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Abstract

:

The trend of miniaturisation in recent decades has led to the development of compact electronic devices. The reduction in the required dimension leads to the exponential rise in the heat flux dissipated from such a system. A proper thermal management system is necessary to keep the temperature of a computer chip’s junction within acceptable limits and maintain its performance. Flow boiling modification using straight fins in microchannels has proven to be an effective passive enhancement of the cooling system. The core interest of this research is figuring out the optimal configuration of the fin shapes and configurations. Hence, it is crucial to gain a comprehensive understanding of the flow boiling phenomenon to establish a more general approach. In this study, the boiling heat transfer performance of fin microchannels with various shapes and dimensions is investigated experimentally. The study has shown that the choice of fin geometry has a significant impact on the thermal performance of a heat transfer system. Specifically, the results indicate that a rectangular cross-section fin performs better than a trapezoidal one with the same fin gap. The rectangular cross-section fin exhibits the highest heat transfer coefficient of 5066.84 W/m2∙K, outperforming the trapezoidal fin in terms of heat transfer capability. As the hydraulic diameter reduces, the thermal boundary layer becomes denser, providing a more distributed saturated region. This leads to the increase in the heat transfer coefficient up to 22.5% and 17.1% for rectangular and trapezoidal fins, respectively. Additionally, the efficiency analysis shows that, albeit increasing the mass flux and reducing the gap increase the average cooling performance, but the pressure drop jumps up to 48%, reducing the efficiency of the heat removal system.
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1. Introduction


Flow boiling heat transfer has been commonly applied in cooling technology. It provides high cooling capacity by relying on the latent heat transfer during the phase-change process. Additionally, as an active cooling system, flow boiling also relies on bubble dynamic enhancement due to fluid flow on the boiling surface, resulting in a higher cooling capacity than the passive pool boiling process. Currently, flow boiling achieves 10 times better cooling performance than single-phase systems [1]. Due to its nature of being a good-performing cooling technology, flow boiling is employed in most high heat flux applications, for instance, electronic cooling [2], nuclear power plants [3], and transportation [4].



In electronic cooling, for example, boiling heat transfer has been relied on since 1980 when the heat flux exceeds 100 W/cm2, exceeding the single-phase capability [5]. This growth in cooling demand has been led by the miniaturisation and increase in computer power, resulting in the rapid growth of heat flux released from computer chip [6]. However, although the current cooling capacity of flow boiling is within the remit of industrial requirements, future heat generation in the computer system will exceed the capability of current two-phase cooling technology. Hence, to fulfil that demand, boiling heat transfer enhancement remains the core interest of the research in cooling technology.



In flow boiling, many attempts have been made to increase the heat transfer coefficient of a small-scale system. The enhancements are either active or passive methods. In active enhancement, external energy is added to the system to increase the boiling heat transfer, such as surface electro-wetting [7] and vibration [8]. Meanwhile, passive enhancement relies on the modification of the pre-installed components of the cooling system, for instance, nano-fluids [9], surface nano-structure modification [10,11,12] and modifying the surface by 3D printing or porous graphite [13,14].



Another passive enhancement method that is widely applied is the microchannel. This method offers a wide range of merits. It provides high heat transfer performance and a low temperature gradient in relatively small and compact heat sink sizes [15,16]. In boiling heat transfer, a microchannel is defined by Cheng et al. [17] as having a Bond number (Bo) < 0.05. This dimensionless number reflects the relative magnitudes of gravitational force and surface tension. As such, a low Bo signifies that the influence of gravity on the flow boiling characteristics can be considered negligible. In microchannels, flow boiling is very sensitive to instability [18]; hence, comprehensive studies were conducted in each proposed modification.



Several studies have been conducted by employing microchannels for flow boiling enhancement. Ma et al. [18] investigated the effect of flow velocity and liquid subcooling on a square micropinned fin surface. It was proven that higher velocity leads to better cooling capacity in terms of the boiling curve and critical heat flux (CHF). Additionally, the study showed that at a lower temperature, the heat flux was more sensitive to the increase in wall superheat, risking the system overheating due to high heat flux. The further enhancement of the micropinned fin surface was obtained by Law and Lee [19]. They proposed an oblique pin fin array, whereby the heat transfer performance and CHF increased by 520% and 180%, respectively. This massive enhancement was achieved due to the increase in bubble generation on this particular geometry, ensuring the flow stability by reducing the pressure fluctuation and temperature gradient. This phenomenon was then further explained by Prajapati et al. [20]. It was found that the oblique profile provides a higher active nucleation site density number as well as the disruption of the thermal boundary layer. Furthermore, other geometrical shapes of pinned fin surfaces were evaluated by Sun et al. [21]. They compared the heat transfer of several geometries: square, triangular, circular, and ellipse.



The effect of the microchannel dimension on the heat transfer performance was examined by Harirchian and Garimella [15]. The study examined the boiling phenomenon of the channels when the gap varied between 100 μm and 5850 μm by flow visualisation and temperature measurement. The results showed that at the smaller channel width, the bubble generation was restricted, hence the decreased heat transfer coefficient. A similar study was conducted by Deng et al. [8] who investigated the effect of the Dh of an Ω-shaped microchannel on the heat transfer performance. The study tested three microchannel variations with the Dh of 590 μm, 781 μm, and 858 μm. The study showed that the microchannel with the Dh of 781 μm provided a large heat transfer coefficient and a moderate pressure drop.



The numerical analysis of topological modification using a manifold microchannel heat sink (MMHS) was proposed by Zhou et al. [22]. In their study, the pressure drop was constrained as the varying parameter. It was found that the design with the highest pressure drop provided the highest heat transfer coefficient up to 87% compared to the lowest one. Another CFD simulation was conducted by Tian et al. [23] using a VOF two-fluid model. This study focused on mathematical modelling, whereby a new constant was found to obtain a validated flow model of the boiling process.



There is a wide range of surface modification alternatives that have been developed for flow boiling heat transfer. However, as its nature is an active cooling system, it requires external power for the pumping system to overcome the pressure drop. As the surface complexity increases, the pressure drop rises, leading to the requirement of high external power. One of the alternatives of surface modification with a relatively low pressure drop is the straight fin. Additionally, the manufacturability of this surface is simpler than the other types of finned heat sinks. A number of studies have been conducted in attempts to enhance heat transfer performance by surface modification. However, so far, only a few studies have been conducted on the implementation of a straight fin microchannel and its impact on power efficiency. These investigations are necessary to demonstrate the suitability of such an improvement when compared to other enhancement efforts.



This study aimed to investigate the flow boiling heat transfer performance and the phenomenon on straight fin microchannels. In this study, a set of experiments exploring the flow boiling performance of various straight fins with different shapes and dimensions was conducted. Furthermore, the ‘efficiency’ of the enhancement was investigated in terms of the heat transfer to pressure drop ratio. These results are expected to provide valuable insight into the flow boiling process in the microchannel as well as design guidelines for further enhancement and heat sink analysis.




2. Materials and Methods


2.1. Experimental Facility


This study was conducted by conducting a set of experiments in a facility presented in Figure 1. The facility comprised several key components, including an evaporator, condenser, reservoir, pump, piping system and data acquisition system. The experiment was performed by pumping the working fluid through the evaporator with a controlled gear pump. The test sample (microchannel) was placed inside the evaporator to represent the real heat flux in the industrial application. The boiling phenomenon was then captured by a set of sensors and a camera for visualisation.



The evaporator, where the test sample was attached, consisted of some main parts, as shown in Figure 2. It had total dimensions of 474 mm (le) × 4 mm (we) × 48 mm (he) and channel dimensions of 60 mm (wc) × 18 mm (hc). To mimic the heat flux from the industrial application, total power of 2100 W was installed under the heating block. The supplied heat was controlled by a voltage regulator and monitored by a watt meter. Six k-type thermocouples were attached close to the surface of the heating block to estimate surface temperature. Meanwhile, two other k-type thermocouples used to measure fluid temperature were attached to the top of the channel. Furthermore, two pressure transducers were placed close to the inlet and outlet of the channel to measure the pressure drop caused by the system. Additionally, a transparent window was installed to observe and visualise the bubble dynamics during the experiment.



To ensure a steady state, an air-cooled condenser was placed after the evaporator. This component was responsible for releasing the absorbed heat from the working fluid, allowing the fluid temperature to go back to room temperature before entering the reservoir. The whole flow process was controlled by a pump controller and monitored by a flow meter with the sensor uncertainty of around ±2% accuracy and ±0.5% repeatability (full scale) to maintain the mass flux at the desired rate.




2.2. Test Samples


The test samples for this experiment were made of aluminium with a base thickness of 3 mm. In this study, two geometrical profiles were incorporated: rectangular and trapezoidal. For each shape, two test samples were fabricated with a variation in fin dimensions. In all test cases, the base dimension was kept at constant dimensions of 59 mm (a) × 81 mm (b). Meanwhile, the fin height and gap varied with the specifications presented in Figure 3 and Table 1.



This study employed HFE-7100, a dielectric fluid, as the coolant. This selection aimed to represent the real application of electronic cooling, whereby the implementation of dielectric fluid is desirable due to its compatibility with electronic cooling. This fluid has a low boiling point, allowing the system to boil under the maximum allowable temperature of the electronic system. Additionally, HFE-7100 has low dielectric strength, which restricts the short circuit when the device is immersed in the liquid. The properties of HFE-7100 are presented in Table 2.




2.3. Measurement and Data Acquisition


The experiments were carried out under sub-cooled boiling conditions, atmospheric pressure, and a room temperature of approximately 300 K. The power input was gradually increased from 100 W to 170 W in increments of 10 W. To ensure the system was in a steady state, data were recorded after 10 min and 20 iterations when the measured temperature fluctuation was negligible. The data were gathered using a National Instrument Data Acquisition System (DAQ) and displayed in LabView 2017 software. During the validation process, the pressure transducer’s recorded data were monitored to maintain a steady pressure, ensuring a constant rate of heat input from the heater and cooling from the condenser. Between each variation, the heater was turned off until the temperature was reduced to the initial temperature (room temperature) to remove the hysteresis of the sensors. Furthermore, the flow behaviour during boiling was captured with a macro-lens camera with a maximum frame rate of 1200 pixels and resolution of 1920 × 1080 pixels.



To estimate the surface temperature (Ts), the measured data from six thermocouples were incorporated. By employing the steady-state conduction equation, heat flux and calculated thermal resistance of the modified surface, the uniform surface temperature was estimated as follows:


   T s  =     ∑  n   T n   n   



(1)







This study considered two sources of data uncertainty: systematic and measurement uncertainties. The systematic uncertainty, caused by human errors during the experiment, was minimised by the strict procedures of the experiment. As a result, the repeatability of the measured sensor data was ensured, and it can be assumed that the systematic uncertainty was negligible. On the other hand, the measurement uncertainty was calculated by employing the sensor’s uncertainty specification, whereby the thermocouples and pressure transducer had the uncertainty/non-linearity of ±0.5 K and 0.25–0.5%, respectively. Furthermore, the uncertainties were quantified by using Taylor’s equation of uncertainty [27] as follows:


    δ u  u  =         δ m  m     2  +       δ n  n     2  + … +       δ r  r     2     



(2)




where m, n, …, r are the independent parameter uncertainties which contribute to the final calculation, such as temperature, flow, and pressure measurement, where the standard deviation is calculated as follows:


   σ m  =    1 N    ∑   i = 1  N       m i  −  m _     2     



(3)




here,    m i    and   m _   are the sample values and the mean value of parameter  v . Then, the uncertainty of   δ m   is given by:


  δ m =    σ m     N     



(4)







The uncertainty of the primary quantity of interest (hb) is estimated by employing Equation (2) to account for the combined effects of uncertain parameters, specifically    q ″    (3.3%),    T s    (1.5%), and    T  s a t     (1.8%). Hence, the average uncertainty of hb is estimated at around 5.4%.





3. Results and Discussion


3.1. Boiling Curve and Cooling Performance


The results of this study are presented in the boiling curves presented in Figure 4a–d, which demonstrate the heat transfer efficiency by comparing the surface temperature at the given heat flux. A more pronounced curve indicates improved cooling performance by comparing the surface temperature at the given heat flux. In all results, the graphs become steeper as the heat flux rises, indicating better cooling performance. This can be attributed to an increase in more bubble generation, whereby the detached bubbles increased the contribution of the heat flux due to the bubble detachment and surface quenching phenomena [28].



The boiling curves depicted in Figure 4 showcase that the R1 test case exhibited the steepest curve and hence the lowest surface temperature at a specific heat flux. For the highest mass flux (G3), for instance, the   Δ  T e    could be maintained below 12 K. Meanwhile, the remaining test cases at the identical working condition underwent an increase in surface temperature of 13.53 K, 12.12 K and 13.92 K for R1.5, T1 and T1.5, respectively. A similar trend was observed at the other mass fluxes. Albeit having relatively low discrepancy, this trend proves that the T1 test case provides the highest cooling capacity, allowing it to maintain the low surface temperature.



To further analyse the heat transfer performance, the cooling capacity was quantified by calculating the average heat transfer coefficient as follows:


    h _  b  =    q ″     n e t     Δ  T e    =    q ″     n e t        T s  −  T  s a t        



(5)




where     h _  b    is the average boiling heat transfer coefficient,    q ″     n e t     is the net heat flux applied to the channel,    T s    is the fin surface temperature, and    T  s a t     is the saturation temperature of the working fluid. The result of this calculation is presented in Figure 5.



The boiling performance presented in Figure 5 confirms the findings discussed earlier, whereby the R1 test case provided the highest heat transfer coefficient (HTC), followed by T1, R1.5 and T1.5. The maximum HTC was obtained on the R1 test case at 5066.84 W/m2∙K. Upon comparing the average heat transfer of different mass flux variations, the HTC of the R1 test case was 31.19% higher than T1.5. Both rectangular and trapezoidal fins demonstrated the enhancement of the heat transfer coefficient as the fin gap reduced. This was the result of the higher total area (see Table 1), whereby the 1 mm gap test cases had 1.1% and 1.2% wider areas for rectangular and trapezoidal fins, respectively. This small area increase, however, accounted for a significant enhancement in the heat transfer coefficient by 22.5% for rectangular and 17.1% for trapezoidal fins.



Furthermore, in all surface variations, the findings illustrate a rise in HTC with an increase in mass flux. The heat transfer coefficient in the R1 test case, for instance, increased by 29.97% from the mass flux of 6.6 kg/m2∙s to 19.7 kg/m2∙s. This pattern was anticipated since flow boiling relies on fluid flow to enhance the cooling performance. As the fluid velocity increases, the bubble lifts off easier from the surface, avoiding the concentration of thermal resistance due to bubble crowding on the boiling surface [29].



An additional mechanism is responsible for this considerable enhancement. As mentioned earlier, boiling heat transfer relies on bubble generation on the surface. As the fin gap and Dh reduced, the thermal boundary layer within the vertical surface became closer. This resulted in a more saturated region across the flow cross-section. This led to more active nucleation sites and bubble generation across the boiling surface, which produced better boiling heat transfer performance. This mechanism is illustrated in Figure 6. This result supports the thermal boundary layer breakage concept proposed by Prajapati et al. [20]. The authors noted and depicted that certain fin designs result in an incomplete development of the thermal boundary layer, hindering the smooth flow of bubbles. Even though the low void fraction prevents the visual observation of this phenomenon, a similar mechanism can result in a uniformly distributed saturated region. The uneven distribution of the boundary layer causes a variation in heat transfer performance, as the Onset of the Nucleation Boiling (ONB) typically only occurs in the saturated region. However, this mechanism only occurs on the low void fraction and sub-cooled boiling regime, whereby the ONB is not yet observed in most locations.



In addition to ONB, Vacj et al. [30] demonstrated the impact of saturated boiling on heat transfer performance. They showed that at sub-cooled boiling conditions, distributed temperature reduction has a more significant effect on boiling compared to saturated boiling. The proposed mechanism is supported by this concept, as a narrow fin gap can create a more saturated region.



This mechanism also agrees with the result of the geometrical shape comparison. In the comparison between the R1.5 and T1 test cases, for instance, although the area of the R1.5 test case was higher than T1, the heat transfer coefficient was slightly lower due to the larger Dh. This means that even though the R1.5 test case had more contact area between the hot surface and working fluid, single-phase convection dominated the heat transfer process because a less saturated region was observed in the channel. Hence, the average heat transfer coefficient was lower. The summary of the average heat transfer coefficient in different Dh values is presented in Table 3. The results clearly show a strong correlation between the average heat transfer coefficient and Dh. As the Dh increases, the heat transfer coefficient declines. In the present analysis, the determination of hydraulic diameter was carried out by employing a comparison between the cross-sectional area, taken perpendicularly to the direction of flow (A), and the wetted perimeter (P), as expressed by Equation (6). Herein, A and P are precisely defined at the uppermost section of the fin, where the fluid comes into contact.


   D h  =   4 A  P   



(6)








3.2. Boiling Phenomenon and Bubble Dynamics


To provide a better understanding of the boiling phenomenon in the channel, the visualisation of the bubble dynamics during the boiling process is discussed in this section. As the free stream flow hits the leading edge, the thermal boundary layer grows. As the temperature increases up to the saturation temperature, the phase-change occurs on the surface, leading to bubble generation on the active nucleation site. Equally important, the bubble nucleation is strongly affected by the test condition, and the present study reveals that the phenomenon is more pronounced in higher heat transfer coefficient cases (R1 and T1). From Figure 7, it can be observed that bubble dynamics are affected by the surface geometry and fluid flow rate. The comparison between R1, R2 and R3 surfaces at 170 W heat input shows that the R1 surface had the highest number of bubbles and detachments compared to the other surfaces. This observation is consistent with the higher heat transfer coefficient of the R1 surface, as discussed in Section 3.1. However, it is worth noting that at lower fluid flow rates, the bubble population on the surface appeared to be more crowded, which could cause a reduction in heat transfer performance due to the thermal resistance from the vapour. This effect was more pronounced in the R3 surface, which had the lowest heat transfer coefficient among the three surfaces due to the inability to detach the heat by the evaporation process. This indicates that the heat transfer coefficient has a direct influence on bubble dynamics during the boiling process.



Furthermore, the effect of mass flux on the bubble dynamics is presented in Table 4. The results show that the mass flux is a critical parameter that affects bubble dynamics during boiling. At low mass fluxes, bubbles tend to grow larger and detach from the surface more slowly due to weaker fluid flow. In contrast, at high mass fluxes, the fluid flow is stronger, which promotes bubble detachment and faster sliding on the surface. As a result, the time taken for the bubble to reach the detachment point may vary depending on the mass flux. In these illustrations, the mass flux varied between 13.1 kg/m2∙s and 19.7 kg/m2∙s. A bubble detaches after sliding on the surface in the direction of the fluid flow. This bubble sliding is the distinction between the pool and flow boiling, whereby the bubble is unable to accumulate on a surface due to the fluid flow.



As the mass flux rises, the inertial force from the fluid increases the sliding speed of the bubble. Whilst the distance taken before the bubble detaches was similar between these two test cases, the time taken for the bubble to reach that point was slightly different (1.6 s and 1.2 s for G = 13.1 kg/m2∙s and G = 19.7 kg/m2∙s, respectively) and was not linearly correlated with the fluid velocity. The results of the test case indicate that as the mass flux increases by half, the time taken for the bubble departure decreases by approximately 25%. This suggests that the effect of mass flux on bubble dynamics is non-linear and can have a significant impact on the overall heat transfer performance. As the fluid flows, the evaporative heat flux from the high mass flux is enhanced, allowing the average boiling heat transfer coefficient to rise. It should be noted that in this particular study, the observed vapour quality and Reynolds number were relatively small, ranging from 30 to 180. As a result, the impact of bulk fluid movement can be considered negligible.



This phenomenon is not limited to the specific surface studied in the experiment, as it has been observed in other surfaces as well. Thus, the impact of mass flux on bubble dynamics is an important consideration in understanding the heat transfer performance during boiling.




3.3. Enhancement Efficiency Analysis


As mentioned in the previous section, while flow boiling relies on the active enhancement by fluid flow to achieve a better cooling capacity than pool boiling, the external power required to flow the working fluid poses an additional challenge related to the pressure drop. Changes in particular parameters, such as channel geometry, can lead to a more significant heat transfer performance but may also increase power consumption due to a pressure drop. In this study, those two important parameters, heat transfer coefficient and required power, were analysed together in the form of flow boiling enhancement. First, the pressure drop was measured and estimated, as presented in Figure 8.



Finally, the enhancement was calculated by comparing the HTC and pressure drop to their reference value, which in this case was the R1 test case. This non-dimensional number representing the enhancement ratio is expressed as follows:


   R  E , x   =    h x  /  h  R 1     Δ  p x  / Δ  p  R 1      



(7)




where    R  E , x     is the enhancement ratio of the test case x, and    h x    and   Δ  p x    are the HTC and pressure drop of the test case x, while     h  R 1     and   Δ  p  R 1     are the HTC and pressure drop of the reference test case (R1) with the mass flux of 6.6 kg/m2∙s, respectively. The enhancement ratio of >1 means that the test case provided better cooling system efficiency than the reference test case, and vice versa. The enhancement ratios of all test cases are presented in Figure 9.



This result shows that the highest enhancement ratio was observed in the trapezoidal fin with a gap of 1.5 mm, especially at the mass flux of 6.6 kg/m2∙s. It is noteworthy that, although the heat transfer coefficient was at its lowest, the pressure drop in this test case was also the lowest. Compared to the rectangular fin with a gap of 1 mm, for instance, the heat transfer coefficient was 24% lower, whilst the pressure drop was 72% lower, resulting in the higher ‘efficiency’ of the enhancement. Meanwhile, the increase in the mass flux significantly raised the pressure drop up to 48%. On the other hand, the HTC enhancement of increasing the mass flux was restricted to below 30% (see Figure 5). Hence, the overall system efficiency reduced remarkably as the mass flux increased. This is a vital consideration in the design, whereby higher performance and high energy-saving efficiency should be considered together.





4. Conclusions


An experimental study investigating the heat transfer performance of flow boiling in a straight fin microchannel was conducted. The experimental study compared the performance of the HTC, pressure drop, and visualisation of the boiling phenomenon from various pin fin designs and dimensions. Some prominent results from the study are as follows:




	
The inclining trend of heat transfer coefficient with the rise in heat flux was indicated by the sharper boiling curves, whereby the lower surface temperature could be achieved at the same supplied heat flux. This was the result of the more bubbles being generated, increasing the contribution of the evaporative and quenching heat flux.



	
The cooling performance improved as the fin gap reduced up to 22.5% and 17.1% for rectangular and trapezoidal fins, respectively. The hydraulic diameter had an important impact on the heat transfer coefficient, whereby the lower diameter contributed to the more distributed saturated region. As the hydraulic diameter decreased, there would be more covered area to fulfil the requirement of the ONB, resulting in better cooling performance by the bubble nucleation process.



	
In general, the rectangular fin had a higher heat transfer coefficient than the trapezoidal fin. The effect of the total extended area was undermined by the effect of the hydraulic diameter. In order, the best test cases in terms of cooling performance were R1, T1, R1.5 and T1.5, with the highest observed at 5066.84 W/m2∙K.



	
Bubble sliding was observed during the boiling process. As the heat transfer coefficient increased, the bubbles were observed to exist in larger numbers but with a shorter period of detachment. It was found that there was no significant effect of mass flux on the bubble sliding distance.












Author Contributions


Conceptualisation, I.P., M.A.R. and A.W.; methodology, I.P., M.A.R. and C.D.W.; formal analysis, I.P., C.D.W. and A.E.W.; validation, C.D.W., A.E.W. and F.; result analysis, I.P. and M.A.R.; investigation, C.D.W., A.E.W. and F.; writing—original draft preparation, I.P. and M.A.R.; writing—review and editing, I.P. and A.W.; visualisation, C.D.W., A.E.W. and F.; supervision, I.P. and F.; funding acquisition, I.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Final Project Recognition Grant Universitas Gadjah Mada Number 3550/UN1.P.III/Dit-Lit/PT.01.05/2022.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




Nomenclature




	a
	Sample length (mm)



	Abase
	Area of fin base (mm2)



	Aext
	Area of fin extended surface (mm2)



	Atot
	Total area of fin surface (mm2)



	b
	Sample width (mm)



	CHF
	Critical heat flux



	Dh
	Hydraulic diameter (mm)



	G
	Mass flux (kg/m2·s)



	h
	Fin height (mm)



	hb
	Boiling heat transfer coefficient (W/m2·K)



	P
	Wetted perimeter (m)



	q″
	Heat flux (W/m2)



	RE
	Enhancement ratio (dimensionless)



	s
	Fin width (mm)



	Ts
	Surface temperature (K)



	Tsat
	Saturation temperature (K)



	Δp
	Pressure drop (Pa)



	ΔTe
	Ts − Tsat, Excess temperature (K)



	σ
	Uncertainty
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Figure 1. Experimental facility by (a) schematic diagram and (b) system configuration. 
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Figure 2. (a) Evaporator chamber of the experimental facility and (b) schematic diagram and sensors placement. 
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Figure 3. (a) Illustration and (b) example of actual image of straight fin samples employed in this study. 
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Figure 4. Boiling curves of test case of test case (a) R1, (b) R1.5, (c) T1, and (d) T1.5. 
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Figure 5. Average boiling heat transfer coefficient among four different surfaces. 
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Figure 6. Comparison of thermal boundary layers on large and small hydraulic diameters. 
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Figure 7. Bubble (indicated by red dotted circles) dynamics of the (a) R1, (b) R1.5, (c) T1 and (d) T1.5 test cases at power input 170 W and G = 6.6 kg/m2∙s. 
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Figure 8. Pressure drops among four different surfaces. 
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Figure 9. Enhancement ratio among four different surfaces. 
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Table 1. Finned surface dimensions.
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	Test Case
	Profile
	s (mm)
	h (mm)
	Aext
	Abase
	Atot
	Atot/Abase





	R1
	Rectangular
	1
	0.95
	3602.4
	4779
	8381.4
	1.75



	R1.5
	Rectangular
	1.5
	0.925
	3507.6
	4779
	8286.6
	1.73



	T1
	Trapezoidal
	1
	0.95
	2777.0
	4779
	7556.0
	1.58



	T1.5
	Trapezoidal
	1.5
	0.925
	2685.45
	4779
	7464.45
	1.56
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Table 2. Properties of HFE-7100 [24,25,26].
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	Properties
	Values





	Boiling point (K)
	334.15



	Specific heat (J/kg∙K)
	1170



	Latent heat vaporisation (kJ/kg)
	112



	Thermal conductivity (W/m∙K)
	0.068



	Liquid density (kg/m3)
	1418.64



	Vapour density (kg/m3)
	0.98



	Kinematic viscosity (m2/s)
	3.008 × 10−7
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Table 3. Summary of average heat transfer coefficient.
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	Test Case
	   Average   Heat   Transfer   Coefficient     (hb, W/m2·K)
	Hydraulic Diameter (Dh, mm)





	R1
	4505.64
	1.31



	R1.5
	3635.95
	1.66



	T1
	4070.53
	1.60



	T1.5
	3433.79
	1.90
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Table 4. Bubble (indicated by red dotted circles) lift-off mechanism in the R1 test case and input power of 170 W.
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	Time (s)
	G = 13.1 kg/m2∙s
	G = 19.7 kg/m2∙s





	0.4
	[image: Fluids 08 00102 i001]
	[image: Fluids 08 00102 i002]



	0.8
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	[image: Fluids 08 00102 i004]



	1.2
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	1.6
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