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SUMMARY

Microfluidic convection cooling is a promising technique for future high power
microprocessors, radimequency (RF) transceivers, sebthte lasers, aniight emitting
diodes (LED). Threglimensional (3D) stacking of chips is a configuration that allows
many performance benefits. A microgap with circulating fluid is a promising cooling
arrangement that can be incorporated within a 3D chip stack. Althstugles have
examined the thermal characteristics of microgaps under both-pimgte and twphase
convection, the characteristi@nd benefg of microgaps with surface enhancement
features have not been fully explored. In this work, firstly, the siplgése thermal/fluid
characteristics of microgaps with staggered pin fin arrays are studied. The effects of the
pin fin dimensions including diameter, transversal and longitudinal spacing, and height are
investigated computationally and experimentally caeange of Reynolds number (Re)
22357 . Mi cropin fin arrays investigated ha
ratios of 1.5 ~ 2.25, and height/ diameter ratios of 1.5 ~ 2.25. Correlations of friction factor
() and Colburn j factor for these denaerays of micro pins have been developed.
Subsequentlymicrofluidic cooling with staggered pin fin arrays is employed in functional
3D integrated circuit (ICs). Thermal and electrical performance of a CMOS chip in terms
of temperature and leakage powadar realistic operating conditions are studied. Both
experimental and modeling results show that microfluidic cooling could significantly
decrease the chip temperature and leakage power, thus increasing the chip performance.
Lastly,two-phase cooling istgdied with dielectric fluid HFEZ/200 as a baselivath mass
flux from 354.5 kg/mks to 576.3 kg/ms. Critical heat flux (CHF) increases with

increasing mass flux but decreases with decreasing gap height. Nonuniform heating will

XVili



cause nonuniform flow wit a decrease of mass flux in high power area, which decreases
the thermal performanc&he effects of fluid mixture (HFZ200/Methanol) on thermal
performance are studiedth mass fraction of Methanol from 8.5% to 35.88very small
amount of addition d¥ethanol(8.5% mass fractiorgan significantly increase the thermal
performance due to the sharp decrease of saturation tempenatuease ofeffective
thermal conductivity andatent heat. However, the Maugoni effect caused by the

concentration gidient deteriorates theHF.
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CHAPTER 1

INTRODUCTION

1.1 Background

The pursuit of multfunctionality and low cost for either military or consumer
electronics, such as radiequency (RF) transceivers, sebthte lasers, light emitting
diodes (LED) and future high power microprocessor, continues pushing up the power
consumption and power density of these devices. For example, Galtiuge (GaN) high
electronmobility transistors (HEMT) have power densities many times higher than other
power trasistor technologies. The output power density ofjgor GaN HEMTs with a
drawn gate |l ength of 0.7 em and a gate dr g
resuting in a heat flux of 1.5xf9Vv/cn?. A pulse of sukpicosecond duration and petawatt
(PW) power was first reached at the Lawrence Livermore Ndticatzoratory in 1996,
and the Jan USP laser developed there has a peak power intensity ¥\deid[2].
Another common example of a high heat flux device is the microprocessor for which the
AMooreds | awo [ 3] has been ]tTheefeatdre size has g f or
become smaller and transistor count increased with teabimnologynode to improve IC
functionality and performance, while decreasing costs [5]. From 1971 to 2012, the feature
size decreased from 10 em to 22 nm, the t
billion, and the clock speed increased from 108 kHz to 2.9.@#the same time, each
transistor usgabout 5,000 times less energy and the price per transistor has dropped by a
factor of about 50,000 [6]. The latest International Technology Roadmap for

Semiconductors (ITRS) [7] shows that the transistor densitg mgic chipwas about



1,596 million/cn?in 2013 and is projected to increase to 32,179 millioAiora026. While
the transistor count is increasing, the packaging size continues to shrink due to the customer
expectations for small form factor productsdaechnology development [8]. Packaging
technologies have evolved significantly from the early stage dtlada@mpackage (DIP),
and ball grid arrays (BGA), to more recent systamchip (SOC), systeAn-package
(SIP), packag®n-package (PoP), and thrdemensional integrated circuits (3D ICs).

Al t hough Mooreds | aw has proved ists suc
until recently, suclscaling has now slowed down [9Jhe 2012 update to the ITRE had
growth slowing and predietithatthe transistor density will double only evehyde years
after 2013 Several factors are behind this trend. First, the size of transistor cannot be
miniaturized indefinitely since it will eventually reach thendamental physical barrier
[10]. If the thickness of gate oxide layer is less than four layers of silicon atoms, the current
will penetrate through the gate oxide, which leads to the failure of the transistor. Secondly,
the scaling of the transistor and interconnect are not developed in the sanWlste the
transistor becomes faster and smaller, the glob®rdonnect does not. Indeed the
interconnects have become a major bottleneck for high performance compstemsy
instead of transistors [11Cont i nui ng t o ebyihcesasng theltvamsisord s | a v
density in planar directionesults in longeinterconnectsand increase in latency. It is
reported that the interconnects latency will exceatlahtransistor for interconnect length
great er [1. Also, ti Gongs imerconnect consume more power due to Joule
heating. All of the above factors will cause degradation of the performance and reduce the

expected benefits from scaling.



Compared to 2D IC in which all the chips are in the same plane, the bare chips are
stacked directly for 3D ICSD ICs could overcome the problems associated with 2D IC
9-11], and thus promi se c on-{ofiplane @iteton. Theof Mo c
vertical integration of chips could reduce the wire interconnection length by as much as
50% [12]. The global RC delay could thus be reduced and thdimited clock frequency
increased by 3.9 X [13]. Also, the wilenited power consumption ithe interconnection
could also be reduced [13]. Wide bandwidth buses between functional blocks in different
chips could be achieved [14]. Lastly, 3D integration allows realization of various
heterogeneous technologies including memory, logic, radio fregugRF), and

optoelectronics within a single block, increasing package functionality and reducing size.

1.1.1 Motivation for Microfluidic Cooling

Although the energy per transistor is decreasing because of the decreasing supply
voltage, the total chip peer is increasing due to the increase in transistor count. The power
density is also increasing due to the decreasing packaging size. The power distribution on
a die is usually nomniform with some high power regions, haisp with larger power
density [B]. The power on a chip is continually increasing, and the maximum heat flux
on an automotive electronics chiyas about 240 W/crhin 2013. It is projected that the
hotspot power density could be greater than 300 Winr2015[16]. If not effectively
removed,it would result in high chip temperatures, which will increase the leakage power
exponentially, degrade the computational performance, and possibly even accelerate
failure of the devic¢l7].

Thermal issues arextremely importanfor the 3D ICs development. As the

number of chips in a 3D stack increases, the package heat flux based on the top surface



area increases. Also, as more components are put into the stack, the space available for
cooling is reduced. Another problem is that imsioh dielectric layers with low thermal
conductivity exist between the chips, potentially leading to high temperature of the interior
chips [18]. Heat dissipation neaniformity on the chip can result in hotspot heat flux 10
times or larger than the avgemlevel, which is a problem in planar architectures as well
[19]. The high power density in the stack, if not removed, would result in high chip
temperature and thermal stress, thus limiting the performance and reliability of the chip
stack R0]. For CMOScircuits, each 1@ increase in operating temperature, increases
delay by almost 5% 2[l]. Lastly, the leakage power which does not contribute to
computation increases exponentially with temperatuzg [2

Thermal issues wa been widely regaretl as a key bottleneck for tkkentinued
development of microelectronic€onventional backside air cooling cannot meet the
thermalmanagementequiremerg of planar and 3Ddevices. Microfluidic cooling with
surface enhancement structures such as micraelsaand micropin fin arrayhave been

developed fotheir superior heatemoval capability23].

1.1.2 Challenges

Although microfluidic cooling has superior thermal performance, there are
numerous challenges associbttgth this new technology. The mowem air cooling to
microfluidic cooling requires a significant change in the design and manufacturing
processs A key challenge is to integrate the microfluidic cooling at low cost without
adversely impacting reliability. A closed floloop with heat eghanger, pump, and
reservoiris needed for microfluidic cooling. Thesmponentsneed to be packaged

compactly, or the bene$iof microfluidic coolingcannot béully realized Possible fluid



leakage and lack of mechanical strength can cause failune wftole system and need to
be addressed in a successful design.
A promising configuration for implementing microfluidic cooling is a microgap.
The thermal performance of such microgap with surface enhanced structures needs further
study. The mximum heat removal capability, factors impacting heat transfer performance,

and techniques for heat transfer enhancement require further study



1.2 Research Objectives
The overall objectiveof this workareto experimerdlly and computationally study
pin fin enhaced microgaps in a systemananner to gain fundamental understanding into
its transport characteristicand explore the benediof microfluidic cooling on temperature
and leakage power reduction. With this in mind, the following speaftsgand objectives
are proposed:

1. For single phase coolingiudy the effets of Re, pin spacing, heiglon the single
phase pressure drop and heat transteracteristicsof micropin fin arrays.
Develop correlations to predict the pressure drop andifaeetfer coefficient.

2. Develop a couplegowerthermalmodel for 3D ICs with microfluidic cooling, with
the ability to model both temperature and leakage power.

3. Experimentally demonstrate the benefits of microfluidic cooling on temperature
and leakage poweeduction.

4. Study the twephase flow regime, and thermal characterisb€sHFE 7200/

Methanol mixturesCompare the mixture results with single fluid results.

1.3 Thesis Outline

The thesis is organized as follows:

Chapter 1 introduces thediground and motivatiafor this work. The challenges
associated with microfluidic cooling have been presented and the overall objectives and
scope of this work are also discussed.

Chapter 2 reviews the existing stateart d both single phse two phase cooling

of pin fin enhanced microgapandtheir applications Flow boiling with different fluic



andfluid mixtures are presented. Applicatief microfluidic cooling in 3D ICsarealso
reviewed.

In Chapter 3 design and fabration of the pin fin enhanced microgawith
integrated temperature sensarepresented A fabrication procedure is proposed and the
fabrication challenges are discussed. Accordingly, the PCB and package atesitpo
presented. A closed flovoop is built to test the characteristics of the pin fin enhanced
microgays.

Chapter 4 presents the results of¢benputational fluid dynamid€CFD) modeling
of staggered pin fin enhanced microgapder single phase cooling with DI water as the
coolart. The numerical model is validated against experimdifite effects of the pin fin
dimensions including diameter, transversal and longitudinal spacing, and height are
investigated computationally and experimentally over a range of Reynolds number (Re)
22357 . Mi cropin fin arrays investigated ha
ratios of 1.5 ~ 2.25, and height/ diameter ratios of 1.5 ~ P@§ormance of circular and
square pin fin are comparedorrelations of friction factor (f) and Colburrgdtor for these
dense arrays of micro pins have been developed

To demonstrate the benefidf microfluidic cooling, a compact thermal model of
3D stacked ICs with integrated microfluidic cooling is presented in Chéaptelodel
validation is peformed and illustrative cases studies are conducted. It is demonstrated that
microfluidic cooling can achieve significant temperature and leakage power reduction.
Experiment with a functional CMOS chip are conducted to compare the performance of
air cooirg and microfluidic cooling, which further proves the bemsefit microfluidic

cooling.



Flow boiling experiments were performed with pure HFE 7200 and HFE 7200
Methanol mixture anthe results ardiscussed in Chaptér HFE 7200 has high edgical
resistivity but low thermal properties. Addition of Methanol into HFE 7200 can decrease
its saturation temperature significantly, increase the effective thermal conductivity and
latent heat. However, thdarangoni effecthas a negative effeatn hat transfer

Chapter 7 summarizes the entire work and provides recommendations for future

work.



CHAPTER 2

LITERATURE REVIEW

Microfluidic cooling offers high surface area to volume ratio, large convective heat
transfer coefficient (h), smlamass and volume, and small coolant inventory. These
attributes render the microfluidic heat sink very suitable for cooling such devices as high
performance microprocessors, laser diode arrays, radars, arénagiylaser mirrors
[24]. In this chaptergearlier work on single phase, two phase and the applisatibn

microfluidic cooling are reviewed.

2.1 Single Phase Cooling

The microchannel heat sink cooling concept was first introduced by Tuckerman
and Pease in the early 19808][2They falysicated a rectangular micichannel heat sink
inalxlcisi licon wafer. The channels had a wi
and were separated by a 50 em thick wall s.
heat sink was capable dissipating 790 W/cAwith a maximum substrate temperature of
713 above the water inlet temperature and a pressure(d¥@mf 214 kPa. Due to their
inherent advantages, microchannel heat sinks have received considerable §2&:29hn
since Tuckerman and Peéspioneering study.

However, significant temperaturenagtions across the chip persist for conventional
single pass parallel flow microchannel heat sink, since the heat transfer performance
deteriorates in the flow direction in microchannels as the coolant heats up. Recent
advancement in micromachining tectues allod more complex 3D microsize
geometries to be fabricated directly into the high thermal conductivity materials that can
be used as the substrates for miniature heat sinks. This makes it possible to explore

structures that may be more effective heat transfer enhancement than the parallel



microchannels. One such enhanced structure is micropin firsavidypin characteristics
dimension of tens to hundreds of micrometers and heightgHtliameter ([p) ratio from

0.5 to 8. The flow disruptionsrpvided by the separated pin fins increase the flow mixing
and also can serve to break up the boundary |8@r [

Thermal design and performance assessment of a micropin fin heat sink require a
fundamental understanding and accurate predicifayo and heat transfer in microsize
short pin fin arrays. The thermhaydraulic performance of micropin fin arsand
microchannel was compared in terms of total thermal resistangebiRPeles et al 31].

At a Y0 of two atmospheres, the minimumwRvas 0.0389 K/W, which corresponded to
7.83 maximum wall temperature raise for 200 Wfdraat dissipation power, and 38.7

at 790 W/cm compared to 7B for microchannel cooling . A recent study by
Jasperson et al. 2B showed that the flow rate was factor to determine whether
microchannels or micropin fin arrayhave better performance. In their study,
microchannels and micropin fin arsagf same height and width (670 and 200t [ )
were made on copper. Under a mdlow rate from 30 g/min to 9@/min, theYo of
micropin fin heat sink was always higher than that of microchannel heat sink and the
difference increased with the flow rate. The convection thermal resistags) @
micropin fin heat sink was higher than that of microchannel heagsiftow rate less than
60 g/minandlower above 60 g/min.

The micropin fin array can be arranged in -Hime or staggered configurations.
Kosar et al. [3] experimentally studied and compared ¥@associated with the forced
flow of de-ionized water over staggered andline circular micro pin fins. The Ppwvas 100
t1, Hpwas 100 I , longitudinal ($) and transverse {Bspacing were 1501 . Under

the same Rethe staggered configuration resulted in high#® than the idline
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configuration. Amore recent comparison study by Brunschwiler et &} $Bowed that

under the same flow rate,-fime pin fin showed lowel0 and higher thermal resistance

than staggered pin fin. Another interesting finding was tkahepin fin presented a flow

regime transition, which manifested itself as an abrupt pressure gradient change and a local

heat transfer maximum. The transition moved towards the inlet at increasing flow rate.
Due to the superior performance of staggered micropin fin @rcaysiderable

research has been done to study its thermal and hydraulic characteristics from different

aspects, including the effects of Re, S, Hp, pin shape, tip clearance)(t

2.1.1 Effect of Re

Due to the small pin fin dimensions at the rograle, the flow regime is expected
to be predominantly laminar. For a specific pin fin configuration, lbat transfer
coefficient f) andY0 increase with Re. The nafimensional friction factoff), could be

defined as [3]:

0

(2.1)

wherem is the fluid density, is the number of pins in the longitudinal direction, G is
the maximum mass flux of the smallest cross section area.

The fiction factor is comprised of two components, one accounting for the drag
due to flow separation and the other stemming from shear st&gs#\§3the fluid flows
across the micropin fins, a thin boundary layer is formed at the pin surface. As Re 8)crease
the boundary layer becomes thinner and flow separation is enhabtdddsar et al. [3]
experimentally studied the pressure drop and f of circular micropin fin arrays and their
results showed that f decreased with increasing Re, which was alsoceabisgiRrasher et

al. [36], Short et al. [3] and Tullius et al. [8]. A change in the relationship of f to Re was
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observed by both Kosar et al3]3and Prasher et al. §B f was very sensitive to Re for Re
<100 and was less sensitive to Re for Re >1t00a$ believed that some type of transition
was happening around Re=100. Nusselt number (Nu) increased with Re, which is also
observed by Prasher et al6[3Tullius et al. [8] and Short et al. [§. Similarly, two
distinct regions of the Nu dependermythe Re separated by Re=100 had been identified
[33, 35]. Kosar and PelesAp-41] attributed such dependency to two factors: endwall
effects and a delay in flow separation. Flow separation was assumed to control the

transition Re.

2.1.2 Effect of Spacig

The effect of longitudinal spacing was evident when comparing the friction factors
of micropin fin array with 8=150t i and $=350t i [35]. Device with $=150t | had
larger f than device withi$350t | , which suggested that densely populated pin fins lead
to higher f. This was becaushat wakes behind pin fins formed due to flow separation.
For densely populated pim8 the wake generated downstream of a pin fin interacted more
strondy with pin fins in the following row. As a result, f were higher for closely packed
objects. This was also observed by Prasher et@lafl Short et al. [d. However, Tullius
et al. B8] showed an opposite trentd.of device 8=1501 1 were greater than for device
S.=350t i over Re ranging from 30 to 11253 This may be due to theronounced wake
pin fin interaction in 815011 . Because of the dense spacing, the wake formed
downstream a pin fin may interacted with the pin fingafollowing row, so that mixing
and heat transfer were enhanced. This was reflected as higher+1B0$i . Since at

low Re, the wakeoin fin interaction moderated, deviations between Nu of the two devices

12



diminished.Results ofPrasher et al [ agreel with observation in [&]. However, Both
Tullius et al. [B] and Short et al. @ showed that sparse pins had larger h.

Very little work studied the effect off®n f and Nu. Prasher et al.g3and Short
et al. [¥] reported an increasirfgvith decreasing Bwhile an opposite trend was presented
by Tullius et al. [8]. Both Tullius et al. [8] and Short et al. [ foundthat Nu increased

with increasing &

2.1.3 Effect of Aspect RatiqHp/Dp)

Ratio of H, to D, has a signifiant effect on the f. It was reported that the micropin
fin arrays with lower H/Dp ratio produced higher f at the same pin densities and Re [3
However, The HDp ratio effect reduced with increasing R&]3This was attributed to
the endwall effect. Sall aspect ratio devices were more affected by the hydrodynamic
boundary layer imposed by the endwalls (wall pin interaction), resultingcireased
viscous shear forcemndthereforelarger f were obtained [42The effect of pin fin Hto
Dy aspect rab was significant for low Re and diminished at larger Re because of a thinning
hydrodynanic boundary layerTherefore, with the increase in Re, the deviation between
smaller and larger ko Dy pillars moderated. The observation irB[312] agreed with
Prasher et al. [8] for Re <100 and Short et al.{B However, f was reported to be increased
with aspect ratio for Re>1006338].

The dependence of the Nu on the Re was considerably more notable than for long
pin fin as a result of endwall fetts [3] since the end wall effects were significant at a
low Re flow over short pin fins (1/2<Dp<6). Two intrinsically coupled physical factors
adversely affected h at 10< Re<100 for flow over micropin fins: the thermal and

hydrodynamic boundary layestablished at the end wall and a delay in flow separation to
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higher Re. The suppression of h was amplified with the reductionf&tio and was

more evident at low Relf)]. The results oBhort et al. [3] showed that Nu decreased with
increased asperatio. However, Koz et al. B} did a parametric study on the effect of end
walls on heat transfer and found that Nu increased with Re but not necessarily/®ih H
Nu of various H/Dp ratios can show different trends when plotted against Re. Teflius

al. [38] foundthat Nu increased with aspect ratio.

2.1.4 Effect of Tip Clearance

The clearance {t between the pin tip and wall was believed to affect the overall
hydraulic and thermal performance of a given cooling systefh [Mtroducing tip
clearance resulted in a decrease in form drag and an increase in shear stresses at the walls
[45]. The balance between the two determined the overall increase or decrease in f. A
slightly increase in f withctDp =0.1 at high Re was observedb]4As the t increased
further to #/Dp=0.3 and 0.4, f was decreased. The reduction in f with increasmast
much more evident at higher Re. Moores et @] flso found that the overall pressure
drop is initially increase with the introduction of tip clearees for #Dp <0.1 and then
decreased.

The pin fins tend to have relatively low height to diameter ratio due to the high h.

So the pin tip area can represent a considerable portion of the total area of the array.
Exposing the tips of the pimk to the cooling fluid can increase the total heat transfer area.
Also the tip clearance introduces a three dimensional behavior into the flow field around
the pins and may change the local heat transfer rate. Moores and Jpshpptted an
increase bheat transfer rate with the introduction efand attributed the enhancement

primarily to the additional surface area exposed to the cooling fluid. Rozati ebpl. [4
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believed thatdtaffected h by eliminating viscosity dominated endwall effects orpitine

by eliminating the pin wake shadow on the end walls, by inducing accelerated flow in the
vicinity of the top wall and the pin top, by reducing or impeding the development of the
recirculating wakes, and by redistributing the flow along the heighteothannel. For a

tip gap of #¥Dp =0.1, Nu decreased sharply. AgDp continued to increase, the Nu

increased [8].

2.1.5 Effect of Pin Shape

Advanced microfabrication technologies enable researchers to explore the
characteristics of micropinrfs with different shape beside circular pins. The pins can be
divided into two categories: streamlined pins like hydrofaid unstreamlined pins
including circular, square, diamond, cone, triangle, hexagod ellipse. YO and heat
transfercharacteristicef square micropin fins were experimentally studied bytuet
al. [48] and Liu et al. [8]. Their results showed that bod0 and h increased with
increasing Re. A flow friction factor transition phenomenon appeatré&e~300 [9]. h
had a higher value near heat sink inlet and decreased along the flow direction. This trend
may be caused by entrance and streamwise heat conduction ef@gcts [4

Micropin fins having sharpdgeggenerated higher h than streamad pin fins [J)].
This was associated with separation effects mitigated by sllggsas well as extended
wake regions, which increased the mixing and heat transfer. However,esttggpins
resulted in largr f. The sharp edges enhameakepin interation and introduced more
pressure drop. A comparison between circular, diamond, square micropin fins with same
hydraulic diameter, spacing and height by Kosar et 8l.d8d Mita et al. 0] showed that

circular micropin fins had smallest f. Hydrofoilnpfins with zero angle of attack resulted
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in considerably lower f compared to circular pins, especially at high Re f[&f the
hydrofoil device at a Re of 1,000 was around 7.5 times lower than that for the circular pin
fin device. The difference in f otinued to amplify as the Re increased above 1,000,
primarily because crossflow over circular shape fins transitioned to turbulent flow (where
the friction factor is less dependent on Re), while flow over the hydrofoil fins was well
within the laminar flowregime. Therefore, the merits of using micropin fin device are
dependent on the performance evaluation criterion used, as well as on the hydrodynamic
conditions. In general, for a fixed pressure drop and pumping power, utilizing streamlined
pin fin heatsink is favored at moderate pressure drops and flow rate, while for very high
and lower pressure drops and flow rates pin fins promoting flow separation should be
favored. For fixed mass flow ratstreamlined pin fins provided inferior performance.

Table 2.1: Nu correlationssingle phase

Ref. Phase Fluid Scale Correlation
Prashere{ Single | water |Dp= 55 ‘ & 155| Ny=0.132—— 8 YO
al. [36 ‘6

[36] “ Re<100

Hp/Dp=1.3,2.48,2.8
PP 66 ™ Wp— B8 YCP

Sr/Dp=2.4, 3.6;
Re>100

S./Dp=2.4, 3.6;
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Table 2.1 (continued).

Ref. Phase| Fluid Scale Correlaton

Short et| Single | air Dp= 1.75mm~{ 66 mxo— & — 8 — 8YPB (7
al. [39] 3.18mm; 100<Re<1000

Hr/Dp=1.88~7.25;

Sr/Dp=2.0~6.41;

S./Dp=1.83~3.21;

. . — — 8
Tullius | Single | water | Du= 0.5mm-~| . « 8t Y— 0
et al. 2.5mm; _
— — 8 _8Y@Fpid — 8
[38] Hr/Dp=0.25~0.75;
100<Re<1400

Si/Dp=1~5;

S./Dp=1.5~5;
Kosar | Single | R- Dp=99.5' & 06 m8rT &Y 018 — 8
n 12 =2.44;
and 3 | HelDp=2.44, 134<Re<314
Peles Sr/Dp=1.5;
[4]] S./Dp=1.5;
Moores | Single | water | Dy= 3.67mm~| 0 0

»” 8 . a”
and 3.84mm; O "0 O sy pris
T T 5 o Y 0i

Joshi. Hr/Dp=0.52~1.09; 100 < Re <1000
[47] Sr/Dp=1.3~1.36;

S./Dp=1.13~1.18;

tc/Dp=0~0.25;
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Table 2.1 (continued).

Ref. Phase| Fluid Scale Correlation
Liu et al.| Single | water | Du= 445‘ & 559|066 1 16 F 018
[49] ‘A 0< Re <800

Hp =3mm; 06 ™ ¢ iYiP — 8
Sr=0.5657mm,; 0< Re <800
S. =0.5657mm,;
Konish | Single | water | Du= 200* & Nu=10.485r'Q 8
et al. Hp=670‘ ¢
[51] Sr=400" &
S =400' &
Qu and| Single | water | Dy= 200° & Nu=0.0285¢'(? 0 i8
Siu-Ho Hp =670 & Re <100
[52] Sr=400° &
S =400" &
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Table 2.2: f correlationssingle phase

Ref. Phase | Fluid | Scale Correlation
Kosar et| Single | water | Dp= 50 * ¢ 100| fran=" “ ,5<Re<128.
al. [33] ‘CQ . P X 0""(3 7O . Y'Y
Y@ O o)
He/Dp=1,2, o P
Sr/Dp=1.5; . otTuL p g Y'Y
Y& O o
S./Dp=1.5; o P
Prashe | Single | water | Dp= 55 ‘ @& 155| @
, (px&)_ 8 - 8 - 8 'Y'QS
et al. ‘C &
Re<100
[36] Hr/Dp=1.3,2.48,2.
Q péﬁ)w_ 8 - 8 8 'Y'QS
8;
Re>100
Sr/Dp=2.4, 3.6;
S./Dp=2.4, 3.6;
Short et| Single | air Dp= 1.75mm~Q ptagi— & — 8 — 8'wyQs?
al. [37] 3.18mm; 100<Re<1000
Hp/Dp=1.88~7.25;
Sr/Dp=2.0~6.41;
S /Dp=1.83~3.21;
. . = — 3
Tullius | Single | water | Dy=0.5mm 0 8 o— 0
et al. 2.5mm;
8 __ 8 __ 8'Y'Q8
[38] Hpr/Dp=0.25~0.75;
Si/Dp=1~5: 100<Re<1400
S /Dp=1.5~5;
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Table 2.2 (continued)

Ref. Phase| Fluid Scale Correlation
Tullius | Single | water | Dy= 0.5mm~ 2.5mm; | . 80 ¢ o— 8 5
et al. Hp/Dp=0.25~0.75;

__ 8 __ 8 __ 8yQs
[38] St/Dp=1~5;
S./Dp=1.55: 100<Re<1400
Moores | Single | water | Du= 3.6mm-~ 3.&m; | ., o 870 :’g 8 g ®
et al He/Dy=0.52~1.09; ) o
Q Q
[46] Sr/Dp=1.3~1.36;
sD=113-118 | © @
tc/Dp=0~0.25: 200<Re<10000
Moores | Single | water | Dy=3.6mm~ 3.80m; | ., m% °0 "O"O 8 yiQs
and Hp/Dp=0.52~1.09; 100 < Re <1000
Joshi. Sr/Dp=1.3~1.36;
[47] S./Dp=1.13~1.18;
tc/Dp=0~0.25;
Liu et al.| Single | water | Dy= 445 ¢ 559* & |"Q 1 & ¢cY¥Q?8 08
[49] Hp =3mm; 0< Re <300
Sr=0.5657mm; QO pPoggPF O 8
S. =0.5657mm; 300< Re <550

qY
w N 28
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Table 2.2 (continued)

Ref. Phase| Fluid Scale Correlation
Qu and| Single | water | Dp= 200 & fan=20.09Y 'Q 8
SirHo Hp =670 & Re<100
[53] Sr=400" &

S =400° ¢
Konish | Single | water | Dy= 200° & q U @op CHPPT
YQ YO
et al. Hp =670 &
Re<700
[54] Sr=400" &
S =400‘ ¢

2.2 Two Phase CoolindJsing Flow Boiling

A key limitation of singlephase coolings the bulk fluid temperature rise along
the flow direction due to the sensible heating, which results in temperatutsiionmity
on the chipFlow boilingis an alternative approach for which the bulk fluid temperature
depends on the saturation pressuirhas higher heat transfer coefficients, so reduced fluid
flow rates are requirld 7]. The resulting smaller pressure drop can result in higher surface
temperature uniformity. Twgphase micropin fin heainks that utilize arrays of micro size
pin fins as internal heat transfer enhancement structures, and capitalize on latent heat
exchange have recently emerged as a promising alternative to the popufanaseo
microchannel heat sinks to meet the future high heat flux electronic cooling B8eds [

The mechanisms of nucleate boiling and tploase forced convection govern

saturated flow boiling heat transffs5]. The regime dominated by nucleate boiling is
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usually associated with bubbly and slug flow. In this regime, liquid near thellseaface

is superheated to a sufficient degree to sustain nucleation. h is dependent upon heat flux,
but fairly independent of mass velocity and vapor quality. The general trend is increasing

h with increasing heat flux due to intensification of nucleatithe regime dominated by
two-phase forced convection, on the other hand, is often associated with annular flow. In
this regime, nucleation is suppressed along the heated surface, and heat is transferred
mainly by conduction across the liquid film and pegation at the liquievapor interface.

As such,h is dependent upon mass velocity and vapor qualityless sensitive to heat

flux. The general trend is increasihgvith increasing mass velocity and vapor quality due

to reduction in liquid film thickngs along the heated surface.

2.2.1 Flow Boiling with Pure Fluid

Qu and SitHo [55] conducted experiments to measgeefficient for water
saturated flow boiling in an array of staggered square micro pin fins. For a near saturated
inlet, h was firly constant in the high quality region, insensitive to both quality and mass
velocity. Heat transfer in the low quality region was enhanced by inlet subcooling. The
enhancement effect due to the inlet subcooling diminished with increasing quality. Two
phase forced convection associated with annular flow was postulated to be the governing
heat transfer mechanism.

Krishnamurthy and Peles@bstudied the flow boiling of water across a bank of
circular staggered micropin fins, 260 long and 109 i diameter with pitckto-diameter
ratio of 1.5. For mass flux G=364 kg/smat heat fluxes slightly above the onset of boiling,
vapor formed at nucleation sites in the vicinity of the channel exit. The hydraulic resistance

imposed by the pifins forced the bubbles to oscillate between the pin fins. The sliding
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motion of the bubble caused the thin liquid film between the surface and the bubble to
evaporate and to form vapor cavity. High surface tension forces acting along the vapor
liquid interface, low superficial liquid velocity, and hydraulic resistance of the pin fins
caused these vapor cavities to remain stationary. With increasing heat flux, the vapor
cavities grew, resulting in an increase in the local void fraction. This in turrasextehe

local superficial liquid velocity and, thus the drag force on the vapor cavity forcing the
bubbles to propagate downstream. At higher heat fluxes, annular flow was estabh&hed.
heat transfer coefficient moderately depended on the mass fluxaameeakly dependent

on the heat flux. This trend suggested that the dominant heat transfer mechanism was
convective boiling, which was further supported by the presence of annular flow observed
during flow visualization. This convective flow boiling walso observed by Isaacs et al.
[57-58]. However, an experiment by Reeser et 8] fbund that the average heat transfer
coefficient appeared almost independent of mass flux and increased with heat flux.

Due to the microscale flow passagesl aapor production inside the heat sink,
excessive pressure loss is always a concern, which can lead to elevated pumping power
consumption and high operating cost. Konishi et dl} {éund that for a given mass flux,
pressure drop increased rapidly witiciieasing exit vapor qualityexFor a fixed
pressure drop increased appreciably with increasing mass flux. Hestetraoefficient
was found talecrease sharply at low exit quality and low heat flux, and then plateaued at
moderate to high exit quéks and heat fluxebp]. However, Reeser et al. §pshowed
that the average heat transfer coefficient increased monotonically adribeeased from
0% to 25%. It was also important to note that the inline and staggered data points nearly

coincide ovethe entire range of qualities, implying thaintrary to conventional wisdem
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neither the inline nor staggered array was significantly better than the other in terms of
cooling performance in this parametric range.

The selectiorcriteria forcoolant for two phase coolireyedifferent from single
phase coolant due to the different working conditions. For example, operating pressure is
a major consideration for twphase cooling. The saturation temperature of water is 100
at atmosphere pressure, which is too high for CMOS chips to effectively utilize the benefit
of latent heatAlthough wateis the best coolants, their high electrical conductivities make
them difficult to use for direct chip level cooling. Dielectricifls are electrically non
conductive and therefore preferred over water for direct contact cooling. Fluorinerts are
more inert, and over long usage durations may be a better choice from materials
compatibility and reliability perspective foose applicatias with flowloopscomprised
of components such ametal tubing R-123 was used as the fluid to study the boiling
inception and pressure drop over a bank of micropin fin arraysi248ng with hydraulic
diameter of 99.51 [41]. Boiling initiation was suppressed to high liquid superheat
temperatures due to the hydrophilicity of the working fluid on silicon surfacé23mhas
a neaszero contact angle on silicon, and as a resudelaucleation cavities were flooded,
which in turn gave rise to high liquid superheat at boiling inception. The delay in boiling
to high superheats triggered a chain of periodic events. Once boiling is initiated, vapor
burst instabilities are remarkable.

McNeil et al. [60]compared flow boiling heat transfer irn-line pin fin and plane
channel using R113 at atmospheric pressure. The mass flux rangeinw2s080y/nts and
the heat flux rangeas5i 140 kW/nt. The measured heat transfer coeéfits for the pin

fin surfacewereslightly higher than those for the plate surface. Botihe dependent on
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heat flux and reasonablydapendent of mass flux and vajgmality. Thus the heat transfer
wasprobably dominated by nucleate boiling. The pin firegsure drops were typically 7
times larger than the plate values.

HFE-7200 has also been studiad a dielectric coolarf69]. Unlike the observed
water behavior, the HFE200 data displayed an approximately 50% improvement in the
averagecoefficient forthe staggered array over the inline array, for much of the range of
exit qualities. Most notable for both HFR00 array configurationiowever, was the
initial sharp decline in the average heat transfer coefficient from the lowest exit gualitie
to about 10%15%, followed by a plateauing or mild increase up to exit qualities of 40%
50% where it reached a local maximum. Finally, the average heat transfer coefficient
deteriorated as the exit quality approaches 100%, possibly reflecting localyred th
the pin fin arrag.

Maet al. [6l] studied the flow boiling heat transfer performance of /22®n silicon
chips with micrepin finned surface. Channel liquid velocities of 0.5, 1 and 2m/s were
tested at inlet subcoolings of 15, 25 andl B. The micro pin finned surfachad
considerable heat transfer enhancement compared to a smooth surface. The CHF values
for all the surfaces increas$svith fluid velocity and subcoolingAnd the effect of fluid
velocitywasmore notable, especially foufd velocity larger than 1 m/s. The CHF of the
micro pin fin surfacavasmore sensitive to the fluid velocity and liquid subcooling than
that of the smooth chip. For a lower ratio of pin fin height to fin pitch and/or higher fluid
velocity, the forced flov and heat transfer on the chipda great effect on the bubble
nucleation, and the entire micro pin finned aggfwas not completlyy covered with

bubbles, creating a dominant convective heat transfer effect in the nucleate boiling region.
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2.2.2 Flow Boling of Mixtures

Fluid mixtures have been a research tigpfor boiling enhancement and studied
extensively.A large body of work has focused @ool boiling of mixturs, and the
enhancement mechanisimave been studied. Van Wijk et al. [62] stad the mixtures of
water with acetomalcohols, ethylene glycol and methylethylketone. A CHF enhancement
was achieved at an optimum concentratiolney concluded that this enhanwent in CHF
was due to reduction in the bubble departure diametstsGillis and Carey [63]
investigated pool boiling of mixtures of water with ethylene glycol, methanol, and 2
propanol. Small addition of alcohol to water enhanced the CHE. mixtureswere
classified into positive (more volatile component has lower surface tgnaia negative
(less volatile component has the lower surface tension) mixuesto the differences in
fluid volatility, preferential evaporation of one componecturredalong the liquievapor
interface of a binary mixture. The variation in concaton along the liquid vapor
interfaceresultedn a surface tension gradigiMarangoni effect)If the surface tension of
the more volatile componemwas less than the surface tension of the less volatile
component, the concentration gradiewould generate a force thaulledthe liquid toward
the heated wall. If the surface tension of the more volatile compuomegreater than the
surface tension of the less volatile component, a forcethigdthe liquid away from the
heated surfaceanbe geneated. The study by HovestreijJd6f] and Fujita and Bai [65]
attributed the CHF enhancement to Marangonieffect. Kandlikar and Alves [66] did
pool boiling experiments using mixtures of water with ethylene glycol at low
concentrations (310 wt. %). The effects of surface tension gradients were negligible at

low mixture concentrations, and they attributed the improvement in heat transfer
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coefficient to the changes in contact angle and wetting characteristics of the mixture. Arik
and BarCohen [67] obswed significant CHF enhancement using mixture of &2Cand
FC-40. They attributed the enhancement to the improvement in thermal properties of the
mixture.

There exist a fevgtudies orflow boiling of mixtures. Peng et al. [68] and Lin et
al. [69] studied the flow boiling of watenethand mixtures in microchanngl The CHF
increasedat low concentration bulecrease@s the concentration of methanol in water
increasedThe enhancementasattributed to the Marangoni effect. However, heat f@ns
degradationwas also observed by other studies. Benett and Chen [70] observed a
significant reduction in heat transfer coefficient for mixtures of water and ethylene glycol
and attributed it to mass transfer effects. Kandlikar and Bulut [71] stucidbtbit boiling
of ethylene glycol and water. The heat transfer performdetszioratedhs ethylene glycol
concentrationincreased They also attributed the degradation to the mass transfer.
Sathyanarayangr2] conducted flow boiling experiment with 20 W& mixture of HFE
72007 methanol in a microgap channel. The CHF enhancemvestattributed to the

smaller bubble departure diameter.

2.3 Applications of Microfluidic Cooling
A key area for potential use of microfluidic cooling is 3D stackedamriectronics.
Due to the compatibility of pin fin arrays with TSVs, 3D ICs structwréh integrated
microgaps with pin fin arrays have been developed (Figu)g73]. The microgaps with
pin fins were fabricated on high power processors, and low poweerory chips were
stacked on the microgaps. Signal vias for interlayer communication were embedded in the

pin fins. This 3D system allowed high performance communication between precessor
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and memory stackswith low parasitic and low energy interconne&sgperiments showed
that the staggered pin fin heat sink was able to provide a thermal resistance as low as 0.27

Kem?/W at a flow rate 70 ml/mifi74].

Stacked
Memory

!. l . ”“!Ul Fine Pitch

Microgaps !

with Pin Fin "’“ ! -l-lgnlil and High
Integrated - I A_spect I_?atio
on I T I signal vias
Processors . ” H|

Figure 2.1: Schematic of micro pin fin heat sink with embedded signal Vigs [

The coupledluid flow and heat transfer, and the interplay between different tiers
pose challenges for the modeling of heat transfer in 3D stack. In order to design single
phase microfluidic cooling, accurate thermal modeling is needed. However, computational
fluid dynamics/heat transfer (CFD/HT) based detailed numerical analysis methods, such
as finite element or finite volume, need very fine mesh, and arectimguming, and thus
not suitable for thermal management of very complex 3D architectures. Compact or
redued thermal modeling is typically used to improve computational efficiency. Fast and
accurate thermal circuit model for 3D ICs with integrated microchannel heat sink was
proposed based on thermal circuig]l This model achieved more than 3,300x speedup
with less than 5% error, in comparison with a commercial numerical finite volume

simulation tool. However, it was only applicable to steady state conditions and numerical
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pre-ssimulations were needed for every simulation executed, which further increased the
calculation time.

3D-ICE was a transient compact thermal model, whiclok into account the
effects of the intetier cooling through microchannel heat siiié]f The advantage of 3D
ICE wasthat it can predict the temporal evolution of cl@mperatures. Only one node was
used for each channel block, which reduced the problem size greatly. Empirical
correlations for heat transfer coefficient were used, so no detailed convective heat transfer
analysis was needed. However, the empirical coroalsutilized were for fully developed

flow and did not capture the developing flow regime.

Another technique to model the integrated microchannel cooling of 3D ICs was
based on modeling the channel layer as a porous medi)i\[porous medim model as
in ref [77] was developed to analyze the thermal characteristics of 3D ICs with integrated
microgapsOne limitation of the previous thermal resistance metfép\vjas that the grid
size must be the same as the channel pitch. Using the pordusmmaodel removed this
limitation by homogenizing the channel layers. As such, it provided freedom to increase
the grid size, resulting in faster simulations.

Currently, twephase cooling modeling of 3D ICs has only been developed for
microchannks [78-79]. A two-tier stack of logic and memaory with integrated microchannel
cooling under flow boiling condition was studied by numerical modelii@) [The two
phase microchannel cooling had distinct characteristics of a nonuniform temperature
distribuion, even under a uniform heating condition. The temperature increased along the
channel in the liquid phase region due to sensible heating, and decreased in the two phase

region due to decrease of the fluid saturation pressure along the channel. Tioa junct
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temperature had its peak at the onset of boiling due to the dramatic change in convective
heat transfer coefficient from a liguhase region to a twphase region. Aier stack

with Intel Core 2 Duo processors under {pliase cooling was studie@9. Singlepass
channel and duglass channel configurations were compared. Under the same pressure
drop between the inlet and outlet, the dual pass configuration with short flow path had

lower flow resistance.

2.4 Summary

Compared to microchaels, thermal and hydraulic characteristics of pin fin
enhanced microgapemain relatively unexplored. When the pin diameter decreases to the
range of interest in the proposed study«D00‘ &), flow separation, endwall effects, and
wake interaction become increasingly important in determining the pressure drop and heat
transfer coefficient. The clearance between the tip and wall significantly changes the
pressure drop. It is still unknowmhether the appearance of clearance will increase or
decrease the thermal performance. The heat transfer coefficient and pressure drop
correlations existing in the literature were developed either for a specific pin dimensions
or mini pins. They do not esetpolate well to the pin dimensions of interest. Also, the effects
of pin spacing, height on pressure drop and heat transfer are contradictory in literature. It
is very important to comprehensively investigate the effects of Re&5iHS. and t, and
devdop new correlations for pressure drop and heat transfer coefficient.

The benefit of microfluidic cooling can be demonstrated by both modeling and
experimentsThe main problems of the existing thermal modeling of 3D ICs incorporating
microfluidic cooling are: (1) the power map is either assumed uniform or not realistic.

When a specific application runs on a chip, the power should beimftorm; ) the
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coupling effect betweepower and thermal is not included. Increased temperature could
lead b higher consumption of power, due to increased leakage power. The leakage power
raises the temperature further. So it is important to include the temperature dependent
leakage power in the thermal modélor the experiment, there is no experiment
demonstating the advantage of microfluidic cooling in terms of temperature and leakage
power reduction.

For the twephase convection cooling with micro pin asageveral studies exist
for single fluids using water, 823, or HFE7200. Flow boilingof binary mixtures in
micro-scale geometries has receiveddittesearch attention so fa&€hanges in mixture
properties with concentration might play an important role in boiling heat transfer in
mixtures. The addition of another liquid can change thetaod angle and wetting
characteristics of the mixture. In the boiling of binary mixtures, evaporation of the more
volatile component from the ligudapor interface is more intensive near the heating
surface, and hence, concentration of the more volatilaponent in the liquid phase
adjacent to the interface decreases toward the heating surface. This yields a surface tension
gradient according to the concentration distribution along the hegyar interface. So

more volatile component with lower surfaesmsion may cause CHF enhancement.
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CHAPTER 3
DESIGN AND FABRICATI ON OF PIN FIN ENHANCED

MICROGAP AND EXPERIM ENTAL TEST FLOW LOOP

To study the characteristics of pin fin enhanced micrggigvice packagend test
flow loop are required. This chapter introdsithe design and fabrication of pin fin
enhanced microgapackageand experimental flooop and discugsthe challenges of

the fabrication.

3.1 Mask Design

The pin fin enhanced microgayncludes gaggered pin fin array fluidic ports,
heaters and temperature senaadelectical pads for wirebonding each of which requires
a mask Figure 3.1 shows the layout of the gap with staggered pin fin &sagevices are
placed on a 4 inch wafefhelcm 1 cm staggered pin fin array is placed at the middle
of the deviceSix pins with diameter 200 um are used for strualtsupport of the gap.
Two pressure por@@redesigned to measure the pressure before and after the pin fin array.
Also two fluidic ports serve as fluidic inlet and outl@heseports are fabricated with a

separate mask
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Figure 3.1 Maskdesign for thanicrogags with staggeregin finarayson a 40 waf e
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Figure 3.2 Maskdesign andgchematic of thel heaters and 2 temperatue sensors
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Figure 3.2 shows the schematic and design of the keatdrtemperature sensors.
There are 4 heaters and 12 temperature sermsorsd the heaters to measuhe
temperatureat different locationsBoth are serpentine structar@ndaremade of Por Ni,
for which the resistancehanges linearly with temperaturBhe heaterarealigned with

the staggered pin fin array.

Figure 3.3 shows the mask desigrtt@electical pads for heaters and temperature
sensors. Thelectrcal pads maskoverlags pads onthe heaters and temperature sensors
Figure 3.2 to make sure most of the resistamcele tathe serpentinestructure Thusvery
little heat is generated in the elecalipads They are wirebonded to PCB to provide

electical connection.

Electrical Pads
For Temperature
Sensors

Electrical Pads
For Heater

Figure 3.3 Electrial pads for heaters and temperature sensors
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3.2Fabrication Procedure

The pin fin enhanced microgap fabrication process starts with a deidele
polished 40 sa Itihiocnk nweasfse r5)0w0i tiehm t(hFda gfuirres t3 . <
thickness silicon oxide layer is deposited by Plasma Enhanced Chemical Vapor Deposition
(PECVD) using Oxford PECVD, as an insul at
serpentine structureisdepos ed using evaporator with 0.03
layer. There are two kinds of serpentine strugtudeas heatersand 12 as resistive
temperature sensrA 0 . 5 ¢ m lagenspdppegited aslectical padswith 0.03 um
thick titanium asadhesion layer. In the next step, the wafer is taken through a
photolithography step and a Reactive lon Etching (RIE) process to remove the oxide and
expose the silicon, which is etched to formithet, outet, and fluid viasusing the standard
Bosch preess in STS ICP, which alternates between a plasma etching step and passivation
step. Then the wafer is flipped over, pastphotoresist SPR20 is spurand exposed to
form a masKor the microgap. Then the wafer is etcheing theBosch procesandthe
deep microgap cavity with staggered micropin fin asray etched. Tencor P15
profilometer is used tmeasurehe depth of the microgap. Thereafter, the processed wafer
i s bonded with a 700 w«gsng $B6 anodic béhgleand ¥he ( gl a s
microgap samples adtkced fromthe wafer using dicing sawigure 3.5 shows the top and
bottam views of the fabricated devicend the SEM image of the staggered pin fin a&ray
The dimensions of the fabricated device are 43 mm x 20 mm. The pin fin atragi®y
1 cm. The microgap includes pressure partd fluid inlet and outlet, where fluid
temperature and pressure can be measured. The micropin fin array sgrigaedsto a

package which providgsotectionheat insulation and fluid interconnectio
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Figure 3.5 (a) Top view of the pin fin enhanced microgapd scanning electron
microscope (SEM) image of pin fin arsayb) Bottom view of the fabricated device.
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Figure 3.5 continued.

3.3 Fabrication Challenges

The fabrication of the pin fin enhanced microg@pesentanultiple challenges.
The first comes from the fabrication procedure. In the present study, the fabrication is
conducted in the order of oxidatipmetallization, etching, and bonding. An alternative
way is to do etching of the microgap first, then anodic bonding, oxidation, metallization,
and lastly etching of the through hole. However, the oxidation process is a high temperature
process with tenmgrature up to 3Q0. The bondis easily cracked due to the high
temperature and mismatch of coefficeot thermal expansiohetweersilicon and glass

An alternative way is to do the fabrication in the order of oxidation, etching, anodic
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bonding, metallizatiorthroughhade etching. This can avoid the high temperature process
after the bonding. However, with the glass bonded wittSthveafer, the glass can block

the heat transfer in the baking step of photolithography, which results in low quality of
metallization.

To make sure the metal layer sticks to the device strongly, highigsialitthe
photolithograply and exposure are required. So the baking time, baking temperature,
exposure dose, and develop tineed tdoe carefully monitored ancbntrolled Before the
metallization using the-beam evaporator, at least 2 min desquatesss needed to make
sure the residual of photoresist after the development is completely removed. Usually the
photoresist pattern after the descpnocessneeds to be examined werdmicroscope.
Similar procedureneed to be followed when etching the pin fin array.

The reliability of the device depends on reliable bonding betweesi thafer and
glass wafer. The surface mustdagefullycleaned to remove particlesrtaminantdefore
bonding Usually the wafer is cleaned kynmerson into concentrated ¥$Os and HOo.
However, metal layers can be etched by the acid. So a 1 hour desimesss conducted
by Oxford Endpoint RIE to clean the residuaktead of using ag cleaning An
examination under microscope is followed to make sure that éiner® visible particles
on the wafer. In the current design, the bonding interface is smaller conpahedjap.
So the tool pressure is setldgh as3 bar during the bafing procesto make sure the
bonding between th8i and glass is strong enougrhe maximum pressure the device

experiencesan reaclupto 4 bar absolute.
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3.4 Microgap Package and PCB Design

A reliable package is needed to provide housimgylation, sealingandreliable
fluidic interconnection. The package is made of Polyether ether ketone (PEEK). PEEK is
chosen due to its excellent mechanical, chemical resistance properties, good insulation
property (thermal conductivity 0.25 W/mK) anilgty to withstand high temperature
(melting point about 348). The length of the package ist&m, width 4 cm and height
2.5 cm.Figure 3.6 (a) shows thsometricview of the package. A.2 mm deeavity is
made to provide housing for the microgapidegince the thickness of tf82 wafer is 500
t1 and glass wafer 70pi . Fourholes are drilled through the cavity to provide fluidic
connectios for inlet, outlet and pressure ports:ri@gs are used for sealinGopper tubse
of 3.175nmdiameterareused for fluidic connection of the packagehe flowloop. Eight
throughpackage holeare drilled for alignment with the PCB and connection with nuts.
To measure the inlet and outlet fluid temperau2enoles are drilled on the sides (Figure

3.6 (c)). T-type thermocouples are inserted into those holes to measure the fluid

temperature
Though-Hole
for Nuts Pressure Ports
Thermocouple
Inlet Port nsert Port
Device
Housing Air Gap for Outlet Port
Insulation
| | (@) - |
Figure 3.6 CAD drawing of package, unit: mm (a) Isometric view, (b) Top view, (c)
Side view.
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(b)

(©)

Figure 3.6continued.
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Figure 3.7 shows the dign of PCB using CircuitCAM software. The dimension
of the PCB is 8.3 cm 7cm. The spacing of the pad is the same as that of the aefater

1.8cm 1.2 cm window is opened at the middle for visualization.

Pads for Soldering

Window for
Visualization

For Wirebonding ~ For Wirebonding
of Temperature of Heaters
Sensors

Figure 3.7: Design of PCHIllustrating the pds for soldering and wirebonding
The devicas aligned and fixed on the PCB by double sided tapen wirebonding
is done using a seraiutomatiovire bonder from West Bond, In€here are 10 wirebonds
for each interconnection from the deviceRGB for heaters to make sure the wirebonds
can stand high voltage and current. For temperature sensors, only 2 wirebonds are done.

Before the experiment, the temperature sensors are calibrated in a controlled temperature
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oven.The PCB is flipped, alignednd connected to the package by niiigure 3.8)to

form a tight sealindor the device

(b)

Figure 3.8 Assembly of device, package, and P@BDevice attached on PCB by
double side tape, (b) PCB flipped and locked with package by nuts
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3.5 FlowL oop Design

A flow loop was built to test the thermal performance of single phase cooling of pin
fin enhanced microgap. Figu®9 shows the experimealtsetup. It consists of pump,
controlled temperature bath, flow meter, filter, metering vabaid state pressure
transducer(Omega“ PX219) fine gage thermocoupl€Omega"¥ TMQSS062E6),
micropin fin arrag with the packageair cooledheatsink, andLO00 ml stainless steel
reservoir. ColeParmer digital gear pumilodel No. 7521430) provides fow rates from
5.52 ml/min to 331.2 ml/min through the microgap. A controlled temperature bath
(LAUDA RMB®6) is used to control the fluid temperature at the inlet of the microgap. A
calibrated McMillan S114 flow meter is used to measure the volumetric flate. A
Swagelok filter (pore size 5 ) is used to keep the inlet water clean and prevent clogging
of the microgap. A metering val{8S1RS4)is used to adjust the flow rate. An-amoled
heatsink is used to cool down the fluid from the exit of the microfag@reservoir is open
to atmaphereAll the tubingis 6.35 mm diametestainless steel tubégilent N5752A
DC power supply (600V/1.3A) is used to provide poteethe heatersAgilent E3620A
dual output DC power supp{25V/1A)is used to provide powér the pressure transducer.
Agilent 34970A data acquisition unit with 20 channel multiplex is used to record the dat

from pressure transducer, thermocouples, flowmeter, temperature searsbrppwer

supply.
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Figure 3.9 Flow loop forsingle phasecooling.
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Figure 3.1Q Flow loop for two phasecooling.
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Due to the complexity of two phase cooling, the previous single phasdoibmis
modified tomeetthe requirement of two phase cooling (Figure 3.10). A high speed camera
(Phaatom V211)is used to capture the boiling in ttest section. To suppress the two phase
flow instability, a high pressure drop right before the test section is needeis atiseved
by adding one more pump to elevate the pressunde throttling the controlling valve
[80] right before the test seoch. So a high pressure drop across the controlling valve is
generated. The water bath is moved right after the test section and its temperature is set as
1 degC. The vapor inside the test section elevétte pressurenside the device
significantly. Thelow temperature in the water bath is used to make sure the vapor is
condensed back to liquid completely and quickly before it enters the reservoir. The two

phase flowloop is a closed system. So a vacuum port and a draiangadded.

Figure 311 showsheelectrial circuit for the heaterg&ach leater is connected with
precisbn resistor (1 1@t pohm) and the DC power supplyhe precision resistors are
connected into the circuit by solder. So about 0.05 ohm resistance is added to stxh resi
This additional resistance &so checked by multimeter. Mgn calculating theurrent
through the heaters, these additional resistanceedto be included.The power
consumption of the precision resistasaegligible since the heater resistangealmost
500 timeghatof precision resistoBy measuring the total voltage across the power supply
and the voltage across the precision resistor, the total power dissipation can be calculated

as:

N 6 ¢ (3.1)
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Figure 3.11 Circuitdiagram illustrating the measurement of the power dissipation of the
heaers.

3.6 Calibration and Measurement Uncertainty

The pressure transducers were calibratsithg a pressure calibrator (Omé&%a
DPI1620). The voltage and pressure reading were recorded and corrEletadhcertainty
in the measurement of pressus 0.25% of the full scale value (30 p3ihe uncertainty of
the T-type thermocouples isT® 3 [81]. The flowmeter was calibrated using standard
bucketstop watch method and the uncertainty is& | I E.TThe microgap height
measurement uncertainty i$%.

To determine the temperaturesistance relationship, the temperatsens® were

calibrated usingraoven. A T-type thermocouple was attached to the device to measure the

47



surface temperatur&@he oven temperaturgasset to different values of temperature (20
3,403,603 ,803,1003,1203 , 1353 ). All the chips dumg the experiment were
calibrated by the above methdéigure 3.12 showsample calibration curégeTo make

sure that the calibration curve does not change during the experiment, the temperature
sensorwvererecalibrated after the experimenfor the devies used in the present study,

the calibration cun®werevery stable. It was found that for some devices, the curves
shifted for a few temperature sensors aggperimentespecially when the temperature
washigh (> 1453 ). The mismatch of coefficiesbf thermal expansion between metal

and silicon oxide layer at high temperature can lead to stress in the thin metal layer, which
might causeérreversiblestructuralchangs. Before metallization, the silicon oxide surface
must be cleaned to remove any patrticles of photoresist. The residual of photoresist between

the metal and oxide layean result in peloff.

140
120

Before Test
After Test

Temperature (°C)
N A OO 5
o © o o O

o

210 230 250 270 290 310 330
Resistance (ohm)

Figure 3.12 Temperature sensor calibration curve.
The uncertainty in the measurement of the totlihge and precision resistor voltage

wasl1l4.7mV and 0.05 mV, the uncertainty of the resistance of precision resmas0.01
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ohm. Following theuncertainty propagatigorocedure proposed by Kline and McClintock
[82], the uncertainty o was0.46%.

To estimate the heat loss to the ambient, the devaselrained of fluid. Low power
(0~5W) wasapplied to the heateand thesensoresistance and poweiererecorded. The
average temperature of the 12 temperature sewssabtained for each power increment.
A linear relationship between average temperature and heatdsfsmed.The heat loss
to the ambientvasfound to be less thab.4% of the total power dissipation for all the
experimers. So the effective power digpation of the heatergasgiven by:

N R KN (3.2)

3.7 Summary

In this chapter, the design and fabrication procedure of the pin fin enhanced
microgays, packageandPCB are presented. The challenges associatbdive fabrication
arediscussed. The details of the experimental setup for both single phase and two phase

coolingaredescribed. The main observations of this chapter are as follows:

(1) The design and fabrication of pin fin enhanced micregagery dallenging. Up to 4
masks are required in the present study. The tradeoff of different fabrication pgoaeds

the recipe parameters need to be considerptbttucea reliable device.

(2) The flow loop needs to be designed froby considering the emé system The

selectioms of the different componesitdepenan parameters such as flow raéed power

(3) Compared to single phase flow, two phase floep is much more complicate&low

instability is asignificantconern in designing the two phalew loop.
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CHAPTER 4
SINGLE PHASE CONVECTION IN PIN FIN ENHANCED

MICROGAP

Microfluidic cooling with microgaps with surface area enhancements such as pin
fins can potentially achieve superior thermal performance. As such, the litydnad
thermal characteristics of this configuration over parametric rangeacifqal interest are
important. Numerical modeling is proved to &gplicable for the study of this kind of
structure [54]. In this chaptethe hydraulic and thermal charadstics of micro pin fin
array with different dimensions in the range Re (22~357) were studied numeritedly
numerical modelvasvalidated against experimental resultken correlation$or friction
factor andColburn j factor were proposed. Performanof circular and square pin fin

arrayswerecompared.

4.1 Numerical Model

Figure 41(a) shows the schematic of the pin fin array. 50 columns of pin fins in the
flow directionweremodeled. The thickness of the cligse §was100t | in themodel
In order to simplify the model and save calculation time, only part of the geometuygFig
4.1(b)) were modeled using a symmetric boundary conditi88].[] Therewas no gap
between the pin tgpand top wallNumber of pin fin columns in flow direicin wasstill
50. The inlet boundary conditiowas constant normal velocity. The outlet boundary
conditionwasspecifiedambient pressure. The pin surface, and the top and bottom walls of

the channel usenonslip wall condition. A symmey boundary condibn was applied
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between the pin fins. An inlplenumwasadded to avoid the high pressure gradient at first
pin fin, and outletplenumwas added to prevent back flow. For the thermal boundary
conditions, a uniform heat souregsapplied under the finnedrea. The top wall of the
channelwasassumed adiabatic. The flomasassumed to be steady, incompressible and
laminar Bb2]. Siliconwasused as the chip material abdl waterwasused as the coolant.

The inlet temperatureasset as 23 .

Pin fin array

Channel . A ' : /

Inlet

50 columns

I}

[ Pin fin \ 1 Adiabatic
/
i f
Inlet m—p == Qutlet
ts
N
Uniform heat source under finned area
(@
Figure 4.1 Schematic otaggeredip fin array model: (a) Full model, (b) Simplified
model
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Figure 4.1 continued.
The flow was assumed steady staéad laminar Buoyancy forcewas assumed
negligible. Material propertiesereconstantThe basic governing equationgre[84]:

Continuity equation:

nd6 ™ 4.7
Conservation of momentum:
" 00 no ‘n o 4.2
Conservation of energy:
"6 oY @ Y 4.3

Table4.1 shows the material properties used in the modeling. Water properties at

253 wereused.

Table 4.1: Material propertiesof staggered pin fin array model.

Material Densty Thermal Specific heat  Viscosity
(kg/m®) conductivity (IkgK) (0 ¢a)
(W/m-K)
Silicon 2330 149 707
Water 997 0.5945 4183 0.0008936
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Table4.2 shows all the scope of the parametric study performed. The ratio of pin
spacing to diametereight to diametevariedfrom 2.25 to 1.5. The Reariedfrom 22 to
357.

Table 4.2: Summary osimulatiors performed

oCag | YC9 | YC9 | OCa Re
100 225 200 200 22~357
100 200 200 200 22~357
100 175 200 200 22~357
100 150 200 200 22~357
100 200 225 200 22~357
100 200 200 200 22~357
100 200 175 200 22~357
100 200 150 200 22~357
100 200 200 225 22~357
100 200 200 200 22~357
100 200 200 175 22~357
100 200 200 150 22~357

ANSYS Fluentwas used for the maeling. An upwind scheme with SIMPLE
algorithm [85] was applied to discretize and solve the governing equsatiénsweep
methodwasused to generathe structural mes{Figure 42). Fine mesheweregenerated
around the pin fisandnear the top and botto of thechannel The convergence criteri

for the continuity momentumand energyvereresiduals less than £0
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Substrate

Figure 4.2 Front viewof a section of the numerical mesith a body size ¢ .
For the mesh independence study, five diffevatieswereused. Tabl&.3 shows
that when number of elemernitereasedrom 2630k to 2900k, the pressure ddgereased

only 0.33%.The bottom average temperature for the heat sourcechaegedess than

0.01 K. So 2630k elementsereused.

Table 4.3: Meshindependencsgudy of the staggered pin fin array model

Number of Pressure drop (Pa) Bottomaverage temp
elements (K)
710k 25048 328.262
1080k 24471 328.397
1440k 24668 328.351
2630k 24361 328.353
2900k 24280 328.357
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4.2 Data Reduction
Current literature uses either pin fin diametes)(@ hydraulic diameter (§) as the
characteristic dimension in the definition of Re and f. In the present study the pin fin

diametemwasused. The Revasdefined by:

2 A 22 (4.4
For square pin fin array)p wasdefined ag52]:
o — 4.5
Apin Wasthe crosssectional area of the pin,

0 ®w 0 (4.9
wherew  wasthe width of the pinand  wasthe length of the pin. In this study
=0
Poin Wasthe cross section perimeter of the pin,

0 Q8 ch 4.7

O wasthe maximum average velogiof the fluid between the pif84]:

O (4.9

z

where(  wasthe height of channel. In this work, no clearance between the fin tifppnd
wall wasconsidered. So the channel heightwas equato the pin fin heighf .. was
the number of pins in the transvalrdirection.And 7 wasthe chip wdth.

An equivalenfanning friction factor for pin fin structun@asgiven by 7]

y

/E (4.9

whereY0 wasthe pressure dromnd Lwasthe chip length
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Nu was derived by a thermal resistance meth§8@]. An average heat transfer
coefficientE wasassumed to be the same for the finless area and finned areasihen

defined as:

L6 = (4.10

whereE wasthethermalconductivity of the fluid.

Stanton numbewasdefined by:

30 (4.10)
TheColburn j factor
E 3@0 (4.12
The thermal resistance between lieating surface and the fluidascalculated as:
> Y F R 4.13
where Qwas the total powerapplied on the heating surfacé,;; wasthe average
temperature of the heag) surface 4; wasthe average fluid temperature whialas
obtained by:
4y —— (4.19
4 wasthe inlet fluid temperature artl  wasthe outlet fluid temperature which could
be calculated by:
1 i# 4 4 (4.15
wherel wasthe mass flow rate antl wasthe specificheat of the fluid.

R consistedof two parts:2 , the conduction resistaacthrough the silicon

substrateand?2 , the convective thermal resistance.
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55 (4.1
whereO wasthe silicon substrate thickneds, wasthe thermal conductivity of silicon
substrate, lwasthelongitudinallength of the chipThe convection resistaneeasdefined
by:

Circular: 2 (4.17

Square?2

5 5 - (4.18
wheres wasthe fin efficiency whichwasgiven by B4]:

s —— (419

and mwas[84]:
i _— (4.20

where Pwasthe perimeter of the fin and A the cressctional area of the fin. In order to
obtainE, iteratiors wereneeded.
4.3 Model Validation with Experimental Results

The previous numerical modelas validated against experimental resulthe
fabrication of microgapand experimental setugre described in Chapter 3he pump
circulatedthe fluid through the contied temperature bath whiamaintained he fluid
temperaturatthe devicanletto be about 2@ . The loopwasadjusedto get the desired
inlet temperature and mass flowraléhe datawas recorded at steady staf€he inlet
temperaturevas maintained at; 1 p 3. Re rangewasfrom 39 to 221.Two types of
experimentsvereconducted: (1pressure drop easurement without power, (2) pressure

drop and temperature measurement wéfifiective power inputat v T7 p7. A
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symmetric model with the same inlet temperature, mass flowrate, power input, dimensions,
materialswerebuilt at the same time.

For the experimerstwith power input, since the numerical model oobnsidered

half column of the pins, the average temperatofe h h from the

experimeniwerecompared with theredictedemperaturgat the selected locatioasong

the flow directionas shown in Figure 4.3

16500 10000 16500

5000

23 s L
230] frs3 n%‘r} Unit: um
O O

I:I Temperature

=

Sensor
10000
Tl - & - CHEE—-
100 D D 5000
X Flow Direction

Figure 4.3 Schematic illustrating the location of temperateasors.

The inlet velocityin the modelwas

— (4.21)

where 6 wasthe volume flowrate measured from the flowmed@id 0 the cross section
area of the lzannel.

The mearabsoluteerror (MAE)wasdefined as:

n n

MAE=-B - (4.22)
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Figure 4.4shows the pressure drop comparison betvesgoeriment and modeling
at Re 39~221 with three different pin fin dimensianthout power dissipatiarkigure 45
and Figure 4.6howthe pressure drop artémperature at selected locatigheginning of
pin arrays, middle of pin arrag, and end of pirarrays). In Figure 4.6 (a)there is a cross
over betweemmodeling and experiment resyltehich might be due to the entrance
geometry The cross section of the inlet plenum expands along the flow direction, which
cannot be captured by the simplified mod@verall, the comparison between the
numerical and experimental data shows excellent agreement producing MAE of pressure
5%, andof temperature 2.9%n the present studyhe experiment was performed with Re
lower than 221As Re increases, the pressinside the device also increases whoetm
cause device failuré good agreement between modeling and experiment was shown for

Re<700 [54].
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S 60 o ° 3 o
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S |
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a 0 T T T T ]
O 02 04 06 08 1
Vi, (M/s)
(@)

Figure 4.4 Pressure drop comparison between experiment and modeling without power
input for three differenpin dimensions.
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Figure 4.4 continued.
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Figure 4.5 Pressure drop comparison between experiment and modeling at power input
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Figure 4.6 Temperature comparison between experiment and modeling at power input
50W for (a) , (b) , (€)
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Figure 4.6 continued.
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4.4 Parametric Study Results
Theseexistingcorrelationsn Table2.2 show differentandeven opposite trersd
of f with pin fin dimensions and Re. So theegff of pin fin dimensions and Re owére
studied by numerical modeling.
Figure4.7shows the velocity contour and vector plot around,pisfkancreasd
from 11 t0267.7 It can be seen that as the iRereasd, the wake interactiomcrease
and flow separation can be observed, which can affect both the pressure drop and heat

transfer.

(@

Figure 4.7: Velocity contours and vector showing the flow separation and circulation, (a)
Re=11, (b) Re=67, (c) Re=168, (d) Re=267.7.
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Figure 4.7 continued.
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Figure 4.7 continued.

As Re continué to increase, the flow circulation tBoeevenstrongr. Velocity
fluctuatiors staredto occur.Transient simulation was done to monitor the velocity at the
center of the symetric model with initial velocity as 0 and time step sizeQ Figure
4.8(a) shows that Re 267.the velocity fluctuate initially and after certain time steps
the fluctuation disappead, which indicated thdahe flow beamesteadyHowever, at Re

312.4, the fluctuation contindend no steady state was reaths shown in Figure 4.8(b).
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Figure 4.8: Velocity fluctuation at the center of the symmetric model, (a) Re=267.7, (b)
Re=312.4.
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Figure 4.9 shows the modeling results of f, which decreases as Re increases. At
very low Re<30, fwasvery sensitive to Re. At high Re, lite@meless sensitiveThe
exponent relating f with Rdecrease from -0.894 t0-0.440. This could explain why the
friction factor correlations in tabl@.2 show different trend with ReAt low Re, the
boundary layewasthick so increase of Reancause a dramatic change of f. At high Re,
the boundary layewasthinner. So further increase of Rdid not affect f significantly.
Prasher et al.36] showedthe trend change, however at much lower Re. Data in Moores
and Joshj47], Short et al. 37], andTullius et al. B8] mostlyfell in Re>100Effects of Re

with other dimensions were also studied.

2.5 -
St : 200 um
2 S+ 200 pm
Hy, : 200 pm
1.5 f = 4.9402Re08% Dp : 100 pm
Y— 1 -
f=2.15Re 0613
0.5 f = 0.9807Re0-440
0 I I I I I I I 1
-10 40 90 140 190 240 290 340 390
Re

Figure 4.9: Friction factor vesus Re.

In order to investigate the effect of ratio of pin fin height to diametéhefriction
factor, the diameter, transversal and longitudinal spagergkept fixed as seen in Table
4.2. Figure 410 shows that as the pin fin heigltcreasa, f increasd. Thiswasbecause
as the pin fin heighdecreass, the end wall effecbea@melarge. This negative tren(f

increases as pin fin height decreases3also observed biylita et al. B6] and Moores and
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Joshi 7). Prasheretal3p] 6 s c or r e |showwedanegativd treridl eout poBitive
trend (f increases as pin height ineses)at Re>100. In the present study, the treras

negative even at Re=357. Tullius et aB][8howeda positive trend.

097 . . . + Re=22.31
14 . ] = Re=44.62
X o = » Re=66.94
19 : *  Re=89.25
= " X ) + Re=178.51
- S X
2.4 2 e . eRe=267.7
2.9 | | | | “Re=357.02
0.35 0.45 0.55 0.65 0.75 0.85
Hp
In(=2)
Dp

Figure 4.10: Friction factor versus ratio of pin fin height to pin diameter.

057, + Re=22.31
1 ¢ . = Re=44.62
-1.56 ¢ " . + Re=66.94
s, + . Re=89.25
= ? L + Re=178.51
2.5 - * o
> * Re=267.7
-3 o Re=357.02
-0.8-0.6-04-02 0 0.2 0.4
St—Dp
nt5, )

Figure 4.11: Friction factor versus ratiof transversal spacing to pin diameter.
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Figure 4.11 shows that as the transversal spacegrease f increasd. Thiswas
because as the transversal spadexgyeasa, it causé increasedlockageto the fluid flow,
which increasd the pressurdrop and thus the friction factor. Moores and Jo4fj {lid
not incorporate this into their correlation due to limited experimental data. Prasher et al.
[36] only observed this negative trend at Re>100. Their correlationsesh@wositive
trend at Re<10 which was not reflected by present modeling results. Short et3d]. [
showedthis negative trendvhile Tullius et al. B8 showeda positive trend.

Figure 4.12 shows that as the longitudinal spacidgcreasa, friction factor

increasd. As the pins move closer, the interaction between upstream and downstream
pinsbecamestronger. Both Short et al.37] and Prasher et al3§] alsoobserved this trend.

However, Tullius et al38] showeda positive trend.

0.7 + Re=22.31
4921 4 ’ " = Re=44.62
A . " + Re=66.94
17 . " . Re=89.25
S ‘. /Re=178.51
< ¥
22 | e . ) * Re=267.7
i . | Re=357.02
-2.7 I [ [ [ [
-0.8-0.6-04-02 0 0.2
|n(ﬂ)
Dp

Figure 4.12: Friction factor verss ratio of longitudinal spacing to pin fin diameter.
Based on the simulations performed, a correlation for the friction factor for micro

pin fin array was proposed. Tablet.4 shows the coefficients. In order to make the
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correlations accurate,ftérent coefficientsveredeveloped for Re<100 and Re>1MAE

between the correlation and CFD modehvas2.2%.

E # — 2 A (4.23

Table 4.4: Codficientsfor friction factorcorrelationfor circular pin fin arrag.

C | | | m

Re<100 3.1335 -0.4485 | -0.4965 |-0.5553 |-0.6292

Re>100 1.246 -0.3362 | -0.4478 |-0.4615 |-0.4393

In the present study, Colburn j factevas used to evalate the thermal

characteristics of pin fin arrawhile Kosar et al.33], along with others usNu.

0.16 -
0.14 St 200 pm
: R S, 200 pm
0.12 - j = 0.5009Re0-536 Hp : 200 pm
0.1 - %, Dy : 100 pm
— 0.08 -
0.06 - j = 0.4096Re 0486
004 -~ e
0.02 -
0 T T T T T T [

0O 50 100 150 200 250 300 350 400
Re

Figure 413: Colburn j factor versus Re.
Figure 413 shows the modeling result of j with Rewlasseen that yvasnot very
sensitive to ReThe trend of change from -0.536 t0-0.486 as Reincreasd from 22 to

357.
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Figure4.14 shows Colburn j factowasnot sensitive to the ratio of pin fin height
to diameter. It shows a positive trend at low Re and a negative trend &éigoores
and Joshi47], and Tullius et al. B8] showed a positive trendwhile Short et al. 39
observed a negative trend. Prasher e3&|.4nd Kosar and Peled]] did not include the

effect of ratio of pin fin height to diameter in their corredatidue to the limited number

of samples.
PYRE T+ " L Re=22.31
= Re=44.62
o 8 * % LiRe=66.94
f::2'9 Re=89.25
IS + Re=178.51
3.4 ‘' ¢ eRe=267.7
¢ ® *  Re=357.02
3.9 - i
0.350.450.550.650.750.85
Hp
In(=)
Dp

Figure 4.14: Colburn j factor versus ratio of pin fin height to diameter.

Figure 415 shows that theColburn j factor decrease as the ratio of pin fin
transversal spacing to diametecreasd. Howeve, at Re=357, a positive trendas
observed. Kosar and Peled], Moores and Josh#[/] , Prasher et al3f] did not include
the effect of ratio of pin firtransversakpacing to pin fin diameter in their correlatson
Short et al. 39] and Tullius et al[38] showed a positive trend, which is because most of

thar datafell in Re>100.
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Figure 4.15: Colburnj factor versus ratio of pin fin transversal spacing to pin fin
diameter.
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Figure 4.16: Colburn j factor versus ratio of longitudinal spacing to fim diameter.
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Figure 416 shows that Glburn j factordecrease as ratio of longitudinal spacing
to pin diametemcreasd. Kosar and Peleg]], and Moores and Josi7] did not include
the effect of ratio of longitudinal spacing to pin @rameter in their correlations. Prasher
et al. 36] observed a negative trend. However, Short et38)]. 4nd Tullius et al. [8]
showeda positive trend.

Based on the simulations performed, a n@ualburn j factor correlatiorwas
developed.Table 4.5 shows the coefficients for the correlatioMlAE between the

correlation and CFD modelingas2.5%.

E # — 2 A (4.29

Table 4.5 Coefficients fo Colburn j factor correlatiofior circular pin fin arrag.

C | | | m
Re<100 0.5885 0.0072 -0.1432 -0.1289 -0.5697
Re>100 0.4481 -0.1285 -0.1707 0.0804 -0.4864

The effect opin shapeavasstudied Figure4.17 shows the velocitplot across the
square micro pin fin at different Re. It could be seen that the maximum veleaity
between the pin fins. As Riacreasd, the influence of the upstream pin fin on the
downstream pin filhe@mestrong. At Re=100, reirculation was obseed. Around the
corner of the square pin, themasa sharp change of the flow whiatcreasedhe flow

mixing, which can increase the heat transfer coefficient
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Figure 4.17: Velocity plot atdifferent Refor squarepin fin arrays.

Following the samerocedurethe coefficients for friction factor an@olburnj
factorwereobtained as shown in Table 4.6 and Table MIAE between the correlation
and CFD modelingvere3.4% and 2.3% respectively.

Table 4.6. Coefficiens for friction factorcorrelationfor square pin fin arrasy

Re<100 3.3553 -0.356 -0.7906 -0.7453 -0.525

Table 4.7: Coefficients forColburn jfactorcorrelationfor square pin fin array

Re<100 0.5862 -0.0514 -0.175 -0.2494 -0.5518
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4.5 Comparison betweerCircular and Square Pin Fin Array s

In the comparison of th¥0 between square and circular staggered micro pin fin
arrays, the numbes of pins in the flow directiorwerethe same; the pin fin dimensions
including the $and S, Hp, Dn werethe same; the Ravasalso the same. Figudel8shows
thatY0 of square micro pin fin arrawasmuch higher than that of circular pin fin array.
That is because when fluftew across the circular micro pin fin,encounteedless flow
resistance than the sgeanicro pin fin. The square shapeducel larger flow separation
regions. When Rancreasd, the pressure drop difference between circular and square pin

fin wasalso increasing.

—_ 35 7 .

g 30 oglrcular =

~ [ |
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Figure 4.18: Pressure&lrop comparison betweesguare andircular micro pin fin arrays.

Figure 4.19 shows that square micro pin fin arrénd larger heat transfer
coefficiens than circular micro pin fin array. However, when evaluated under the same
pumping power whichvasmore realistic, the square micro pin fin arkeg poor thermal
performance due to its larger flow resistance (Figi26). The benefit of circular micro

pin fin be@amemore evident as the pumping powecreasd.
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Figure 4.19: Heattransfercoefficients comparison beveensquare andircular micro pin
fin arrays for same Re.
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Figure 4.20: Heattransfercoefficients comparison betweesguare andircular micro pin
fin arrays undersamepumpingpower with 1cm 1cm chip.
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4.6 Summary

In thischaptera numerical model with symmetric boumg&onditionswasbuilt to
studythe hydraulic and thermal characteristics of pin fin enhanced micsogagrsingle
phase coolingPredicedpressure drop and temperatmeerecomparedvith experimental
results.A parametric studywasconducted to studshe effect of Re, pin spacing, and pin
height. Both circular and square pin fin asayere studied and their performanceas
compared under same Re and pumping pollex.main observati@of this chaptewere
(2) At low Re, fwasvery sensitive to R&As Reincreasd, f beameless sensitive.¥aried
as Ré®4to Re®#0  as Rencreasd from 22to 357.
(2) Colburn j factowasnot very sensitive to Re.
(3) As the spacing of the pinwas reduced, the interaction between the piesame
stronger.
(4) The pressure drop of the square pin fin awagmuch larger than circular pin fin array
under same Re. Heat transfer coefficient of square pin fin eu@apigher than circular
pin due to the increased fluid mixing. Howevesr the same pumping p@wm circular

micro pin fin arrayshowedbetter thermal performance than square micro pin fin array.
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CHAPTER 5
CO-DESIGN OF MULTICORE ARCHITECTURES AND

MICROFLUIDIC COOLING FOR 3D STACKED ICS

The characteristics of the pin fin enhancednogap have been studied previously.
As the power dissipation of microprocessor increases, and the chips are stacked, the air
cooling cannot meet the requirement of thermal management. Microfluidic codding
proposed as new cooling technique due toigs ithermal performance. In this Chapter,
the pin fin enhanced microgamasused for cooling of 3D stacked ICs. The benefits and
advantage of single phase microfluidic cooling have been demonstrated by both modeling
and experiments.

5.1 3D Stacked ICs Strature Model

Natural Convection

Active layer

w

Active layer —»

Natural Convection

Figure 5.1: 3D stacked ICs structure
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Fi gbrlshows t he noti onal packa8gfe dwi3dthh st
mi crofluidic cooling considerdgprocasder pr
me mowgmreecl osedemn The tlyish active Ilvaayser in
genemwatseent i fied. Bewewedteh&i ®Wet avVel ageger u.
bonding and routi ngwa8bewgaem tthea tesmdhrahce
i ncorporati ngwddruivde nf Iboyw awh iocunt si dew&$ ow |
fabricated by Deep Reactive |l on Etwéeaneg (D
el eavras filled witlddeppeorgiwhiacnhd croenmmoe cyt |
werfer st et htelde wefxip iheed by el ectropl ating.
|l ayer andwemedtrninclwidesd in theemoédekdi ng. a
bi smalei mide triazine (BT) substratwasthrou
attatchedhe printed circuit board wusing sol
syswemssumed to be natur al convection cool

W/ (°dr) . B.adbhoews t he di mensions and propertie

Tab3. A& Maakrdi mensi oo 8D asntda cpkreodp elrGsi.e s

Thermal
Length Width Conductivity
Thickness ifm)
(mm) (mm) (W/(mK))
kxy kZ
PCB 1600 100 100 56.9 0.36
BT Substrate 950 20 20 13.4 0.21
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Tabl eomtl nued.

Thermal
Length Width Conductivity
Thickness ifm)
(mm) (mm) (W/(mK))
Kxy kz
Interposer 1.69 2.06 2.81 2.31 1.63
Logic/Memory 100 8.4 8.4 149 149
SIO, 10 8.4 8.4 1.4 14
Solder Ball D=6606md, pitoih. =BOWOWe e | 0.05 14.1
BT substrate.
Micro D= 1n2n, pitonh =BeHO0wient| 0.63 0.63
Bump and BT substrate.
TSV D=25mm, pitch=150nm. 401 401

5.1.1 Model Development
A simpl itfureed wsatsr upgr opo2 eldn i ef fFeicgtuirvee he

coef fwammipgorti ed on toke meatattomagferSi O
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Natural convection, h,,,, =10 W/(m?*K)

Inlet Outlet
.

Effective convection, h ¢
FgubelSi mplified structure

To obtain the effective heat transfer co
model, including the maten&amest dIr olmagsdr U

built 58Fi glihe &tf ftetcamyvyfeehecoefficient was

A% h (5.1)

xEAQRAs the thermal resistance betweethudae
the conduction r esi shteanPcCeB farnodm tthhee cuomdveercftii
t he ambi ewattssheAltsod,alQ power applied!liovmst he s
the surface ar&aweaetshe havexage {awmperature o

andhiwatshe ambeerat usdtiempt2ide present study) .
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Natural 'corAlve.ctibn,.ha,.nb =10 W/ (hZ*K)

A 72.9degC
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1SS
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X
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v 28.9

Fi gbr3 Conduction FE model and temper

Thaverage temper at urwaso0f3 4t hSeo htehaet i enfgf escuti
transferwa 6X.f4 %Wentm

A compact twalunalltwhmocdheldi screti zed the &
into multiple cobdt(ragl) , v celawrme sar (ddifgu)rpen e T h &

met al | ayealiaansd weelreectmdtc i ncl uded efdohhre si mp

energy flowgdiirmcthe®nvevitihecal one control vo
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Silicon / ,/1
base ']' Memory A Via V4
ctive laye S + _i:
Discretization : - '
Staggered micro - Eat 4 =
pin fin array - - 77
i ! 3 o
- AUA A
4 }Pfor.essor 4 4’ : % d 'i#'iy
2 y 4 4 v~ /e £ — )'4 n
«_ Si0, & Metal A~ =
layer X s

T, —

T i)

T, —
Tamb
(b)

Figbrdompact t hdmrama IMor@cedi eldiGocnrtertolz avto lounme (&
one. pin
After the control volumeweredefined, energy balance analyseseconducted for
each control volme. Within the control volume, theveeresolid and fluid parts. For the
solid part, inplane heat conduction from 4 directionas considered. Moreover, fiad
vertical heat conduction to the other tiers through the pin, convection to the fluid and the
ambient. A uniform temperature for each active layer and fluid in one control valane
assumed for simplification. The energy equation for the solid dowesn

Solid: n n n T (5.2)
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whefewashe energy generation raten,owa ai ned

the heat c oredwdtbooainti fnkgo My,

€

matshe heat transf
convection bet ween the solid and fvlewied. S

included, two energy equations are needed.

Unidirectional fluid flow was assumed and axial conducticidie the fluidwas
neglected. The energy balance equation for the viaisl

FI udosd™y; Y M T (5.3

A system wfagsbfiaanedndyggpmahplygienen ev

vol ume. I n order to obtain the temperature
simultaneously. Al t he weaeasvpercd s soend aansd fcuwom
fluid, processor andhenemeswyl ttiemp es ol dug m so ff i
the temperature of processor, memory and

information forwewemny edomihr 6lhree@l 2@e matri c
Tridi agonal Matr i &Bwaksgedi tlomsOTDRA)X hlese eq
convergenweaesGcr At éritdne calcul ati onsweorfe t he

conducted in Matl ab.

He at transwasebtcoiefdd chasandd on the numer.

5.1.2 Model Validation
I n order to validate the compact ther mal
and heat transfer (CFD/ HWasnmd@@dnwwad8r duilt

20td AAABpwasH{BOOThe chip dimension @ms 8. 4
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shows the model and boundary conditions us:¢
to simplify the model . The wer fofr mt the alt o dii c
160 W. The uniform dissipation of active |
boundary condit3 wnt wasnivatewvebhockOy O0.58 m
condition was atmospheriwerpe eeswalrwat eldh ea tf |
temperatur e. An upwi mgl isccihte mdle twhlaidn kf&adrmi P
Equations8pShMBbESmhlnroyed for the solution

transfer.

h,,=10 W/(m?*K), T, .= 20 °C

i 4 1 1 EEZ
Inlet== Outlet
&4

Hsi

h.4=562.4 W/(m?*K), T,,,.= 20 °C

Figbr5e Full CFD/HT model

I n oo deal ance the accuracy and calcul at i
was did for the fulBhGwB/ Hhemoaslul t $ab IWhe!
el ementagddasoaen 3745k to 4138kac@ a0k Yremsd ut e
maxi mum ¢t eampred e ss eOt RANIST K5 el ement s wer e

subsequentl y.
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Tab3 eéMesh i ndepefndrenx®2 sttaiadkyed | Cs mod

Number of elements | Y0 (Pa) 4 4 (3)
3)

2777k 20949 76.87 79.98

3745k 20934 76.96 79.74

4133k 2053 76.95 79.89

Figor&) shows the comparison of the ter
bet ween compact ther mal mod el andndeeaislkeed
al most I inearly along the hygowTherectienen
maxi mum temperature between the two model
temperature was 9. 2 %. I n the compact therm
was used for every column dfert ke edifn cfiiemda.
of the full CFD/HT model was much higher 1t

resulted in the detailed CFD/HT model predi
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Figbht(eb) i s the comparison of temperatur
compact ther mal mo d e | and detailed CFD/HT
temperatures between the two model swawas 1.
6. 1%This confirmed the validity of the coi
model t dldske caobnodust t o compute, while tBe det ¢

hour 20ammd on7nmea cWMiinn3®.GMizt ICP B .@Bh dme mor y.

5.1.3 Redistic Nonuniform Power Map

We mediell6 <cor e, x86 processor, each wit
sharing a banked, coherent L2 cache inter
simul at iwas myebkl ti miwagy moedel by hatmul tico
fremtd btolmaht | i nux opereaxae cagd mpyistbeedn 3aB G bi nar

The goal of twmis® igrefhreaatreudt urie g, energy,
weras cl ose as possi brls. tToh ec ofmMnooadri t pl agmr owsee
shown i®m. Fi dheekbpdcaocreeds on the 8. 4mm x 8. 4
consdbstfive modules: Frontend (FE), schedul
unit (FPU) and meantoereyne(dDbLtll) 6 eldhweall 2siczed L
arrayed on a 8.4mm xh@8a 41 mivhb ydti e . c Emadi tLY. b
was gener atcPATWP[s mgetthengM| i brary using pub

about commodity x86 processors.
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Si mul ations were run for 500M clock <cyc
reach a fAregion of interewh®& I(a@agithire hwlearcdi
computationalwerkapraeacteaitiagt ives sedper ahieygp
system boot code and application shdartup
reached the region of interest, rtipégapower

sampled every 10 microsecondswdmws d otda ceér ia:

the thermal modewluponl meqmemenaalk, pwe®gr ams fr
PARSEC benchmark suites. I n thetspeesf wer e
generated from the Canneal benchmar k i n th

Powermap, processor
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Figure 5.8 Non-uniform power mapof processarbarnes.
The physienapk digordiedus configurations of
memory tmierr owiltuh di ¢ cweimang. mdWhiel eonfieger c
packaging options that c¢oudtdwoh anvaeiirb )epedihrm@txsp

met hodol dgegifger a@amd ii)ddemogmsmabteonsn. thiag:
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t he dcynpower map of fbtam@emed@rhec d sostoarl fdoyrna mi ¢
procesasd2.9 W and tliéwmd3x0miimWAeamt t ot al dy
power of twhaea smeiMmedy Ot% f bteh at of processaor

di stributed.

5.1.4 Ca® Study with Different Microgap Configurations
The compact ther mal model was wused to a
stacked |1 Cs undeibamrealgihset itcotppdweprumpapng po

water i nls3t awad$ Itahte Po@uundary condi ti on was

(b)

Fi gbr% Two types of nmsictapapwcenivi ghr anhieomi
Two tiers with two microgaps
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Two types of mi cwegap stadf edu@sBeiidn rFatg:
conf i gludoantliyonone mi crogamdt whi |, vlashi@ 006t her

Sand2®d, am2d0tdH.

The first case st udpireodc ¢wvsagso roante bno tctroong agpn
tier on % d¥Phows gtuhree t emperature distributi
t his cas-eni fTdirem ntodnimpterr iald wtrieo n noruaiferm teate t ot
dissipatonThe maxi mum temperaturzabofthbeoblbbgiet.
come@et he same power di stri bDbue ohp eheeipbtul &
temperature rise, whe ambaxt mamouemper aflAbthbo
di ssipation of memory tier was only 30% ¢
di stri butuduminf owans amodh t he maxi mum temperat u
823because dfi etrheh dcrtmmscso nfchiec YwassA7e3dkPp

the massi wdb.gl/ s at er this case.
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Fi gbrledlont i nued
Tab3 éResul ts .for 4 cases
Configsuration 4 i 4
) )
Cade|One micropgapewebdbh a/93. 1 82. 2
and memory tier on
Cafe|One micrpgapeéewebho|114. 9 |77.1
and memory tier at
CasS8e|Two mi cr opgraopcsé sweiotrha|8 7 . 7 54 . 8
and memory tier on
Cadge|Two mi cr opgraopcse sweiotrho |7 2. 7 58. 3
and memory tier at
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Tabd 8 hows t he maxi mu mrodesaoapnedr ambeurmoer yo ft itehre
di fferent rceas ewsi.t hCocnapsae lprocesshtei etre mpreraa sie e
1143.,9 which was higher than that of 8ase 1.
which was | ower tWwalme dawade otf h e atslkeerlmalT ha an ¢
i's higher than that of silicon oxtiidoen., Soh ef
processot i er wi th high heat dissipation shoul o
maxi mum t empoeessot uee whs r edux,edarbdy tahhaotutof
memory tier was Beompadehy wabbdutcmp@weads. The
determined as the product of the pressure
power of eactheducedgtap Hwalsf of case 1, bot |
flow rate were reduced. Thus, veo | luanrteg efrl otwh
hal f of case 1. The wadst. &thgmgesesr ftl lbawn raa e f 1o
the bulk fluid temperature rise was | ower t
3 should be | ower thanopawaslreffucéethetp 0B
the two tiers with two microgaps was super.|i
Compared with previous c as epsgessbthiee rmaixn ncuars
was further 3reduocmuestttchiédd@ni ¢r ogaps bel ow an
The temperature of the memory tier was sli
mi crogap cool i ng,Thceo nmapbaorveed fwoiutrh ccaassees 3s.h ow
two micr dgams heamh dvi ¢ r plaotubl e si de micr og:

best thermal performance.
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51 . Wor kl oad Driven Cooling Solution Optimiz

I n the above cases, the pin fin di mensi
t her mal model Mwaasl albi nokpetd nti@ athen t ool box.
used to find an optimized pin fin structur.
the |l ogic tier for the configuration of <ca
tiwesde skenfeorms, with pumping power fixed &
of pin fin dilame2fler st hwea sr aln0Ogle of rati o of
pin diameter was 1.5 ~ 2.25; the range of
1.5 ~ 2.25; and the range of r atwaot eaxf wpaisn

used aswictololiamltet t3emperature at 20

Tab3 &€@pti mi zat i onumiefsaurl m sh & eotr diosnsi pati on

Dp Sl) |Sr@l)|He@l) |1 ( g/ YO [ Tmax,!o
) (kPalg)
1 100 200 200 200 1.6 18.3 72.7
2 100 150 150 243 1.2 255 81.6
3 100 200 200 100 1.0 29.7 92.3
4optimized) | 194 290 420 400 3.4 8.9 57.6
Tab3d @&hows the optimization results. Th

sel ected fromlthoewpatedrheergin fins for t he

di mendieoma,sst fl ow rate was smaller and pre

95



resistance, which | ead to a | arger bul k f|

temperature of | ogic tier was higher. The
i ncrdehseemass flow rate significantly, and
So the maxi muprtoempematwarse sanfal | er .

The previous optwumiftarmomewadas disesi pahni o
Next, weheopo DL1 nidedourlee wans tihmecr7eased to 2
modul es remained the same. So, the maxi mum
optimized pin finSdomendiadonhorot Mehleeadan di s
with hosmpbter pin fin dimensions achieved
with | arge pin fin dimensions, which produ
temperature rise, smal l er pin fin di mensi
Whitbkis ovewagXxpecetseud,t t heprpaeisckdag tu amtniatl tsii

definition of the optimized design.

Tab3 & pti mi zati onumiefsaurl m sh gatr diosnsi pati on

Do(tl) [Scl) |[Sri) | HetT) [T (g/|Yo( kP4 &
@)

1 100 200 200 |[200 1.6 (18.2]149.
2 100 150 150 (243 1.2 |25. 2|136.
3 100 200 200 (100 1.0 |29. 4/158.
4 194 290 420 |400 3.4 8.8 151.

S(optimize | 1 1 6 175 175 (349 1.6 (18. 3|131.

d)
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5.2 Coupled Power-Thermal Model
I n addition to the dynamic power di ssip
another power could be dissipated evpowah,ge

call ed | eakage powdre. sOhbal hdrydpea lodgd . eakagler s

voltage is below the threshold voltage. A:
feature sizes, l eakagdbegpawasr tmanmsase Drestm
are reduced in conoembiwt@aahnsupphgivodloragpe

power strongly depends on the supply volta
5 °0 " zo (5. )

The significamerceeafackeblhags pbe t her mal

power has an exponent i(aHi gduerpePnsd. eInhcge |onnt etrenna

Technol ogy Roadmap for Semi conductors (1

consumption will exrc eean stuhnept d yma minc 2p0olvbe
measures are taken t9] reduce the | eakage p
25 | —FRT —FPU
g 2 SC DL1
) —INT —L2
[
2 15
2
© 1
S
< 05
4
0 _
300 350 400

Temperature (K)

Figure 5.11 Leakage power characteristics for each module.

97



Fiugbe2 shomwe wtlher mal simulation framewor k
appli datairyn neamevds siéadr nékads ecdy cdiemubdat 86 si m
le&eore processor with realtwpedlilcadt @edch sf am di
ofnterest i n dbéoetehag pddwert imndelnsd. The power
cowadet er mi neddwhtelcen timmertmaln mo d ele.t eTdhmei nteh e
the ther mal map under a certaidtepomgitrhge po

temperatur e, thedpbwelt embafgbe pative a bhaet e b a s €

t her mal madxt haen d nppdatpeower to the ther mal n
Cycle-based .
Application simulator Counter
Binaries with Timing Structure
Model

h 4

Power Library
Analysis Model

‘ Power Traces re—

Floor Plan

Thermal Library |_
Analysis Model

‘ Thermal Map <+—

Figure 5.12 Coupled powethermal model.

The effects of various parameters related to microfluidic cooling such as ambient
heat transfer coefficient, ambient temperatared pumping poweron the electrial and
thermal performancwere evaluatedThe initial pin fin dimensionsvere diameter 100
pm, pitch 100 um in both directions, and height 200 um. Ambient heat transfer coefficient
wasassumed to be 10 Wi and ambient tempetare 20°C. The pumping power for the

flow loopwas0.1 W.

98



Figure 5.13 shows the temperature distribution of the processor and memory.
Although the dynamic power of the memomgas only 30% of that of processor, the
maximum temperature of the sta®3.8 °C,waslocated on the memory tier. Thigas
because the heat on the memory tier must transfer through the oxide layer with low thermal
conductivity and then dissipated into the fluid. However, the heat on the proaessor
conducted through the sibn base layer with much higher thermal conductivity than that
of oxide layer into the fluid. As can be seen fromurg5.13, the chip temperature
increasd along the flow direction. Thisasbecause as the fluitbw through the channel
it absortedthe heat and its temperatuirecrease. The leakage power on the processas
40.8 W while that of the memoryas56.1 W. The leakage powamounédto 55.8% of
the dynamic power of processor and memory. phiwes that it is necessary to consider

the leakag@ower consumptiofor accurate results.

Temperature, processor

degC
80
E 70
3 6
S 160
0 4
S 150
3
Ie}
9 40
30

Figure 5.13 Temperature plot (a)rBcessor, (b) Mmory.
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Figure 5.13 continued.

—Tmax (degC)

—Leakage Power (W)

0 20 40 60 80 100

Ambient heat transfer coefficient
(W/m2K)

Figure 5.14: Effect of ambient heat transfer coefficient on the maximum temperature and

leakage power.

Figure 5.14shows that when the ambient heat transfer coefficient inctéase 10

W/m?K to 90 W/ntK, the maximum temperature decrehdy 1.3 °C, and the leakage

10C



power decreaskby 1.3 W. The ambient heat transfer coefficiemais much smaller than
that for microfluidic cooling, so most of the heatasremoved by the fluid. \ith the
microfluidic cooling, theravould beno need to use air cooling.

In the present study, thelet fluid temperaturewas assumed to béhe ambient
temperature. Figre5.15shows that when ambient temperaturereasd from 10 °C to 40
°C, the maximum temperatumecreasd from 76.7 °C to 151.2 °Cand leakage power
increasd from 77.4 W to 167.6 WThe increase of temperature and leakage povesr
not linear because when themperatureincreasd, the resulting leakage power also
increasd, which furtherincreasd the temperature. The high temperature could cause
device failure while leakage power wasenergy. Thus, for some extreme operation
environments with high ambiergrperature, a chiller may be needed to cool down the

inlet fluid, and thus reduce the junction temperature and leakage power dissipation.

150 Tmax (degC)
Leakage Power (W)
130
110
90
70
10 20 30 40

Ambient Temperature (degC)

Figure 5.15. Effect of ambientemperaturen the maximum temperature and leakage
power.
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130

Tmax (degC)
Leakage Power (W
110 g (W)
90
70
0.04 0.08 0.12 0.16 0.2

Pumping Power (W)

Figure 5.16. Effect of pumping poweon the maximum temperature and leakage
power.

Figure 5.16 shows the effect of pumping power on the maximum temperature and
leakage power. As the pumping powecreasedrom 0.05 W to 0.2 W, the maximum
temperaturadecreasedrom 129.9°C to 75.9°C and the leakage powelecreasedrom
123.8 W to 83.1 W. Compared to the power consumption of the chip, the pumping power

wasmuch smaller.This demonstratethe effectiveness of echip microfluidic cooling.

5.3 Experimental Study of CMOS Chip Performance Enhancement through
Microfluidic Cooling
Although there areseveral modeling stugks of microprocessor thermal
management with microfluidic cooling, no experiment exists to demonstrate the benefits
of microfluidic coolingon a real chipin terms of temperaturand leakage power reduction.

In this section, a functional chip with-@hip temperature sensosmaspackaged with the
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fabricated microgap Experimentavereperformed to study thermal performance of chip
with micrdfluidic cooling.

Fi gbrles’hows the field programmabl e therr
polysilicon basefdPreshet o hswealaep dileaam epssdt i

technology (BJT) based, for el r efTdaehSe me as

digitally controll able structures composed
When al l NM@® @drenveidc eosf f, measuring current
reprecseakage current. \Weame eodarte acsuurrree ntthissen
current. T hea d tetiahkea geef fseecnts oorf t emper atur e

The-cbnhnp temperaturedtskeaspusctdiomrct eEmpasratsey
temperature -phwvpfrahr i cTdatemd (eFBtgBA3@ er checki
ifanctional i tyataemdv arbiidu dtypawerapnduedeasi at

actual conditions were recorded

Vad Test Chip: fmm X
2mm

......

+ 5digitcontrolled  p,,,, "¢

heaters (V,4=3.0V) i
with NMOS transistors.

s10suds Sojeuy [

Ground
Vi

* 4 resistor heaters, 21um
X182 um, 40 Q, (V=0 ~
36V) Ground

* 4 temperature sensors
(input 1.06V)

Figure 5.17. CMOS Chip layout and diphoto[92].
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Keithley 2401
sourcemeter

data acquisition
unit

Figure 5.18 Schematic and exg@yimental assembly of CMOS chip, microgap, PCB.

Figbrsda®Bows the schematic and experi ment
mi crogap, and PWwWBatTheh€MOSochhp center of
| ayer of epoxyeaboVken htwlagpt machaendapo t he b:
by tapwaas Téomalkl rectangular hole (8.3 mm x
whiwdissed t o exposewadthhee nc hwipr.e bTohned ecdvatpo t he
sol dered antdhoemosneetedrecaoit. Agi lwastseae33 620

to provide 1.06 V to the four temperature
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heaters. Keithlwaws2401 os p ugaenedohertedarsur\e M he
currentthenhroougmhmsi stor s. TWwerceméheat edubputA
34970A data acquisition uniltampat aonguikeat el
(21.1 mm we@&tlimmp the PCB to expose the |
t wo pamwtespé aced upon the fluid vias and att
nanopvernrdesnnected to quarteweipamch mwIfasat ifcl oty

described.in Chapter 3

Fighrie®) shows that theiobrdpaeaagsétyade nta

with the heat flux. i Todtudetadnd hetr imah tReRsir

of the <chip, epoxy, spreading resistance f

running, conduction omeoxmaderleayeasrnt,anared od o

to the ambient. 8#: can be calcul ated by |
2 — (5. 5)

where Thip Wwasthe chip average temperaturemdwasthe ambient temperaturand Q
wasthe total heater power. The total thermal resistance in Figl8a) was52.6 K/W.
Figure5.19(b) shows that the leakage currgmreasd exponentially with the chip average
temperature, whichgrea with the ref.98. The leakage curreimcreasd by 1.9x as the
temperaturencreasd from 26.33 to 57.63 . In the present study, high input poweas
avoided to protect the chip from damage and aging. But it is projectechéhbdakage

current can increasggnificantly when the temperature increases.
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Chip average temperature (°C)

(a)

320
Natural Convection Air °

270  Cooling
220
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Chip average temperature (°C)
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(b)
Figure 5.19 Naturalconvectionair cooling. (a)Chip average temperat changes with
heat flux, (b) leakage current changes with chip average temperature.

Next, three different cooling conditiong/ere compared: naturatonvectionair

cooling, forcedconvectionair cooling whertherewasno fluid running while a ROTRON
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fan with 18 cfm (0.51 fimin) flow ratewasin place above the chip, and microfluidic
cooling with a flow rate 70.5 ml/min while the favasturned off. Figures.20shows the
comparison. In Figur&.20(a), the ttal thermal resistance of the forced air coolmas
43.6 K/W while that of the microfluidic coolinggas26.9 K/W. Compared to the natural
convection air cooling, 45.1% thermal resistance reductieas achieved by the
microfluidic cooling. Also, the chipwerage temperatuneaslowest under microfluidic
cooling for the same power input. 1&8temperature dropvasobtained by microfluidic
cooling compared to the natural air cooling when the heatvias34.5 W/cn3. As the
power continuel to increase, the temperature differemnezs even larger. Figuré.20(b)
shows that microfluidic coolingave slowest increase of the leakage current with the power
increase. 66.2% leakage current sawvagachieved by microfluidic cooling, compared

to the natural air cooling at hefaix 34.5 W/cnf.

65
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g)o 4 o0 --- Natural Convection Air Cooling
© 25 o, Forced Convection Air Cooling
)
= Microfluidic Cooling
=
6 15

0 20 40 60
Heat flux(W/cm?)

(a)
Figure 5.20: Comparison of naturalonvectionair cooling, forcecconvectionair
cooling,and microfluidic cooling: (a) Qip average temperaichanges with heat flux,
(b) Leakage current changes with chip average temperature.
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Figure 5.20 continued.

Figbhr2zeslhows compari sons of thaséeefmper &buc
air cooling and microfl ui difcl ucxo ool fw at§h. & Fcrhoi np
W/ ?mith natural air cobpumgo A% .°6Au%Wdesm| yt h
and the tremnfgdtreaddiy estate attoabong BeB@EbLLt 5O
tested aftewaBuBB8&dsont sedffflamivyisnuodrd eanhleyd falt
fl owof6edtd ml/ min. It can be observed that
reacht eady state at 3c,0881l nsg.f aHrowtelveerf, ot hheed
|l eakagebecmsetready at 3, 600 s,afmar triecnt o fmeuitd
steadwad8ab® of the forced air cooling. TI

enablagseds ptomfse p oweorn vaanrdi acta n meadasnlteeaaidny . sy st
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65 Natural Convection Air Cooling
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Figure 5.21: Transient response measurement: (a) Temperature responseakajyé
current response.

Fighr222hows the chip average temperature
rat.e 't can be seen that tdee edoeampye raabtouurte 7a

and 9. 9% as ntchhae afslpp Vb .r9atnmd / mi n wiate @@ u9emt hg
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Figure 5.22 Chip average temperature and leakage current at different flow rates.

Il n t hestpudkw,enttiwaasc A BP wnmeMOS chip. For
process technology nodes (65 nmxprectlzal adw)

much higher and the |ledkageopower diecsrahse
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vol tage ien wacchortdnaencdecr easing supplay vol't

sol utoironper formance I mprovement and | eakage
el ectronics. I n tweexéepeal mngntattabéedhitp
resuln iatdidonal t her mal resvi sbaonggs Erbmcacw
|l ayer, and spreading resistance from epoxy

epoxy and wellmaoaagre tadxdeanet oo her mailescdmdacmoyv e
effi coleinntg ctoechni que-et shemgeddedmcocobigag di
of the chip. This could significantly red:l

t her mal resistance of 0.24 K/ WBhas been re

5.4 Summary
In this Chapter, the be&bedsti acsked IMCsria

studied by both modelling and experiments.

(XThe | eakagmaepoowes5. 8% of t he dgdaomilce pov

consi deeedi mal ati on.

(2NMhe temperature of the memory tier with |

that of processor tier due to the microflu

(3Ambi ent heat thdvregfyerwecadke feffifceiceenton t he m

and | emawearg.e Ipncreasing the ambient temper ¢
temperature and | eakage power significant/|
(4T he pumpiwagmuwcohwesmal | er than the power C

|l ncreasing the pumping powemumouénhpasi gnhui e

| eakage power.
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(5Mi crofluidic cooling can achieve 5. 1% t

temperature decrease compared to natur al c
the temperature drop between air cooling a
(6MHhe |l eakagerdeaprearinti ally with peoreatpowwe.r,

Under same power consunsphtevb 6, Pakaoé | cudr

saving.
(Mhe time to reach steady state in respons
waenly 48.5% of forced air cooling.
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CHAPTER 6
FLOW BOILING OF HFE 7 200 AND METHANOL MIX TURES IN

PIN FIN ENHANCED MIC ROGAPS

Although single phase liquid cooling in surface enhanced microstructure has
excellent thermal performance, the temperature nonuniformity due to the bulk fluid
temperatre rise is a concern. Flow boiling which takes advantage of the latent heat can
achieve much higher heat transfer coeffigghtin single phase liquid cooling. Thalk
fluid temperaturén flow boiling depends on the saturation pressure which decralases
the flow pathandthuscan reduce the temperature nonuniformity compared to single phase
liquid cooling.Fluid properties affect the flow boiling performance. Earlier wamklow
boiling use liquids such as wateandalcohol. These fluid have gdahermal properties.
However, they have logr dielectric strengthand large surface tensiorcompared to
dielectric fluids. Fordirect onchip microfluidic cooling, dielectric fluislarepreferred But
dielectric fluids usuallyhavelower latent heatand lower thermalconductivities In this
Chapter,flow boiling experimerg using HFE 7200wvere performedfirst as a baseline
study. The effectof dissolved gas, mafisix, powermap on the thermal performaneere
studied. Addition of methanahto HFE 72@ wasnextexplored as a potential method to
enhance the flow boiling thermal performance.

6.1 Leakage Test and Fluid Preparation
Different from water, both HFE 7200 and Methanol are very volathe. liquid
might leak to the ambient unnctabl. So before the experiment, leakage tests

required whichwasperformed at both high pressure amaiervacuum conditioa First,
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the flowloop wascharged with compressed dry after the devicevasconnectedWhen

the pressure transducer reaglieachecabout 200 kPabsolute the chargingvasstopped

by closing the valve at the degassing polte systenwasleft at this state for 12 hours
while maintainingthe pressure inside the system. Next, the flmyp wasevacuated by a
vacuum pump uritits absolute pressureachedabout 4 kPa and maintained at this state
for 5 hoursThe flowloopwasconsideredo be leak free if the pressure variasdar both
casesvereless than 1.5 kPa. If theweasa largechange of the pressure, the flmopwas

charged with high pressure aid soapvasused to help identify the leak point.

T

Figure 6.1 Filter flask for fluid storage and degassing.
To remove dissolved gasin the fluid, the test fluidvasstored in @800 mL filter
flask (Figure6.1), which wasconnected to a vacuum punmyfghile the vacuum pumpas
running, the filter flaskvasstirred continuously. The valweasclosed until no bubbling

was observed in the fluid. Dow Corning high vacuum gref@s8 wasused to prevent
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leakage arond the tubing. Th#8askwasleft at this state for 2 hour§he above degassing
processvasrepeatedhree times.
6.2 Experimental Procedure

Once the flomoop wasdetermined to be leakee, a vacuum pumwasused to
pull the system pressudewnto < 4 kPa A flexible tubewasused to charge the reservoir.
One end of tis flexible tubewasconnected to the valve located at the drain/charging point.
The other endvasimmersed into the fluid in the filter flask. While the vadeefore and
after the reservowverekept closed, the valve at the drain/charging peedopen to allow
the fluid to fill the reservoir up to treembientpressureThen the valve at the drain/charging
point wasclosed and all other valvealongthe flow pathwerekeptopen.All the tubing
and componentwserecoveredwith fiberglass insulation.

The gear pumps circulatehe fluid in the flowloop. To suppress flow boiling
instabilities the controlling valve immediately before the test dewesthrottled whie
increasing thgoumpsspeed. In this way the pressure before dbetrolling valvewas
elevated to 3 bar absolytghile the flowratewasset as wantk With the chilled water
running thesystem reacadd steady state in usually about 2 houdrsen thepower supply
connected to the heatesmsturned onand powelincrementedn stepsof about 1W for
low flow rate(<15 ml/min) and 2 W for high flow raté€> 15 ml/min) All temperature and
pressure dataererecorded once the systesachedsteady state.

Experimens were terminated when the system reath@HF, asdetermined by a
sudden increase of the temperattrthe end of the pin fin array®¥4 p B ). A Phantom
V211 high speed camewnaasused to capture the boiling in the pin fin ag.ahe resolution

was1280 800, samphg ratewas2200 fpsandexposure timevas300t O It wasfound
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that the light sourcalsoheatedhe device. So when not capturing video, the light intensity
was kept at 5% for which the heat from the light sourogas nedigible. After the
temperature and pressure datrerecorded, light intensitwasincreased to 50% and the
boiling wasvisualized Then the light intensitwasswitched back to 5%.

After the experiment, th#éluid in the flow loop wasdrained.Compressed dry air
wasused to flush the loop to remove any traces of the liquid. TheNas|eft at this state
for a night before another test.

6.3 Data Reduction

The total power consumptidqry ) measurement and heat Iqgs ) estimation
aredescribed in Chapter 3. The effective power dissipation ) is the difference between
n andn

n =N -n (6.1)
So the effective heat flux is given by:

N — (6.2)

Where A is the total heater area 1 €m
The average heater temperature is obtanyeveraging the temperatures of the 12

temperature sensors.

YR : (63)
The base temperature of the pin fin agisycalculated by a 1D thermal resistance

methal:

YOy — (6.4)
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where'Y includes the thermal resistance of the silicon oxide layer and si base and is
given by:

Y — — (6.5)

6.4 Experimental Results
Flow boiling experimentwasperformed to study the heat transfer performance of
pureHFE 720Qand mixture of HFE 7200 and methanol at various canagon. The inlet
temperature of the fluidvaskept at 25 . Three different volume flow raseweretesed
12.3 ml/min, 16.5 ml/min, and 20.0 ml/min. Tkerrespondingnaximum mass flugs
based on the minimum crossction areavere354.5 kg/m-s, 475.5kg/n?-s, and 576.3
kg/n?-s, respectively The pin fin dimensionsf the microgapusedwere Dp= 100t 1 ,

Sr=200t 1 , S =150t 1 , Hp=164.7t 1 .

6.4.1 Effect of Mass Flux

?8 |+ G=354.5 kgim2-s
= 60 m G=475.5 kg/m2-s
E 59  *+G=576.3 kg/m2-s =
% 40 - " —
<30 OOB T se”
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10 - ,‘0.’ -
0 ut L 2 | | Bm!mg (OQB)
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Figure 6.2: Flow boiling curve for HFE 7200at different mass fluesfrom 354.5 kg/mk
sto 576.3 kg/mé-s.



Figure6.2 shows the flow boiling curve for pure HFE 7200 at different mass flux.
The effective heat flux is plotted against the difference between average pin fin base
temperature and fluid inlet temperatuBzfore the onsetf boiling and alow heat flux,
the flow was single phase flowAs the heat fluxcontinuedto increase, boilingtarted
suddenly and the average temperatiiogpedsignificantly, as shown at the point of onset
of boiling (OOB) in the figureThis wasbecause the two phase heat transfer coefficient
wasmuch higher than single phase and the saturation tempedatrsmasedlong the flow
path.In the two phase region, ttsbope of the boiling curvevashigher than that of the
single phase region. Howeves the heatlux continuedto increase, the slopkecreased
quickly. A small increase of effective heat flugrsultedin significant increase of the
average temperature, whiaidicated thathe CHFhad beenreachedThe effect of the
mass fluxeson the hat transfer performanceas also evident.In single phase region,
higher mass flugs had higher slops, and thus higher heat transfer coefficgrds
expected Higher mass flugs also showd higher heat flux and ofTin at the onset of
boiling. The criticd heat fluxwasobserved to increase with mass flux.

Figure 6.3 shows thdlow pattern for mass fluat 576.3 kg/m-s at different heat
flux. The flow directionwas from left to right. At low heat flux P =35.4 Wicm,
individual bubbles andlug can be observed downstream of the pin fin array, indicating
bubbly/slug flow. The bubbleseregeneratd and coalesakinto largerbubbleslt can be
also observed that the bubbkxpanedin the flow directionAs the heat fluxncreased
to ﬁa =47.5 W/cn3, the area of two phase regiamcreased The bubble densitand
frequency increasksignificantly, asdid bubble coalesecee Few individual bubbles can

be observedndicatingan annular flow regimeAs the heat fluxncreasedo r']5 =66.4
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W/cn?, dryoutoccurredat the end of the pin fin arragnd the temperatusen that part

increasedignificantly.

Individual
bubble/slug

Bubble
coalescence

Bubble
expansion

Completely
covered by
vapor

(b)
Figure 6.3: Flow patterns at different heat fluxes illustrating the prW boiling regime
development until dryout occairG=576.3 kg/ms, H=164.7" & (a)n° =35.4 W/cn3,

(b)® =47.5 Wicm, (c)ri® =55.2 W/cni, (d)r® =66.4 W/cr.
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Figure 6.3 continued.
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