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The development of new and more effective cooling technologies is required for several high thermal power dissipation applications such as in electronics cooling or high concentrated photovoltaic panels. The present paper addresses an experimental study on the development of a microchannel based heat sink to cool photovoltaic panels. Experiments focus on the test of a microchannel, with geometry and dimensions optimized from previous work. The analysis performed here emphasizes the experimental characterization of flow boiling in the microchannel under different working conditions. The results include pressure drop and heat flux maps, obtained combining pressure sensors with high-speed imaging and time resolved thermography. The analysis performed was able to identify where nucleation sites were formed. Slug flow interfacial heat transfer could be observed and accurately described in the heat flux maps. Overall, results show the high potential of combining high-speed imaging with time resolved infrared thermography to characterize complex flows. These results also show that there is a good potential for this microchannel based flow cooling in removing the required heat fluxes for the application considered here, when compared to other liquid and air-cooling technologies.
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1 INTRODUCTION
There has been a wide interest in designing better and more efficient cooling devices, which is an essential need for many high-power dissipation technologies, such as in electronics cooling. In the field of photovoltaics, to take advantage of the radiation that reaches the surface, a new technology started to emerge: High Concentration Photovoltaics (HCPV). These panels offer higher efficiency, when compared to standard photovoltaic panels, as they concentrate solar radiation in a smaller area. Concentration of irradiation improves the efficiency of the panels, but also leads to larger heat fluxes to dissipate, which promote a dangerous increase in the temperature of the PV cells and to an overall temperature increase of the electronic components which require an efficient cooling.
The use of a cooling technology on solar panels has been a focus of study since the early 2000’s. Regarding active cooling, Krauter (2004) studied a water film flowing on the surface of the cell, aiming to not only cool down the surface as well as removing dust present. Krauter reports an increase of 9% in the overall efficiency of the cell. Colt (2016) studied a similar solution, but instead of using water flowing on the surface of the cell, used water flowing on the back of the cell. His results showed an increased cell efficiency of 57%. Other studies were conducted using air instead of water, although better results were obtained with water flowing on the back of the panel (Sharaf et al., 2022). Different reviews and research works can be found on cooling techniques applied specifically to thermal management of concentrator photovoltaics. Conclusion on this subject show that passive cooling is not sufficient for the cooling requirements and in the most demanding working conditions, single-phase flows may still not be enough. Indeed, several authors stand for the use of microchannel liquid-based heat sinks as a solution, as they depict low thermal resistances in comparison with other cooling strategies (Royne et al., 2005). Furthermore, several studies report significant improvement in the heat transfer coefficients (e.g., Gilmore et al., 2018). Always with the aim of extracting as much heat as possible, authors now focus on microchannel cooling enhancement with most studies converging to the usage of two-phase flow and alternative geometries. Tuckerman and Pease (1981) were pioneers in the study of micro liquid-cooling heat exchangers, showing the possibility of high heat transfer rates while using more compact structures (Kandlikar, 2012). In their work, Tuckerman and Pease (1981) prove that the expected heat transfer limit of only 20 W/cm2 could be dramatically increased, showing results with heat transfer rates of 790 W/cm2 saying that it could reach up to 1000 W/cm2 by using micro liquid-cooling heat exchanger with optimal geometry. Wambsganss et al. (1991) introduced the study of two-phase flow to microchannels since by this time, the research on two-phase flow was still focused on larger channels. Valeh-e Sheyda et al. (2013) performed a comparative study for single and two-phase flows in heat sinks to cool PV cells, the latter specifically addressing the slug flow regime. These authors report a much higher cell performance for two-phase flows, associated with higher rates of heat transfer which could be removed under such flow conditions. The potential of two-phase flows lies in the additional latent heat removed during evaporation. However, highly unstable flow conditions and pressure losses are inevitable in flow boiling. So, to understand the boiling phenomena inside the microchannels, visualization techniques may provide advantages and improve the analysis to further understand the observed phenomena, thus aiding to solve the problem of the flow instabilities. Mohammadi and Sharp (2013) presented a review on the different techniques used for bubble dynamics analysis in microchannels, including high-speed photography, fluorescent microscopy, and magnetic resonance with high-speed imaging, being high-speed visualization the most used technique. As for the characterization of the heat transfer mechanisms, Liu and Pan (2016) explored the use of infrared thermography and showed that this technique can definitely be a useful tool towards the quantification of temperature distribution in the two-phase region. Most of the studies reported in the literature on microchannel flow boiling are analyzed, based on high-speed visualization and only a few would complement these results with infrared techniques.
Two-phase flows combined with surface modification are also known to enhance heat transfer. Different studies on application of surface modification (topography, fins, cavities and fins, among others) showed great potential of this strategy to improve pool boiling heat transfer (e.g., Kim, 2015; Moita et al., 2015; Pontes et al., 2020). This strategy is much more difficult to implement in microchannel flows, but there are already a few studies on this topic. Hence, Tullius et al. (2011) reported a review of microchannel cooling with emphasis on different surface modification strategies for both single and two-phase flows, concluding that these surface modifications contribute to an improved cooling performance. However, the physical mechanisms behind this performance enhancement are not yet well described, particularly when understanding its possible effect in the instabilities. For that purpose, it is also relevant to get a more detailed insight into the actual mechanisms triggering and governing the various flow boiling regimes. In this context, the present paper addresses the experimental study towards the development of a microchannel based heat sink to cool HCPV panels, in the context of a wider project addressing the development for commercialization in particularly harsh environments of PV panels cooling with microchannels based heat sinks. Experiments focus on the test of a microchannel, with geometry and dimensions optimized from previous work (e.g., Marseglia et al., , b). Then, the influence of surface cavities in improving heat transfer in microchannels with two-phase and flow stability, by controlling where nucleation sites appear is also investigated, using a transparent single channel configuration. A smooth surface is compared against a surface with two cavities, under different working conditions. The observed phenomena are characterized by combining high-speed imaging with infrared thermography with high temporal resolution. This work introduces new insights and detailed analysis of the bubble boiling and slug regimes, with detailed images of the flow which are clearly connected to the detailed information given by high-speed thermography. Original analysis is also given with respect to the use of modified surfaces.
2 EXPERIMENTAL METHODOLOGY
2.1 Experimental arrangement
The experimental arrangement is schematically shown in Figure 1. The microchannel is put on top of an AISI304 stainless-steel sheet and pressure sealed by an acrylic plate. To simulate the heat to be dissipated from the solar cells, the stainless-steel sheet is connected to electric contacts on both ends of the sheet, which in turn are connected to an AX-3010DS Axiomet digital power supply. This procedure allows providing an imposed and well controlled heat flux by Joule effect. A type K thermocouple with an accuracy of ±0.5°C is assembled between the stainless-steel foil and the microchannel/heat sink, to register the temperature of the foil. The working fluid (3M NOVEC HFE7100) is first degassed in a degasification station, where the fluid is heated up to its boiling point inside a syringe with a heating pad. This heating pad has a temperature control device which is set at the saturation temperature of the working fluid, at ambient pressure. After degasification and cooling, the fluid goes into the syringe that is placed on the syringe pump (Harvard Apparatus Model 22). This pump allows the control of the volumetric flow entering the channel/heat sink. The fluid then passes through a thermal bath of oil, to be heated before entering the channel/heat sink, to a temperature close to the saturation temperature of the working fluid (at ambient pressure). After leaving the thermal bath, the fluid enters the test section and returns to a reservoir, also at atmospheric pressure.
[image: Figure 1]FIGURE 1 | Schematic representation of the experimental setup: 1) Syringe Pump; 2) Heated syringe for Degasification with Temperature Controller (2a.); 3) Thermal Bath with Temperature Controller (3a.); 4) Electric contacts; 5) Stainless steel foil (20 μm thick); 6) PDMS microchannel; 7) High-speed camera; 8) Thermographic camera; 9) Output HFE-7100 Container; 10) DC Power Supply; 11) Light Source.
A high-speed camera (Phantom V4.2, Vision Research) placed directly above the channel takes images from the two-phase flow, at 2200 fps, with an image resolution of 250 × 250 pixels. Also, an Onca MWIR-InSb-320 high-speed infrared (IR) thermographic camera records the evolution of the temperature distribution of the stainless-steel sheet at 1000 fps. Two additional type K thermocouples located at the entrance and exit of the microchannel/microchannel based heat sink, register the fluid temperature. The signals read by the thermocouples are sent to a DT9828 data acquisition device. The pressure drop between the entrance and exit of the microchannel/heat sink is also measured, using an Omega PX409- 001DWUV differential pressure sensor connected to another DT9828 data acquisition device. For the optical configuration used here, a resolution of 125 μm/pixel was obtained for the cameras.
2.2 Fabrication and geometric characteristics of the microchannels and of the heat sinks
The microchannels were produced in PDMS—Polydimethylsiloxane (Sylgard 184), a self-healing and transparent material, very easy to mold. The production process of the microchannels followed the procedure described in Marseglia et al. 2024a; Marseglia et al., 2024b. Molds are fabricated by addictive manufacturing from polylactic acid (PLA), using an Ultimaker 3 3D printer. Afterwards, a mixture of the PDMS with the curing agent with a ratio of 10:1 is poured on the mold and left to dry for 48 h. When dry, it can be removed from the mold carefully. In terms of dimensions, the single microchannel has a hydraulic diameter of 1 mm2.
Finally, the cavities on the stainless-steel foil were produced by laser etching, following the procedure detailed in Teodori et al. (2017). The cavities have a diameter of 100 μm. The distance between cavities is 200 μm.
2.3 Working conditions
The working fluid chosen for this work was 3M NOVEC HFE-7100. The main thermophysical properties of this fluid are summarized in Table 1.
TABLE 1 | Properties of HFE7100 at atmospheric pressure and 61°C (Engineered fluid hfe-7100 physical properties, 2, 2002).
[image: Table 1]The experiments were performed to better understand the basic physics governing the observed phenomena. For these experiments, the inlet temperature range was set to be 45°C–55°C maximum. For temperature values higher than this range, fluid evaporation is already very intense, and the fluid is closer to a slug flow regime. Below this temperature range, boiling is very difficult to achieve in the microchannels. For working conditions like those reported in Marseglia et al. 2024a; Marseglia et al., 2024b, three different heat fluxes were imposed, which lead to different values of the stainless-steel foil. The minimum foil temperature should be close to 61°C to allow bubble formation. This was achieved for an imposed heat of 1346 W/m2. The maximum temperature of the sheet was set to 80°C (to protect the acrylic), corresponding to an imposed heat flux of 1637 W/m2.
The volumetric flow rate was defined to 1.114 mL/min and 1.119 mL/min corresponding to Reynolds number values of 70 and 120, respectively associated with one channel. All flow rates correspond to a laminar flow regime.
Data given in the plots results from 6 repetitions for each test condition. Averaged values are taken with error bars associated to the standard deviation of the results. Larger deviations were observed for the pressure drop measurements.
2.4 Data processing
The high-speed videos were converted into image batches and processed using a MATLAB routine. The videos from the infrared thermographic camera IR camera were extracted with raw data from the software, and a custom-made calibration was applied to transform the data into °C. Regarding the calibration method (for IR images), a custom-made cavity-based blackbody radiator was custom made and used for the calibration. For each imposed temperature at the cavity and after achieving a stable condition for which the temperature is homogeneous in the cavity, the measured temperatures were converted into radiated energy performing an energy balance and plotted against the received intensity signal in ADU’s (Analogic to Digital Units). Then a polynomial curve is fitted to these data. This calibration was performed considering a pixel-by-pixel approach. More details can be found for instance in Teodori et al. (2018). Then images are post-treated, namely, using a NUC2 (Non-Uniform Correction) methodology, following that proposed in Perry and Dereniak (1993). Detailed description of the entire procedures is given in Mendes (2021). A schematic summarizing the data processing steps for the thermal images is given in Figure 2. Depending on the phenomena seen in each test, another filter should be applied when calculating the heat flux. This filter works as a background remover. An averaging value of each frame is taken from a given time sample (background) and the heat flux is calculated by subtracting the background from the heat flux already calculated and adding the heat flux provided to the stainless-steel sheet. Finally, the surface local heat flux (q”) was calculated using an energy balance on the stainless-steel foil surface, given as (Kenning and Yan, 1996), Eq. 1:
[image: image]
[image: Figure 2]FIGURE 2 | Schematic summarizing data processing for the IR images.
Where q” is the imposed heat flux from the heater, while ts kh, ρh, Cph and δh are the conductivity, density, specific heat and thickness of the heated surface. It is worth mentioning that for the thickness of the stainless-steel foil considered here and following previous work including our own and that from Kenning and Yan (1996) and from Sielaff (2014), the thermal information taken from the back side of the stainless-steel surface can be extrapolated to the heat transfer occurring in the liquid flow. The heat imposed at the foil solely results from Joule effect (from the current fed to the foil) and simulates the entire heat transfer that comes to the PV cell to be cooled, which includes the radiation contributions. The energy balance performed here is mainly addressed to the conductive and convective heat that is taken from the surface.
2.5 Uncertainty analysis
Uncertainties were mostly associated with the errors from the equipment, as summarized in Table 2.
TABLE 2 | Uncertainties associated to the errors of the most relevant equipment used in the experiments.
[image: Table 2]The heat losses were taken into account by measuring the surface temperature and addressing an equivalent resistance model considering a 6 mm acrylic plate underneath the sheet with a conductivity of 0.17 W/(m.K) and natural convection to air at 21°C. More details can be found in Marseglia et al. (2023). In terms of uncertainties and error propagation, the main uncertainty besides those reported in Table 2 is within the heat flux. Following the analysis performed as in Taylor and Kuyat (1994), the maximum uncertainty in the heat flux is ±12%.
3 RESULTS AND DISCUSSION
The first parameter relevant to observe is the pressure drop, which can be quite relevant in flow boiling, due to clogging issues, which may significantly increase the required pumping power. Hence, pressure drop is depicted in Figures 3A, B) for a smooth surface and for a surface with cavities, respectively. There are noticeable error bars associated with the higher heat flux, thus showing the high variability between measurements. This behavior is due to frequent clogging of the channel with vapor slugs, back flow and unpredictable activation and deactivation of nucleation sites. In this context, the effect of the cavities is not very significant, although, as shown in the following results, the method used in this study is able to completely detect and characterize quite well bubble dynamics and heat transfer at the nucleation sites. Hence, results suggest a positive effect of the use of cavities, but possibly with adjusted dimensions and between them, to prevent clogging.
[image: Figure 3]FIGURE 3 | Pressure drop between the inlet and outlet: (A) Sheet with no cavities, (B) Sheet with two cavities.
The combined analysis of the high-speed images with the thermal images further provides relevant insight into the nucleation processes in the channel and to the effect of the microcavities.
On a first analysis, the nucleation sites were examined and compared on the 2-cavity foil. The resulting high-speed image and corresponding temperature map, together with the surface heat flux map are depicted in Figure 4. Although the cavities are inside the channel, they were not immediately activated as heat flux is imposed. Instead, it is possible to see 3 different nucleation sites in the figure. While in the high-speed image this is less visible and can only be seen by detecting the origin of smaller vapor bubbles, looking at both the thermal and heat flux images these sites are much more visible. In the thermal image, the nucleation sites have a lower temperature of approximately 1.5°C around them and in the heat flux map, it is possible to see a higher heat flux of around 4000 W/m2 in the sites. The example presented here shows increased heat flux transferred in the region where evaporation occurs thus decreasing the local surface temperature. Although the objective of adding cavities was to create possible nucleation sites, these were not activated, and usually activated sites were on the contact line between the PDMS and stainless-steel. This is likely due to the insulation provided by the PDMS which increases temperature in the heated surface near the wall.
[image: Figure 4]FIGURE 4 | Images captured with the high-speed camera and respective temperature and heat flux obtained with the images taken with the thermographic camera showing active nucleation sites. (Stainless-steel sheet with 2 cavities; Heat flux: 1637 W/m2; Volumetric flow rate: 1.910 mL/min).
Even though the placement of nucleation sites changed during the tests, it was possible to observe interfacial heat transfer phenomena during vapor slug development, as shown for instance in Figure 5.
[image: Figure 5]FIGURE 5 | Example of a slug flow development.
In Figure 4, a bubble that traverses the channel grows through surface evaporation into a slug. Initially, when its size is smaller, it is possible to observe an area of increased heat flux below the bubble. It is worth mentioning that liquid phase-change occurs on a thin liquid layer below the bubble, which then elongates, and so does the high heat flux patch. In the final frame (t = 41 ms), it is possible to see the effect of a dry area, as the slug grows, and the vapor is in direct contact with the heated surface. In this area the vapor is insulating the surface from the convection heat transfer. Around the slug, one can observe a higher heat flux of around 3500 W/m2. Here, near the 3-phase contact line, evaporation keeps occurring while in the back of the slug the rewetting phenomenon can also be seen. This can be better observed when looking at Figure 6. In this figure, depicting a view from the side, using high-speed imaging, one can clearly see the bubble evolving to a slug. In the earlier stages, a thin liquid film is visible in between the vapor mass and the heated surfaces, while in later stages the slug comes into full contact with the surface.
[image: Figure 6]FIGURE 6 | Average temperature difference between the inlet and outlet of the microchannel as a function of the imposed heat flux: (A) Sheet with no cavities; (B) Sheet with 2 cavities.
Figure 6 depicts the obtained averaging temperature difference between the inlet and the outlet of the channel.
For all the working conditions analyzed here, the temperature difference is higher for lower flow rates. The lower volumetric flow rate means that the fluid flows slower inside the microchannel, which enables more heat transfer and therefore, increased cooling of the stainless-steel sheet. From the analysis of the data collected, it can be concluded that the inlet temperature has larger variation for the highest heat flux tested. In fact, when comparing the difficulty of achieving stable conditions inside the microchannel, for each of the heat fluxes imposed, the highest value tested was much more difficult to maintain. Moreover, for the stainless-steel sheet with no surface modification, the inlet temperature for the higher heat flux tested is close to the minimum acceptable, which is because during these experiments, the ambient temperature was not being controlled. Since the ambient temperature was much higher than intended, the heat losses to the surroundings were smaller, so the temperature of the working fluid did not vary as much as expected between the outlet of the thermal bath and the inlet of the channel. Hence, the temperature of the thermal bath had to be adjusted to counteract the effects of the ambient temperature which affected the inlet temperature of the fluid, since the control of the thermal bath has an accuracy of 1aC and as aforementioned, HFE 7100 has a fast reaction to temperature change. Although the temperature data collected is below the boiling temperature of the working fluid, it is still possible to occur phase change inside the microchannel. This is explained by the temperature variations across the section of the microchannel that are not monitored. In fact, the temperature is higher close to the heated wall and decreases gradually as it moves away from the heating element. In addition, the measured outlet temperature is after the microchannel exit, so the fluid may suffer some cooling in that position, as it is no longer in contact with the heated wall. An energy balance performed inside the microchannel can be compared with the experimental values obtained. Hence, the theoretical temperature difference between the inlet and outlet of the channel can be calculated for each heat flux and mass flow rate tested according to Eq. 2:
[image: image]
Where Ta,out and Ta,in are the average outlet and inlet temperature of the fluid in the microchannel, q” is the imposed heat flux on the stainless-steel foil, with an area A. [image: image] is the mass flow rate in the microchannel and Cp is the specific heat of the working fluid.
Table 3 depicts the theoretical temperature differences expected for each sheet tested. The presented values can also be subtracted by the theoretical heat losses, calculated as described in Section 2.5.
TABLE 3 | Theoretical temperature difference between the inlet and outlet of the microchannel.
[image: Table 3]The values calculated theoretically are much higher than those obtained experimentally. The results presented in Table 3 assume a single phase-flow in contact with all heated walls. In two-phase flows a part of the energy, that is used to heat the fluid in single-phase flows, is used as latent heat to enable the phase-change of the liquid phase. This means that the temperature of the fluid will not be as high as predicted for single-phase flow.
Hence, the results are consistent and mainly show the high potential of combining high-speed imaging with time resolved infrared thermography to characterize complex flows. The results also show that there is a good potential for this microchannel based flow cooling in removing the required heat fluxes for the application considered here. A deeper analysis is now required to optimize the surface structuring to provide heat transfer enhancement and considerably control the flow instabilities in a more effective way.
4 FINAL REMARKS
The present work addresses an experimental study on the development of a microchannel based heat sink to cool photovoltaic panels. Experiments focus on the experimental characterization of flow boiling in a microchannel, with geometry and dimensions optimized from previous work, combining high-speed visualization and time resolved thermography. The presence of microcavities on the surface was also investigated, to infer on their influence in heat transfer and in the control of instabilities.
The results confirm the high potential of combining high-speed imaging with time resolved thermography to accurately describe two-phase flows in the microchannel. Hence, combination of both techniques allowed to investigate interfacial heat transfer phenomena, providing heat flux maps that can enable to identify the flow regimes and understand the heat transfer processes. There are still issues to overcome, related to possible limitations in the results due to insufficient optical resolution. Care must be taken with the calibration and post-processing procedures of the thermal images to ensure that reliable information is provided on the flow and heat transfer mechanisms.
The results also show that microchannel based flow cooling is effective in removing the required heat fluxes for the application considered here, with minor pumping power requirements (low pressure drops). The microcavities patterns did not promote significant effects either in heat transfer or in the control of the flow instabilities, but the patterns used are not optimized yet. Hence, a deeper analysis is now required to optimize the surface patterns.
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Abbreviations and Acronyms

ADU Analog to Digital Units

DAQ Data Acquisition

HCPV  High Concentration Photovoltaics

HFE Hydrofluoroether 7100
7100

PDMS  Poly(dimethylsiloxane)

PV Photovoltaic

Roman symbols

A cross sectional area of the microchannel [mm?]

o Specific heat (at constant pressure) [Kl/kgK]

k thermal conductivity [W/mK]

1 mass flow rate [kg/s]

q imposed heat flux from the heater [W/m?]

o imposed heat flux on the stainless-steel sheet [W/m?]

Toim average inlet temperature of the fluid in the microchannel ['C]
Taout Average outlet temperature of the fluid in the microchannel [*C]

Greek symbols
Ap pressure drop between the inlet and the outlet of the microchannel [kPal

AT Average temperature difference between the inlet and outlet of the
microchannel ['C]

& thickness of the heated surface [mm]
p density [kg/m’]

Subscripts

s surface

1 liquid
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