of a microlayer is an essential and important part of a vapor bubble dynamics [7,8,9]. Moreover, it was shown in a number of papers [10,11,12,13] that the evaporation of a microlayer is one of the key mechanisms explaining the high intensity of heat transfer during nucleate boiling. Finally, understanding the nature and influence of various parameters on the microlayer evaporation rate is important to develop and fabricate micro- and nanostructured heating surfaces to achieve maximum heat transfer rates and critical heat fluxes during boiling [14,15,16].



However, despite the rather large number of papers devoted to both the experimental study on microlayer evolution and structure [5,6,7,8,9,10,11,12] and the numerical simulation of its evaporation [17,18,19,20], a number of questions remain open. One of such issues is the influence of system parameters (pressure, subcooling degree, gravity level, etc.), as well as the properties of a heating surface (wettability, capillary wicking, structure, etc.) on the evolution and structure of a microlayer.



Pressure is one of the most important parameters in a boiling system, the change in which has a complex effect on the nucleation, dynamics of vapor bubbles, heat transfer rate and the development of boiling crisis phenomena. At the same time, it is known that the pressure reduction below atmospheric level leads not only to a quantitative, but also to a qualitative change in the boiling character [21,22,23,24,25]. In particular, a decrease in pressure is accompanied by a decrease in the intensity of heat transfer and a decrease in the critical heat flux, the nucleation of bubbles becomes more unstable and takes place at larger surface superheating. As a result, a noticeable change in the local characteristics of boiling (bubble growth rates, departure diameters, nucleation frequency, etc.) is observed. However, as the literature analysis shows, in contrast to boiling at atmospheric pressure, today there is practically no information about the features of local heat transfer and the dynamics of the contact line under vapor bubbles during boiling at subatmospheric pressures. Among other things, this is due to the fact that in most experimental studies the analysis of the temperature of a heating surface during boiling was carried out using thermocouples or temperature sensors. This method of temperature measurement can only be used to analyze the surface temperature averaged over the heater area.



Today, to measure the temperature field distribution of various objects, including boiling systems, the method of high-speed infrared thermography is widely used, which is devoid of the above-mentioned disadvantages. As an analysis of the papers of various authors (e.g., [10,23,26,27,28,29,30,31,32,33,34]) shows, this technique makes it possible to obtain fundamentally new information about the local and integral multiscale characteristics of boiling, as well as about the development of crisis phenomena under various conditions. In particular, infrared thermography allows the features of heat transfer in the vicinity of the triple contact line to be studied, including the evaporation of the microlayer during boiling [10,11].



In the present paper, an experimental study on the evolution of a nonstationary temperature field during the pool boiling of ethanol at pressures 12–101.2 kPa was performed. Experimental data were obtained using infrared thermography with high temporal and spatial resolutions, which made it possible to reconstruct the distribution of the heat flux density and to study the influence of pressure reduction on the local heat transfer rate in the vicinity of the triple contact line under the vapor bubbles.




2. Materials and Methods


2.1. Experimental Setup


The experiments were performed using the setup, a schematic view of which is shown in Figure 2. The setup consists of two sealed parts. To maintain a constant temperature of the working fluid, the inner volume was placed in thermostatic chamber filled with deionized water. The water temperature in the thermostatic volume was set at the required level using the Danfoss EKC-102 electronic temperature controller and two pre-heaters, each with a power of 1.2 kW. The temperature of the liquid in the inner volume (T1) and the outer chamber (T2) was monitored using Honeywell HEL 700 and NTC thermistors, respectively. In order to avoid the system pressure increase in the working area during boiling experiments, the internal volume was equipped with a water-cooled vapor condenser.



To perform boiling experiments under subatmospheric pressure conditions, the setup was evacuated according to DIN 28400-1-1990 norm. The required pressure level in the working volume was set using a rotary vane vacuum pump EVP 2XZ-1C, equipped with a liquid nitrogen trap, and controlled using a digital piezoresistive vacuum gauge Thyracont VD81. The value of the reduced pressure ps in the experiments was calculated based on the readings of the vacuum gauge (p), taking into account the influence of the hydrostatic pressure of the working fluid column with height h:


ps = p + ρlgh



(1)







As the working fluid, 95% ethanol was used under the saturation conditions at a given pressure ps. During experiments on boiling at low pressures, it is extremely important to correctly calculate the system conditions. In the present study, for such conditions (ps, Tsat), the ones near a heating surface were considered. To do this, in each experiment the value of the reduced pressure was calculated according to (1) and the corresponding saturation temperature of the working fluid Tsat was taken from the tabular data. The following reduced pressures were studied in the paper: 12 kPa (Tsat = 32.4 °C), 21.8 kPa (Tsat = 44.3 °C), 35 kPa (Tsat = 53.6 °C), 57.6 kPa (Tsat = 64.7 °C), 80 kPa (Tsat = 72.4 °C) and 101.3 kPa (Tsat = 78.6 °C).




2.2. Heating Surface


The heating surface used in the study (Figure 3) was a conductive film of indium-tin oxide (ITO), 1 µm thick, deposited by ion sputtering onto a sapphire substrate 60 mm in diameter and 3 mm thick. The area of the heat release was 30 × 28 mm2. Samples were resistively heated by a DC power supply Elektro Automatik PS 8080-60 DT via thin (2 µm) chromium-nickel electrodes vacuum deposited onto the ITO film and brought to the reverse side of the sapphire substrate.



An important advantage of using indium–tin oxide as a heater material in experiments to study boiling characteristics is its transparency in the visible wavelength range (380–750 nm) and opacity in the mid-IR range (3–5 µm). In turn, the integral transmission capacity of a sapphire in the 0.3–5 µm wavelength range exceeds 80%. The combination of these properties makes it possible to measure the non-stationary temperature field on the ITO film using an infrared camera with corresponding spectral range and to visually record the vapor bubble dynamics on the heating surface using a video camera [23,26,27,28,29,30,31].



In the present study, the transient temperature field of the ITO heater was recorded using a FLIR X6530sc high-speed infrared camera with a spectral range of 1.5–5.1 µm, 160 × 128 resolution and a frame rate of 1500 fps. The spatial resolution of the IR recording in the experiments was 250 μm per pixel. Prior to the boiling experiments, the IR camera was calibrated using a resistance temperature detector located near the film heater [23].



Prior to the experiments, an analysis of the physicochemical properties of the heat-releasing surface was performed. According to the profilometry performed using the Bruker Contour GT-K1 optical profilometer, the ITO film roughness was Ra = 3 nm, which classifies it as an “ultra” smooth heating surface. Using the KRUSS DSA 100 setup, an analysis of the wetting properties of the ITO film was performed for the working fluid to determine the value of the static contact angle (θ). According to these measurements, the value of θ was about 10°. To additionally check the working fluid for the absence of harmful insoluble impurities, the wetting properties of the heating surface were also investigated after boiling experiments. An analysis of these results showed that the measured values of the contact wetting angles before and after the experiments are consistent with each other within the error (±2°), which indicates sufficient purity of the used liquid and the absence of harmful impurities in it.




2.3. Local Heat Flux Calculation


To analyze the local density of the heat flux coming from the heater to the liquid, a numerical calculation was performed using the experimental data of infrared thermography on the evolution of the ITO film temperature field. Below, the problem of heat conduction to recover local heat fluxes will be described. In the study, a numerical solution of the non-stationary heat conduction equation was performed, which has the following form:


    ∂ T   ∂ t   =  λ  sap        ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2    +    ∂ 2  T   ∂  z 2      .  



(2)







The three-dimensional internal volume of the sapphire substrate (Figure 4a) was used as the computational domain, bounded from above and below by the outer boundaries of the sapphire, and from the sides by the boundaries of the heat release region. The boundary conditions were given as follows:


  T   ( x , y )   z =  z  max     =  T  I R   ( x , y ) ,  



(3)






      ∂ T   ∂ z     z = 0   = 0 ,     ∂ T   ∂ x     x = 0 , x =  x  max     = 0 ,     ∂ T   ∂ y     y = 0 . y =  y  max     = 0 .  



(4)







These conditions correspond to the absence of heat losses to the sides, which, as the analysis of the experimental results showed, is quite correct. The temperature field of the wall–liquid contact surface changed with time, as happened in the experiment.



The calculations were performed using an explicit finite difference scheme. The splitting of the calculated area along the X and Y axes corresponded to the splitting of the IR frame to the pixels. The splitting along the Z axis and in time were chosen based on the analysis of the decrease in the calculation error with an increase in the amount of splitting. For calculations at intermediate moments between recorded IR frames, the temperature field was recovered using linear interpolation. The temperature field measured with IR camera was set as the initial temperature distribution in the calculated volume on all layers.



As a result of the numerical calculations, the non-stationary temperature distribution in the volume of the sapphire substrate was recovered. To calculate the density of the heat flux incoming to the liquid, the energy conservation condition was used, which takes into account the heat release in the ITO film qinput:


   q l  =  q  input   −  q  sap   ,  



(5)




where qsap is the heat flux density going into the sapphire substrate, determined on the basis of the calculated temperature distribution in the volume of sapphire:


   q  sap   = λ   ∂ T   ∂ z    



(6)







As an example, Figure 4b shows an IR recording frame and the corresponding calculated distribution of the heat flux density during the boiling of ethanol at ps = 21.8 kPa (qinput = 150 kW/m2). As can be seen, the obtained experimental data and the heat fluxes map calculated on their basis make it possible to identify and analyze various heat transfer areas in the vicinity of the contact line (Figure 1). In particular, the area in the center of the vapor bubble with a higher temperature and with a lower heat flux density consequently is a dry spot bounded by a triple contact line. In turn, the region along the periphery of the bubble with the minimum temperature and the maximum heat flux density corresponds to the region of a microlayer evaporation.




2.4. Measurements Uncertainties


The uncertainty of the pressure measurement consists of the sum of the pressure sensor accuracy and the accuracy of the liquid column height h measurement. The total pressure measurement error was about 1% in the experiments. In turn, the uncertainty of the input heat flux measurement includes inaccuracies associated with the current, voltage gauging, and heat losses. According to the apparatus data sheets, the total error in current and voltage measurements is no more than 1%. In turn, the 2D numerical calculation in Comsol Multiphysics was performed to analyze the lateral heat losses for the steady-state conditions. The results showed that the heat losses contribute about 5%, since the sapphire substrate has a relatively low thermal conductivity and the heat transfer coefficients on the ITO-liquid surface are rather high. Therefore, the total uncertainty of the heat flux density measurement in the experiments was about 6%. The major contributions to the uncertainty of the surface temperature measurements using IR camera are an uncertainty associated with the calibration procedure and camera sensitivity. According to the analysis, the total uncertainty of the surface temperature measurement was no more than 1.5 K.



To verify the correctness of the performed data gathering and curation, a comparison of the obtained results on the heat transfer rate during boiling at atmospheric pressure with the models of Rohsenow, 1952 [35] and Yagov, 1988 [36] was made (Figure 5). As the literature analysis shows, these models are some of the most used to describe boiling data for various liquids and heating surfaces.



As can be seen from Figure 5, the experimental data show the same trend as the used dependencies, which confirms that the data were collected correctly. However, it is also seen that the experiments show lower values of HTC compared to the calculations. Apparently, this is due to a rather low roughness of the heating surface used in the study. In particular, it is well known [37] that smooth and ultrasmooth surfaces are characterized by much lower heat transfer rates during boiling compared to the so-called technical surfaces, for which the semi-empirical models shown in Figure 5 were developed.





3. Results


3.1. Heat Transfer Rate


First of all, the effect of the pressure reduction on the heat transfer rate during ethanol boiling was studied. To do this, the values of the integral temperature of the heating surface (averaged over the area and recording time (10 s)) were obtained based on the IR recording data. As the result, the corresponding boiling curves q(ΔT) were plotted for various pressures (Figure 6a). As can be seen from the figure, the pressure reduction in a given range is accompanied by a significant increase in the onset of nucleate boiling (ONB). In particular, if for atmospheric pressure conditions the onset of nucleate boiling corresponds to surface superheating ΔT = 14 K, then for the lowest studied pressure (12 kPa) this value is 37 K.



Using the obtained data, the heat transfer coefficients HTC were also determined and dependencies of HTC(ps) were constructed for different heat flux densities qinput (Figure 6b). An analysis of the obtained curves shows that for all presented heat flux densities, the dependence of HTC(ps) has a linear form. The pressure reduction from 101.3 kPa to 12 kPa leads to the heat transfer deteriorating by approximately 40%. The literature analysis shows that the results on the influence of pressure reduction on heat transfer rate during boiling obtained in the present study are consistent with the data of other authors obtained using different liquids, including ethanol [38].



As noted in the introduction, such a decrease in the heat transfer rate during boiling with the pressure reduction is directly related to a significant change in the nucleation and vapor bubbles dynamics. This is clearly demonstrated by the analysis of heat flux distribution maps obtained according to the algorithm described in Section 2.3 (Figure 7).



In particular, Figure 7 demonstrates that a noticeable decrease in the number of nucleation sites happens with the pressure reduction, while the departure diameters of the vapor bubbles and their lifetime on the heating surface increase. In addition, it is clearly seen that in the area of microlayer evaporation, the local heat flux density decreases with pressure reduction. At the same time, it is also seen that a change in pressure affects the heat transfer rate in the regions free of vapor bubbles, i.e., the convective component of the heat transfer according to the mechanistic approach [39,40]. Thus, for atmospheric pressure, the average heat flux density removed by the convection does not exceed 50 kW/m2, while for pressures below 35 kPa this value is about 150 kW/m2, which is comparable to the input heat power. In the future, the authors plan to perform a more detailed analysis of the effect of pressure reduction on the contribution of various heat transfer mechanisms (e.g., convection, microlayer evaporation, and quenching) during boiling, based on the machine learning algorithms [41] of infrared thermography dataset analysis. Further, a more detailed analysis of the features of local heat transfer under single nucleation sites during boiling at various pressures will be presented.




3.2. Local Heat Transfer under the Vapor Bubbles


Figure 8 demonstrates the heat flux density distribution under a vapor bubble at different moments for various pressures and the same input heat flux density (qinput = 150 kW/m2). It can be seen that for all pressures, the maximum local heat flux is observed in the region of microlayer evaporation at the initial stage of vapor bubble growth (t = 0.67–1.3 ms depending on pressure). Additionally, the appearance of a region with reduced heat transfer under the vapor bubble’s center is clearly visible for all bubbles, which corresponds to the formation and growth of a dry spot on a heating wall. As a result, the local heat flux spent to evaporate the microlayer decreases as the bubble grows and becomes comparable to the input heat power at the final stage of the bubble’s lifecycle. In addition, the presented figures reveal a significant effect of a pressure reduction on the complete depletion time of the microlayer, which is associated with a significant increase in the lifetime of a bubble with a decrease in pressure. In particular, for atmospheric pressure, the microlayer fully evaporated in 6 ms. In turn, as the pressure decreased to ps = 12 kPa, this value increased to more than 26 ms.



In the further analysis of the microlayer region, the following criteria were used to determine its boundaries: the inner microlayer boundary corresponds to the maximum intensity of local heat transfer. In turn, the outer boundary of the microlayer was determined from the condition that the local heat flux does not change with distance from the bubble center.



In addition, the presented figures show that the region of microlayer evaporation noticeably increases in size with pressure reduction. In particular, if its maximum transverse size during boiling at atmospheric pressure is about 2.5 mm, then at 12 kPa this value is more than 10 mm. On the one hand (also taking into account the longer lifetime of the microlayer), this suggests that during boiling at low pressures, the evaporation of the microlayer should make a greater contribution to the overall heat transfer compared to boiling at atmospheric conditions. On the other hand, the results obtained indicate a noticeable decrease in the density of the heat flux removed from the heating surface due to the microlayer evaporation with pressure reduction. As noted earlier, the authors plan to use the obtained data for a more accurate analysis of the effect of pressure reduction on the contribution of various mechanisms, including microlayer evaporation, to the heat transfer during boiling.



An analysis of the results shows that with pressure reduction, the maximum heat flux density spent to microlayer evaporation decreases significantly (Figure 9a). Thus, the ratio of this value (qml max) to the input heat flux density decreases from 27.7 times (qml max ≈ 4.36 × 103 kW/m2) at boiling under atmospheric pressure to 3.3 times (qml max ≈ 484 kW/m2) at ps = 12 kPa.



Additionally, two trends are observed in Figure 9a. If the pressure reduction from atmospheric to 35 kPa demonstrates close to linear dependence qml max(ps), then a further decrease in pressure to 12 kPa no longer leads to such a significant drop in the heat transfer intensity in the microlayer evaporation region. It is interesting to note that in the previous studies of the authors [23], a change in the dynamics of the contact line under vapor bubbles was also experimentally found during water boiling at a similar pressure. In particular, the authors showed that if pressure reduction to 42 kPa leads to a decrease in the growth rate of the dry spot (which is directly related to the evaporation of the microlayer), then a further pressure reduction, on the contrary, is characterized by an increasing growth rate of the dry spot. This indicates that, apparently, at these pressure levels, there is a change in the determining mechanisms of the intensity of microlayer evaporation and the dynamics of the triple contact line. Nevertheless, an accurate answer to this question requires a comprehensive analysis of both the dynamics of the contact line and the structure of the microlayer during the boiling of various liquids at various pressures.



Using the obtained experimental data, the evolution of the local heat flux averaged over the area of microlayer evaporation was also studied for various pressures (Figure 9b). It can be seen that for all studied pressures, the main contribution to heat transfer is made by the evaporation of the microlayer at the initial stage of vapor bubble growth. This figure again indicates that the pressure reduction leads to a noticeable decrease in the heat flux density spent to evaporate the microlayer. In particular, the heat flux density averaged over the microlayer area decreases by four times with a pressure reduction from atmospheric level to 12 kPa.




3.3. Microlayer Thickness Estimation


Using the obtained data on the heat flux densities spent to evaporate the microlayer, it becomes possible to reconstruct its profile δml(Rb), where δml is the thickness of the microlayer at a distance Rb from the center of a bubble. A fairly simple estimate can be made using the following heat conduction equation:


   q  ml   =    k l     δ  ml        T w  −  T i     



(7)




where Tw is the temperature of a heating surface and Ti is the temperature at the vapor–liquid interface. In this case, the temperature Ti was taken to be the saturation temperature for a given pressure. Figure 10 shows the microlayer profiles at the initial moment of its formation for pressures ps = 12, 57.6 and 101.3 kPa. Additionally, the values of the so-called initial thickness of the microlayer δml 0 (Figure 1) are presented. The obtained profiles show that with a pressure reduction from atmospheric pressure to the lowest one, the microlayer becomes more than eight times thicker. Moreover, it can be seen that at ps = 12 kPa, the minimum thickness of the microlayer in the vicinity of the triple contact line is noticeably larger and is about 10 μm. This may be due to a significant change in the shape of vapor bubbles during boiling at subatmospheric pressures and their strong deviation from the spherical shape characteristic of boiling at atmospheric pressure. In particular, a number of authors showed via high-speed video recordings [22,23,25] that the vapor bubbles formed during boiling in vacuum have a “mushroom” shape with a pronounced vapor stem, which connects the bubble body with a heating surface.



It is important to note here that the performed analysis is only an estimate of the microlayer thickness during boiling at various pressures, which does not claim to be quantitatively accurate. In particular, a number of authors [42,43] showed that the heat flux spent to evaporate the microlayer depends significantly on the so-called evaporation resistance associated with the molecular dynamics of the evaporation process at the liquid–vapor interface. Ignoring it and calculating the microlayer thickness only using the heat conduction Equation (7) shows overestimated values of δml(Rb). For an accurate description of the microlayer profile, it is necessary to perform direct experimental observations using interferometric methods [6,7,10,12], which make it possible to study the process of its formation and growth with high temporal and spatial resolutions and to study the δml(Rb) dependence in detail. Here, the method of LED interferometry proposed recently in [44] should be especially noted, which is a simpler alternative to laser interferometry for studying the structure and evolution of a microlayer during boiling. Using the example of water flow boiling, the authors of [44] showed that this relatively easy-to-implement technique makes it possible to obtain distinct interference patterns during the formation and growth of bubbles, which makes it possible to analyze the microlayer thickness. The usage of LED interferometry simultaneously with the high-speed infrared thermography is promising for studying the effect of pressure on the microlayer structure during boiling. The authors of the present paper plan to perform such a study in the near future.





4. Conclusions


In the present paper, the effect of pressure reduction on the local heat transfer in the vicinity of the contact line during pool boiling under conditions was studied for the first time. Experimental data on the evolution of the non-stationary temperature field of the heating surface during the ethanol boiling in the pressure range of 12–101.3 kPa were obtained using high-speed infrared thermography. The developed numerical algorithm made it possible to reconstruct the distribution of the heat flux density over the heater for various pressures and to study the heat transfer in the area of microlayer evaporation. The analysis of the data showed the following:




	
The dependence of heat transfer coefficients on pressure during ethanol pool boiling has a linear form. A decrease in pressure from 101.3 kPa to 12 kPa leads to a decrease in the intensity of heat transfer of about 40%. At the same time, the onset of nucleate boiling noticeably increases—from 14 to 37 K.



	
The data obtained indicate the effect of pressure reduction on the contribution of various mechanisms to the integral heat transfer rate during boiling. The results can be further used to perform a more accurate analysis of this influence, including using machine learning algorithms.



	
For all studied pressures, a significant heat flux density is removed from the heating surface due to microlayer evaporation (qml max = 484 kW/m2–4.36 × 103 kW/m2), which exceeds the input heat power by a factor of 3.3–27.7, depending on pressure.



	
The heat transfer rate in the area of the microlayer evaporation significantly decreases with reduction in pressure. Thus, local heat flux density averaged over the microlayer area decreases by four times as the pressure decreases from 101.3 kPa to 12 kPa.



	
Estimates of the microlayer thickness based on the heat conduction equation were made. The results showed that the pressure reduction from atmospheric level to 12 kPa leads to the microlayer thickness increasing by more than eight times—from 7 µm to 57 µm.
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Figure 1. Multiscale nature of the nucleate boiling. 
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Figure 2. The scheme of the experimental setup. 
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Figure 3. The scheme of the heating surface used in the study. 
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Figure 4. (a) The calculation domain including boundary conditions to reconstruct heat flux density distribution maps during boiling on the ITO heater based on the infrared thermography data; (b) an example of the reconstruction of the heat flux distribution map (ps = 21.8 kPa, qinput = 150 kW/m2). 
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Figure 5. Comparison of the obtained experimental data on the heat transfer rate during ethanol pool boiling under atmospheric pressure with the models of Rohsenow (1952) [35] and Yagov (1988) [36]. 
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Figure 6. (a) Ethanol boiling curves at various pressures ps; (b) the pressure influence on the heat transfer coefficient during ethanol boiling at various heat flux densities. 
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Figure 7. Heat flux density distribution maps during boiling of ethanol at various pressures. 
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Figure 8. Evolution of the heat flux density distribution under vapor bubbles during ethanol boiling at various pressures ps (qinput = 150 kW/m2). 
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Figure 9. (a) Dependence of the maximum heat flux density in the microlayer evaporation area on pressure; (b) evolution of the local heat flux density averaged over the microlayer area during ethanol boiling at various pressures (qinput = 150 kW/m2). 
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Figure 10. Microlayer profiles during ethanol boiling at various pressures. 
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