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Benchmarking of direct cooling approaches in the literature using water as a working fluid

Supplementary data to: van Erp et al, 2020, Co-designing electronics with microfluidics for more sustainable cooling

Reference Authors Year Approach Geometry Application Work A N w z |Flow rate | Pressure drop| Pumping power Rt gmax 60K Qmax 60K COP 60K Note
cm2 um | um ml/s mbar W K/W W/cm2 W [-1
0.081 1 20 125 0.45 193 0.009 0.601 1233 100 11525
0.081 2 20 125 0.568 249 0.014 0.540 1373 111 7860
This work - 10x manifold van Erp 2020 Direct mMMC Power electronics Experimental 8g§i ;’; gg gg g;gg 232 ggg; g:gg iggi g} gggi 10x manifold
0.081 5 20 125 1 456 0.046 0.438 1690 137 3002
0.081 i 20 125 0.158 149 0.002 1.807 410 33 14113
0.081 2 20 125 0.263 407 0.011 1.292 573 46 4336
0.081 3 20 125 0.358 677 0.024 1.008 735 60 2456
0081 4 20 125 0447 950 0.042 0.876 845 68 1614
This work - 4x manifold van Erp 2020 Direct mMMC Power electronics Experimental 0.081 5 20 125 0.521 1249 0.065 0.804 921 75 1146 4x manifold
0.081 6 20 125 0.580 1572 0.091 0.753 984 80 874
0.081 7 20 125 0.625 1932 0.121 0.706 1049 85 704
0.081 8 20 125 0.713 2197 0.157 0.676 1096 89 567
0.081 9 20 125 0.770 2515 0.194 0.645 1149 93 480
Wi e Tuckerman & . ) ) 1 i 56 320 4.7 1034 0.486 0.110 545 545 1122
b 1981 Direct PSM Logic (VLSI) Experimental 1 2 55 287 6.5 1172 0.762 0.113 531 531 697 Data derived from Table 1
sinking for VLS| Pease
1 3 50 302 8.6 2137 1.838 0.090 667 667 363
1 1 = = = 300 0.100 0.125 480 480 4800
Multi-objective thermal 1 2 - - - 500 0.200 0.110 545 545 2727
design optimization and 1 3 = = = 700 0.400 0.093 645 645 1613
comparative analysis of Ndao et al. 2009 Direct PSM General Optimization 1 4 - - - 900 0.600 0.084 714 714 1190 No dimensions are given since they were optimized per heat flux
electronics cooling
technologies 1 5 = = 900 1.000 0.080 750 750 750
1 1 e e = 300 0.200 0.100 600 600 3000
Multi-objective thermal 1 2 - - - 500 0.500 0.078 769 769 1538
design optimization and 1 3 - - - 700 1.000 0.069 870 870 870
comparative analysis of Ndao et al. 2009 Direct In-line pin fin General Optimization No dimensions are given since they were optimized per heat flux
electronics cooling
. 1 4 - - - 900 2.500 0.060 1000 1000 400
technologies
1 1 = = = 300 0.200 0.100 600 600 3000
Multi-objective thermal i 2 - - - 500 0.500 0.070 857 857 1714
design optimization and 1 3 = = = 700 0.750 0.068 889 889 1185
comparative analysis of Ndao et al. 2009 Direct In-line pin fin General Optimization 1 4 - - - 900 2.500 0.057 1053 1053 421 No dimensions are given since they were optimized per heat flux
electronics cooling
technologies
1 1 = = = 300 0.250 0.069 870 870 3478
Multi-objective thermal 1 2 - - - 500 0.900 0.050 1200 1200 1333
design optimization and 1 3 - - - 700 1.400 0.045 1333 1333 952
comparative analysis of Ndao et al. 2009 Direct Strip fin General Optimization No dimensions are given since they were optimized per heat flux
electronics cooling
3 1 4 = = = 900 3.000 0.040 1500 1500 500
technologies
1 e - - 300 0.280 0.230 261 261 932
Multi-objective thermal 1 2 = = = 500 0.400 0.205 293 293 732
design optimization and 1 3 = = = 700 0.580 0.186 323 323 557
comparative analysis of Ndao et al. 2009 Direct Single Jet General Optimization 1 4 - - - 900 2.000 0.160 374 374 187 No dimensions are given since they were optimized per heat flux
electronics cooling
technologies 1 5 = = = 900 4.000 0.160 375 375 94
1 1 = ° = 300 0.300 0.120 500 500 1667
Multi-objective thermal 1 2 ° ° = 500 1.200 0.075 800 800 667
design optimization and 1 3 ° ° = 700 2.550 0.064 938 938 368
comparative analysis of Ndao et al. 2009 Direct Mulitple Jet General Optimization 1 4 - - - 900 4.350 0.062 976 976 224 No dimensions are given since they were optimized per heat flux
electronics cooling
technologies 1 5 ° = = 900 6.230 0.058 1034 1034 166
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Indirect cooling: cooler should be mounted to a chip, interfaces and
thermal resistance over the die are not included in this thermal
resistance

MMC structure, but channels were not integrated in the active
device, so could be classified as bare die cooling. Derived from Fig. 7
and Table 2

Derived from Fig. 7-8 (Case 1-6)and the abstract (case 7)

Derived from Fig. 5. Both direct and indirect approach was
demonstrated, but indirect results are not listed in this table.
Indirect cooling yielded roughly double the thermal resistance with
thinned down die and solder-bond

Datapoints taken from benchmarking in Robinson 2018. Thermal
resistances are average and not max values.

Data derived from the conclusions

Derived from combining the data in Fig. 8 and Fig. 9. The split-flow
results could not be benchmarked due to missing flow rate data

Not silicon but ceramic, bare die cooling. Authors did fabricate the
cooler, but extracted data for benchmarking was based on CFD
results. Data derived from Table 3. Flow rate was derived from

multiplying Vj with the surface area of 16 jet openings

Data derived from Fig. 13 and Fig. 16. Pressure drop derived from
pumping power

Derived from g-P plot PFS-p200-h200

Derived from g-P plot PFS-dc-p200-h200

Derived from g-P plot PFI-p200-h200-hp
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Optimized values derived from g-Rt plot

UNIy nUmerical aata was taken or a singie Unit cell, Decause It usea
water as a working fluid. Datapoint 1 should be interpreted with
caution as the simulation temperature surpassed the boiling

tomnaratira af water
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