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Abstract - The paper presents heat transfer and pressure drop results in three different micro-scale heat exchangers, namely: a
micro-gap, multi-channels and micro-pin fin heat exchanger in flow boiling of HFE-7100. It was found that the micro-pin fin
heat sink had better thermal performance than the other two geometries. The pressure drop in the micro-pin heat sink was
higher than the other two designs. The flow instability was less severe in the micro gap and micro-pin fin geometries.
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1. Introduction

The demand for more efficient cooling systems for high heat flux devices increased in the last decade due to
the continuous improvement in manufacturing processes and the subsequent development of more powerful and
more compact electronics. The corresponding global thermal management market size was evaluated at USD 12.6
billion in 2022 and is projected to reach USD 32.83 billion by 2032 growing at a compound annual growth rate of
10% [1]. Different thermal management systems have been being developed and tested, and two-phase flow in
micro-scale heat exchanger configurations is now considered one of the most promising cooling options. Different
heat sink designs were proposed and examined in the literature such as rectangular multi-channels, wavy channels,
expanding channels and pins [2]. However, further studies are still required to understand the two-phase flow
phenomena and heat transfer and pressure drop characteristics in these micro-scales heat exchangers. The present
study aims to experimentally investigate the thermal performance of three different heat sinks namely micro-gap,
multi-channels and micro-pin fin using a dielectric and eco-friendly refrigerant at different operating conditions.

2. Experimental Facility

Fig. 1(a) shows the experimental facility used in this study that included two loops, the water-glycol cooling
loop and the working fluid loop. HFE-7100 was tested as a working fluid at a wall heat flux up to 180 kW/m?, mass
flux of 100 kg/m?s, system inlet pressure of 1 bar and inlet sub-cooling of 5 K. Fig. 1(b) shows the test section and
the heat sink block. Three heat sinks, micro-gap, multi-channels and micro-pin fins, were made of oxygen-free
copper using a micro-milling process. These heat sinks had the same heated base area of 20 mm x 25 mm and
channel height of 1 mm, see Fig. 1(c). Both the multi-channels and the staggered diamond micro-pin fins were
designed at the same channel hydraulic diameter, defined as Dy, = 2H ., W,y /H¢p, + Wep. The width in the case of
the micro-pin fins was 0.95 mm, same as the width of the channels, see figure 1 (c). This gave a hydraulic diameter
of around 1 mm, and the same total heat transfer area of 0.0009 m? for both designs. The average roughness
parameter of these heat sinks was found to be 0.1-0.15 um. All the measuring sensors were carefully calibrated and
the experimental rig was validated using adiabatic and diabatic experiments.
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Fig. 1: Schematic diagram of (a) Experimental rig, [3] (b) Test section (c) Heat sinks (dimensions in mm).

The two-phase pressure drop AP, was calculated from Eq. (1).
APtp = APpeas — (APSC + ARse) - APsp (1)

where AP,,.qs 1s the measured total pressure drop, AP;. is the sudden contraction pressure drop, AP, is the
sudden expansion and AP, is the single-phase pressure drop. The local heat transfer coefficient was calculated

along the heated length, and then the average two-phase heat transfer coefficient, Etp, was found from Eq. (2).

_ 1 [Len
htp = L_ h(z)dZ (2)

In the above, Lg,; is the length of the heat sink prior to the onset of boiling, L., is the total length (25 mm)
and Ly, their difference. All other calculations used in this study are described in detail in [3]. The maximum
uncertainty in the wall heat flux and the average two-phase heat transfer coefficient were found to be 12% and 15%,
respectively.

3. Results and Discussion

The boiling curve of HFE-7100 for these three heats sinks at the center of the heat exchanger is shown in Fig.
2(a) where T,, is the wall temperature and T, the saturation temperature at the system pressure. Dryout regions
and then the critical heat flux (CHF) occurred in both multi-channels and micro-gap due to the dry-spots on the
surface. However, dryout regions were not observed in the micro-pin fins for the range studied. The wall temperature
was also lower compared to the other two geometries. The good fluid mixing in the micro-pin heat sink could lead
to re-wetting the surface and eliminates any dry-spots resulting in lower wall temperature. The average two-phase
heat transfer coefficient was also higher, see Fig. 2(b).
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Fig. 2: Experimental results: (a) Boiling curve (b) Average two-phase heat transfer coefficient.

Fig. 3(a) shows that the micro-pin heat sink had a higher two-phase pressure drop as a result of the mixing
process that occurs in this geometry (higher frictional pressure drop component). The system instability is presented
in Fig. 3(b) using the data fluctuation of the measured pressure drop. Both the micro gap and the micro-pin heat
sink had lower pressure fluctuation than that in the multi-channels. The slug expansion in both directions in the
microchannels due to the confinement effect by the channel side-walls, as captured by the high-speed camera, could
lead to this high fluctuation level [3].
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Fig. 3: Experimental results: (a) Two-phase pressure drop (b) Pressure drop fluctuation.

4. Conclusions

For the range studied, the micro-gap and the multi-channels heat sinks exhibited dryout regions and eventually
CHF. This was not the case for the micro-pin fin heat exchanger, hence demonstrating higher possible heat
dissipation rates. The micro-pin fins had lower wall temperature for a given load and higher average two-phase heat
transfer coefficient compared to the other two geometries. The pressure drop in the micro-pin fin geometry was
higher than both the micro-gap and the micro-channel heat sinks. The flow instabilities, assessed through pressure
drop fluctuations, were lower in the micro-pin fin and micro-gap geometries.
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