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Computational Fluid Dynamics analysis of Rectangula
Microchannel Heat sink

ABSTRACT

In the study, the analysis of fluid flow and he@nsfer in a rectangular microchannel
heat sink has been carried out with the help ofmdational fluid dynamics (CFD) .The

experimental work done performed by Lee and Mudai@a02) was simulated for this

study. The CFD model equations are solved to amallye hydrodynamic and thermal
behaviour of the rectangular microchannel heat.siitle geometry of the problem is
created in Solidworks while meshing has been dor&NSYS Workbench. The model

has been solved by ANSYS Fluent 15 solver.

The three-dimensional heat transfer characteristicghe heat sink were analyzed
numerically by solving the conjugate heat trangbeoblem involving simultaneous

determination of the temperature distribution inhbthe solid and liquid regions. The
measured pressure drop and temperature distrisusbow good agreement with the
corresponding numerical results. These findings aietmate that the conventional
Navier—Stokes and energy equations can adequateljicp the fluid flow and heat

transfer characteristics of micro-channel size usquesent study.

Key Words: Microchannels, CFD, Fluent, Temperature distribution, pressure drop
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CHAPTER-1

INTRODUCTION

Heat is an unavoidable by product of any electra@eice or mechanical heat engine.
The aim of every thermal engineer is to minimizis theat or remove this heat from its

source. The efficientremoval ofthis heat is reféres thermal management. This heat
sink is the device which is used for sinking awlag heat dissipated in the engine or any
other device. In case of high heat flux generaglegtronics device, the miniaturize sizes
of these heat generating devices and the strictabpgconditionscreates achallenging
situationto efficiently remove the heat producedeTrapid increase in IC speeds,
functionality and miniaturization of devices ha®led an extraordinary acceleration in
chip heat dissipation and consequently thermal gemant is becoming a critical

bottleneck to system performance.

The Increase in the temperature of semiconductuicee leads to change in various
device parameters. For example, in case of Laseled| the threshold current (current at
which lasing action starts) of the device increasegonentially with the rise in its

junction temperature while the slope efficiencydeivice decreases exponentially with
temperature. Apart from this, the reliability oflaser diode is strongly affected by the
temperature rise in the active region as the operdifetime of the device decreases
exponentially with temperature. The failure rateao$emiconductor device follows the

Arrhenius equation[1]:

F=A(e5 ) 1.1
F: Failure rate

A: Arrhenius constant

T: Junction Temperature (K)
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Ea: Activation energy (eV)
K: Boltzmann’s constant (8.63xt®&\V/K)

The failure rate of a component almost doubles waithincrease of £@ (for an Ea of
0.65 eV).

To efficiently remove the heat dissipated from swmductor devices, micro-machining
technology is the current trend which is gainingudarity for the development of highly
efficient cooling systems for semiconductor devicddicrochannel cooling is a
technology dealing with very small fins that areqdd extremely close to the heat
dissipating element.Microchannel heat sink is ai@ewhich has the ability to remove

very high heat fluxwith minimum temperature rise.

The need for miniaturized scale channels emerga®s fthe way that for a constant
temperature difference the heat exchange rateojgoptional to the result of the overall
heat transfer coefficient U and the heat exchaegen A. The higher increment in UA
can be accomplished by expanding the overall haasfer coefficient U which can be
raised by expanding the film heat transfer coedfitin. For flow through pipes and tubes,
huge increment in h can be accomplished by reduleymyaulic diameter. That is the
reason; microchannel heat sinks can disseminateotaofi heat with least rise
intemperature. The small size of microchannel helatsadditionally makes them

perfectly suited for cooling the space obliged &tadc gadgets.

The two essential targets in semiconductor chipnthémanagement are the lessening of
the gadget most extreme temperature and the miaiioiz of thermal resistance of the

packaged device. Microchannel heat sinks ¢iniently accomplish these goals.

In literature, it is mentioned that microchannethsimks can remove heat flux of the
order of 1000 W/cm2 with most extreme surface taaipees of under 120 [2]. The
likelihood of accomplishing this level of heat flurmoval has brought about various

reviews for using microchannel flow for the thernmabnagement of high heat flux
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generating electronics frameworks. Many of theseanémations concentrated on
knowingthe essentials of fluid flow inside a midnaanel. Some examination was
centered around looking into the flow and heat tearattributes in microchannels and in
customary channels. Hypothetical examination pramypimprovement of microchannel
heat sinks were done; so additionally were testnaxations to acquire new connections
and to augment the scope of use of conventionalreiaelationships to incorporate in
case of microchannels.

The investigation of heat transfers andmovemeriluaf these channels, which are two
basic area of interest, have pulled in more comatdms with wide applications in many
applications. Microchannel heat sinks are charee@drinto two types. First is single-
phase in which; fluid does not change its phasesebond type; which is known as two
phase microchannel heat sink, fluid gets vaporizleee to low fluid velocity and high
heat flux).

1.1 Microchannel concept and early work
The goal of every thermal designer is to get thaling fluid as close as possible to the

heat source. To achieve this, liquid flow througlenmihannels was firstly shown as an
effective method for dispersing heat from silicon mpoyated device by Tuckerman and
Pease (1981) [3]. The original thought promptedous imaginative plans and generated
various research activities in the field of micraohel cooling. This exhibition included

the testing of an extremely narrow water-cooledtdiek. Minute channels of 50 pum

width and 300 um of depth carved on silicon, anthideralized water was pumped

inside these narrow passages as the coolant. Id eapel heat flux of 790 W/cm2 and a
comparing substrate temperature increase o€ 7dbove the inlet water temperature.
Before continuing with microchannel heat exchangd #uid flow behaviour, it is

suitable to present a definition for the expresSmitrochannel.

1.2. Flow channel classification
Hydraulic diameter can serve the basis of defimmgrochannel in case of channel is not

circular.Mehendale et al. (2000) [4] gavethe follogv basis for the definition of
microchannel on the basis of least channel dimeri€)® as shown in table 1.1.
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Table 1.1

Lean D ¢ 100 an :  Microchannels

100am { D { 1 mim . Minichannels

1 o { D { 6 mm . Compact Passages

6 mim DD : Conventional Passages

Kandlikar (2003) [5] adopted a different classifioa which has the same basis for its

classification i.e. lowest channel dimension “I¥"isl given in table 1.2.

Table 1.2
Leaor I ¢ 10 e : Tramsitional Microchannels
10¢mm ¢ D { 200 gan : Mlicrochannels
200 gon DD {3 man : MIinichannels
3 rrammr DD : Convenrional Passages

A more straightforward arrangement was propose®bgt (2003) [6] in view of the
hydraulic diameter.Obot arranged channels of hydraliameter less than 1 mm (& 1
mm ) as microchannels, which is likewise receivgchbmerous different scientists, for
example, Bahrami and Jovanovich (2006) [7] and 8ler and Pidugu (2006) [8].This
classification is supposed to be most suitablefferreasons for this proposition.
Microchannel heat sinks work on the technologywhighcapable of transferringhigh
amount of heat flux which is generated inside sraadh of semiconductor device during
its operation. This heat sinksare normally fabadaby using copper in case of metallic
microchannel heat sink which has high thermalcotidiy among metals. Few
experiments were also carried out using CVD (chaltyiczapour deposited) diamond as
microchannel heat sink material. Siliconis materiahich is preferred while
microchannel heat sink to be produced from semigotw material itself. The
microchannels are fabricated by either micro maogitechnology in case of metals or
well established semiconductor fabrication techgglavhen silicon is used as material

for microchannel.
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A large number of parallel channels in micron rangestitute a microchannel heat sink.
The shapes are generally circular or rectangulae. cbolant which is normally deionised
water or water with nanopatrticles; is forcefullyspad inside these channels to remove
heat from heat dissipating device.

Microchannel heat sinks have very high surface tremlume ratio and large convective
heat transfer coefficient (comparable to boilingsome cases). Additionally, they posses
low mass, small volume and small cooling fluid neeonent. These properties
makethemagoodchoice for thermal managementof sewchicbor devices such as

semiconductor laser arrays, highspeedmicroprocestor

1.3 INTRODUCTION OF COMPUTATIONAL FLUID DYNAMICS
(CFD)
It will be very expansive and time consuming precésall the work on microchannel

heat sink is done practically. To diminish the gitgrof trials that should be performed,

analysts utilize Computational Fluid Dynamics (CF3)an instrument for heat exchange
investigation. CFD can be utilized as a part ofaplalr with trial setups with an end goal

to anticipate the stream and heat exchange qualitie given surface under the

predetermined control parameters. Computationdinigaes can abbreviate the outline
cycle and in this way diminish exploratory expenddamerical strategies are widely

used to break down the liquid conduct, executiot enplan the microchannels warm

sink.

Computational Fluid Dynamics (CFD) is software whis aset of numerical algorithms

thatis used to analyze the fluid flow and heat exgfe. Arrangements of mathematical
model conditions are first created taking aftersssumation laws. These conditions are
then explained utilizing software so as to get fleev parameters all through the

computational area. Validation of CFD results isessary to evaluate the precision of
the CFD analysis. The validation is accomplishecctgtrasting CFD comes about and
accessible exploratory, hypothetical, or explanataformation. Validated models end

up plainly settled as dependable, while those wiltcme up short the approval test
should be adjusted and revalidated. Additionallgmdnstrate conditions can be
simulated by CFD technique for the design and agrmeént of microchannel heat sink.
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1.4 AIM OF THE PRESENT WORK
The investigation of fluid flow and heat exchangmlgsisin microchannels is essential

for the innovation purpose and to optimize its getsn and flow parameters. The
advancements are taking after the pattern of ggalown in all fields. The researches
demonstrate that the microchannels and micro figidire considered widely for high
heat flux applications. However, there is conswdirresearch identified with the
execution investigation of micro fluidicdevices btlizing CFD. Taking after from the
experimental examination of Lee and Mudawar (20@2¥ study concentrates on the
outcome of CFD analysis of microchannel fluid flawd heat exchange, in a rectangular

microchannel heat sink.
The aim of present work is

» Computational Fluid Dynamics analysis of rectanguatécrochannel heat sink to
comprehend its hydrodynamic and thermal nature.
» Validation of the CFD models by contrasting the sprg results with the

experimental work of Lee and Mudawar (2002).
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1.5 OUTLINE OF THE PROJECT REPORT

Chapter 1: Detailed introduction of project workttwfocus on importance of thermal
management in semiconductor technology, classificaif micro channel, its importance

in high heat flux cooling and use of CFD in micranhel heat sink analysis.

Chapter 2: Covers detailed literature review oneeixpental and theoretical analysis of
the microchannel heat sink.

Chapter 3: Explains theory and modeling equatio@ D analysis.

Chapter 4:Describes theory and modeling equatioiofo channel heat sink. The

fabrication technology of microchannel heat sinklso described in this section briefly.
Chapter 5: Describes modeling of Rectangular mieooel heat sink in detail. The
various parts in simulation like geometry, meshibgundary conditions, Temperature
and Pressure variation inside microchannel areritbestin this section.

Chapter 6: Results and discussions

Chapter 7: Conclusion
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CHAPTER- 2

LITERATURE REVIEW

A lot of experimental and theoretical work on midnannel heat sink has been done inthe
last decades. Both the industrial and academiclpdugve taken interest in this area.
Thefollowing is a review of the research that hasrbcompleted on microchannel heat
sink. The literature survey is arranged accordiogsimilarity to the work done in
thisthesis. In this literature review emphasisiieated on:

(a). Experimental study of fluid flow and heat @&t in micro channels

(b). Numerical study of fluid flow and heat transiie micro channels

2.1 EXPERIMENTAL STUDY OF FLUID FLOW AND HEAT
TRANSFER INMICRO CHANNELS

With the development of micro fabrication technglpgnicrofluidic systems have
beenincreasingly used in different scientific diicies such as biotechnology, physical
andchemical sciences, electronic technologies,irsgrischnologies etc. Microchannels
are oneof the essential geometry for microfluidistems; therefore, the importance of
convectivetransport phenomena in microchannels amcrochannel structures has
increaseddramatically. In recent years, a numbeeséarchers have reported the heat
transfer andpressure drop data for laminar andulemb liquid or gas flow in
microchannels.

The conceptof micro channel heat sink at first psggl byTuckermann and Pease
(1981) [3] theydemonstrated that the micro channel heatssio&nsisting of micro
rectangular flowpassages, have a higher heat &anegfficient in laminar flow regime
than that in turbulentflow through conventionallgexd devices. They said that the heat
transfer can be enhancedby reducing the channghthéiown to micro scale. This
pioneering work initiated otherstudies, some coméid findings reported by others.
Many researchers compared theirnumerical or awalyStudies with Tuckerman and
Pease.
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Wang and Peng (1995) [9had investigated experimentally the single-phagseefb
convectiveheat transfer characteristics of watettiam®l flowing through micro-channels
withrectangular cross section of five different dwnations, maximum and minimum
channelsize varying from (0.6 x 0.7 Mnto (0.2 x 0.7 miA). The results provide
significant dataand considerable insight into tleédvior of the forced-flow convection
in micro-channels.

Peng and Peterson (1996) [16§d also investigated experimentally the singlespha
forcedconvective heat transfer micro channel stinest with small rectangular channels
havinghydraulic diameters of 0.133-0.367 mm antrsisgeometric configurations. The
resultsindicate that geometric configuration hadignificant effect on single-phase
convective heattransfer and flow characteristidse Taminar heat transfer found to be
dependent upon theaspect ratio i.e. the ratio dfdufic diameter to the centre to centre
distance of microchannels. The turbulent flow fasise was usually smaller than
predicted by classical relationships.

Fedorov and Viskanta (2000)[11]developed a three dimensional model to investigate
theconjugate heat transfer in a micro channel sie&t with the same channel geometry
used inthe experimental work done by Kawano etl1&098) [12].This investigation
indicated that theaverage channel wall temperatlorg the flow direction was nearly
uniform except in theregion close to the chann#tjinwvhere very large temperature
gradients were observed. Thisallowed them to caeclihat the thermo—properties are
temperature dependent. Themodifications of theringsigal properties in the numerical
process are very difficult astemperature and vstarie highly coupled.

Jiang et al. (2001) [13)erformed an experimental comparison of microchaheat
exchangerwith microchannel and porous media. Thectebf the dimensions on heat
transfer wasanalyzed numerically. It was emphasikat the heat transfer performance
of themicrochannel heat exchanger using porous anesli better than using of
microchannels, butthe pressure drop of the forsenuch larger.

Qu and Mudawar (2002) [l14have performed experimental and numerical
investigations ofpressure drop and heat transfaracteristics of single-phase laminar
flow in 231 um by713um channels. Deionized water was employed as thergpbfuid
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and two heat fluxlevels, 100 W/cm2 and 200 W/cm&jretd relative to the planform
area of the heat sink,were tested. Good agreemenfaund between the measurements
and numericalpredictions, validating the use ofvemtional Navier—Stokes equations for
micro channels.For the channel bottom wall, mughéi heat flux and Nusselt number
values areencountered near the channel inlet.

Qu and Mudawar (2004) [15tonducted a three-dimensional fluid flow and heat
transferanalysis for a rectangular micro channelt lenk using a numerical method
similar to thatproposed by both Kawano et al. ()9%hd Fedorov and Viskanta. (2000)
This modelconsidered the hydrodynamic and therraaélbping flow along the channel
and found thatthe Reynolds number would influeree length of the developing flow
region. It was alsofound that the highest tempeeaia typically encountered at the
heated base surface of theheat sink immediatehcanj to the channel outlet and that
the temperature rise along theflow direction in soéid and fluid regions can both be
approximated as linear.

Mishan et al. (2007) [16has worked on heat transfer and fluid flow charéstie of
arectangular microchannel experimentally, havingtewaas a working fluid. The
experimentalresults of pressure drop and heatfeaosnfirm that including the entrance
effects, theconventional theory is applicable fatev flow through microchannels. They
havedeveloped new method for measurement of flemdperature distribution and it
gives thefluid temperature distribution inside thannel.

Lee and Mudawar (2007) [17]have done experimental work to explore the micro-
channelcooling benefits of water-based nanofluidstaining small concentrations of
Al203. It wasobserved that the presence of nangfestenhances the single-phase heat
transfercoefficient, especially for laminar flowigHer heat transfer coefficients were
achievedmostly in the entrance region of micro-cieden However, the enhancement was
weaker inthe fully developed region. Higher concatins also produced greater
sensitivity to heatflux. A large axial temperatuige was associated with the decreased
specific heat for thenanofluid compared to the b#sa&l. For two-phase cooling,
nanoparticles causedcatastrophic failure by deipgsitto large clusters near the channel

exit due to localizedevaporation once boiling comogssl.
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Chein and Chuang (2007) [18]have addressed microchannel heat sink (MCHS)
performanceusing nanofluids as coolants. They laareed out a simple theoretical
analysis thatindicated more energy and lower miwanoel wall temperature could be
obtained under theassumption that heat transfeld doei enhanced by the presence of
nanoparticles. Thetheoretical results were veribgdheir own experimental results. It
was observed thatnanofluid-cooled MCHS could absoobe energy than water-cooled
MCHS when the flowrate was low. For high flow ratdse heat transfer was dominated
by the volume flow rateand nanoparticles did nattébute to the extra heat absorption.
Jung et al (2009) [1%ave studied experimentally the heat transfer mefits and
frictionfactor of AlI203 with diameter of 170 nm ia rectangular micro channel.
Appreciableenhancement of the convective heat fearcefficient of the nanofluids
with the base fluidof water and a mixture of waded ethylene glycol at the volume
fraction of 1.8 volumepercent was obtained withmajor friction loss. It has been found
that the Nusselt numberincreases with increasiegR@ynolds number in laminar flow
regime, which iscontradictory to the result frore tonventional analysis.

Ergu et al. (2009) [20had described the pressure drop and local massfdéram a
rectangularmicrochannel having a width of 3.70 rheight of 0.107 mm and length of
35 mm. Thepressure drop measurements were cautasith distilled water as working
fluid atReynolds numbers in the range of 100-84bilevmass transfer measurements
with achemical solution at Reynolds numbers in thege of 18-552 by using the
electrochemicallimiting diffusion current techniq&LDCT). Experimental friction
factors were foundslightly higher than those calted by theoretical correlation. The

Sherwood numbercorrelation was also obtained.

2.2 NUMERICAL STUuDY OF FLUID FLOW AND HEAT
TRANSFER IN MICRO CHANNELS

To design an effective microchannel heat sink, &mental understanding of
thecharacteristics of the heat transfer and flloa in microchannel are necessary. At the

earlystages the designs and relations of macrodkeate flow and heat transfer were
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employed.The strength of numerical simulationshis possibility to investigate small
details that areimpossible to observe in experiment

Liu and Garimella (2004) [21have studied numerically on fluid flow and heansfer

in microchannels and confirmed that the behaviomafro channels is quite similar to
that ofconventional channels. And their analysisvgtd that conventional correlations
offer reliablepredictions for the laminar flow chateristics in rectangular micro channels
over a hydraulicdiameter in the range of 244—Qi74

A numerical study has been performedlbet al. (2004) [22pn the same micro channel
heatsink developed by Qu and Mudawar (2000)in ornderexplore the impact of
geometric andthermo- physical parameters of thel fan its flow behavior and heat
transfer characteristics.

The authors have acknowledged the scattered reshttsned in past micro fluidics
studiesfrom various authors, and pointed out thengt differences of empirical
correlations derivedtherein. These differenceseapecially true when comparing works
that studied singlemicro channels to those who idensd entire micro channel heat
sinks. Thus, the authorsnoted a need to developencah models that provide more
insight into the fundamentalphysics of the transpoocesses involved.

Roy et al. (2004) [23}as studied a steady, laminar flow and heat tramdfa nanofluid
flowinginside a radial channel between two coaxéad parallel discs. The non-
dimensionalgoverning equations of mass, momentumh amergy were solved by
computational fluiddynamics method. Results presegnin this paper are for a
water/aluminium oxide particlenanofluid (H2§-AI203). Results have shown that the
inclusion of nanoparticles in atraditional cool@an provide considerable improvement
in heat transfer rates, even at smallparticle veldmctions. Increases in the resulting
wall shear stresses were also noticed.

Gamrat et al. (2009 [24] analyzed three-dimensional flow and assedadteat transfer
in arectangular micro channel heat sink numericallhe numerical simulation
considered thecoupling between convection in mmtannels and conduction in the

walls and in thecomplete solid material. The resolt numerical simulations using the
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continuum model(conventional mass, Navier—Stokesesrergy equations) were in good
agreement withpublished data on flow and heat teams three dimensional channels.
Hetsroni et al. (2005) [25has verified the capacity of conventional theoryptedict
thehydrodynamic characteristics of laminar Newtoniacompressible flows in micro
channelsin the range of hydraulic diameter fronb+D to D mh = 4010u . They have
comparedtheir results with the data available ierofiterature. The theoretical models
were subdividedin two groups depending on the aegfeorrectness of the assumptions.
The first groupincludes the simplest one-dimendiomadels assuming uniform heat flux,
constant heattransfer coefficient, etc. The conspariof these models with experiment
shows significantdiscrepancy between the measursnaad the theoretical predictions
The second group isbased on numerical solutionudf Navier—Stokes and energy
equations, which account thereal geometry of theronthannel, presence of axial
conduction in the fluid and wall, energydissipatioron adiabatic thermal boundary
condition at the inlet and outlet of the heat siekendence of physical properties of fluid
on temperature, etc. These models demonstratéyafaat correlation with the available
experimental data.

Khanafer et al. (2003) [26has investigated heat transfer enhancement in a two
dimensionalrectangular enclosure utilizing nanafuiThe material used is water/cupper.
The developedtransport equations were solved noailriusing the finite-volume
approach along with thealternating direct impliprocedure. The effect of suspended
ultrafine metallic nanoparticleson the fluid flomdaheat transfer processes within the
enclosure was analyzed. The heattransfer corralafidhe average Nusselt number for
various Grashof numbers and volumefractions was [@kssented.

Jou and Tzeng (2006) [2Have used the Khanafer's model to analyze heasféran
performanceof nanofluids inside an enclosure takimg account the solid particle
dispersion. Transportequations were modeled byearst function-vorticity formulation
and solved numericallyby finite difference appraaddased upon the numerical
predictions, the effects of Rayleighnumber (Ra) asplect ratio on the flow pattern and
energy transport within the thermalboundary layerespresented. It was observed that
increasing the buoyancy parameter andvolume fractfcmanofluids cause an increase in
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the average heat transfer coefficient.Finally, #mepirical equation was built between
average Nusselt number and volumefraction.

Li and Peterson (2007) [28}ave worked on identification of the possible metsims
thatcontribute to the enhanced effective thermalndaativity of nanoparticle
suspensions(nanofluids). The mixing effect of thsebfluid in the immediate vicinity of
thenanoparticles caused by the Brownian motion avedyzed, modeled and compared
withexisting experimental data available in theriture. The simulation results using
CFX 5.5.1software indicate that this mixing effeah have a significant influence on the
effectivethermal conductivity of nanofluids. Thewve found pressure, velocity and
temperatureprofile around the nanopatrticles.

A developing laminar forced convection flow of ateraAl203 nanofluid in a circular
tube,submitted to a constant and uniform heat #tnthe wall, has been numerically
investigatedby Bianco et al. (2009). CFD method wasd to simulate the model
equations. A singleandtwo-phase model (discretécpes model) was employed with
either constant ortemperature dependent properiiee. maximum difference in the
average heat transfercoefficient between singld-tan-phase models results was found
about 11%. Convectiveheat transfer coefficientfanofluids was found as greater than
that of the base liquid. Heattransfer enhancemecrteases with the particle volume
concentration, but it is accompaniedby increasirall shear stress values. Higher heat
transfer coefficients and lower shearstresses wetected in the case of temperature
dependents models. The heat transfer alwaysimprageReynolds number increases.

Xu et al. (2008) [29¢onsidered liquid flow in 30-34dm(hydraulic diameter) channels
atReynolds numbers varies from 20 to 4000. Theiulte showed that characteristics of
flow inmicro channels agree well with conventiobahavior predicted by Navier—Stokes
equations.They have suggested that deviations ¢tassical behavior reported in earlier
studies mayhave resulted from errors in the measeme of micro channel dimensions,
rather than anymicro scale effects.

Sabbah et al. (2008) [3@bserved that the prediction of heat transfer ioraachannels
becomesdifficult with increase in complicacy of theometry of the micro-channels,

requiring threedimensionalanalysis of heat trangfietboth solid and liquid phases.
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Computational FluidDynamics (CFD) models were impdated in order to study and
optimize the thermal andhydraulic performance ofrmichannel heat sinks. Despite the
small width of the channels,the conventional Naviokes and energy conservation
equations still apply to the MCHE flow due to trentinuum of the working fluid where
the channel width is many times largerthan the mieaa path of liquid molecules
(water). The microchannel is characterized by thelar flow in it, due to the small
hydraulic diameter of the channel which result®wReynolds numbers

Oztop et al. (2008) [31jas carried out CFD study on heat transfer and fllow due
tobuoyancy forces in a partially heated rectangelaclosure filled with nanofluids.
Thetemperature of the right vertical wall kept lowlean that right wall while other two
walls areinsulated. The finite volume techniquesed to solve the governing equations.
Differenttypes of nanoparticles were tested. Arréase in mean Nusselt number was
found with thevolume fraction of nanoparticles tbe whole range of Rayleigh number.
Heat transfer alsoincreases with increasing oftiteafj heater. It was also found that the
heater location affectsthe flow and temperatudesiezhen using nanofluids.

Mokrani et al. (2009) [32] developed a reliable experimental device and adequa
methodologyto characterize the flow and convedtigat transfer in flat micro channels.
The study wasconcerned with measurement of pressnae and heat transfer by a
Newtonian fluid flowinside a flat micro channel ofctangular cross-section whose
aspect ratio is sufficiently highthat the flow cha considered two dimensional They
considered the hydraulic diameter astwice of thenakl height. The mathematical model
used to describe the convective heattransfer betwes walls and the fluid takes into
account the whole field (solid wall andfluid layeand the coupling between the
conduction and the convection modes. Finally, tbagtuded that the conventional laws
and correlations describing the flow and convetieat transfer in ducts of large
dimension are directly applicable to the micro cleds ofheights between 500 and 50
microns

Muthtamilselvan et al. (2009) [33]has conducted a numerical study to investigate the
transportmechanism of mixed convection in a lid«eini enclosure filled with nanofluids.

The twovertical walls of the enclosure were kemuiated while the horizontal walls
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were at constanttemperatures with the top surfaméng at a constant speed. The model
equations werediscretized by finite volume techaiguth a staggered grid arrangement.
The SIMPLEalgorithm is used for handling the presseelocity coupling. Numerical
solutions areobtained for a wide range of paramseded copper-water nanofluid was
used with Pr = 6.2.The streamlines, isotherm photd the variation of the average
Nusselt number at the hotwall have been presemtdddscussed. The variation of the
average Nusselt number wasobserved linear witld solume fraction.

In one of the recent studies B®}-Nmir et al. (2009) [34] an investigation of the
hydrodynamicand thermal behavior of the flow inghat plate micro heat exchanger
was performednumerically, by adopting a combinatbiboth the continuum approach
and the possibilityof slip at the boundaries. Irithwork, both viscous dissipation and
internal heat generationwere neglected. Fluentyaisalwas made based on solving
continuum and slip boundarycondition equationse&# of different parameters; such as,
Knudsen number (Kn), heatcapacity ratio (Cr), gifeness §), and number of transfer
units (NTU) were examined. Thestudy showed thath bibie velocity slip and the
temperature jump at the walls increase withincrepdkn. The increase of the slip
conditions reduces the frictional resistance of wadlagainst the flow, and under the
same pressure gradient, pumping force leads tahbdtuidflows much more in the heat
exchanger.

Very recently, Mathew and Hegab (2009) [35heoretically analyzed the thermal
performance ofparallel flow micro heat exchangdnjected to constant external heat
transfer. The modelequations predict temperatwstiblitions as well as effectiveness of
the heat exchanger.Moreover, the model can be wdmh the individual fluids are
subjected to either equal orunequal amounts ofeait@eat transfer.

One of the comprehensive studies in counter flowronchannel heat exchanger area
wasdone by Hasan et al. 2009. In this work, numksonulations were made to study
the effectof the size and shape of channels; sachiraular, square, rectangular, iso-
triangular, andtrapezoidal, in counter flow exchtem@ he results show that for the same

volume of heatexchanger, increasing the numbehahmels leads to an increase in both
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effectiveness andpressure drop. Also circular casngive the best overall performance

(thermal andhydraulic) among various channel shapes

Kang and Tseng (2007) [3@heoretically modeled thermal and fluidic charasters of

a crossflowmicro heat exchanger assuming that fiowgctangular channels, where fin
height andwidth are 3@m and 200um respectively, are incompressible, steady, and
laminar. Thesimulated results were validated with ¢xperimental data. The effects of
change of materialfrom cupper to silicon and dineems on its performance were
investigated. The study showsthat under the safeetekness value, a small rise in the
temperatures of working fluidsresults in an inceead the heat transfer rate, but a
decrease in pressure drop occurs.

Foli et al. (2006) introduced multi-objective gednetlgorithms for determining the
optimalgeometric parameters of the microchanne#d Brchanger to maximize the heat
transfer rateunder specified design constraint® @ralysis with an analytical method of
calculating theoptimal geometric parameters was pdsformed. This paper is important
and a good work,because there is limited publisiteciture on attempts at designing the
exchanger foroptimal performance.

Tsuzuki et al. (2009) [37proposed a new flow configuration, named S-shaped f
configurationto reduce the micro channel heat emgba pressure drop. A numerical
study using a 3DCFD code, FLUENT, was performed fital Nusselt number
correlations for the exchanger.

The copper heat exchanger, whose dimensions a@ XB8 x 4.75 mm3, comprises
coldwater channels and hot CO2 channels. For batlamd cold sides, simulations were
done toattain accurate empirical correlations fiiecent temperatures.

Rebrov et al. (2011) [38)as reviewed the experimental and numerical resultfuid
flowdistribution, heat transfer and combinationréed, available in the open literature.
They havefound that the experiments with singlenoleé are in good agreement with
predictions usingthe published correlations. Theueacy of multichannel experiments is
lower due to flowmaldistribution. Special attentiovas devoted to theoretical and

experimental studies on theeffect of a flow matdsttion on the thermal micro reactors.
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The review consists of twoparts. In the first, thein methods to control flow
distribution were reviewed. Severaldifferent desigof inlet/outlet chambers were
presented together with correspondingmodels usedgtmization of flow distribution.

In the second part, recent achievements inundelisigqinof heat transfer in micro
channels are presented

Bachok et al (2011) [39)as studied numerically a steady flow of an incaapible
viscous fluiddue to a rotating disk in a nanofluithe transformed boundary layer
equations have beensolved numerically by a finfferénce scheme, namely the Keller-
box method. Numericalresults for the flow and heatsfer characteristics were obtained
for various values of thenanoparticle volume fractand suction/injection parameter.
Two models for the effectivethermal conductivitytbé nanofluid, namely the Maxwell—
Garnett model and the Patelmodel, were considdtedas found that for the Patel
model, the heat transfer rate at thesurface inesedsr both suction and injection,
whereas different behaviours were observedfor tagwéll-Garnett model.

Allen (2007) [40] had investigated fluid flow and heat transfer incroachannels
experimentallyand numerically. Fluid flow and h&ahsfer experiments were conducted
on a copper microchannel heat exchanger with conhsarface temperature. The
experimentally obtainedfriction factor were fourairly well agreement with theoretical
correlations and moreoverthe experimental Nussatbber results agreed with theory
very well in thetransition/turbulent regime, buetresults show a higher Nusselt number
in the laminarregime than predicted by theoretmairelations. Philips created a CFD
model to simulate thefluid in the inlet plenum ahd microchannels. The results from
these simulations showedgood agreement with theergwpntal data in the
transition/turbulent regime as well as withtheaalti correlations for laminar and

turbulent fbw.
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CHAPTER -3

COMPUTATIONAL FLUID DYNAMICS- THEORY AND
MODEL EQUATIONS

Computational fluid dynamics (CFD) is that areaflafd mechanics which uses set of
particular numerical algorithms and calculations téckle and dissect issues which
includesflow of fluid. The codes which are used @D analysis are well established
and along these lines give a decent start to nmirieate heat exchanger and fluid flow

issues. Application of the CFD for the analysisdluid problem is done in thesesteps.

1. First of all, the mathematical equations which ased to describe the motion of
fluid; are written in the form of partial differaat equations. After that, these
partial equations are discretized.

2. The area of interest in CFD analysis is then assigrs different domains. Now,
the domain is divided intoseveral small parts kn@asrgrids or elements.

3. In the last, the specific boundary conditions gopli@ad as per the problem for

solving the equations.

The solution can be achieved directly or throughaition. Apart from this, a number of
control parameters are used to specify convemgernt accuracy. All CFD codes

consisof following:

» A pre-processor- To input the problem geometry, mgsneration and to set
boundary conditions of particular problem.

» A flow solver-To solve the governing equations legpon fluid flow. A flow
solver can use following methods:
0] finite element method,
(i) finite difference method,;
(i) finite volume method, and

(iv)  spectral method
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» A post-processor- To give the output data and tmwsthe results in graphical

manner.

3.1 Mathematical formulation: Governing Equations
The governing equations include the equation oftinaity, momentum equationand

energy equation. The velocity vector is obtaineshgishe continuity and momentum.
The energy equation is utlized to gettemperatuagiationat various planes. The

governing equations are written here in their ganferm.

3.1.1 Mass Conservation Equation
The continuity equation is shown below:

% +V.(po)=S, G.1)
Equation (3.1) is the general form of the mass exation equation. This general form
of continuity equation is valid for all kinds otuftd flow; whether it is compressible flow
or incompressible. Th& represents theadditional masswhich is added to ensge

any loss.

3.1.2 Momentum Conservation Equation
Conservation of momentum equation can be written as

~ _ —
(PO +V(pBD)=-Vp+V(F)+ pg + F
ot | (3.2)

Where
* p-is the static pressure.
e T-The stress tensor (described below), and

« 2 andF - the gravitational body force and externalybforces.
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The stress tensor is given by

—_—_— 2
T = (Vo+Vo')-Zv.aoI |
L 2 J (3.3)
Where
* u: The molecular viscosity,
e |: The unit tensor and

* The second term on the rightside is the resulbtime enhancement.

3.1.3 Energy equation
Energy equation in fluent is used in the followfogm:

A
+ S,

~(PE) + VAT (pE + p))= T" K, VT —>"h T +(F, 0)
£y = o ) 5

Where
* Keff IS the effective conductivity
« Jjis the diffusion flux of species J and
* The initial three terms on the right-hand side gfiaion gives energy exchange
because of conduction, species dissemination, moosity changes, separately.

S incorporates the heat of chemical reaction etc.

3.2 Boundary Conditions
The governing equation of fluid flow may bring ab@n answer when the boundary

conditions and the underlying conditions are ingida By and large, the boundary
conditions are appointed either as the numericaigeln case of steady state fluid flow,
three sorts of boundary conditions are used:

I. Dirichlet boundary condition

II. Neuman boundary condition and

Ill. Mixed boundary condition

Page | 21



The general boundary condition which are obseradtlid flow are:

(A)  Solid Walls : They can be moving or stationary.

(B) Inlets: Fluid entrance point.

(C)  Symmetry boundary: Fluid flow is symmetricabab any wall or plane.

(D)  Cyclic boundary: It is in pairs having identie@lues at some particular place.

(E) Pressure Boundary Conditions: Identificationpoéssure boundary condition at one
or more than one boundaries is a very importantusedul thing. Pressure boundaries are
identified by restricted storage of fluid, opeoatllambience and pressures generated by
any mechanical devices.

(F) Opening Boundary Conditioriduid may go out or can enter without any restoicti

(G) Free Surfaces and Interfaces:Surface tensionesoin to play in case of free

surfaces..

f

4— Open Boundary

Solid Wall

Inflow 4 \_’l/

B R _

Qutflow

YYVYVV VY

Symmetric Boundary

Fig.3.1 Various Boundary conditions
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3.3 Techniques for Numerical Discretization

3.3.1 The Finite Difference Method
Taylor series expansion is used tofind out thevdésies of anyvariable. It is used as the

differences between values of the different vadaddil various locations. 3.3.2 The Finite
Element Method

3.3.2 The Finite Element Method
The fluid domain ofinterest is divided in to seveedements. A simple function is

assigned for every variableunder each element. , Td¢teange in variation is summarized
to find flow field.

3.3.3 The Finite Volume Method
The finite volume method is currently the most usegthod in CFD. It is also called the

Cell Centered (CC) Method. In FVM,the flowgovernipgrameters are assigned at the

center of the computational volume.

3.3.4 Spectral Methods
Fourier series is used to approximate the unkncaines.
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CHAPTER-4

MICROCHANNEL HEAT SINK-THEORY, MODEL
EQUATIONS AND FABRICATION TECHNOLOGY

Microchannel heat sinks are composed of very sotainnels cut through a metal or
semiconductor. They can also be considered as §mathat are placed extremely close
to the heat dissipating element. These channels tiary small hydraulic diameter (in
microns’ level) which increases film heat transfeefficient h, to a very high level. This
in turn increases the heat transfer rate which isey requirement in today’s high

performing semiconductor devices.

4.1 Why Microchannel?
The heat transfer due to convection is given by:

Q = hA(Tsoiid — Tiiquid)
Thus the heat transferred can be increased eijheaking

» Area “A’larger
» Heat transfer coefficient” h” larger or

» Increasing the temperature difference
The heat transfer coefficient h is given by:
h = NuK/Dy, 4.1

Where [y is the hydraulic diameter of the channel and Nahes Nusselt number
characteristic for the flow. It is clear that fofiged Nusselt number in a channel flow,
heat transfer coefficient can be increased by tiedudts hydraulic diameter;
Dn.However the decrease in the diameter results werg large increase of the
pressure drop inside the channel. Thus in applicatwhere the heat flux is large,
microchannel heat sink helpsto maximize the comvedteat transfer coefficient, and

also decrease size and cost.
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4.2 Microchannel Heat sink- Model Equations

Cover plate

1 [TIP0R)),

W

Fig. 4.1 Schematic representation of Microchannel heat sink

In the above schematic, width “a” and depth” b” #ne main important sides of
microchannel heatsink which plays an important ioléeat transfer. The channel
length “L"is decided on the basis of semiconduatbip dimension. The number of
channels is governed by the width of channel “die Gap between two channels is

referred as wall thickness is shown here as “s”.
The number of channels “n”can be calculated from:
n=W/(a+s) (4.2)
The hydraulic diameter is derived from:
D= 4ab/2(a+b) (4.3)
The channel aspect ratio is given by:

o= bla (4.4)
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4.2.1Heat transfer in microchannels
In classical analysis, Nusselt number is assumdx tconstant when the flow is in fully

developed laminar region. The Nusselt number irvalmase is fixed and it is dependent
upon the channel shape and the heat transfer comsldt the wall from where heat load
is applied. Table 4.1 shows the Nusselt numbersgterally utilized shapes with
constant wall heat flux and constant wall tempegatu

In 1978, Shah and London gave the following refatma rectangular channel. The short
side is designated by “a” and long side “b”. Théramnel aspect ratio is defined as;
=a/b.

P, = fRe = 24(1-1.3558, + 1.94670°- 1.70120.>+ 0.9564a."— 0.25370") (4.5)

Po is Poiseuille number.

In case, the geometry of channel is rectangularNtsselt number is dependent on the
channel aspect ratig. =a/b, and the boundary conditions of wall of H&at. Depending
upon various wall conditions, three types of bougdanditions are specified andNusselt
number in each case is described here.

1. Constant wall temperature, T-boundary condition:
Nur = 7.541(1 - 2.616) + 4.97@° - 5.11%° + 2.7021.* - 0.548:°) (4.6)

2. Constant circumferential wall temperature, unifaxmal heat flux, H1 boundary

condition:
Nuy; = 8.235(1 — 2.0424, + 3.0853° — 2.4765,° +1.0578," - 0.1861L°)  (4.7)
3. Constant wall heat flux, both circumferentially aapdally:

Nun, = 8.235(1 — 10.6044 + 61.1755° — 155.1808;° +176.9208.* - 72.9236.°)
(4.8)
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Table 4.1 Nusselt No. For Various Geometries

Fanning friction factor and Nusselt number for fully developed laminar flow in ducts,
derived from Kakac er al. (1987).

Dhuct shape MNuy Mur Po=jRe

T,
.“/r ) Circular 436 166 16
"\\u

b Flat channeal e | T.54 4
1 361 2.958 14.23
2 4.13 3.39 15.55
- Rectangular 3 3.7y 396 17.09
aspect ratio, bia = 4 5.33 4.44 15.23
5 & 6.05 .14 19.70
8 6 49 5 &0 M0 SR
n] 524 T.54 24.00
< > Hexagon 4,100 3.34 1505
10 2.45 1.61 12.47
. 30e 2] 2.26 13.07
./_; 1;"'2;'3;?5;2“:“_5]3* 60° 311 2.47 13.33
,-_’ PR ANRIR S o0 298 234 12.15
1200 268 2.00 12.74
Ellipse,
MajorMinor axis a/'h = 1 434 3.66 16.00
2 3.56 374 16,52
I 4 4 488 179 15.24
~ R b g 5.00 172 19.15
(xﬁ__ - 16 S8 AAS 1954

ML= R E Be = gt D/ e, My — Nuunder a constant heat Aux boundary condition, constant
axal heat Hux, and unitorm circumiterental temperature; Muy — MU under a constant wall
teraperature boundary condition; ° — friction factor,
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In actuality, every handy circumstance falls sontece amidst these three conditions.
This turns into a particularly critical issue orcaant of microchannels as a result of the

trouble in recognizing a suitable condition.

4.3 Metallic Microchannel heatsink
Metallic microchannel heatsink is used to remowe lteat generated by high heat flux

generating semiconductor devices. The metallic ooitannel heatsink is made from
several thin sheets. All the metal sheet or laremathich are used for the fabrication
purpose is precisely machined with tolerances ef dhder of approximately 10 pm.
Afterwards, these sheets are joined together ath htgmperature to form
themicrochannels. Electrolytic or galvanic coromsand erosion of the internal structure
of microchannels are major concern. Deionized waterormally used in microchannel
which is used to avoid the electrical connectiotwieen the water and the semiconductor

device. This deionized wateris the main sourcdisfrnetallic erosion.

Due to this erosion, the smallmetalparticles arslodged which can block the
microstructure. To minimize these effects, a chilguipped capable of filtering particles

below 20 um is needed.

4.4 Fabrication of micro channels

Single crystal silicon, polycrystalline silicon antktals such as copper are used for the

construction of micro channels.

Certain basic processes:

4.4.1 Photolithography: A photosensitive emulsion layer called photoresist
which are used to transfer a pattern through a rteaaksemiconductor wafer. A mask
is made from a transparent glass plate which isngashromium patterns overthem. A
process called spin coating is used to deposityer laf photoresist of the required
thickness on silicon. After preparing a mask by éieve process, channels can be

produced through many processes.

Page | 28



4.4.2 Anisotropic Wet Etching

In this process, the channels are cut using chémlichants such as Alkali hydroxides
(NaOH, KOH, CsOH), ammonium hydroxide, and othés hydrazine and water.

Chemical Reaction:
Si + 20H-> Si(OH)?** +4e
4H,0 +4e>40H + 21

Si(OH)** +40H- SiO2(0OHY* + 2H0

With the use of KOH for anisotropic etching V shdpgrooves can be achieved

conveniently. Tapered walls in silicon can alscethed through this method.

By Using wafers of different orientation we can géfferent etch profiles and
differently shaped channels. The depth of the célanis controlled by the etching

time and the concentration of the etchant.

The channel is covered with a glass or silicon stdech are joined through Anodic
bonding. The dimensions of the channel producedlaoait 300 micrometers deep and

100 micrometers wide.

4.4.3 Anisotropic Dry Etching
This process allows us to etch high aspect ragiocties in the silicon wafer. It does not

depend on the crystalline orientation of the swafac

It is usually alternated with Chemical vapor deposi which is used to protect the
etched surface, for e.g. §B deposited to prevent etching of the walls dmdldottom

etched to give a deeper channel.
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4.4.4 DRIE and RIE (Reactive ion etching):

In DRIE, thin films of two different materials anesed. One film as a structural
material (commonly polysilicon) and another filmcalled sacrificial material (oxide).

These thin films are deposited and dry etched iorder of sequence. In the last, the
second layer which is sacrificial material is wéthed for the release the desired

structure.

4.4.5 Fabrication of micro channels in copper
Copper is another material that is used to make sieéis due to its high thermal

conductivity and can also be used to make microcéls.

4.4.5.1 Laser Micromachining

Commonly used lasers are:
1) Excimer lasers with UV wavelength
2) Nd:YAG with infrared and visible and UV wavelength
3) CO; laser with deep infrared wavelength

In laser machining, very short duration laser pailsee used to remove material. The
pulse duration, intensity of laser and optics aeided on the basis of thickness of the
material to be removed. A mask is used to removienia& from selective region. As,
the laser beam can be focused to a very small sjge complex and narrow

dimensions can be achieved.

4.4.5.2 Focused lon Beam Milling
In focused ion beam milling also, we can get that sfze as low as 10 nm or even less
than that. A beam of energetic ion which is higftgused at the target cuts the

particular site of interest.

Page | 30



4.4.5.3 Micro Electro Discharge Machining (Micro EIM)

In Micro EDM process, sparks are created betweeantrelde (tool) and a workpiece
toremove material from material. The spark generébeal temperatures as high as

10000C. This high temperature melts the metal and resdveom site.
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CHAPTER-5

MODELING OF FLUID FLOW IN RECTANGULAR
MICROCHANNEL

In this section, theCFD analysis of fluid flow armgkat transfer in a rectangular
microchannel is explained. These micro channelsfiae®l inside test module. The
experimental setup was developed by (Qu and Muda@@2) which is shown in Fig.
5.1. The details of micro channel test set up amwva in Fig.5.2. (Qu and Mudawar,
2002). These micro channels are fabricated frongemyfree high conductivity copper.

The top of heat sink is covered by polycarbonagesh

O Variac
I
@Wattmeter
= Pressure Gauge ______ .t ______ Pressure Gauge
| |
Liguid (? | | (?
Reservoir - : : -
I I
— l I
Tes! Module
Ey-Pass
Valve Flowmeter E Flowmater
1 Control Vave B X Control Valve
' By-Pass
Loop Heat 15um
Exchanger Filter
T 1
Test Loop
Gear -
Pymp Cooling Water

Figure5.1 Experimental arrangement for testing of micro channel (Qu and Mudawr;2002)
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5.1 Problem description
In this work, the simulation is carried out on #erimental set up which was used by

Lee and Mudawar, (2002) . Fluid (deionized watex)forced to pass through the
rectangular micro channels which are fixed in & $e$ up. In this work, total 21 micro-
channels are there.They all are rectangular ineslaapl parallel to each other. The sides
of a single microchannel unitare as follows:

It is 231 pm inwidth, 713 pm in depth and 4.48 cm long. The hydraulic diameter o
microchannel is found to be 348yIhe inlet velocity isu (m/s) which depends upon
flow rate.

The heat load at the bottom wall is provided bych?tridge heaters. These cartridge
heaters arefixedinsidethe bottom wall of heat siftie polycarbonate topcover plate of
heat sink is exposed to convective conditions.

Cover Plate
(Polycarbonate Plastic)

Tree K
Plenum h 0.33 bead dia.
Outlet

Qutlet
Pressure Port

Inlet
Plenum

> Qutlet
Thermocouple

Housing
(G-7 Fiberglass Plastic)

"—"|B B.35

254
A-A

Micro-Channel
Heat Sink
(Oxygen -Free All dimensions are in millimeters
Capper) ®)

Figure 5.2 (a) Test module (b) Microchannel heat sink (Qu and Mudawr ; 2002)
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The experiment was carried out at following corhs:

Demineralized water was used as the cooling meddhtao heat flux of gt = 100
W/en? and g = 200 W/cmi were applied at the bottom surface (Total ares8-4nf)
of the heat sink. The Reynolds number range vdrmd 139 to 1672 in case of &'=
100 W/cnf, and 385 to 1289 in case ofsg’= 200 W/cni .Inlet temperature of fluid to
the channel; §=15°C.

5.2 Detailed geometry of computational domain
In this analysis, half section of a single unitnoicro channel istaken as computational

domain due to symmetrical nature of microchanri@gure 5.3 represents the single cell
and its half sectioni.e. computationaldomain. Istrimeview of computational domain
(half section of unit cellof micro channel) is alslbown in figure 5.4.The dimension of
single micro channel and computational domain asggiin Table 5.1 and Table 5.2
respectively.

Table 5.1 Dimensions of unit cell micro channel

Wi(um) Wen(um) Huwa(um) Hen(pm) Huz(um)

118 231 12700 713 5637

Table 5.2 Dimensions of computational domain

Wy, (um) W’ cr(pm) Huwa(pm) Hen(um) Huwa(nm)
(in computational

domain)

118 1155 12700 713 5637
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Figure 5.3 a) unit cell b) computational domain

Figure 5.4 Isometric view of computational domain in ANSYS
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The geometry of computational domain is preparedoiid works and heatsink bottom
from outlet side is taken as origin (0,0). The kangf geometry can be considered in
negative —Z direction as shown in various graplgeusection results and discussions.
The dimension of the entire heat sink is:

Width of Heat sink (X-direction) = 233.5mu

Height of Heat sink (Y- direction) = 19050mu

Length of Heat sink (Negative —Z Direction) = 44806

5.3 Meshing of computational domain

Meshing is the most important step in any CFD asialyThe accuracy of result and time
consumed during simulation work is greatly depenhdgon the quality of mesh. In the
current study, hexahedral mesh was used. Its ddtaiew is shown Fig. 5.5. Nodes and
element were created using ANSYS meshing tool. {bked number of mesh elements
1942320 and total number of nodes 2344509 werdette@he total number of elements

in fluid domain is1020088 as it is our prime aréaterest.

Figure 5.5 Isometric view of mesh structure in computational domain



5.4 Physical model
In this study, the Reynolds number Iﬂ-‘% varies between 139-1672 which is much

2000. On the basis of the range of Reynolds nuntberentire study is done with viscous

laminar model keeping energy on.

5.5 Material properties

The properties of different material used in thesent simulation work are given in table
5.3.
Table5.3 Material Properties

MATERIAL THERMAL SPECIFIC HEAT ,Cp
CONDUCTIVITY, k (W/m.K) (kI/Kg.K)
WATEER 0.€ 4.185¢
COPPEF 401 0.3¢
POLYCARBONATE 0.2 1.2

5.6 Governing Equations
The friction factor in microchannel is obtainedrfréhe pressure drop inside the channel

f-=

APch Dp

2Lu? pg (6.1)

The heat flux for singleunit of microchannel is idedfrom equation (Qu and Mudawar
2007) [14]

14 PW
eff= NAbot(S.Z)

N represents no. of microchannélg=W coi X L (area of bottom of single

microchannel).
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5.7 Boundary conditions
The hydraulic boundary conditions are assigneak®is:

The channel inlet is assigned with a uniform veipte. u=y,,;v=0 and w=0 .

Channel inner walls: No slip

Velocity inlet: Uniform velocity andconstant inlegmperature (= 15°C). The velocity
is calculated from the mass flow rate.

Pressure outlet: Pressure was specified. The peesgs calculated from the pressure
drop inside the channel.

Thermal boundary conditions are given as follows:

At single unit cell bottom, copper wall: Constaeghflux is applied.

At the top of single unit cell, polycarbonate wallis subjected to convective condition
where film heat transfer coefficient, h= 10 watthand T.mp= 25°C. All the other sink
surfaces subjected toadiabatic conditions (heat Buzero except bottom sink). The
domain is designated“solid “in case of heat sinkl &fuid” in case of channel. All
boundary conditionsas per zone is shown in thetgivien below.

Table 5.4. Zone wise Boundary Condition

ZONE TYPE
Heat sink Inlet Wall

Heat sink Outlet Wall

Heat sink Bottom Heat flux
Heat sink Top Convection
Heat sink Left Wall

Heat sink Right Wall
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Channel Inlet Velocity Inlet
Channel Outlet Pressure Outlet
Channel bottom Wall

Channel Left Wall

Channe Right Wall

Channel Top Wall

5.8 Method of solution
In the present simulation work, solver uses a piresgelocity coupling method SIMPLE

(Semi Implicit method for Pressure Linked equatiafgorithm with 2 order upwind
scheme. The convergence criteriawere giveffdiGall parameters. The relaxation factors
as per table 5.4 were used for calculations.

Table 5.5 Relaxation factor

FACTORS VALUE

PRESSURE 0.3
DENSITY 1
BODY FORCE 1
MOMENTUM 0.7
ENERGY 1
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CHAPTER-6

RESULTS AND DISCUSSIONS

The thermal behavior of the microchannel heat swak be studied in terms of
temperature distribution. The CFD analysis is eg@rout in two conditions at various key
position of the microchannel heat sink. In firstC&nalysis, the volume flow rate is 603
ml/min and the inlet velocity is 2.9056 m/sec fayRolds number of 890. A heat flux of
100 W/cnf is applied at the bottom of heat sink. In secoaddétion, the volume flow
rate is 585 ml/min and the inlet velocity is 2.8188%ec for Reynolds number of 864. A
heat flux of 200 W/crhis applied at the bottom of heat sink. Thus tieevfls laminar in
both the cases.

In Fig. 6.1 and 6.11; temperature distribution gldhe length of bottom of heat sink is
shown for Re= 890 agg =100 W/cnf and Re=864 at.g =200 W/cnirespectively. It can
be clearly observed that the temperature is altireesrly increasing from 320 K to 337.5
K and 352.5 K to 388 Krespectively in both the abamases while the inlet water
temperature is fixed at 288 K. It is quite undemsiable that as the flow of water
progresses, the temperature of water rises duedbthansfer from the bottom of heat
sink to water. Due to this, the available tempemfyradient reduces along the length of
channel which in turn reduces the rate of heatstean That is why; temperature of

bottom wall goes on increasing along the lengtbhainnel.

In Fig. 6.2 and 6.12; temperature distribution gldhe length of top of heat sink is
shown at

Re= 890 at g =100 W/cnf and Re=864 at.g =200 W/cnirespectively. It can be seen
from the graph that the temperature is increasiog 300 K to 308 K and 308 K to 324
K at above conditions respectively. Such a lowperature rise owes to very low
thermal conductivity of poly carbonate (K=0.2 W/nm.Kover which is subjected to
natural convective conditions (h=10 W/m.Kynl= 298 K).
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In Fig. 6.3 and 6.13; temperature distributionhewn along the length of bottom wall of
microchannel at Re= 890 atzg=100 W/cni and Re=864 at.g =200 W/cnirespectively.
The graphs show the temperature variation alongctimeplete bottom wall surface of
microchannel. The temperature of water rises fr@&® R at inlet to 325 K and 288 K to
362 K at the outlet of channel, in both the aboweditions respectively. The water
temperature rise along the flow direction is duegh® constant heat flux applied at the
bottom of heat sink. As the flow of water progresdbe temperature of water rises due
to heat transfer from the bottom of heat sink totewaDue to this, the available
temperature gradient keeps on reducing along tigtheof channel which in turn reduces
the rate of heat transfer and raises the temperafuvater towards the outlet of channel

continuously.

In Fig. 6.4 and 6.14; temperature distributiontieven along the length of complete side
wall of microchannel at Re= 890 az0F100 W/cni and Re=864 at.g =200 W/cn
respectively. The temperature of water rises fr@8 K at inlet to 325 K and 288 K to
362 K at the outlet of channel, in both the abowedition respectively. The reason for

the temperature rise of water is same as in cakettdm wall of microchannel.

In Fig. 6.5 and 6.15; velocity contours are shown complete fluid domain of
microchannel at Re= 890 af#gr100 W/cni and Re=864 at.g =200 W/cnirespectively.

It can be clearly observed that the maximum vejasitat the center of the channel flow.
In Fig. 6.6 and 6.16; velocity contours are showithie area which is nearer to the inlet
of microchannel at above conditions respectively.the flow progresses, the growth of
boundary layer can be clearly observed until thewflis fully hydrodynamically
developed. It can also be observed from the Fiya6d 6.16; that the entrance length is
becoming higher with the rise in Reynolds number.Hg. 6.7 and 6.17; velocity
contours are shown in the area which is neareheooutlet of microchannel at above
conditions respectively. It can be seen that flenfully developed at the outlet of

microchannel having maximum velocity at the cenfamicrochannel.
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In Fig.6.8 and 6.18; pressure contours is showthenarea which is nearer to the inlet of
microchannel at Re= 890 atsq=100 W/cmi and Re=864 at .4 =200 W/cm
respectively. It shows that the pressure keepsearedsing linearly in the flow direction.
This pressure drop is due to the friction whicldiectly proportional to pressure drop
[equation-4.1]. In Fig. 6.9 and 6.19; pressure corg is shown in the area which is
nearer to the outlet of microchannel at above dondi respectively. The increase in
pressure drop, with increase in Reynolds numbealss shown in Fig. 6.21 (both,
experimental and numerical). Fig. 6.21 shows goodlaity between the experimental
and computed pressure drops. For a fluid with @msproperties flowing through a
rectangular channel, one would expect a lineatioglship between pressure drop and
Reynolds number. There are several reasons fosltpe change in the pressure drop
characteristics in Fig.6.21. First, forconstant pomput and water inlet temperature, the
outlet water temperature should decrease with astngReynolds number as shown in
Fig. 6.22. This in turn increases water viscosigsulting in a larger pressure drop.
Second, the inlet and outlet pressure losses aggogional to the square of velocity.
Therefore, the increment in Reynolds number geesratgreater effect in the inlet and
outlet pressure losses.

Fig. 6.22 gives the comparison between the expetamheralues of rise in temperature
between the channel inlet and outlet, and thea@iletialues obtained from the energy

balance
,{i'rI:rt:'p.r'i:Ir:m[ B Tm] — -ln'r'n 6.1

In Fig. 6.10 and 6.20; the contours of temperattagation in complete heat sink at
middle plane is shown for Re= 890 a 100 W/cni and Re=864 ate§ =200 W/cni

respectively. It shows that the highest temperaisiencountered in the bottom wall of
heat sink below the channel outlet and lowest teatpee is obtained immediately below

the channel inlet.
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*Figure 6.1 Temperature distribution at bottom wall of Heat sink at geff =100 W/cm2 and Re of
890

*Figure 6.2 Temperature distribution at Top wall of Heat sink at geff =100 W/cm?2 and Re of 890

*The graph is started from negative values due to the reason that outlet of heat sink is assigned as origin
i.e. zero point. The length of heat sink is 0.0448 m so graph starts from negative sign (-0.045 m)
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*Figure 6.3 Temperature distribution at Channel bottomwall of Heat sink at geff =100 W/cm2 and
Re of 890

*Figure 6.4 Temperature distribution at Channel side wall of Heat sink at geff =100 W/cm2 and Re
of 890

*The graph is started from negative values dué¢oréason that outlet of heat sink is assignedigsa.e.
zero point. The length of heat sink is 0.0448 ngisph starts from negative sign (-0.045 m)
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Cantours of Yelocity Magnitude (mis) May 25, 2017
AMSYS Fluent 15.0 (3d, dp, phns, larm)

Figure 6.5Velocity contoursin complete fluid domain at geff =100 W/cm2 and Re of 890

Figure 6.6 Velocity contours nearer to inlet at geff =100 W/cm2 and Re of 890
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Figure 6.7 Velocity contours nearer to outlet at geff =100 W/cm?2 and Re of 890

R 6101 85

“ontours of Static Pressure (pascal) ‘May 25, 2017
AMNSYS Fluent 15.0 (3d, dp, phns, lam)

Figure 6.8 Pressure contours nearer to inlet at geff =100 W/cm2 and Re of 890
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Contaurs of Static Pressure (pascal) } ) May 25, 2017
' : AMEYS Fluent 15.0 (3d, dp, phns, lam)

Figure 6.9 Pressure contours nearer to outlet at geff =100 W/cm?2 and Re of 890

Figure 6.10Temperature contours of complete heat sink at symmetry plane at geff =100 W/cm2 and
Re of 890
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*Figure 6.11 Temperature distributions at bottomwall of Heat sink at geff =200 W/cm?2 and Re of

864

*Figure 6.12 Temperature distributions at top wall of Heat sink at geff =200 W/cm2 and Re of 864

*The graph is started from negative values due to the reason that outlet of heat sink is assigned as origin
i.e. zero point. The length of heat sink is 0.0448 m so graph starts from negative sign (-0.045 m)
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*Figure 6.13 Temperature distribution at Channel bottom wall of Heat sink at geff =200 W/cm2
and Re of 864
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*Figure 6.14 Temperature distribution at Channel side wall of Heat sink at geff =200 W/cm2 and
Re of 864

*The graph is started from negative values due to the reason that outlet of heat sink is assigned as origin
i.e. zero point. The length of heat sink is 0.0448 m so graph starts from negative sign (-0.045 m)
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Caontaurs of Yelocity Magnitude (mis) _ May 23, 2017
ANSYS Fluent 15.0 (3d, pbns, lam)

Figure 6.15 Velocity contours in entire fluid domain at geff =200 W/cm2 and Re of 864

Contours of Velocity Magnitude (mis) _ O Mayz3 2017
AMSYS Fluent 15.0 (3d, phns, larm)

Figure 6.16 Vel ocity contours nearer to inlet at geff =200 W/cm?2 and Re of 864
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Contours ofYelacity Magnitude (mis) May 23, 2017
ANSYS Fluent 15.0 (3d, pbns, lam)

Figure 6.17Velocity contours nearer to inlet at geff =200 W/cm2 and Re of 864

ST Fr

Zontours of Static Pressure (pascal) May 23, 2017
' ANSYS Fluent15.0 (3d, phns, lam)

Figure 6.18 Pressure contours nearer to inlet at geff =200 W/cm2 and Re of 864
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Contours of Static Pressure (pascal) May 23, 2017
' ANSYS Fluent 146.0 (3d, phns, lam)

Figure 6.19Pressure contours nearer to inlet at geff =200 W/cm2 and Re of 864

Contours of Static Temperature gk May 23, 2017
ANSYS Fluant 15.0 (3d, phng, lam)

Figure 6.20 Temperature contours of complete heat sink at symmetry plane at geff =200 W/cm2 and
Re of 864
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Figure 6.22 energy balance predictions for water temperature rise from heat sink inlet to outlet:
(a) geff= 100 Wicm2, (b) q eff = 200 W/cm2.
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Figure 6.23Graph between friction factor and Reynolds Number
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CHAPTER -7

CONCLUSIONS

In this study, the hydrodynamic and heat exchamgdyaisof rectangular microchannel
in a test rig was studied. A steady state condiaod laminar flow conditions were
simulated by ANSYS Fluent 15.0 for the CFD analy8iased on the above analysis;

these conclusions can be drawn:

» The computated variation in temperature along bt walls and pressure drop
inside channel can quite accuratelypredict the exy@atal results.

» A good agreement was obtained between the expeidingata and results from
CFD analysis for the temperature distribution withine heat sink and channel
walls. Wall temperature increases in almost linehion from the entry of
microchannel tothe exit of microchannel.

» Temperature contours, pressure contours and veloaittours successfully show
the hydrodynamic and thermal nature of the he&t sin

» Higher Reynolds numbers are beneficial at reduddagh the water outlet
temperature and the temperatures within the he&t at the expense of greater
pressure drop.

» The highest temperature is encountered in the toottall of heat sink below the
channel outlet and lowest temperature is obtaimedadiately below the channel

inlet.
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