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Abstract

Numerical Investigation of the Cooling Performance of Microchannel

Heat Sink under Uniform and Ndudniform Heating Conditions
Ling Ling

High-power electronic devices are now widely applied in computer,
mechanical and sustainabdmergy industries. $electronic devicedbecome
further more integratednd powerful more effective cooling is required to
removeincreasg heat fluxeggenerated by smaller devicddicrochannel heat
sink has been recognized as a very promising cotdicgnology since it was

brought up bylfuckerman and Pease

The purpose of thepresent wdk is to numericaly study the cooling
performanceof microchannel heat sinks under nemform heating conditions

and to compare to that under uniform heatiogndiions Water with
temperaturedependent properties isised The temperature distribution,
pressure drgpand total thermal resistance of the heat sink are selected as
criteria of their cooling performanc&he heat sinks are tested under various
inlet velogties and heat fluxed=irstly, crosslinked microchannel heat sink

used for cooling of heat source with hotspdthree widths of crosknked
channel which are 0.5 mm, 1 mm, 2 mm are compared to straight channel with
different positions and amount abtspots on the bottom surface of the heat

sink. Secondly, straight channel micro heat siake studied and optimized



under continuously varying heat flux conditiofisvo layouts ofthe heat sink
are proposedn which heat flues changeperpendicularand along flow
direction, respectivelyThen, the layout withbetter cooling performance is
optimized with Taguchi method=inally, a novel swirl channel heat simk
employed for coolingf continuously varying heat flux conditions on a circular
plate and is compared touniform heating Erenow, four cross sectional
geometries of the channel (rectangular, trapezoidal, inrtexpezoidal, and

iIsosceledriangular)arecompared for the heat sink.
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Chapter 1 Introduction

Microelectronic devicesare now widely used in electronic, mechanical,
sustainable energy industries. Its development trentbire integrated designs
with compact packaging artdgherclock speed. Therefore, the heat produced
per unit areancreases which now can reach over 100 \W/cfo keep thir
working temperature withithe safety range, effective coolingirsdispensable
Forced air convection has bettre earliestand most common way of cooling.
However, the heat dissipation rate is relatively lobecause of thenatural
properties ofjas Since the concept of microchannel heat sink was first brought
up by Tuckerman and Pease in the early 1980skermanet al. 1981)it has
beenprovedto be a very promising cooling technology feemiconductor
devices because of its small size, low thedm@sistance, small coolant
inventory requirement, and small coolant flow rate requiremeht.
microchannel heat sink usually ¢ams a number of parallel microchannels
whose hydraulic di amet &rmDurmqithe pagg f r or
twenty years, thestrongerinterest among researchehnss providedbetter
understanding of design arapplicationof microchannel heat sinks in tho
singlephase and twphase fluid conditions. However, mosxisting
researchesare conducted under uniform heating condition, whgeactical

applications are characterized by agmform heat flux conditions.



In the present work, the cooling performaaaf microchannel heat sinks are
numerically investigated under namiform heating conditionand compared

to that under uniform heating conditionsingthe commercial CFD software
Fluent. Three kinds of heat sinks aimulated crosslinked microchanel heat
sink, straight channel micro heat sink and swirl channel micro heat sink. Two
types of noruniform heating conditions are proposéthapter 4 presentbe
cooling performanceof thecrosslinked microchannel heat sinkith local high
heat flux corditions. The effects of heat flux and geometric parameters are
investigated.The cooling performance daftraightmicro heat sinkis studied
under continuously varying heat flux condittoon a rectangular plate in
chapter 5Further optimization on geomgtispecificationsof the heat sink is
cariied out using Taguchmethodin order toimprove thecooling performance

In chapter 6, different cross sectional geometriespasposed and@ompared

for the swirl channel micro heat sink under uniform heatiagdtions. Then,

the cooling performanceof the swirl channel micro heat sink under
continuously varying heat flugonditionsis compared to that under uniform
heating with the same amount of he&bnclusions and future works are

presented in chapter 7.



Chapter 2 Literature Review

In this chapter, a brief review of open literatures is presentdajtod cooling
in microchannel heat sinks. Literatures are categorized into uniform heating
conditions and nocmniform heating conditions. Objectives of this work are

presented at the erad thechapter

2.1 Uniform Heating Condition

Microchannel heat sink with uniform heating condition is suffi¢yestudied
both numerically and experimentally.h& aspects ofresearchincludes
materialsof solid and liquid phas@oh etal. 1998; Zhang et al. 200Kuan et
al. 2008), cross sections (Dickey et al. 2003; Li et al. 2006; Nonino et al, 2010
Asgari et al. 201)) heat sinkdesignconceptqXu et al.2005;Liu et al. 2007;
Xu et al. 2008 Muwangaet al. 2008; Qu et al. 2008ak et al. 201}l and
important parameters in heat transfer such as critical hegR8uellin et al.

2007) and etc (Chamarthy et al. 2010

Tuckerman and Peag#981)brought up the concept of microchannel heat sink
as a promising cooling technology faery-largescale integrated (VLSI)
circuits which could generate over 100 W/crh of heat flux. They
experimentally tested a watsiticon heat sinkwith high aspect ratio. The
thermal resistance was selected as the criterthedfieat sinks performance.
Laminar flow with high flow rate was considered necessary for reducing

thermal resistance. The deionized water was used as coolant with a temperature

3



of 23 °C at theinlet. The tested heat flux was up to 790 W#amhich resulted
in a maximum temperature @fl °C of the heat sinlat a hgh pressure loss of
220 kPaThermal resistance decreased when flow rate increased and was under

0.2°C/W with a flow rate of 2 crifs which was the lowest flow rated tested.

Poh and Ng1998)numerically investigatethe heatransfer phenomenon and
thermal resistancwith uniform heating in manifold microchannelANSYS
was used teimulate16 cases witldifferent geometric parameters thie heat
sink. Fluorocarbon Liquid FX3250 was used as coolant and the flwas
laminar. The effestof channel geomatrs inlet velocity and wall heat flux
value were studiedndcompared to an analytical mod#lwasfound out that

the thermal resistance of the heat sink decckasth the increas®f channel
length or depthYet increase in inlet velocity reduced thermal resistance. The
numericalresults agreeavell with analytcal analysiswhen interfacial effects

were not neglected.

Zhang et al.(2007) proposed and experimentally studied three types of
microchannel heat sinks: metallic microchannel heat sink (MMCHS), silicon
microchannel heat sink (SMCHS), and metallic foamt lsgiak (MFHS). 21
microchannels were machined aluminum for MMCHS. The microchannels
etched on SMCHSs 1 and 2 were 102 and 152 respectively. MFHSs with
porosities of 0.9, 0.8, 0.7, and 0.6 were studied. The manufacturability for the

three types of heainkswascomparedMMCHSs werethe easiest to assemble



while MFHSs were proper for largeale production. MMCHSs had the
smalkest thermal resistanceith low pressure droecause of the natir
properties ofthe metals SMCHSs provided lowest thermal sigtance at
sufficient high pressure droffhe heat dissipation could reach 200 W/éon

SMCHSs with a temperature rise of’&0

Kuan et al. (2008) studied twmhase flow boiling stability at critical heat flux
(CHF) using refrigerant 123 (R23) and wate as coolant. CHFs df both
coolants vere obtained experimentallyHow restrictorswere found as an
effective technologywhen applied at the inlet fostabilizing the twephase
flow and reduce backflow phenomenomhe test module contained 6
microchannels It was found that CHF was reduc&dhen using R123 as
coolant Employing pressure drop elements of 7.7% improvémvf boiling
stability. A theoreticalmodel wasalso established for CHF prediction and

results showed better agreement.

Dickey et al. (2003)numerically investigated the availability of applying
porous media assumption to a microchannel heat sink with triangedar
toothd cross section under uniform heating. Results were compared with an
analytical solution. It was foundhat under porous mde&a assumption, good
agreement was only in the solid phase for the triangular channel micro heat

sink.

Li et al. (2006) optimized the geometric parameters for a rectangular



microchannel heat sink with numerical simulatiof®rtial dimensionless
analysis vas used for the-B heat transfer model. Uniform heat flux was
applied on the bottom surface of the heat sink. Thermal resistance was
compared to determine the optimal desigigh aspect ratiovas found able to
reducethermal resistancsince heat transfearea vas increased A channel
number of 120 per centimeter was fouedbe the optimal design with both

tested channel height.

Nonino et al (2010 numerically investigated developing laminar flow in a
microchannel heat sink. Six different cross sectigeametries of the channels
were pr@osed which were circular, flglate, square, rectangular, trapezoidal,
and hexagonal. Fluid properties were constant except the viscosity. Results
confirmed that the effect of temperatidependent viscosity should mbe
neglected for developing flow. Nusselt number was sensitive to the viscous
dissipation and crossectional geometries. Yet the situation was the opposite

for pressure drop which was mainly influenced by viscosity.

Asgari et al(2008)developed an appximateasymptoticnethod to determine
the optimum crosssection and the corresponding geometry sizes of
microchannel heat sink. The optimum design was calculated @ndentain
pressure drop to obtain maximum heansferper unit volume. The model &
function of Bejan numbeiBejan et al(1992) and dimensioal parameters of

the channel or ductThe Bejan number is the dimensionless pressure drop



along a channel of length L5 (Q ﬁ).Ten different cross sections were

investigatedparallel plate channel, circular duct, rectangular channel, elliptical
duct, polygonal duct, equilateral triangular duct, isosceles triangular duct, right
triangular duct, rhombic duct antapezoidalduct. Results were compared to
the solutions obtained ung two exact methadwhich wereapplied in Yilmaz

et al. (2000) and showed fine agreement. Triangular ducts were prtvée

the most efficient for maximizinglimensionlessheat transfer, followed by
trapezoidal and rectangular channelCircular and quascircular ducts
(elliptical and polygonal channels) were found not very efficient because they

could not fill the space in the package effectively.

Xu et al.(2005 experimentally compared the temperature distribution and heat
transfer characteristics afconventional heat sinkith a novelstraight channel
micro heat sink which hafive transverse microchanndts prove the existence
of the thermal boundary layer redeveloping mechanBath heat sinks had
triangular straight channels at the same sSiberewere10 parallel channels in
the test section whose hydraulic diametess1 5 5 . Thenarea coved by the
channels was 21.45 mm4.35 mm.Five trapezoi@l transverse channels were
placed evenly along the longitudinal directionThe distance between the
centers of each two transverse channels was Z804vhich was almost the
thermal developing length faa flow velocity of 1 m/s. High resolution IR
technology was used tobtain the moduletemperature and Nusselt number.

The tested ranges for inlet prass, inlet temperature, mass flow rgpegssure



drop, and heat flux are-d bar, 3070 °C, 534.794132.85 kg/rfs, 10100 kPa,

and 10100 Wi/nf, respectively. The temperature distribution othe
conventional heat sink had the horseback shape with a pagideent inthe
x-direction. The maximum temperature appeared at x=14 mm. The Nusselt
numberdecrease@long the flow directiorand decreased especially fasthe
entrance region. For the novel heat sink, the horseback shape appeared
periodically at edt independent zonehich consisted of part of the straight
channel and a transverse chanrigbe low velocity in transverse channels
caused thénigh temperature inhe transverse chanmehich could be reduced

by narrowerchannel width and increase sdit wafer thicknessThe Nusselt
number also had the periodic shape and was larger in the first region near
entrance. The distributions of temperature and Nusselt number vehied

existence othermal boundary redeveloping mechanism.

Liu et al. (2007) dseigned a fractal network microchannel heat sink for cooling

of uniform heat flux on a rectangular plate. Fractal branch net divided each
channel (mother) into branches (daughter) which had the same shape but
smaller diameter in order to obtain better terapge uniformity without
causing very high pressure loss. For arbitrary aspect ratio of rectangular plate,
fractal net branch profiles were designed. With certain pressure drop, branching
level 7 was discovered to be the best. With fixed heated aremabpteat sink

aspect ratio was 1.87.



Xu et al. (2008) used CFD methddr further stug of the flow and heat
transfer in the conventional and interrupted microchannel heat sink following

the experimental work in 2005h& numerical results showed good a&gnent

with the experimental datdhe silicon wafer was 30 mm x7 mm x0.525 mm

and bonded with a 7740 glass cover. There were 10 channels covering 4.35 mm
in width in the test module. The geometry size of each longitudinal channel
was 21.45 mm x0.3 mm 8.212 mmwitha hydal i ¢ di ameter of
The trapezoidal microchamber which interrupted the longitudinal channels had
the top width of 1.015 mm and bottom width of 0.715 mm. Talieeensional
conjugate heat transfer was computed. The results shinaechass flux and
received heat were larger in central channels than edge channels by 0.2% and 2%
respectively. This was caused by the heat conduction from center to edge in the
wafer. The thermal and hydraulic boundary layers were proved to redevelop at
the entances of eackeparated zone which consisted of a part of longitudinal
channel and a transverse chanfddle thermal boundary layer was not fully
developed in each zon&he hydraulic boundary layer increased and grew even
thicker than the conventional heat sink. Tleelavelopingmechanismof the

thermal boundary layer enhanced heat transfer in the heat Sirdssure
decreased along the flow direction. Foe interrupted microchannel heat sink,

the pressure drop was largdrwasalsofound out that there was a jungb

pressure distribution at the center etralnsversenicrochanel

Muwanga et al. (20089 compared flow and heat transfer characteristics



obtained from experiments of a standard heat sink and a-locrksd
microchannel heat sinkhe heat sinkontained5 channelsvhose dimensions

were 16 mm>0.269 mm&.283 mm(L¥V>H) . There werdghreecrosslinked
channels with thesame width of thestraightchannelin the heat sink. Two
different kinds ofsupportmodules were used. Uniform heat flux of 25W#cm
was provded to the bottom surface of the heat sink by a serpeplati@um
heater. Water and air were both studied as cooldré. inlet and outlet fluid
temperature and pressure were measured by thermocouples and pressure
transducers, respectively. While therrhommic liquid crystal (TLC)
technology wasused to obtain fluid temperature in the channelResults
showed that for both coolants, crdsked channels had minimal effect on
pressure drop.Heat transfer measurements were only succeeded for
crosslinked microchannel heat sink and only a very slight temperature drop
was observed at the last crésgked channel for all tested Reynolds numbers.

It was suggested that this phenomenon was caused by thermal boundary layer
redeveloping yet whose effect was mirzed by the small width of the
crosslinked channes$. Further studies of various crdssked channel width

and boudary conditionseeded to be carried out.

Qu et al. (2008 performed experiments in order to obtain heat transfer
characteristics of singlghase flow in a micrgin-fin heat sink. The tested heat
sink consisted of an array of 1950 staggered square 4piigciiins which were

0.2 mmx 0.2 mmx 0.67 mm. Inletflow with the temperature 30 °C and
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60 °C weretestedat various velocitiesTemperatee distribution on theébottom
surface was acquired and the results were typical. However, existing
correlations had poor accuracy of predicting heat transfer in the paper. Two
new correlations were developed and showed much better ability thcioa.
Local Nusselt numbers wepredicted with amean absolute errdMAE) of

13.7% and 13.0% respectively for the two new correlations.

Fan et al(2011) designedanovel swirl channel micro heat sink and its cooling
performance was investigated numericallyeThodule was used for improving
cooling of uniform heat flux on a circular flat plat®wirl channels aligned
radially around an expander which was at the center of the motludeswirl
channel micro heat sink was tested under different heat fluxes migh i
velocity of 0.5 m/s and 1 m/s. Heat fluxes varied from 1@n#/to 60 Wcn?.
Compared to straight chanselswirl channed resuled in lower maximum
temperature and temperature gradient on the bottom surface. Because the
length of flow stream was extded and secondary flow was created by the
curvature of the channel. The effects of channel curvature and channel number
were also studied. It was found that increase in curvature and channel number
enhanced the cooling performance of the heat sink byciregiumaximum
temperature and improving temperature uniformity. Pressure drop decreased at
higher channel number because the velocity in the channel was lower at a

certain inlet velocity.
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Revellin et al.(2007) developed aheoreticalmodel for prediction b CHF
based on the dryout of the liquid film in microchannels. For validations,
resultswere compared to the experimental data which we@lH, R134a,
and R113 in circular channels, and water and B in rectangular channels
with a very large subading range of 277 °C CHF. Very good agreement was

found between the theoretical model and the experiments.

Chamarthy et al. (2010) conducted an experimental work to study temperature
nontuniformity of a rectangular microchannel heat sink due to flow
maldistribution at the inlet. Ratiometric laser induced fluorescence (LIF)
thermometrywas used for temperature measuremé&he silicon microchannel
heat sinkconsistedof 76 parallel channels which were 0.11 mm in width and
0.371 mm in depthThe wall betwen two channels was 0.022 mm in width. A
thin film heater (12.7 mmx 12.7 mm) provided uniform heating conditions on
the heat sink. The Singldye LIF method was found with less uncertainty than
two-dye methodDifference of over 4C in temperature can beund between
center and edges with Reynolds number and heat input to be 40.8 ami, 49.7
respectively Increase of flow rate would result in larger temperature

nontuniformity of the heat sink.

2.2 Non-Uniform Heating Condition

Practical applications areharacterized by neaniform heat flux conditions
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However, theresearchunder nonuniform heatingis far from adequate
Nonruniform heating conditions can be realizeditoggulaity in the aspect of
space (Lee 1998; Cho et al. 20@atapoveet al. 2008;Revellin et al. 2008
Zhang et al. 2008; Wang et al. 2009; Biswal et al. 2009; Bogojevic 20@8,
Cho et al. 2010Sankaret al. 2010) or in the aspect of time (Hetsroni et al.

2001)

Lee (1998) optimized pin array for an integrated, ligeodled Inslated Gate
Bipolar Transistor (IGBT) power module with a novel approach. Flotherm was
used for the CFD simulation. There were six IGBT devices in the module
which generating local high heat flux. There were three dies in the upstream
region and the othehtee were in the downstream region. Tdigect were
reducing the temperature magnitude and temperaanmationamong IGBTSs.
Based on th@éemperaturedistribution and fluid field of the module without
pins, rectangular pin arrays were placed directlyenride six IGBT dies. The
number of pins was increased gradually. Better performance was obtained
because convection area was increased and thus heat transfer was enhanced. It
was also found that more pins in the downstream region improved temperature
uniformity on the module. With pin arrays positioned #2-3 in upstream and
4-3-4 in downstream combinations, the total power of 1200 W was dissipated
by the module and the temperature of each die was controlled arour@l.100
Temperature variation among dievas within 1€ . Comparisonwith other

liquid cooling techniques (pool boiling and cold plate) showed that heat sink

13



with pin arrays maintained better temperature uniformity of the module.

Cho et al. (2003) experimentally studied tomling performanceof a standard

and a croséinked microchannel heat sinkinder nonruniform heat flux
conditions.Hotspots were placed in thdownstream of the heat sinkdigh

heat flux at the hotspotdeteroratedthe temperature uniformity of the heat
sink. The temperate of the central channels was lower than ¢dgeones
because of the high flow rate. There were difficulties for comparing the
temperature distribution with respect to the flow rate under the same heating
condition. With hotspot applied to the whole destream of the channels,
crosslinked heat sink shows better coolipgrformancewhile the regular one

did if hotspot located at part of the downstredihe temperature uniformity of
thermalinterface material (TIM) affeed the onset of flow boiling andhip
temperature distribution drastically, especially with high heat flux at the
hotspots.Thinner and more uniformIM or integrating the microchannels to

the thermal die would improve cooling performance.

Gatapoveet al. (2008) set up a ormdedtwo dimensionalmodel to simulate
the heat transfer artlermocapillary film deformatiofor weakly heated films.
An inclined channelwith its width muchlargerthan itsheightwas considered
in this caseThe viscous incompressible liquid film flows under theacof

the action of gas flow and gravit¥ local heater was pladeat the bottom of

the channelUnder linear velocity profile, higliReynolds numbehad more
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significant influence on convection heat transfer rate. Film thinning can be
observeddue to hemocapillary forcesThe Biot number, which can be a high
uncertainty for this case, hadgectionalhyperbolicdistributionasa function of

the longitudinal axis

Revellin et al. (2008) improved the one dimensional theoretical model former
proposed by Tome et al. (2008) to simulate the flow boiling inside a
microchannel under nemniform axial heat flux condition. The effects of hot
spot number, size, location, microchannel diameter, length, mass flow rate,
saturation temperature, and the distance betwego hot spots were
investigated. Three kinds of coolants were used to attain the results. In order to
obtain higher dissipation rates at the hotspots, proper microchannel diameter,
high mass flow rate and low saturation temperature are required. Fusteerm

for local hotspots, the smaller the size, the fewer the amount, the longer the
distance between two spots, would lead to better heat dissipation efficiency.
The author also proposed a new design of the microchannels, whito

place the w inlet at the location of hgpot, to decrease the pressure drop

when increasing the mass flow rate or reducing the channel diameter.

Zhang et al(2008)applied thecommercialsoftwareFluent to establish dtee
dimensional model of micahannel heat sink (MCHSooler to simulatehe
temperature distributionnder uniform and neaniform heating conditionsA

traditionaluniform channelvidth heat sink with water as coolant was studied
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in this paper. Comparison between two heating conditions ettt the heta

sink has a better heat dissipation character under uniform heating condition. A
new type of MCHS with variable channel width was developed to enhance the
heat transfer under nonuniform heating condition. With narrower width channel

beside the hot spothé heat dissipation rate increasabout 10% at the same

inlet velocity.

Wang et al. (2009¢ontinued with Zhang work ¢hang et al. Z008) and
investigated the temperature distribution and pressure drop of micro channel
heat sink (MCHS) coolers using tea as coolant and with a heat source at the
center of the bottom. Fluent was used to simulatehite® dimensionahodels

of threedifferent typesof heat sinks, two of which haehiform channelvidth

and one hadonuniform channel width. Results showgldat the variable
width-channel heat sink maintaingde lowest bottom surface temperature at
all inlet velocities higher than Orb/s. For uniform width channel heat sinks,
with the increase of inlet velocity and channel width, the maximunoimott
surface temperature decreasedlaintaining outlet pressure at atm, the
pressure distribution for variable width channel heat swak parabolic with
0.3 bar higher pressure in the center than the edge anf5nlet velocity.
While it was almost uniform for quivalent width channel heat sinks. The
largest pressure drop of the idnle width channel heat sink wastween the
other two equivalent width a@mnel heat sink, which increasaadth the inlet
velocity.
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Biswal et al. (2009) optimized a rectangular mitraenel heat sink but with

more parameters such as the position and size of heat source, thickness and
material of substrate, flow rate and etc. When studying the effects of position
and size of heat source, heat source area that was smaller than heat sink
footprint was simulated thus namiform heating with hotspots heat flux
conditions were generatetVhen heat sink was under raniform heating,
channel width was at 0.1 mm and height was at 0.3 mno types of
nontuniform heating were simulated. Firsigat source had the same width as

the heat sink and its length reduced from the length of the heat sink to half of
its value. Temperature rise and thermal resistance decreased by up to 30% in
this process. Second, heat source coverage increased froml@@®4avith the

center placed at the center of the heat sink. Total thermal resistance was

reduced from 3 to 0.324/W.

Bogojevic et al.(2009) studied flow boiling in an experimental work under
nontuniform heating conditions in a micro channel heat siiiie temperature
distribution, pressure drop and typbase flow instability were investigated
with three different heating conditions which had hotspot placed in upstream,
middle and downstream regiomespectively. Characteristic fluctuations of
temperaturand pressura the channelgvere observedl he highestamplitude

of temperaturdor each hotspopositionappeared in the following region for
upstream and middle hotspots; while it was in the upstream region for

downstream hotspoAt theflow rate of I7 g/min, downstream hotspot resed
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in better temperatureniformity in transverse directiobut worsetemperature
distributionin axial direction. Higher heat flux at the hotspots also chosee
significanttemperaturenon-uniformity in the transversdirection. The highest

pressure drop appeared when the hotspot was placed in the upstream region.

Cho et al. (2010) performed a numerical modeling and simulation to investigate
the effect of header geometry on flow distribution in the microchannel heat
sink under three different neaniform heating conditions. Chisho@n
coefficient method and homogenous method were applied to simulate the
two-phase flow in the channels without considering the subcool and superheat
region. A geometric parameténo of the reader shape was defined. n=4 was
found to be optimal in all cases in order to obtain reasonable uniformity of flow
distribution and relatively low pressure drop with affordable area ratiwas

also found that local hspot wouldcausesignificant deviabn of mass flow in

the channel near it.

Sankaret al. (2010) developedFortran coddo investigate the heat transfer of
the incompressible Boussinesq fluid a vertical cylindrical cavity under the
influence of modifiedRayleigh numberradii ratiq and aspect ratioThere
were two flushmounted heater placed on the inner wall of the cavity which
provide constant heat sourcd$e length of each heater and the +heaed
portion of the inner walverefixed at 0.2 L. The outewall waskept at a lower

temperatug while the top and bottom wallere adiabatic. The model was
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validated by comparing the average Nusselt number with former benchmark
cases. The simulation resulteveakd that the maximum heat transfer rate
usually bok place at the bottom heatelhe averageNusselt number which
presentedhe heat transfer rate was found to be in direct ratio with modified
Rayleigh numbeand radii ratiowhile in inverse ratio with aspect ratiJnder

low modified Rayleigh numberand high aspect ratio, the temakire
distribution of the flow appeared to be adeilular form withthe center at the

parallellocation of each heater.

Hetsroni et al. (2001) conducted an experimental study ofptvase flow
pattern, temperature distribution and pressure drop in afarmels when flow
boiling occurred. Uniform and neuniform heating conditions were realized

by providing constant atimely irregular heat flux to the heated wall. Several
prototypes were designed, manufactured and tested. Two types of inlet and
outlet designs were specially studied. In this work, with different geometry of
micro channels, two periodical flow patterns were observed in flow
visualization annular flow and dry zone which accompanied by hotspots and
rewetting and wetting of the surface. Noniformity of temperature
distribution was caused by flow boiling on the heated bottom of test modules
under uniform heating condition, and was enhanced byundorm heating. It

was also found that the pressure drop increased with the heat flux when
maximum surface temperature ®ver 100 °C, nominally twephase flow

situation.
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2.3 Motivation

Under uniform heating conditions, the angles of research in microchannel heat
sink have ranged from geometries, matsraid heat fluxes to heat transfer
mechanism flow patterrs and phase change behaviors. As the study of
microchannel heat sink undaniform heating conditions is approaching to a
mature level, the research of cooling performance of heat sinks under
nontuniform heating is still in the primary stagéowever, inrealapplications,
uniform heating conditions are not comma@et non-uniform heating is more
practical. For example, nomniform heating conditions with hotspots can be
found on CPUs; continuously varying heat flux can teneratd by
concentated photovoltaic cells or laser bearkre efforts should be devoted

to the study of nomniform heat flux conditions. For namiform heating, the
heat fluxesare changing either with space or time, therefore creating numerous
variatiors of heatingcondtions. Current investigations ammainly focusing on
nontuniform heatng conditionswith hotspotsEffects of continuously varying

heat fluxes require more attention.

The motivation of this work is textendthe study of microchannel heat sinks
under noruniform heating conditions Different nonuniform heating
conditionsother than hotspots need to be investigated. In the present work,
nontuniform heating conditions including heat flux with hotspots and a novel

continuously varying heat flux are appliethe microchannel heat sinkihe
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effects of heatingonditionsare studied to enhance tbeoling performance of

the microchannel heat sinks.

2.40bjectives

The cooling performance of the microchannel heat sinks undeuméorm
heating conditions aréo be discussed in the following worlNumerical
simulations will be performed to obtain the results. The objectives of this work

are as follows:

1. Propose two types of namiform heating conditions which areat flux
hotspots and antinuously varying hedluxes, as well agn approximate

methodfor simulaton of the continuously varying heat flux.

2. Apply crosslinked microchannel heat sinks for coolinfy heat flux with
hotspots Studythe effectf the positiols andthe amount oheat fluxes of
hotspots on heat sink cooling performance. Conduct geometric

optimizationby modifying the crostinked channel width and positions.

3. Propose gaight channel micro heat sink for the continuously varying heat
flux on a rectangular platdnvestigate e effecs of heat fluxes that
changing perpendicular or along flow directions in order to enhance
cooling performanceOptimize he heat sink geometry Taguchi method for

future design direction of heat sinks under-omiform heating.
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4. Apply anovel swirl channel microdat sinkwhich is designed by Fan et al.
(2010)for the cooling the continuously varying heat flux on a circular plate.
Compare different crosssectional geometrieof the channelsunder
uniform heatingconditionsin order to improve the heat simerformance
Study the effects ofwto types ofcontinuously varying heat fluxes dhe

heat sinkcooling performance.
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Chapter 3 Numerical M ethodology

3.1 CFD Modeling

CFD numerical simulation has been proved to be effective and promising in
predicting fluid characterigis in micro scale. In this work, the numerical
simulations are performed with the commercial CFD softwaFduent. The

following assumptions are made for the simulation:
1) heat transfer and fluid flow are steady state;
2) fluid properties are dependent efriperature;
3) solid properties are constant;

4) radiation and convection heat losses through top and side walls are

neglected

5) neglectviscausdissipation

3.1.1Governing Equations

For the present study, heat transfer is conjugated conduction and convection i
the whole module. Flow is considered to be incompressible, steady and laminar
in the heat sink. Based on the above mentioned assumptions, the Stakies

equations are reduced as following:
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Continuity equation:
"@ m (3.1)
where” is the density of théluid; @ is thevelocity vector.
Momentum equation:
|0 "M 2 ‘@ (3.2)
where U is the pressure' is the viscosity of the fluid.
Energy equations:
BD "6"Y Q'Y (in liquid) (3.3
Q Y 1 (in solid) (34)

where 6 is the thermal capacityQ and '‘Q are thermal conductivity of
fluid and solid respectively]Y and Y are the temperature of the fluid and

solidrespectively.

3.1.2 BoundaryConditions

The inlet is set as velocity inlef.onstantvelocity is applied to the fluid at the
inlet and thedirection of thevelocity is normal to boundary. The outlet is
assigned as pressure outlet whose gauge pressuezois\¥ater is used as

coolant whose properties are dependenhefemperature. A set of polynoah
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equations Jayakumar et al(2008) are used for modeling temperature
dependent water properties in Fluent. The parameters are listed in3Table.
Flow is singlephase and laminar in the channels-ip boundary condition
exists at inner walls. Side walls are adiabatic except the bottom surface which
Is supplied with heat flux. The SIMPLE scheme is used for the computation of
pressurevelocity coupling. Tie seconarderupwind scheme is used for the
momentum and energy conservation equations. The pressure conservation
equation is calculated under standard scheme. For the-rataeation factors,
default values are used. The absolute convergence critésioh0® for

continuity and velocity equations andfor energy equation.

Table. 3.1 Polynomial coefficient of thermatdependent properties

Aq A Az Ay Asg

1227.8 | -3.0726

0.011778

-1.56E05

-1.0294

0.010879

-2.26E05

1.54E08

4631.9

-1.478

-3.108E3

1.11E05

0.33158

=| O =| +
©

-3.752E3

1.60E05

-3.06E08

2.19E11

3.1.3 Approach Method for Continuously Varying Heat Flux

Conditions

As mentioned, continuously varying heat flux conditiaze befound m
concentrated photovoltaic cell§he sketch of the heat flux on a cylindrical

collector projected by the concentration device can be found in references
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(Prapas et al1988; Wang et al(2010; He et al.(2011)). The heat fluxes can

be considered to yain onesingledirection.However, the concrete expression

of the heat flux has not been specifidtherefore, the heat flux distributions
proposed in this thesis are presumed and have the similar shape with the ones

in the references.

In order to simulte the continuously varying heat flux condition, the heating
area has been divided into multiple zones. The sketch of simulation method is
also shown irFigure3.1 Assume heat flux changes alogfjaxis and has an

expression

e YymQ qm (3.5)

The heat flux distribution curve is divided and the average value of heat flux in

each zone can be determined by

[od ~

h Q phcho8 (3.6)

where, 11 is the average value of he&iX in the 'Q zone;d is the area of
the 'Q zone;fj @ is the assumed heat flux generated on the surface. The

error between the simulated and practical heat flux can be evaluated by,
o —- (3.7)

where, O is the error in theQ zone. In this work, the error in all zones is

maintained below 15%. Hence, if heated area is rectangular, the width of each
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zone can be determined by solving the following equation:

0 - =15% o 1% (3.8)
If the heated area is circul&guation3.6 can be transformed to:

() =15% o 1% (3.9)

where ® and & are the left and right coordinates of ti® zone. The
value of @ is setto zero. Then, the value ab is calculated based on the
Equation3.8 or Equation3.9. The last zone may not satisfy the condition
because ofthe size limit of the heat sink, but the error is lower than 15%.

Matlab is used to solve the equations and to obtain all coordinates.
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Figure. 3.1 Simulation of continuously varying heat flux
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3.14 Comparison with Experimental Work

The results of the mesh system and numerical model are compared to
experimental data fronmexisting literature Zhang et al.(2007). In the
experimental work, the test module icanventionalstraight channel micro
heat sink with 21 channels. Half of the test module is sated due to
symmetric geometry.The dimensions of the computationdbmain are
summarized in Tabld.2. The sketch of the domain is showrFigure3.2 Two
cuboid plenums are placed at the two erfdh® channels. The inlet and outlet
are two holes at the middle of the plenums whose diameters are both 3.4mm.
Aluminum and water are chosen amterials for solid and fluijdespectively.

The effective thermal conductivity of solid and fluid phase isduse the
simulation.The tested flow rate varies from0d.L/min to 0.4 L/min. Flow is
laminar inthe heat sinkAt the center of the bottom surface of the heat sink,
input heat of 60 W is applied uoiimly to a squarsurfacearea of 12 mm2

mm. Sructured mesh system is useéd mesh the computational domain.

The thermal resistances calculated for different flow ratby the following

equation:

(3.10)

Where Y is the maximum temperaturef the heat sink“Yis the inlet

temperaturef the fluid; O is the total heat input.

The thermal resistance of the whole module over corresponding pressure drop
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Is compared between numerical and experimental results. The numerical results
are within 15% error of the experimental data as shoviaigare3.3. The error
Is resulted from the different method to obtain the junction temperature used

between this work antthe literature.

flow direction ~ symmetry
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1\ 2

|
|
|
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Figure. 3.2 Sketch of geometry

Table. 3.2 Dimensionsof the geometry(unit: mm)

Parameter Dimension
L, 5

Ly 15

Lo 5

Wi, 6.1

W, 0.4

W, 0.2

Hen 2

Hp 0.8

D;, D, 3.4
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Figure. 3.3 Comparison of the numerical results with experimental data of
Zhang et al.(2007)

3.2 Optimization Methodology

In this section, the general procedure of m@ation using Taguchi method is

presented. More detailed description and results are shown in Chapter 5.

In order to optimize the geometry of the heat sink and to study the effects of
geometry on heat sink performance, the Taguchi methadedto deternme

the optimal geometry sizes. The Taguchi method was developed by Dr. Genichi
Taguchi of Japan for investigation of effects of parameters. This Design of
Experiment (DOE) method involves using orthogonal arrays to organize
parametersselected for optimation in order to reduce the amount of

experiments. The procedure of the method is described in the flowchart, shown
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in Figure3.4. In the optimization process, the first step is to select the design
variables,and their ranges of variation and the objgetifunction. For the
straight channel micro heat sink, the height and width of the channels, the
height of the base and the width of the fins are chosen to be the optimization
parameters. Maximum temperature is selected to be the objective function.
Then,according to the Taguchi method, the corresponding orthogonal array is
picked and test matrix is built. Geometries in the test matrix are simulated and
evaluated by CFD to obtain results of the object function. The signal (product
guality) to noise (uncomllable factors) ratio (S/N) is calculated for the object
function to determine the most sensitive parameters and the optimal design
point. Because the product quality is best achieved when the product is immune
to noise (uncontrollable factors), the Si&tio of the object function should be

high.

For the case of minimizing the performance characteristic whith ieduce
maximum temperature dhe heat sink, the S/N (dB) should be calculated by

the following equation:

_ o) € 0 (3.11)

where ,, is the square of standard deviation of the maximum temperature of

the bottom surface which is determined as follows:

., -B Y ¥ (3.12)

where ¢ is the number of nodes on the oot surface defined by the mesh;

31



“Y is the temperature of each nod& is the minimum tempature that the

node can reach.

Problem setup
Objective function & design parameters

l

Design of experiment
Selection of design points

l

Taguchi method
Establish of test matrix

l

Numerical simulation
Determine signato-noise ratio

l

Selection of optimal value for each
parameter

No

Final design

Figure. 3.4 Flowchart of optimization process
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Chapter 4 Cooling Performance of
Crosslinked Micro ChannelHeat Sinks

with Hotspots

In this chaptercrosslinked channels are added to standard straight channel
heat sink which has local hotspas heat sourcen its bottom surface. The
cooling performance of the crebsked micro het sink is studied and
compared to that othe straight channel micro heat sinKhe effects of
positions and the heat fluxes on local hotspots are studied for straight channel
micro heat sinkThe effects of geometric parameters, such as the width and
postions of crosdinked channels are investigated under different heating

conditions and various inlet velocitias well

4.1 Module Specifications and Test Matrix

The geometric dimensions of half of the test module are showigure4.1
Figure4.1 (a) and (b) give the top and section view of heat sink consisting of
two crosslinked channels, respectively. Figutd (c) shows different positions

of crosslinked channelsIn the figure, only the positions of creksked
channel in the upstream are shift but in simulation,both of the two
crosslinked channels have the same positiefetive to the hotspotsThe

whole test module is 14 mm in length, 10.75 mm in width and 2 mm in height.
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Half of the module is selected as computational domain. The matktiee 0.5
mmt-high substrate is chosen to be silicon, whose density, specific heat capacity
and thermal conductivity are set to be 2329 Kgms0 J/(kgK), and 148 W/

(Km), respectively. The inlet and outlet holes are located at the middle of the
modulke, with a diameter of 1 mm. A 2 mm long isosceles trapezoidal header
with bottom inner angles of 45°lies in front of the channels. At the exit of the
channels, there is a collector which has the same size of the header to guide the
flow to the outlet. Thee are 22 microchannels in the module that are 10imm
length,0.25 mmin width and0.5 mmin height The wall betweenazhtwo
channels isalso 0.25 mm wide. Crosknked channels have the same depth
with the microchannelsThree cosslinked channel with (@ ): 0.5 mm, 1

mm and 2 mnare selectedCrosslinked channels are placed right in front of,
above, and after the hotspots. The sizes of upstream hotspot (HS1) and

downstream hotspot (HS2) are both 2 mm>6 mm.

For the test matrixfirst, as inTable.4.1the effec$ of the positions and heat
fluxes on hotspotsare studied on straight channel heat sink and cliokgd
channel heat sink with transverse channels above the center of the hotspots
with inlet velocities of 0.5 m/s and 1 mMSour heatig conditions are applied

to the bottom surface of the straight channel heat sink. They are described as

following:

1. upstream hotspot by supplying 190cn? heat flux to HS1
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2. downstream hotspot by supplying 100cnt heat flux to HS2
3. supplying 100W/cn? heatflux to HS1 and secondary 50 W/¢meat
flux to HS2
4. supplying 100W/cn? heat flux to HS2 and secondary 50 Wfcheat
flux to HS1
Second, the effect of geometric parameder is also studied under the four
nonuniform heating conditiondzor crosslinked heat sink wh w =0.5 mm,
under heating conditions 1 and 3 mentioned above, the positions of the
crosslinked channels are shifted to investigate the effects on heat sink cooling
performancewith inlet velocities of 0.5 m/s and 1 m/Shree diferent
positions of the crosknked channels are tested which are shown in Figure.4.1.
Dimensionless distancé& from x-axis to the center of the crebsked

channels isisedto present their positions)’ is calculated by:
0 oo IYQ (4.2)

where w is the coordinate of the center of crdis&ked channel;O is the
hydraulic diameter of the microchannel¥;Qs the Reynolds number at the
inlet. 0" and 0" represent the dimensionless positions of the upstream and

downstream crosknked channelsrespectively
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Table. 4.1 Test matrix

Hotspot (W/cr)

Two hotspots

3. HS1=100

HS2=50
4. HS1=50

HS2=100

2. HS1=1®

HS2=50

One hotspot

1. HS1 =100

HS2=10
2. HS1=10

HS2 =100
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Figure. 4.2 Partial mesh from bottom view of the computational domain
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4.2 Mesh Independence

Structured mesh system is used for meshing tlsemputationaldomain. A
portion of the mesh is shown in Figure.4.2. The mesh at the hotspot zone is
finer than the rest ohebottom surfaceMesh independence &nalyzedor the
straght channel heat sink wi 100 W/cn? applied to HSland 50W/cnt to

HS2 The inlet velocity is 1 m/sResults for neshsystemwith 0.14M, 0.9M

and 1.9M cells arecompared in Figure.4.3Figure 4.3 shows temperature
distribution alongthe line at x=0.25 mmas shown in Figure.4.1 avhich is
under the edge of channel No.1 and passing the hospot dmesesults are
almost identical for meshes with 0.9M and 1.9M cells. Therefore, the grid

system with 0.9M cells is used for the computational domain.
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Figure. 4.3 Temperature distribution onthe line at x=0.25 mm
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4.3 Results and Discussion

4.3.1 Effects of Positions and Heat Fluxes of Hotspots

Straight channel micro heat sink is used to study the effects of positions and
heat fluxes orhotspots. The temperature distribution on the center line of the
bottom surface under both inlet vellbes can be found in Figuredand 45.

The increase of inlet velocity reduces the temperatibth hotspots because
heat transfer is enhanced iretbhannelsThere are temperature surges at the
hotspots due to the very high heat flux applied on them. For one hotspot
condition, under both inlet velocities, maximuamperature and temperature
difference on the bottom surface are lower when the hotspaticed in the
upstream region. This is because the fluid temperature is muchdbweethe
upstream hotspot zone than tehbvethe downstream hotspot zorigy adding

a secondary hotspot on the bottom surface, the maximum temperature still
appearsn the hotspot zonbecause of thaigher heat fluxFluid is heatedyy

the increased total poweio a higher average temperatutieerefore the
maximum temperaturef the heat sinkises. When heat flux at HS1 is higher
than HS2, lower maximum temperaturadatemperature difference on the
bottom surface can bebtainedrather thanthat of the opposite situation
Although the hot fluid enters the downstream hotspot zone, by supplying
smallerheat flux at HS2, the peak value of the temperature will reduce. And

eventually causes smaller temperature difference on the surface.
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4.3.2 Effects of W, of Crosslinked Channel on Temperature

Distribution

Figure4.6 presents the temperature distribution on the bottom surface of the
straight and crosknked channel heat sink with inlet velociby 1 m/swith two
hotspots Results show thafor both heating conditionsthe crosdinked
chanrel aboveHS1raises the hotspottemperature which is likely caused by the
reduction of both heat transfeaurfacearea and the velocity of the flow
However, there is a decrease in temperatfiter HS1 and at HSZlue to
thermal boundary layer redevelopingechanism at the exit of the upstream
crosslinked channel. Temperature uniformity is improved at both hotspots
because flow mixing occurs in crelisked channels as shown kigure4.7.
Thevariationof water temperature and properties in different deénleads to

avelocityin x axisin the flow; thereforenterchannel mixing can be observed.

Figure4.8 compares the temperatupeofiles onthe centerlines oHS1 and
HS2 for the three crosbnked channel geometry designdaximum
temperatureof the hat sink rises drastically when 7 increases This is
induced bya decreasan heat transfesurface area and fluid velocity at the
crosslinked channel zone with largé . As a result, heat transfer is reduced
which results in higher hotspot tempéure. At HS1, temperature profiles for
all three designs havime almost identical pattern. Larger difference in fluid

temperature and water properties at the entrance of downstreamirdteds
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channel leads to enhanced flow miximgensity that improve temperature
uniformity at HS2 rather thaat HS1. Meanwhile, flow mixingintensityis not
greatly affected byw , sothat minimal effect on temperature uniformity is

obtained.

T (K): 300 302 304 306 308 310 312 314 316 318 320

(2) HS1=100, HS2=50
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4.3.3 Effects of Positions of Cros8nked Channels

As discussed above, the maximum temperature and temperature difference are
smaller with an upstream hotspot only or HS1 is subjectachigher heat flux

than HS2. As a result, the effect of the positions of elioked channels is
studied under the two heating conditiori@mensionless distancd from

x-axis to the center of the crelksked channel is used to present different
positions of the crosknked channelsFigure4.9 and 4.0 show the maximum
temperature and the temperature difference on the bottom surface for the heat
sinks vsithe dimensionless distance. The width of the transverse channel is 0.5
mm. Minor effect of the positions of transverse channels is discovered from the
simulations.Maximum temperature of the heat sink remains almost the same
for all positions of crosinked channel. Decreas# temperature differenaan

the bottom surface of the heat simk discoveredwhen the crosslinked
channels are placed after the hotpatspecially under low inlet velocity

(* ¢x pmAT A v x p ). In former discussion, the differences of
fluid properties and temperature between chanmayg cause flow mixing in

the crosdinked channel. However, when the crdis&ed channels are placed
after the hotspotsyhich leads to greatedifferencein fluid properties at the

inlet of the transverse channelso significant effect on temperature

distribution is observed.
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4.3.4 Pressure Drop

The value othepressure drop is equal to the amesighted averag pressure at

the inletfor gauge pressure at the outlet is set to.Zéigure4.11 presents the
pressure drop for stight and crosfinked micro heat sinks with two hotspots
on the bottom surface. The transverse channels are above the centers of the
hotspots.The flow is pressure driven, so pressure drop rises as inlet velocity
increases. The difference is minimal foffefent heating conditions under
either inlet velocity. As7 increases, a minor decrease is observed in
pressure drop. The effect of crdssked channels on pressure drop can be
neglectedThere is a slight decrease in pressure drop when higheflireat
applied on the bottom of the heat sink for fluid viscosity is reducedefraet

of positions of transverse channasegligible on pressure drop which can be

observedn Figure4.12.
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4.4 Summary

In this chapterthe cooling performance and pressure drop of a traditional
straight channel heat sink and a crbisked microchannel heat sink with 3
different w are studied. Four different namiform heating conditions with

hotspots are applied to the bottom surfaces of the heat sinks.

It is foundthat allinvestigatedheat sinks have lower maximum temperasure
and temperature differenreghen hotspot igplaced in the upstream region or
upstream hotspot is subjected to a higher heat flux than the downstream one.
When the hotspot is in the upstream region, adding another hotspot in the
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downstream region causes a much more significant temperature rise at th
downstream hotspot than the contrary condition. With the presence of
crosslinked channels, temperature distribution has better uniformity at the
hotspot zones and pressure drop of the heat sink decreases. Although heat sinks
with wider crosdinked chamel have lower pressure drop, the rapid increase of
temperature at the hotspots, notably deteriorates their cooling performance.
Consequently, the crod¢isked heat sink has the best cooling performance with

a crosdinked channel width of 0.5 mm with shyyimprovement of the heat

sink cooling performance. The effects of the position of the dnolssd
channels are also studied. No significant improvemehéat sink performance

is found.
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Chapter 5 Cooling Performance ofStraight
Channel Micro Heat Sinks under

Continuously Varying Heat Flux

In this chapter, straight channel micro heat sink is applied to dissipate heat
from heat sourcegeneratingcontinuously varying heat fles Continuously
varying heat flues on a rectangular plate can be found on the illuteitha
surface of a concentrated photovoltaic CBlVo heat sink layouts are proposed
and their cooling performances are compared. For the hedagmkt with the

better performance, optimization is applied to obtain the optimal geometry size

and the effets of geometryparametersn heat sink performance.

5.1. Module Specifications

The sketches of the two layouts of straight channel heat sinks are shown in
Figure5.1. The heated area is 10 mm xIB mm at the center of the bottom
surface. For heat sinkyaut 1, the continuously varying heat flux changes
perpendicular to flow direction; while for heat sink layout 2, heat flux
decreases along flow directioasShown inFigure5.2). Heat sink layout 1 is a
standard straight channel heat sink with 12 mnength, 10.75 mm in width,

and 1 mm in height. The header and collector are both 1 mm x10.75 mm x0.5

mm cuboid plenums placing at the two ends of channel. The top surfaces of the
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two plenums are set as inlet and outktpectively The size of heat sinkyout

2 is 13.75 mm x10.25 mm XL mniThe cuboid header which is 1 mm x10.5
mm x0.5 mm is at the middle of the module. There are two collectors with the
same size of the header at the two ends of the modbke.length of the
channels ig1.875 mm. For bdt heat sinks, the channels are 0.25 mm x0.5mm.
The wall between each two channels is 0.25 mm tHinke to symmetric
geometry, half of layout 1 and @quarterof layout 2 are selected as their
computational domains, respectivelable5.1 lists the summarof geometric
specificationdor both of the computational domaind/ater and copper are set

as the materials of fluid and solid respectively.

For the two layoutstwo heat flux distributions with the similar shape with the
references are presumed and wdated, which are expressed in following

equations:
P YymQ ¢m (5.1)
ng oumQ L TT (5.2)

The approach of simulating the heat flux is describeskstion3.1.3.For heat
sink layout 1 and 2, the heat flux changes perpendicular and along flow

direction, respectively, as shown in Figure.5.2.
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Table. 5.1 Module specifications (unit: mm)

Parameter L; Ly Lo W, W, W, H. Hy
Layout 1 1 10 1 5.375| 0.25 | 0.25 | 0.5 0.5
0.5

Layout 2 1 4875 | 0.5 |5125| 0.25 | 0.5 0.5
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Figure. 5.1 Sketch of geometry (a) layout 1 (b) layout 2 (c) AA sectional
view
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Figure. 5.2 Heat flux on bottom surfaces

5.2 Mesh Independence

Mesh independence is studied before simulation. Take heat sink layout 2 for

example, structured neimiform mesh system with 0.23M cells, 0.68M cells
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and 113M cells are comparedrigure.5.3 shows theartial mesh from the

bottom view of the heat sinkRed boxes are the separated zones for the

simulation of the heat flu¥rigure5.4 presents the temperature distribution on

0.25 mm on thbottom surfacevhich is under the edge tfeside

theline at x

channel and at the edge of the keasurface as wellvith mass flow rate of

23.4 g/min, mesh systems with 0.68M and 1.13M cells show almost identical

performance Hence, strucired mesh with 0.68M cells is usédr further

simulations.

flow direction

-

Figure. 5.3 Partial mesh from the bottom view of heat sink layout 2
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Figure. 5.4 Temperature distribution on the line at x=0.25 mm

5.3 Cooling Performance

5.3.1 Temperature Distribution

Temperature distribidn is important for the working efficierfor the CPV

cells. The CPV cells usually work more efficiently under lower tempemature
And the temperature difference of the cells is another main effect on efficiency.
When the CPV cells work under differentrtgeratures, the arrays with lower
efficiency deteriorates the overall perftance of the CPV cells. Figubed
presents the temperature distribution on the bottom surfaces of the two heat
sinks at the mass flow rate of 23 g/mifhe mass flow rate is calated for

half of the whole module which the computational domain for layout 1 and
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twice the computational domain for layout Reat sink layout 2 hagreatly
improvedtemperature uniformitgn the bottom surfacdan layout 1. For heat
sink layout 1, he maximum temperature appeéeneaththe exit of theside
channel which is in the zoweith the maximum heat flux. This is resulted from
the high heat flux and the high fluid temperature near the outlet. For heat sink
layout 2, the zone under tloailet plenum maintains the highest temperature of
the whole bottom surface because of the higfiegt temperature Although

the heat flux theres the lowest the small heat transfer surface area anughe

fluid temperatureannot remove the large amounthefatflux.

symmetry

UO133.IP MO|}

layout 1 layout 2

T (K): 308 310 312 314 316 318

Figure. 5.5 Temperature distribution on the bottom surface of heat sinks
under g1 with a mass flow rate 0f23 g/min
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As can be seen frorRigure5.6 and5.7, layout 2 maintains lower maximum
temperature and temperature difference of the heat sinktti@rofthe oher

one In heat sink layout 2, the heat flux decreases along the flow direction in
which fluid velocity and temperature riseéBhe three effects compromise thus
low maximum temperater and temperature difference can be obtained.
However, in heat sink layout 1, in the channel above the highest heat flux zone,
the fluid velocity and temperature rises. Increase¢heffluid velocity is not

able to compensate the effect of fluid tempemtiseon redudion of the heat
transfer coefficient, and eventually casigggher maximum temperature and

temperature difference on the bottom surface.
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Figure. 5.6 Maximum temperature of heat sinkswith various mass flow
rate and heat flux distributions
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Figure. 5.7 Temperature difference of the bottom surfacewith various
mass flow rateand heat flux distributions

For all conditions tested, increase imetinlet mass flow rate reduces the
maximum temperature and temperature difference of the heat sinks, since heat
transfer is enhanced by greater fluid velocity. When the mass flow rate is low,
maximum temperature and temperature difference drops drasticath
increase of mass flow rate. However, the benefit decreases when increasing
inlet mass flow rate. There is a critical value for the mass flow rate. When mass
flow rate reaches 64 g/min and 40 g/min for maximum temperature and

temperature differencespectively, the two parameters almost level off.
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5.3.2Dimensionless pessure drop

The value of pressure drop is determined from the-wmghtedaverage
pressure at the inletn this work, Bejan numbefBe) at the inletis used to
present the pressudrop in the heat sinksn a nondimensional wayBejan
number is the dimensionless pressure drop along a channel with length of L,

which is calculated by the following equation:

y

5 Q (5.2)

where Y0 is the pressure drop of the heat sidkjs the channel length:

and| are dynamic viscosity and thermal diffusivity of water, respectively.

The length of the channel, dynamic viscosity and thermal diffusivityieed
values, thus the trend of @ numberrepresents the trend of pressure drop in
eachheat sink as shown in Figure.5.8ecause the flow is pressure driven,
Bgan numberrises when mass flow rate increases; and at the same time,
average viecity increase in the channelbcreasing heat flux on the bottom
surface causes a small dropthe Bejan numbeNiscous effect is the main
factor influencing pressure drop. Higher heat flux leads taetomscosity of
water which reducesthe pressure drop in thieeat sink andconsequently
reduceghe Bejan numbein heat sink layout 1Bgan numbelis muchhigher

and rises much more drastically than that in heat sink layout 2. Heat sink layout
1 haslargerchannel lengtland pressure drop than layoutwhich reslt in a

significant differencebetween their Bejan numberddeat sink layout 2
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consumes less pumping power and the scope for mass flow rate rise is larger.
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Figure. 5.8 Bejan number with various mass flov rate and heat flux
distributions

5.3.3Dimensionlesgotal thermal resistance

Dimensionless total thermal resistances of the heat simts various inlet
mass flow ratesre compared in Figure.5.9he dimensionlesgotal thermal
resistancas a funcon of channel geometifpr the whole module isalculated

as follows:

0 S (5.3)

where Y _— (5.3)
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w h0 ;O are the width, length, height of the channel, respectivélyjs the
thermal caoductivity of water.”Y and Y are the maximum and
minimum temperature of thieottom surfacerespectively:0 is the total

power applied on the bottom surface.

The total thermal resistance presents the cooling capaciyhafat sink. As
shown inFigureb.9, the dimensionleswotal thermal resistance decreases with
mass flow rateas high Reynolds number of the fluid reduces convective
thermal resistance As a result, the thermal resistance can be reduced by
increasing masBow rate at the inlet. Howeverheére is also a critical value of
mass flow rate for theimensionlesgotal thermal resistanc&V/henthe inlet

mass flow rate reaches 64 g/mtne dimensionless total thermal resistasméer

both layoutdevel off. The dimensionlessotal thermal resistance of heat sink
layout 1 remaia higher than that of layout Zherefore, at a certain mass flow
rate, the cooling capacity of layout 2 is much larger than that of layout 1.
Compared to heat sink layout 2, thenensionles total thermal resistance for
layout 1 is more sensitive to the heat flux applied to the heat sink. Heat sink
layout 2 has almost identical thermal resistance when increasing heat flux at the
bottom surface. As a result, layout 2 is very suitable for Hight flux

conditions.
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Figure. 5.9 Dimensionless otal thermal resistance of heat sinkswith
various mass flow rateand heat flux distributions

5.34 Overall average Nusselt number

The overall average Mgelt numbeyvs. Reynolds numbédor both layouts are
depicted in Figure.5.10nder the two heat flux conditionEhe overallaverage

Nusselt numbeis calculated by the following equation:
06 — (5.4)

where O is the hydraulic diameterof the channel "Q is the thermal
conductivity of the fluid,"Qis the average heat transfer coefficient which can

be calculated by:
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0

(5.5)

where 0 is the total heat dissipatédrough the channedall, ! is the total
heat transfer surface of the channélg, is the temperature of the channel
bottom and side surfacéY is the bulk temperature of the flyithe average

temperaturef the fluid is used in this case

The overall average Nusselt number represetits ratio of convective to
conductive heat transfezoefficient nearthe channel wall. A largeverage
Nusselt number showsoreintensive convective heat transtgrthe wall For
both heat sink layouts, the average Nusselt number increases with increasing
Reynolds numbebecause&onvective heat transfer coefficient is raised by high
Reynolds numberHowever, theeffect of Reynolds number otihe overall
Nusselt numbelessensFa layout 1 the average Nusselt numherder glis
slightly greater than that undeR.grhe situation is the contrary for heat sink
layout 2. In addition, the overadlverage Nusselt number in layout 2 is much
higher than that in layout 1. The local Nussaimber is much higher in the
developing flow than that in the fully developed flow. There are two inlets in
layout 2which leads to doublentrance lengthTherefore, th@verageNusselt

numberis increased significantly, especially under higher Reynmloisber.
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Figure. 5.10 Average Nusselt numbemwith various mass flow rateand heat
flux distributions

5.4 Optimization

For heat sink layout 2, the geometry sizes of the micro channel and the
substrate areptimized to obtain bettezooling performance and to study the
effects of geometries on cooling performance. The heat sink layout is

optimized under three different heat fluxes as following:

P YymQ ¢m (5.9
ng umQ LTI (5.5
no om Q ¢ T (5.6
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Their distribution curves are shown in Fig&8. The mass flow rate given

here is the value for half of the module which is twice of the computational

domain.
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Figure. 5.11 Distribution curves of heat fluxes

The Taguchi method is employed to determine the optimal dimensions from the
test rangesunder each heat fluxcondition The optimization procedure is
described insection3.2. For the micro channel heat sink, tdemensions of
channel andvall are importanparameterdor heat sink cooling performance.
The length of the channel is fixedAs a result, théneight and width of the
channel the height of the base and the width lué fins are chosen to be the
optimization parameters. Their ranges are determined according to the former
proposecheat sinkayout 2and presented in the test matrix in Tahl2.Three

levels are selected for each parameter. For a photovoltaic cele Hiec
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temperature of the cell is the méderctor affectingits working efficiency, the
objectve function of the micro channel heat sink is determined to be the
maximum temperature on the bottom surfatée heat sinkAccording to the
Taguchi method, #happropriate an orthogonal array for this optimizationyjs L

as shown in Table.3 The channel number for each tested heat sink is
determined to at least cover the heating area. The flow and heat transfer in the
heat sinks are simulated by CFD with assdlow rate of 20 g/min at the inlet

to obtain the objective function which is the maximum temperature on the

bottom surface.

Table. 5.2 Test matrix

Parametel A(H,) |B (W, | C(Hy | D (Wy)
level 1 0.3 0.1 01 0.1
level 2 0.4 0.3 0.2 0.3
level 3 0.5 0.5 0.3 0.5

Table. 5.3 Orthogonal array L4 (design matrix)

heat sink 1

heat sink 2

heat sink 3

heat sink 4

heat sinkb

N (R, wlw| NNk |O

WIN| P WIDN ||

NINIDN[FP | PFP|PFP
P W IN W |IDN|PFP

heat sink 6
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heat sink 7| 3 1 3 2
heat sink 8| 3 2 1 3
heat sink 9| 3 3 2 1

To determine the optimal design, the Signal to Noise ratio (dB) is calculated for
the object functioh maximum temperature~or the case of minimizing the
perfamance characteristic which is the minimal maximum temperature in the

heat sink, the S/N (dB) should be calculated by the following equation:

- pmER (5.7)

where ,, is the square of standard deviation of the maximum temperature of

thebottom surface which is determined as follows:

. -B Y ¥ (5.8)

where € is the number of nodes on the bottom surface defined by the mesh;
“Y is the temperature of each nod& is the minimum temperature thtte
node can reach, which is 293K in this case. Equdi@and5.8 give an S/N

ratio that is negative, with values near zero indicates the better.

5.4.1 Optimization under heating conditionql

Under heat flux g1, the S/N ratio of each test is showrableb.4. With the
S/N ratio for each test, the average S/N ratio for each parameter and each level

can be calculated. For example, the level 1 of parameter A is examined in test
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No.1, No.2 and No.3, so the average S/N ratio#b j is calculated from:

WO i (5.9)

It is similar for other parameters and levels. Once the S/N ratio is calculated for
each parameter and level, the noise matrix can be built and the range R (high
S/N ratb T low S/N ratio) for each parameter is entered in the table. Larger
range R indicates more significant effect on the objective function by the

corresponding parameter. The resultslistedin Table5.5andFigure5.12.

Table. 5.4 S/N ratio

A B C D G S/N
heat sink 1| 1 1 1 1 417.950 | -26.211
heat sink 2| 1 2 2 2 1115.100] -30.473
heat sink 3| 1 3 3 3 1253.209| -30.980
heat sink 4| 2 1 2 3 317.923 | -25.023
heat sink 5| 2 2 3 1 548.581 | -27.392
heat sink 6| 2 3 1 2 1075.438| -30.316
heat sink 7| 3 1 3 2 207030 |-23.160
heat sink 8| 3 2 1 3 842.707 | -29.257
heat sink 9| 3 3 2 1 930.594 | -29.688
Table. 5.5 Noise matrix for q1
level | A B C D
1 -29.222 | -24.798 | -28.595 | -27.764

2 -27.577 |-29.041 | -28.395 | -27.983
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3 -27.368 |-30.328 | -27.178 | -28.420
mp 1.853 5.530 1.417 0.656
rank 2 1 3 4
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Figure. 5.12 Average S/N of design parameters

As mentioned in former discussion, the ne@oezerothe value of the S/N ratio

IS, the better the performanck the table of the noise matrix (Taldeh), the
values of the S/N ratim italic are the leveldead tothe best performance for
each parameter. And iRigure5.12, positive slope of the average S/N ratio
means that increasing the corresponding parametesesadower maximum
temperature, and vice versa. Thus, combining the results shown in5Table.
andFigure5.12, in the tested range, the optimal dimensions for heat sink layout
2 under g1 are given in TalBe6. The maximum temperature is most sensitive

to the width and height of the channel (parameters listed in order).
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Table. 5.6 Optimal designunder g1

Paremeter A (Ho) B(MW,) |C(Hy | D (W)
Dimension (mm) | 0.5 0.1 0.3 0.1
symmetry symmetry

< 308.5
TTT————————307.5
i

307

flow direction

Heat Sink 7 Optimal design

T (K): 305 306 307 308

Figure. 5.13 Temperature distribution on the bottom surfaceof heat sink 7
and optimal design

Figure5.13 presents the temperature distribution on the bottom surfaces of heat
sink 7 and the optimal design. From Tablé, heat sink 7 hashé highest S/N

ratio among the 9 tested heat sinks, which means it has the best performance.
Compared to heat sink 7, the optimal design maintains lower maximum
temperature and better temperature uniformity in both stwi@me and

transverse directions.

The effecs of the sensitive parameters are shown Higure5.14 and

Figureb5.15. The maximum temperature reduces with decreasing channel width.
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When the channel width is small, although in each channel the mass flow rate
decreases, a greater number of cle#rare placed in the heat sink and
concomitantly results in much larger heat transfer area. Therefore, heat transfer
Is enhanced with large amount of contact area between fluid and solid. The
slope of temperature decreasing increases when the channelisviégdduced

from 0.3 mm to 0.1 mm. This suggests that the effect on increasing heat
transfer area by narrowing the channels is more significant with small channel
width. For the height of the channels, with the same channel width, increasing
the channel &ight lowers the maximum temperature. This implies that the
largerthe aspect ratio (Hc/Wc), tistronger théneat transfeis in the heat sink.

Similar results hve also been found in the warkLi et al. (2006)

332 I
328

324
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320
S
316

312
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Figure. 5.14 The effect of width of channel (W, parameter B) on
maximum temperature, H.=0.5 mm, W=0.1 mm
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Figure. 5.15 The effect of height of channel (iJ parameter A) on
maximum temperature, W=0.1 mm, W=0.1 mm

5.4.2 Optimization under heating conditiong2

The g2 heating condition has higher heat flux than gl. After simulations with
CFD for each test and the calculation for S/N ratibs, dptimizationresults
under this heating conditionalfisted inTable5.71 5.8 andFigure5.16. And

the optimal dimensions aracquiredand listed in Tabl®.9. The objective
function is most sensitive to the width of the channels and the height of the
base which is different from that under q1. The wultthe channels is still the
main effect of heat sink cooling performance. While with high heat flux, the

thickness of the base becomes the second most important parameter.
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Table.5.7 S/N ratio

A B C D V! SN
heat sink 1| 1 1 1 1 449.649 | -26.529
heat sink 2| 1 2 2 2 1935.294| -32.867
heat sink 3| 1 3 3 3 3178.958| -35.023
heat sink 4| 2 1 2 3 819.900 | -29.138
heat sink 5| 2 2 3 1 1410.085| -31.492
heat sink 6| 2 3 1 2 2878.347| -34.591
heat sink 7| 3 1 3 2 530.010 | -27.243
heat sink 8| 3 2 1 3 1984.923| -32.977
heat sink 9| 3 3 2 1 2298.690| -33.615
Table. 5.8 Noise matrix under g2
level | A B C D
1 -31.473 | -27.636 | -31.366 | -30.545
2 -31.740 | -32.446 | -31.873 | -31.567
3 -31.278 | -34.410 | -31.253 | -32.379
P 0.46 6.77 0.62 1.83
rank |4 1 3 2
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Figure. 5.16 Average S/N ratio of design parameters

Table. 5.9 Optimal designunder g2

Paremetel A(H) |B(W.) | C(Hy |D (W)
value 0.5 0.1 0.3 0.1

The temperature distribution on the bottom surfaces of the heat sink 9 and the
optimal design is compared in Figusel7. Heat sink 1 performs best among
the tested heat sinks since the S/horéor the objective function is nearest to
zero in Tablé.7. It can be seen from Figutel/7 that the maximum
temperature and the temperatuagiationon the bottom surface are smaller for

the optimal design.
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flow direction

Heat sink 1 Optimal design

1 1

T (K): 310 312 314 316

Figure. 5.17 Temperature distribution on the bottom surfaceof heat sink 1
and optimal design
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Figure. 5.18 The effect of width of channel (W, parameter B) on
maximum temperature, H.=0.5 mm
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Figure. 5.19 The effect of height of base (Kl parameter D) on maximum
temperature, W.=0.1 mm

The effects on the objective function of the two most sensitive parameters are
given in Figures.18 and Figures.19. Similar to the results under heating
condition g1, under higher heat flux g2, narrower channels bring about lower
maximum temperature because there are more channelsoasdquentially

lead to larder heat transfer area. And the effect is more sigriifiagimsmaller
channel width. For the height of the base, the performance of the heat sink is

worst when His equal to 0.2 mm.

5.4.3 Optimization under heating conditionq3

The heating condition g3 has the lowest heat flux among all three and the
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gradiert is smalllike g2. The S/N ratios and noigeatrix can be found in
Table5.12 and Tablés.13. The average S/N ratio is also presented in
Figure5.20. The optimal dimensions are listed in Tablé2 and the two most

sensitive parameters are width and heiwf the channels.

Table.5.10S/N ratio

A B C D V! S/N

heat sink 1| 1 1 1 1 88.454 | -19.467

heat sink 2| 1 2 2 2 390.890 | -25.921

heat sink 3| 1 3 3 3 674.095 | -28.287

heat sink 4| 2 1 2 3 158.116 | -21.990

heat sink 5| 2 2 3 1 563.031 | -27.505

heat sink 6| 2 3 1 2 580.827 | -27.640

heat sink 7| 3 1 3 2 104.186 | -20.178

heat sink 8| 3 2 1 3 409.584 | -26.123

heat sink 9| 3 3 2 1 474.793 | -26.765
Table. 5.11 Noise matrix under g3

level A B C D

1 -24.558 | -20.545| -24.410 | -24.579

2 -25.712 | -26.516| -24.892 | -24.580

3 -24.356 | -27.564| -25.324 | -25.467

(00 1.356 7.019 |0.913 0.888

rank 2 1 3 4
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Figure. 5.20 Average of S/N ratio for design parameters

Table. 5.12 Optimal designunder g3

Paremetel A(H) |B(W.) | C(Hy |D (W)
value 0.5 0.1 0.1 0.1

Heat sink 1 is the one with lowest maximum temperature and the temperature
distribution on its bottom surface is compared to that of the optimal design in
Figure5.21. Temperature distribution on the bottom surfao®ves that optimal
design maintains a lower maximum temperature and temperature difference.
Figure5.22 and Figures.23 shows the effects of channel width and height on
the objective function respectively. It should be noticed that under g3, the

maximumtemperature is highest when channel height is 0.3 mm.
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Figure. 5.21 Temperature distribution on the bottom surfaceof heat sink 1
and optimal design
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Figure. 5.22 The effect of width of channel (Wc, parameter B) on
maximum temperature, H.=0.5 mm
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Figure. 5.23 The effect of height of channel(Hc, parameter C) on
maximum temperature, W=0.1 mm

5.4.4 Cooling peformance of the optimal designs

The cooling performanseof the optimal heat sink are simulated under
different mass flow rate and compared Higure5.24-Figure5.27. The
maximum temperature of the bottom surfacé the optimal heat sirskare
shown inFigure5.24 which decreases when increasing the inlet mass flow rate.
The maximum temperature can be reducedromnd300 K with a mass flow
rate of 90 g/min. This is because the heat transfer is enhanceigtbiuid
velocity. The optimal heat sislarealso able to keep the maximum temperature
within the cooling objective range which is under 358rKlera very low mass

flow rate. The trends of the maximum temperature for the optimal heat sinks
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are similar with each other and as®nilar with the origimlly proposed heat

sink. The benefit of increasing mass flow raby reducing maximum
temperature meetbeir commorcritical value at a mass flow rate 49 g/min.

Under the same mass flow rate, the optimal heat sink under g2 has the greatest
maximum temprature because of the high heat flux. However, after the mass
flow rate reaches the critical value, the difference between the maximum

temperatures of three optimal heat sinks become smaller.
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2 17 32 47 62 77 92
mass flow rate (g/min)

Figure. 5.24 Maximum temperature of optimal designswith various mass
flow rate

As mentioned before, the temperature difference of the CPV cells is also an
important factor for their working efficiencyFigure5.25 presents the

temperature difference of the optintdsignsFor the three optimal heat sinks,
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they arecapable to reduce the temperature difference as low/as dver the
bottom surface. The temperature differenoé the three optimal desige are
changingsimilarly to each other whil@lifferently from he original design
which can be caused by the limit of the test range. For the optimal glebign
temperature differensehave toughs under mass flow rates of 23, 40, and 60
g/min for g1, g2 and g3 respectiveljhe optimal design for heating condition

g2 gives larger temperature variation on the bottom surface because of the high
heat flux. For g3, the temperature difference on the bottom surface is even
larger under low mass flow ratélthough the heat flux is decreasing along
flow direction, the ratef decreasing is small; meantime, the cooling capacity
is dropping due to increasintgmperatureof the fluid. Temperature rises
drastically near the outlet plenum, which causes the large temperature
difference.However,for the three optimal heat sinkhe minimum values for

all heating conditions are almost identical.
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Figure. 5.25 Temperature difference of optimal designsvith various mass
flow rate

The curve for the dimensionlesstotal thermal resistaze is shown in
Figure5.26. The dimensionlesshermal resistance is a function of channel
geometric parameters calculated IBguation5.3. Dimensionless thermal
resistance decreases as mass flow rate is increased since heat transfer is
enhance by high Regids number in the channels. Optimum heat sink under

gl and g3 maintains almost identicaneénsionless thermal resistaneehile

for optimum design under g2, dimensionless thermal resistance is slightly
higher. High heat flux leads to large thermal r@sisé of the heat sink. For the

optimum design, thermal resistance remains steady under low heat fluxes.
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Figure. 5.26 Dimensionless otal thermal resistance ofoptimal designs with
various mass flow rate

The dimensionless pressure diBgjan numberat the inletincreasesalmost
linearly as mass flow rate risas shown irFigure5.27. Bejan number for the
optimum designs depends only on the pressure drop of the heat sink because
channel length is the samidigh heat fluxes result ihigh fluid temperature

with low viscosity therefore leads to small pressure drop in the optimum
designs. A slight dropf Bejan number can be observed in the figure when

increasing the heat flux on the bottom surface.
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Figure. 5.27 Bejan number of optimal designswith various mass flow rate

The thermal efficiency is introduced for further understanding of the thermal
performance of the optimum designs, whickhis ratio of disgpated heat to the

pumping power of the heat sinks defined in Equation.5.6

- (5.6)

where 0 is the total heat dissipated by the coolaktjs the volume flow rate,

Y0 is the pressure drop of the heat sink.
0 is calculated by:
w Y Y (5.7)

where” and @ are the density and specific heat capacity of the fluid at the

average temperatur€Y and Y are temperature of the fluid at the inlet and
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outlet, respectively. They are obtained ashe massweighted average

temperature at inlet and outlet.

Substitute Equation5.7 into Equation5.6, then Equation5.6 can be reduced

into:

N (5.8)

The thermal efficiencies of the three designs are comparedjure.5.3. The
thermal efficiency of the heat sink v&@ry high which means that the heat is
dissipated with small pumping power requirement, especially at low mass flow
rate where the pressure drop of the heat sink is extremely Srhallthermal
efficiency reduces greatly with the increasdhsd mass flowate.The linearly
increasing pressure drop and the decreasing diildt temperature are the
causesOptimal heat sink under g2 maintains the hightestrmal efficiency
among all the three; while heat sink under g3 is the least efficidr@. T
difference between the pressure drops of the three heat sinks is rbunor,
convective heat transfer is enhanced under high heat flux conditibich
increases the heat dissipated by the heat. Stuhsequently the thermal

efficiencyis improved.
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Figure. 5.28 Thermal efficiency of optimal designswith various mass flow
rate

5.5 Summary

In this chapter, two heat sink layouts are proposed and their cooling
performances are compared to remove continuously varying fluga Two

heat flux conditions are tested under different mass flow rates. For both layouts,
there is a critical value for mass flow rate beyond which mass flow rate has
minor effects on temperature distribution of the heat sinks. Results also show
thatheat sink layout 2 presents better cooling performance than layout 1. Heat
sink layout 2 maintains logr maximum temperature, temperature difference,
and dimensionlesgpressure dromunder both heating condition¥he overall
average Nusselt number and that efficiency of layout 2 is much higher than
that of layout 1Thedimensionlessotal thermal resistance for heat sink layout
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2 is also smaller and less responsive to heat flux which means that layout 2 is

more suitable for high heat flux conditions.

The geometry of heat sink layout 2 is also optimized under three continuously
varying heat fluxes. Optimal designs are obtained using Taguchi method under
each heating condition. For all optimal designs, the cooling performance is
most sensitive to the widthf channel ¢ ) and the optimal designs have the

smallest channel width. Cooling performance of the optimal designs is similar

but superioto that of original design.
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Chapter 6 Cooling Performanceof Swirl
Channd Micro Heat Sink under Uniform

and Continuously Varying Heat Flux

The svirl channel micro heat sinttesignedy Fan et al(2010 is preliminarily
studied using Fluent. The effects of channel curvature and channel number are
studied under various unifor heat fluxesanging from 10 W/crto 60 W/cni

and inlet velodies of 0.5 m/s and 1 m/# was found that high curvature and
channel number improved the cooling performance of the heat sink. This
chapter ontinues the study of the swahannel micro heat sink with the higher
curvature which was pposedby Fan et al.(2010 under different heating
conditions. Firstly, the effect of cross sectional geometny the cooling
performancas sudiedwith uniform heat fluxes applied on the bottom surface.
Rectangular, trapezoidal, inversapezoidal andsoscelestriangular shaped
channels are investigated. Secondly, the esestional geometry which results

in the best cooling performance is further tested under continuously varying

heat flux.

6.1. Module Specifications

The complete modujeshown in Fgure.6.1,is 24 mm in diameter and 2.7 mm

in height. There is aylindrical expandemwith 4 mmin diameterplaced at the
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center of the heat sink. Ten channels are distribatpddistantlyaround the

expanderThe curvature of the channel is defined as:
©w YHODEIT O (6.2)
®w Y Q&1 0o (6.2

Where @ and w are coordinates’Y is the radial velocity] is the angular

speed;0 is the time, which can be calculated by:
0o - (6.3

In this work, Y pa afi, Vi WM A 2 mm long tule (2 mm in
diameter) is used as inlet for the heat sink which is at the center. The channel

height is fixed at 0.5 mm and the base is 0.2 mm high.

Figure. 6.1 Sketch of swirl channel micro heat sink (unit mm)
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Four cross sectionalhaps are proposeavhich arerectangular trapezoidl,
inversetrapezoi@l and isoscelesriangular. Figure6.2 gives the sketch of a

single channel for each desigithe dimensionsof the test moduleare

summarized in Tablé.1

f W,
!

S R S
.

rectangular trapezoidal

inverse triangular
trapezoidal

Figure. 6.2 Cross sectional geometries

Table. 6.1 Dimensions of various cross sectional geometries

Cross sectional _ _ _
_ Rectangulal Trapezoidal Inversetrapezoidal Triangular
geometries
W ad 0.4 0.4 0.4 0.8
O daa 0.5 0.5 0.5 0.5
W ad 03 0.3
0 aa 0.2 0.175 0.175 02
O aa 0.44 0.4 0.4 0.39
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Underuniform heating conditics) the testecheat fluwesrange from 10 W/c
to 60 W/en®with the sameReynolds number 0825 and 650 at the channel

entrancdor all four proposecdcross sectionslhe inlet velocity is controlled to

achieve the same Reynolds number at the channel entrance for different cross

sections.Afterwards, he cross action with the best performande studied
under wo typesof continuously varying heat fluxgéinear and exponential)
with inlet velocity varying from 0.5 m/s td m/s which correspond$o inlet
Reynolds number from97 to 1994 The heat fluxforms aconcentriccircle
pattern and decreases along ahdiirection. In positive radiusdirection the

heat fluxdistributions are:
P PTG IO I (6.5)

ne Y 7 cm (6.6)

The approach forsimulationof the heat fluxwas described in seon 3.1.3.

Figure6.3 shows the distributiorcurves of the two proposed continuously

varying heat fluxThe heat flux distribution on the bottom surface is presented

in Figure.6.4
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Figure. 6.4 Heat flux distribution on bottom surface
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reduced

requires

it

simulations as

M and 2.1 M cells are simulatadhderchannel entrance Reynolds number of
further

The svirl channelmicro hea sink with rectangular channe selectedor the
analysis of mesh independence. Unstructured ragstems with 1.1 M, 1.65
325anduniform heat fluxof 10 W/cnf on the bottom surfacén Figure.65, a
portion of themesh at the expandé& shown The temperature and velocity
distribution along the radius in thmiddle of the channelare presentedn
Figure6.6 andFigure6.7. Data obtainedisingmeshes with 1.65 M and 2.1 M
showalmost the samdistribution As a result, the mesh with 1.65 M cells is

6.2. Mesh Independence
considered sufficient for

computational time.
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Figure. 6.5 Partial mesh at the expander
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Figure. 6.6 Temperature distribution along the radius direction in the
middle of the channel
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Figure. 6.7 Velocity distribution along the radius directionin the middle of
the channel
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6.3. Results and Discussion

6.3.1 Effecs of Cross Sectional Geometry

6.3.1.1 Temperature distribution

The temperature contours of the bottom surface of the heat sink are shown in
Figure6.8 for different channelcross sections. ThReynolds numbeat the
channelentrancas 325 and theuniform heat fluxon the bottom surfacis 10
W/cn?. For allinvestigatedcross sections, the temperature distributionthe
bottom surface of the heat simtesents a shape abncentric circlesThe
increase of théluid temperaturecausesa reductionof convectiveheat transfer
between the wid and coolanalongthe flow direction. Thermalresistanceof
heat conductiom the solid phase increases along flow directmte the wall
between two channels becomes thickéerefore, Hhough heat flux dereases
drastically along radial directigorthe temperaturef the heat sinkeeps rising.
The minimum temperature is at the center of the plate whwezefluid
temperaturas low. At a certainradius, thelowest temperature iseneaththe
channels. This is result ofthe shortestconduction disince betweethe heat
source and coolant which leadsdsmall conductionthermal resistancen the
solid phaseThereforethe region withmaximum temperature appears between
channels at the edge of the plate where fluid temperatutes isighest and
chamels are farthestpartfrom each othett a fixed radius, the temperatuaie

the bottom surfacé®eneaththe outer wall of the channel is lower than that
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beneaththe innerwall. It is caused by the secondary flevhich is due to the
curvatureof the chanal. Figure6.9 shows the pathlines ithe channels from

the bottom view of the heat sink. It canfloend that secondary flow is ithe
clock-wise direction in the channel. From the bottom view, heat transferred to
the outer wall is dissipated by main fleand secondary flow; thus the outer

wall is able to maintain a lower temperature.

Different cross sectional geometries have significant effects on heat sink
performancesThe inlet velocity is controlled to maintain a certain Reynolds
numberattheentrarce of themicro channelsvith different cross section$Vith

the same Reynolds numberat the channel entrancdrapezoidal and
inversetrapezoidal channels havamilar performances.Compared tothe
rectangular channethey are less compact anésls effetve in packaging,
which leads to larger thermal resistanioethe solid phaseAs a result the
maximum temperatures higher and the areaith maximum temperature is
larger. For the triangular channelthe width & the channel is twice as lorag
the otler three which leads to a half of the distance betweach two channels.
Conductve thermal resistage is reduced in this casélith the same Reynolds
number at the channel entrandbe maximum temperaturdor triangular
channelis lower The footprint & the channels with triangular shape is the

largest among all. Thereforgmperature uniformitys also improved.
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(a) rectangular

(b) trapezoidal
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