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Heat flux in electronic devices has increased dramatically with the
development of advanced IC technolofgcing the demandor effective
thermal managemeié¢chnologyMicro pin-fin heat sinKMPFHS) has been
demonstratedo be capable ofimproving the heat transfer capability and
suppressing temperature rise effectively. In order d@mborate the
discrepancy of heat dissipation of the MPFHS due to the -m®s®ON
shape of pinfin structures a set ofheat sink samples witfour different
shaps, including the CircleMPFHS, the Squar®PFHS, the
CrisscrossMPFHS and the OctageNMPFHS, are fabricated with
micromachining technology. Thetie thermal characteristicare tesed by
integrating the heat sinks with a Pt film resistor chip as the heating source,
and nucleate boilingphenomenon was observedth a highspeed camera
Results shoed that concave corners in pifin structures increask the
specific surface areabut generded low-velocity vortexes in back flow
regions reducing the heat transfer capabilityhe heat transfer coefficient
of theOctagorMPFHS, the CrisscrossIPFHSand the CircleMPFHS was
increased byl161.9 %, 152.4% and 85.®6 respectively relative tahe
Square-MPFHS at the flow rate df47 kgi’s. The heat transfer coefficients
of the OctagorMPFHS, the CrisscrosMPFHS, the CircleMPFHS and the
SquareMPFHS was increased by 7.28, 11.32%, 2.56% and 4.76%
when the mass flow rate was increasednfrb47 kg/A s 6 kgy/nf8. Bhe
nucleate boilingphenomenormn the CrisscrossMPFHS showedperiodicity
and positive feedback effecesulting in local dryout and consequent heat
transfercapability deterioration This study will contribute to the designd
modification of MPFHS.
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1. Introduction
As the size ofelectronic deviceshrinks with the development of advanced IC techngltiuy

number of transistors per unit area of the chip increases substangislliting incontinually rising
heat flux inside device[1]. According to the International Technology Roadmap for Semiconductors,



the average heat flukside chipsmay exceed 1000V/cn?, which introduces a great demand for
effective thermal management technolog®]. Microchannel heat sink (MCHS) has been
demonstrated capable of heat dissipation with 710 W/E3h2 Secondarymicrochanneld4]i [6],
doublelayer microchannels[7]i[10] and bionic fractal microchannel§ll]i[14] have been
innovatively investigatedto improve the heat transfercapability Other strategieshave also been
proven to be effectivesuch agphase change mater{dls]i [17], nanofluid[18]i [20], and flow boiling
cooling[21]i [23].

Compaedwith conventional parallel MCHS, micqoin-fin heat sink (MPFHS) naturally features
many merits including breakng the boundary layers, generating second#oy, and promadng
nucleateboiling. Lie et al.[24] comparé the heatransfer performancef MPFHS with structures of
different sizes and observed that the mighe-fin structurescould accelerate the speed and frequency
of bubble departuréMoodcock et al[25] proposed a novel piranha MPFH&ich achieved effective
heat dissipation withip to 2000W/cn?. Lorenziniet al.[26] experimentdy studed that noruniform
distribution of pinfin structures could slightly improve heat transfer capability via more dendapin
structures at the hotspot with a relatively large increase of pressureHrot al.[27] proved that
the viscosity and lower Poiseuille humbeould be reduced by increasing the surface roughness of
pin-fin structures Chen et al[28] simulakd the effects of siaces with different hydrophilic and
hydrophobic characteristics on the growth, coalesce and removal of bubbles shiwed that the
hydrophilic side wallwith hydrophobic togavorsthe growth and removal of bubbles.

However,mostof the studes on thethermal characteristiosf MPFHS focus on the sizndthe
arrangemendf pin-fin structures or modifyingthe surface characteristics of thelid structurgsuch
as roughnesshydrophilicity, andhydrophobicity). The dependence of heat trans@apability on
geometryparameters has not beeharacterizedlearly with differentpin-fin structures, especially
fabricated with silicon substratln micro-scale forced convection heat dissipation, the change of cross
section shape forgdifferent flow and temperature fields, which will affect the generation, coalesce,
and escape of bubbles, and ultimately affect the heat tracegbability of the heat sinkAlthough
numbers of inspired pifin structures have proposed and demonstrdteid, still unknown which
geometric feature plays the decisive rimleéhe enhancement of heat transfapability The analysis
of geometric detailed features has a guiding significance for the design of new structures in the future.

In this study MPFHS sampleswith different crosssections o) Circle; b) Square c¢) Crisscross
d) Octagon were proposedand fabricatedwith silicon through MEMS technologywith a Pt resistor
chip as the heating sourcexperimentsbased on a test moduleere conductedThe heat transfer
capability ofheat sinks withdifferent pin-fin structureswas comprehensively comparedd the flow
boiling phenomenoras well as local drput was observedAlso, enhancement mechanism behind
changing pirfin structures was explored.

2. Experimental study
2.1 Fabrication
Fig. 1 shows crossection shapes and geometry parameters of four differeffinpgtructures,

which have the same characteristic lengtid heightof 60 ¢ mand 250 & mrespectivelyAll pin-fin
structuresare fabricated in a staggered arrangement wittich pvidth of 10@ non thesubstrate of



250¢ nthick. Deionized wateis choseras the coolanflowing alongthe directionas marked by the
blue arrowsFabrication process flow dfiIPFHSis shown in Fig. 2. After cleaning, thermal oxidation
and lithographical patterning, pfin structures were etched through DRIE, a typical MEMS dry
etching technology, on aidch doublesided polished silicon wafer. To form inlet and outlet, similar
process was applied on the other side of the wafer. Through siless anode bonding, a transparent
BF33 glass with the same thickness are bonded on the top of silicdim ginuctures Microscope
pictures ofMPFHSfabricated as above are shown ig.R3. Detailed geometry parameters are listed in
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Figure 1. Diagrams of MPFHS with cross-section shapes ofa) Circle; (b) Square; (c) Crisscross{d)

Octagon.

(1) Cleaning and oxidation (7) Lithography, development, and post-bake

(2) Spinning photoresist and prebake

(3) Lithography, development, and post-bake

(4) RIE, etching through hard mask SiO2

(5) DRIE, forming pin-fin structure
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(8) RIE, etching through hard mask SiO2
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Figure 2. Detailed process flow for MEMS fabrication ofMPFHS
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Figure 3. Microscope pictures ofMPFHS fabricated by MEMS fabrication technology

Table 1 Geometry parameters oMPFHS with different pin -fin cross section

Geometry
) parameters The height of The thickness of the
Cross-section . .
3 micro-pin-fins (mm) substrate (mm)
mm

Circle 0.495x0.495<0.5 0.25 0.25
Square 0.495x0.495<0.5 0.25 0.25
Crisscross 0.778x0.778<0.5 0.25 0.25
Octagn 0.778x0.778<0.5 0.25 0.25

2.2 Experiment setup and test module

Fig. 4(a) shows the schematic diagram of the experiment setlnigh is a closedoop system
mainly consishg of a water storage tank, a water pump, the test module, a power supply;spégh
camera, and a computer for data acquisitis heating power increaséemperature wasengd by
the thermal couples attachexh thetest module When coolant temperature reaches the phase
transition temperaturehe onset of nucleate boiling (ONB) occubs.order to observe thboiling
phenomenona highspeed camera was placed directly above the heat sink, capturing itmageh
the transparent BF33 gladshe photos of the whole setapeshown in Fig4(b). During experiments,
deionized water was stored in a tank to maintain its temperaturesgt&% pumped through the heat
sink at a constant mass flow rate.
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Figure 4. (@) The schematic diagram and (bphotos of experimental setup.
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All experiments utilize a chip that consists dfrBsistors as the heating sourEay. 5(a) shows
how the heating chip was installed on the heat slinKwith a thickness of 1%:im) and Pt(with a
thickness of 20hm) were sputtered on aidch silicon wafer successively to form film resistors and
the wafer was finally cut into several 3*3 rrchips. To attach the chip to the heat sink without
sacrificingthermalresistanceadhesive madedm a mixture of silicon grease and silicone rubber was
used, whictboth reduces the contact thermal resistance and ensures the strength of abige$idn).
showsthe detailedconstructureof the test module, which consists of inlet and outlet tube, ik
and heating chipfwo nuts were weld directly on the inlet and outlet to make connection between the
heat sink and two quick connectofgid inlet and outlet tulewereconnected to the quick connectors

for subsequent experiments.
(a)

MPFHS

B33 Glass
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Silicon Substrate - e A

(b)
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Silicon Micro Pin-fin i S
Inlet Nut

Sealing Ring
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Quick Conuccma

Figure 5. Thediagram of (a) mounting of heating chip and (b) the whole test module.
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Before attaching the heating chip, theakage test for the test module was condudigd
connecing the inlet and outlet tubeend pumpng deionizedwater through the inleds shown irFig.
6(a) and (b)After ensuring no coolant leakage occurritiie heating chip was attached on the heat
sink along with itsinterface PCBAfterwards,K-type thermocouples were attached to the inlet, outlet,
and heating chip surface respectively to rdce inlet temperaturd;,, outlet temperaturel,, and
heating chip surface temperatLfgqases

2.3 Temperature Measurement

The chipwasdirectly attached to the heat sink, which makedifficult to directly measure the
temperature of the heat sourdke( temperature ahe interface between the chip and the heat sink)
with thermocouple. Therefore,indirect measurement methedis adopted. Considering that the heat
generated byeatersnside the chipwvould transfer to the oet surfaceof the chip andsurrounding
area ofthe interfacethe averag@alue wastakenas theheating chip surface temperaturge.k: As
shown in Fig6(c), a thernocouple was attached directly on the ctpmd anotherone wasattached on
the heatsink but coated by the copper wire mesedudng the influenceof theattachmenposition on
the measured temperature due to the temperature grddieaty, the complete test module utilized in
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subsequent experiments is shown in Fig. 6(d).

~— 4 & - .
Quick connector Leakage test K-tyle thermal couples Experiments and
installation for the test module attachment data acquisition

Figure 6. The assembly of the test module.
2.4 Test procedure
Experimentswere performed at threenassflow rate (G= 147, 221, 29 kg/nts). Coolant was
pumped through the heat sink without heating for 30 minutetety the residual aiafter whichthe
heatingpowerwas applied anéhcreasd in steps.Due to the volume of the tanihich is far greater
than that of the heat sink, the temperatchange brought e returnedutlet coolant is negligible.
All measuredemperaturelataarerecorded only if the fluctuation is within2 for 2 minutes.

2.5 Data reduction

Assuming onalimensional heat conduction, the total heat flux is generated by the heating chip,

which is dominated by Joulebs | aw:
, Y
L 5y P
where 1 is the total heat flux,”Y the DC bias voltage)Y the resistance of Pt resisiand 0 the

area of the heating chip. Neglecting the heat loss to the ambient, all thes heatsferredand
absorbed by the flow

n n racULES
where 1) is the effective heat flux.
Consequently, the heat transfer coefficiédic an be cal cul ated usi ng Newt
n
’Q ﬁn (6)
Y Y
where "Y and Y are the temperature of bottom wall and inlet water measured -typeK
thermal couples, respectively.

3. Resultsand discussion
3.1 Thermal characteristics of dfferent MPFHS
Fig. 7(a)(c) shows the boiling curves dbur different MPFHS samplegnder threedifferent

mass flow rateswhere @ “Ys defined asw Y Y “Y . Under alltestedmass flow rats
CrisscrossMPFHS and Ocagon-MPFHS hal similar boiling curves andchievedobviously higher
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heat transfer capabilityran the other two.

WhenG = 221 kg/nf§ andG = 2% kg/m. s, no ONB occurs. But at

147 kg/n‘?s, ONB occurs in Sque-MPFHS and CrisscrosMPFHS, at a similar effective heat flux.
Although the gap of effective heat flux between two structures is only 11.9 AMCI@®NB, the
temperature differences of Crisscrd8BFHS and Sqare-MPFHS are 40.3 and 99.3 respectively.
By compaison, it is much easier for Crisscrag®’FHS to transit into twghase flow. However, the
slope of boiling curve at ONB decreases for the Crissdvi38HS whilethat of the Sqare-MPFHS
remain constant relatively, indicating ththe heat transfer capaltyliis not enhancedyhich will be
analyzed irthe followingsection.

Heat transfer coefficient was also calculased shown in Fig. 8Heat transfer coefficient was
relatively constanas effective heat flux increase before ONB, implying that heat gagskfficient

"Qhas little dependence on the effective heat ffux in the singlephase convection heat transfer.

Importantly, no significant enhancememit deterioratiorof the heat transfer coefficiemtas observed
after ONB for SquardMPFHS, which is consistent with the boiling curdde list of average values
of "Qin Table 2showsthat whenG = 147 kg/rﬁl; s'Qof the CircleMPFHS, the OctageMPFHS
and the CrisscrosdIPFHS are enhanced 86 %, 152% and 162 % respectivelyrelative to that of
the Sqare-MPFHS. And it is worth noting that Crisscro8dPFHS isleast enhancellecausef the
deteriorated heat transfespabilityafter ONB.

300 . 300

B (2) 147 kgim™3 el i ) 221 kgim®'s
sn] & Crisens 1 & Gissron,
230 A e g 250 4 Comn S
ot . F'd .
ONB —=2* W L ¥y i W
200+ ¥ ONB —= 200 £ ow i
e £ i o ¥
3 4 ol E £ .
2150 & 5 150 !
-3 i /l/ - 3 b | »
r - 3
B O . 2 ;o :
= 1004 , w100 .
r . el
[I] b 0 e
5 S e
04 & ol £
. T . : . . T . : : - . . .
0 W40 G B0 100 120 0 20041 61 #0100 120
AT () AT ()
300
(e 295 kgim®-s
250
& .
Foo e
200 r :
- > £
g rd )
»
£ 10 L
e i om .
=
1 " .
i .
il g
0] &
;

] ! ] . ! \
0 20 40 60 8 100 120
ATC)

Figure 7. The boiling curves of different heat sinks under different flow rate.
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Figure 8. Relationship between heat transfer coefficient and effective heat flux of four heat sinks
under three mass flow rates.

Table 2 Average heat transfer coefficient of heatinks with different cross-section shapes

have have have
have
Cross-section [W/ecm?3K] [Wicm?3K] [W/em?K] )
[W/em“K]
147 kg/nts 221 kg/m®s 295 kg/m?s
Circle 3.9 4.0 4.0 4.0
Square 2.1 2.2 2.2 2.2
Crisscrossshape 5.3 5.7 5.9 5.6
Octagonshape 55 5.8 5.9 5.7

As thecrosssection shapéevelops froncircle to a sharp multconcave structurehe specific
surface area of the structure increases accordiaglyancing the heat transfer capabhilitjowever,
although the specific surface area of thea@ut-MPFHS is larger than that of thei€saossMPFHS,
the heat transfer coefficierdoes not change significantly. At the same time,siecificsurface area
of the SquareMPFHS is larger than that dhe Circlee-MPFHS, but theheat transfer coefficieris
reduced. The reason for this phenomenmay be attributed to theariationof the flow field. Vortices
aregenerated in the backflow region between the same row of adjacent midio giructures, and
the velocity in this regiomecomessmaller than thain other regionsAs shape of therosssection
develops from a smooth structure to a sharp reolticave structure, the area occupied by velocity
vortices with low velocity increases in the back flow ar&milar flow field degeneratioralso
happensn the concavecorners Thus the average velocity of the whole fluid decreases. When the
decrease othe convective heat transfer caused by the decreage@bw velocity is greater than the
increasebrought bythe increase ofhe specific surface aredhe overall heat transfer intensity will
decreaseCrisscrossMPFHS and OctageMPFHS havea better balance between these nsfatively



opposite mechanisms.
3.2 Effect of increasingmassflow rate

Fig. 9 andFig. 10 show theboiling curvesand heat transfer coefficient variatitor each type of
heat sink The enhancemeim heat transfer capabilifyrought by the increase of mass flow rate varies
amongfour MPFHS samples When the flow rate increased from 147 kgins 5 &g/ms, %he
averageheat transfer coefficient increas8do, 5 %, 11%, 7 % for CircleMPFHS, SquaréMPFHS,
CrisscrosdMPFHS and OctageNMPFHS, respectively. CrisscroB4PFHS has the highest sensitivity
to the mass flow rate, which is also attributed to its bettemisal between specific heat transfer area
increase and flow field disturbance.

However, acording to the data listed in Table 4o changes of mass flow rate both brought
improvementfor cooling performancen different amplitude. For all four structuregnhancement
brought byincreasingthe mass flow rate from 2Rkg/nl. 80 2% kg/nsis less than thatrought by
increasingfrom 147 kg/nfL. g0 221 kg/m’s. Taking OctagofMPFHS as example, heat transfer
coefficient increased b$ % for the first change bW % for the secondwhich indicates thathe
enhancement brought by increasing the mass flownidtgraduallysaturate
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Fig. 9. The change of boiling curves for different heat sinks by increasing mass flow rate.
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Fig. 10.The change of heat transfer coefficient by increasing mass flow rate.
3.3Nucleateboiling phenomenonvisualization

The highspeed camera foced on the downstream of th@risscrossMPFHS wherethe liquid
temperaturevas relatively higher antheinitial boiling occurred Fig. 11 shows images of the boiling
phenomenon at the mass flow rate of 147 Kg/mnder the heat flux a207.7 W/cn?. When the
temperatureapproached ONBat {, an isolated bubble first appeared at the corner of thdirpin
strudure (activated nucleation site)As the temperature increased further, more isolated bubbles
appeareddevelopedcoalescedvith adjacentubbles,and was elongatedt t + 169 s. Because the
viscous force of theoolanton the bubblevas greater than that generated pip-fin structure, the
elongatedbubble was deformefdirtheralong the direction of flovanddevelogd into slug flow. At
+ 323 s, the deformed bubble reached the outlet, wad flooded out by the flow.It is worth notel
that several residual bubbles were generated after the removal of the slug flow.
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Fig. 11. Process of bubble generation, development, merging, and finally being carried away by
the liquid flow.
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The heat transfer capability of vapor is relatively lowmsan that of liquid coolantLocal high
temperatureappearechear the position where slug flow is formed, activating more nucleation sites.
When the fresh liquid rewgthe surface, residual bubbles were immediately generated at nucleation
sites, initializng the next cycleAs shown in Figl2(a) - (d), residual bubbles went througsimilar
cycle as above which began atyt+ 337 s. Initially, at { + 350 s, isolatedresidualbubbles were
generatedht corners of piin structures near the previous elongated bylitdeelopedandcoalesced
with each other ayt+ 374 s. At , + 607 s, the slug flow appearedlongated, and was flooded out,
after which as shown in Figl2(e), moreresidualbubblesvere generated

Fig. 12. After slug flow is carried out, more bubbles are generated and entered next cycle.

In the subsequent cycles, the number of residual bubbles and the frequency of the slug flow both
increased, resulting in@ositive feedbackhenomenonAfter several cycleghe viscous force brought
by the pinfin structure exceeded that the flowing liquid on the bubblandbubblescould no longer
develop along the flow direction and Heoded out, resulting in local drput as shown irFig. 13.
Finally, nucleate boiling transits into film boilingesulting in locadry-out and dramatical decrease of
heat transfecoefficient

Fig.13. Bubble blockage at the exit of the micrgillar channel
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