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HEAT AND MASS TRANSFER CHARACTERISTIC OF A MICRO
SERPENTINE CHANNEL WITH A VISCOELASTIC COOLANT

SUMMARY

In recent years, the microelectronic industry has shownifsignt improvement in
terms of manufacturability, integration, functionalitpdaenhanced performance. It
has been known that microelectronic devices are stronfdgted by temperature as
well as thermal environment. This leads to an increasingastehior highly efficient
cooling technologies. Thermal management often imposesrthin obstacle for
scaling down the size of modern electronic devices. Micanctel heat exchanger is
an ideal candidate for small electronic devices due to thigih surface-to-volume
ratio as well as their small volumes. Microchannel heatsitdnstitute an innovative
cooling technology for the removal of a large amount of heatifa small area. Micro
channels are defined as flow passages that have hydraulieteiarin the range
of 10 to 100 micrometers. Following the Tuckerman and Pe&981() at Stanford
University work on single layer parallel flow micro-chanreat sink, many other
studies on microchannel heat sink have been carried oute $iren, this technology
has received considerable attention in microelectronmcs @her major application
areas. Microchannel heat sinks can be used in a wide vafiaefyptications, including
electronics cooling, air-conditioning, space applicaticefrigeration, heat recovery
ventilation (HRV), and automotive applications, to name\a.f

Micro serpentine channels have been extensively used uidlicpoling due to their
high heat transfer coefficients. Various enhancement ndsthave been proposed in
order to improve the heat transfer characteristic of a ncltaonel. The majority of
these methods share a common objective, i.e., to interngpboundary layer on the
solid surface, and replace it with fluid from the core, thusating a new boundary
layer with an increased temperature gradient. Also, it isirdble to employ the
method that gives the minimum pressure drop, and the highesst transfer rate.
In the current study, an incompressible viscoelastic fllad been introduced as a
coolant in a micro serpentine channel for heat transfermrdraent due to presence of
three-dimensional purely-elastic instabilities at vamgly small Reynolds numbers.
The aim of the current study is to show that a micro serpentimennel with a
viscoelastic coolant provide the higher heat transferieffiy at vanishingly small
Reynolds numbers compared to that of Newtonian flow. In otdexssess the heat
and mass transfer characteristics of such heat sinks, a@nuansed finite volume
method based on three dimensional solver has been develdperisolver utilizes
a method that is based on the side-centered arrangementofdiaables with an
exact mass conservation. The numerical algorithm is baseside-centered finite
volume method where the velocity vector components and ¢eatyre are defined
at the midpoint of each cell face while the pressure term aich estress tensor are
defined at the element centroid. The present arrangemehegirimitive variables

XVii



leads to a stable numerical scheme. The resulting algelirear systems are
solved using the FGMRES(m) Krylov iterative method with tlestricted additive
Schwarz preconditioner with a block-incomplete factaima within each portioned
sub-domain. To speed up the iterative solver per time-dtep,former solutions
can be used as the initial solution. The computer progrand use¢his study was
written in Fortran. The implementation of the precondigdnKrylov subspace
algorithm, matrix-matrix multiplication and the multileMpreconditioner were carried
out using the PETSc (Portable, Extensible Toolkit for StierComputation) software
package developed at the Argonne National Laboratorie® cbolant, viscoelastic
fluid is modeled as an incompressible Oldroyd-B fluid. Thet lzeel mass transfer
characteristic of the flow is studied numerically by varyageries of parameters such
as Reynolds, Prandtl and Weissenberg numbers systeratiéal the Weissenberg
number is increased, the viscoelastic instability becosigsificant. As a result of
this, flow complexity and the strength of streamwise vodicerease. This shows not
only hot fluid being transported away from the walls into teater but also the fluid
near the wall continuously being refreshed. Based on iratialuation of the present
results, it is concluded that purely-elastic instabititage responsible for heat transfer
enhancement.
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VISKOELAST IK AKIS SO GUTMALIM IKRO KIVRIMLI KANALLARDA
AKIS ve IS| TRANSFERI

OZET

Gunumuzde imalat teknolojilerinin hizla gelismesi mevatihazlarin giderek
kigulmesine ve yeni teknolojik sistemlerin icat edilmesigsebep olmaktadir.
Teknolojik gelismelerle birlikte daha ylksek performangicik boyutta cihazlarin
yapimi gittikce 6nem kazanmistir, bu da mikro o6lcekli vettdanano o6lcekli
sistemlere olan ilgiyi 6énemli derecede arttirmistir.  @emlarak boyutlarn 1
mikrometre ile 1 milimetre arasinda@igen cihazlar mikro-cihaz olarak adlandirilir.
Mikro-Elektro-Mekanik Sistemler (MEMS) olarak da bilingani sistemler, igerisinde
akiskanin dolagin farkli birimleri birbirine bajlayan mikro kanallar icermektedir.
Mikro kanallarda tek fazli akis etkin bir §atma mekanizmasi olarak elektronik
cihazlardan reaktdr gmitma sistemlerine kadar bir¢cok alanda kullaniimaktadir.

Mikro-Elektro-Mekanik sistemlerin baslica ilgi ve uyguha alanlarindan biri olan
elektronik bilesenlerin ggutulmasi olduk¢a 6nemlidir. Mikro elektronik aygitlar
veya sistemler calisirken cok blyuk ¢ielerde 1s1 ortaya cikmaktadir. Mevcut
sajutucular yeterli sQutma kapasitesine sahip olmgdicin MEMS teknolojisinde
kullanilmamaktadir. Mikro boyuttaki kanallar kii¢cliik boywe airliklari, dolasan
akiskan miktarinin dusuk olmasi ve yuksek isi akilaremegde MEMS teknolojisinde
yogun olarak kullaniimaktadir. Son yillarda mikro kanalangi ve kitle aktarimi
onemli bir ilgi alani olmustur. Mikro sistemlerdeki tekingk gelismelere paralel
olarak, mikro sistemlerde 1sI ve kutle aktarimi karaktédisrinin incelenmesi 6nem
kazanmis ve bu konu Uzerine ¢ok sayida deneysel ve sawisginalar yapiimistir.
Hidrolik capi 1-100 mikrometre arasinda gigen kanallar mikro kanal olarak
adlandinlir. Literatirde mikro kanallardaki akis ve tiansferiyle ilgili cok sayida
deneysel ve sayisal calisma mevcuttur.

Isinma probleminin ortaya cikii 6nemli endistriyel uygulamalardan biri elektronik
cihazlardir. Ozellikle yiiksek hizda calisan bilgisayarelektronik islemciye sahip
ekipmanlara ihtiya¢ duyulmasi, bu sistemlerin 1sinma [@wini de beraberinde
getirmektedir. Ozellikle yuksek hizl bilgisayarlardglémcide ortaya cikan yiiksek
eklem sicakliklari bilgisayarin performansini ve iglémrt 6mrind énemli 6lctide
etkilemektedir. Arastirmalarda elektronik cihazlardeblmaya etki eden en 6nemili
parametrenin sicaklik oldw goézlenmistir. Toz, rutubet ve nem gibi etkenlerin
bozulmaya etkisi sicaklik kadar yuksekgildir.

Uretim teknolojisindeki gelismeler, 1s1 gstiricilerinin mini ve mikro boyutlarda daha
yuksek hassasiyetlerde uretiimelerine olana§lamaktadir. Belirli geometrilerde
mikro boyutlarda Uretilebilen kanallarin kullanimi 6Zidié son yirmi yil icerisinde
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oldukgca yayginlasmigtir. Daha kicuk bir yuzey alanindksgk miktarda ve
etkili 1s1 transferi gerceklestirmeleri nedeniyle mikkanallar 6zellikle sgutma
sistemlerinde ygun bir sekilde kullaniimakta ve performanslarinin afthasina
yonelik calismalar ygun bir sekilde devam etmektedir. Mikro kanallarin yliz&na
hacim orani iliskisinden dolay! blytk kanallara (mini vekro kanallar) gore daha
yuksek i1s1 transferi ggadigi bilinmektedir. Kanal boyutlarini kiigiltmenin yaninda
mevcut kanallarda geleneksel isi transferi akiskardanrfarkli olarak viskoelastik
akiskan kullanarak daha etkili i1s1 transferi elde edllebiViskoelastik akiskan ile
mikro kanallarin performansi artirilarak ve elektronikazlarin geleneksel §atma
yontemlerine gore etkili Sputulmasi planlanmaktadir.

Bu calismada mikro kivrimli kanallarda @atucu akiskan olarak sikistirilamaz
viskoelastik akig kullaniimig, bu akiskanin elastikréeaizlgindan faydalanarak
kanal icerisindeki disuk hizlara gaen Isi transferinde artis goézlemlenmistir.
Viskoelastik akis Oldroyd-B modeli ile modellenmistirNewtonyen akiskanlarda
IsI transferinde iyilestirme g#ayabilmek icin Reynolds sayisinin arttiriimasi
gerekmektedir. Bu ¢alisma ile disB&esayilarinda bile elastik kararsizlik sayesinde
Isil performans artisi g#anabilecgi gosterilmistir.  Mikro kanalda akis ve 1si
transferini inceleyebilmek icin Fortran program dilindentu hacimler yontemi ile
yazilmig program kullaniimistir.  Kitlenin korunumu, mentum, Oldroyd-B ve
enerji denklemleri ayriklastiriimistir. Sayisal ¢ozigm ¢6zim alani sonlu sayida
diizensiz alti yuzlu elemanlara ayriklastirilmig ve demiter her bir eleman igin
¢ozlulmustur. Kenar merkezli sonlu hacim metoduna dayanasayisal yontemde hiz
vektor bilesenleri ve sicaklik @erleri her bir elemanin ylzeylerinin orta noktasinda
tanimlanirken, basing ve ekstra gerilme tansoéederi her bir elemanin merkezinde
tanimlanmaktadir. Basing, hiz ve gerilimedderinin mevcut sekilde diizenlenmesi
kararh bir sayisal semaya yol acar ve bdylece basing, @igerilme noktalarinin
birbirleriyle etkilesmesi (pressure-velocity-stressipling) icin ayrica dgal olmayan
bir dejisiklige ihtiya¢c kalmaz. Enerji denklemi@ir denklemlerden Iggmsiz olarak
cozulmistir. Hesaplanan akis profili ve hiZydderi kullanilarak sicaklik dgerleri
hesaplanmistir. Stireklilik denklemi her bir eleman igiexile tam olarak gganmakta
ve bu sureklilik denklemlerinin toplami hesaplama bdlgessinirlarinda tanimlanan
kuresel sureklilik denklemini vermektedir.

Zamanda birinci dereceden geri yonde farklar yontemi ilekdgstirma yapilmistir,
Kiclik zaman adimli zamana dla akislarin ¢c6zimi icin olusan cebirsel
denklemlerin ¢c6ziminde FGMRES(m) Krylov iterasyon ydoritém kosullandirici
ile kullanilmigtir. Olusan cebirsel denklemler t¢ ayratmse ayriklastiriimig ve
bu matrislerin tersi 6n kosullandirici olarak kullanignr.  On kosullandiriimig
iteratif yontemin ve matris iglemlerinin uygulanmasing&TSc kutiphanelerinden
yararlaniimistir. Tim hesaplamalar 16 adet Intel(R) XB)rCPU E5— 2690, 290
GHz cekirdge sahip 6 adet bilgisayar kullanilarak yapiimistir. Basarmada yer
alan tum nimerik hesaplamalar TUBKK ULAKB IM, Yiiksek Basarim ve Grid
Hesaplama Merkezi'nde (TRUBA kaynaklarinda) gercelkigsgiistir. Her bir zaman
adiminda ¢6zimun 96 cekirdek ile elde edilmesi yaklasikaélye surmektedir.
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Gergeklestirilen sayisal calismada, Reynolds, Pramdtl\Weissenberg sayilarini
sistematik bir sekilde dgstirerek mikro kivrimli kanal icerisinde akis ve Isi
transferi incelenmistir. We sayisi arttirildjinda viskoelastik kararsizlik énemli
hale gelmektedir. Baska bir deyisle, kritl/e sayisi gecildjinde viskoelastik
kararsizhk gorulmektedir. Bu calismada viskoelastikaksaizlik incelendjinden
kritik We sayisindan daha yuks&We sayilarinda simtlasyonlar gerceklestirilmigtir.
Bu kararsizlik akis icinde U¢ boyutlu akislarin olusmas neden olmaktadir.
Olusan u¢ boyutlu akislarin isitilan duvar kenarlarkidacak akiskani alip daha
sajuk olan kanalin merkezine tasimanin yani sira duvar kedaki akiskani
surekli olarak yenilemektedir. Ayrica olusan U¢ boyutlapyar kanal icerisindeki
karisimi arttirmaktadir. Boylece daha iyi bir 1sil perfans gerceklestirilebilmistir.
Simulasyonlarin sonuglarina gore viskoelastik karasizll performansin artisindan
onemli miktarda sorumludur.
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1. INTRODUCTION

1.1 Introduction

In recent years, the microelectronic industry has showgudifsgant improvement in
terms of manufacturability, integration, functionalitpdaenhanced performance. It
has been known that microelectronic devices are stronfdgted by temperature as
well as thermal environment. This leads to an increasingastehior highly efficient
cooling technologies. Thermal management often imposesnthin obstacle for
scaling down the size of modern electronic devices. Micaoctel heat exchanger is an
ideal candidate for small electronic devices due to thehlsurface-to-volume ratio
as well as their small volumes. Microchannels are widelydusemicroelectronics,
and have become almost essential to modern integratedtsilie microprocessors
(as shown in Figure 1.1), digital signal processor (DSPsiitral processing units
(CPUs), and more.

Tuckerman and Pease (1981) pioneered the research of hmenoel coolant. Since
that time, microchannels have received considerable taitein microelectronics.
Many high flux cooling applications and industries worldevare effectively utilizing
their high heat transfer capabilities of these channelsthénhautomotive and aero

industry, microchannels proved to be valuable in addrgssire severe space

Figure 1.1 Microchannel heat processor [43].



constraints. Various passive enhancement strategies lbete proposed in order
to improve the heat transfer characteristic of microchannghese strategies are
as follows: wavy surfaces for channel walls [1], variousexgpatios and channel
type [2], various vortex generators [3], high Reynolds nenflows [2-5] and the use
of viscoelastic fluids [7-10], [12—-21].

Phillips [23] showed that the thermal resistance could ksueced by designing
coolant which allows turbulent flow conditions. In anotheudy, Phillips [22]
showed analytically that turbulent flow should provide egient or better thermal
performance than similar laminar flow heat sink designs. é&i@w the variation
in aspect ratio and fluid velocity to achieve turbulent flonndition was limited.
According to his study, the typical minimum channel widtles turbulent flow
designs were in the range of 200 to 3@0Gn. He concluded that these large
channels are much easier to manufacture than the much staati@mar flow channel
designs recommended by Tuckerman and Peasé&( um). Moreover, wavy
microchannels (such as serpentine) can show enhancedrarice over traditional
microchannels [1]. In addition to wavy wall, the effects oftex promoters of various
shapes on heat transfer and pressure drop in microchansedxaained by Meis et
al. [3]. Itis concluded that better heat transfer is obtdinarying the obstacle shape
comparing the straight channel without obstacle. It is &smd that the heat transfer
as well as the pressure drop increases with decreasing ehlagight [2]. The flow
field in sinusoidal channel is dominated by secondary flowrmydasing Reynolds
number in steady, incompressible fully developed flow [3-These secondary flows
promote convective heat transfer enhancement, resuttihggh rates of heat transfer
relative to fully developed flow in a straight pipe. Ther&fpthe establishment of
secondary flows in curved passages is attracted increasiaegest in microchannel
flow systems as a means not only of enhancing heat transfealdmtof promoting
mixing. The enhancement of heat transfer due to secondawyhifs been reported
by a number of researchers [8-11], [16], [19]. As the dimemsif microchannel is
reduced, it becomes more difficult to achieve turbulent flae tb a lower Reynolds
number. The present work proposes a non-traditional viastie fluid as a coolant in
order to create secondary flows or even viscoelastic tunbelgithin a microchannel

at a vanishingly small Reynolds number in order to enhaneaéth@nsfer.



The viscoelastic fluids and their properties are known for lailevwithin the
non-Newtonian fluid community. These viscoelastic fluidsibit large elastic stresses
along the streamlines which lead to three-dimensionahbikties due to streamline
curvature in the creeping motion of non-Newtonian polyméquids and are entirely
absent in the corresponding motion of Newtonian liquids. teBgive reviews of
viscoelastic instabilities are given by Larson [24] and @Bk [25]. McKinley et
al. [26] and Pakdel and McKinley [27] suggested that for sttmaninated flows one
destabilizing mechanism was a combination of streamlimeature and large elastic
stresses along the streamlines, giving rise to an éxtog stressn a direction normal
to the streamlines, which can lead to instabilities.

In the present work, we try to quantify heat transfer enharese due to viscoelastic
three-dimensional instabilities within a micro serpeatiohannel. The use of
non-Newtonian fluids for heat transfer enhancement is netaaidea. References [7—
12], [13-19] establish the connection between the enhameaidtransfer observed and
the secondary flows induced by viscoelastic effects. H#rarel Kostic [7] showed
a significant enhancement of the convection coefficienterviscoelastic fluid in a
straight duct with rectangular cross section relative ® d¢brresponding Newtonian
or purely viscous fluid due to the existence of secondary flowson-circular cross
section ducts. In addition, the increase in heat transfeninsarily based on secondary
flows arising from the normal force differences which do natur in Newtonian fluids
rather than natural convection. The heat transfer enhasgimowever, is reduced for
this type of non-Newtonian fluids (Reiner-Rivlin model at tPhan-Thien-Tanner
(PTT) model) with the increase in aspect ratio because therdaspect ratio reduces
the strength of the secondary flow. The numerical method pid&d8] demonstrated
the suitability of using that type of models to predict heahsfer to laminar flow of
viscoelastic fluids in non-circular ducts. It is worth meming the study of Peres et
al. [9] that the increase in the Nusselt number is observédingreasing the intensity
of secondary flow. Furthermore, Siginer and Letelier [14)vebd that increasingly
large heat transfer enhancements can be computed withagiegeelasticity of the
fluid. As seen in Rosaguiti et al. [10] and Syrjala [19], se@pdlow patterns provide
an increase in the rate of mixing. In other words, hot fluidassported away from the
walls into the center of the cross section with secondarydldisrupting the thermal

boundary layer. As a result of the study of Naccache and Shlerales [16], aspect
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ratio, Reynolds number, and the first normal stress diffe¥enfluence the secondary
flow in addition to second normal stress difference. Howettee second normal
stress difference plays the dominant role. In addition tiséhresults, it is indicated
that the magnitude of the secondary flow is dominated by dématess secondary
flow coefficient (elastic behavior) and is also affected byrdgds number (viscous
behavior) [17]. In a sense, for viscoelastic fluid flows, setary flows can develop
in the absence of inertia. Moreover, despite the fact thebrsgary flow is weak,
the heat transfer is affected by secondary flows which caoatisly refresh the fluid
near the walls and contributes to fluid mixing. Those vodiaéso lead to a higher
proportion of flow rate near the wall; therefore, the thermealstance is reducing. Gao
and Hartnett [18] demonstrate that the secondary flow hasjer mffect on the heat
transfer for non-Newtonian viscoelastic fluids in laminawflthrough non-circular
ducts. Also, Gao and Hartnett [18] give evidence that thengter secondary flow the
higher value of the heat transfer regardless the boundamgittons on the walls.
Hartnett and Kostic [7] concluded that the dimensionlesst hansfer for
non-Newtonian fluids is a function of the Weissenberg numinerddition to
dimensionless parameters like Reynolds and Prandtl nisbé@tewtonian fluids. It
is well known that for low Weissenberg numbers the numesgoéltion converges to a
steady solution as seen in [12, 13]. In addition, Galinded&es et al. [13] concluded
that flow patterns in microchannel showed a Newtonian likealver at very low flow
rates (lowwWe), but complex non-Newtonian behavior at high flow ratesifiég. It

is also well known that viscoelastic fluid flows at low Weisserg number develop a
steady secondary flow before the onset of a purely elastigbiigy. In addition, high
Weissenberg number is ultimately responsible for the apea of elastic instabilities
at low or even negligible Reynolds numbers in microchanfi&s However, beyond a
critical Weissenberg number purely elastic instabilitgurs. Therefore, the secondary
vortices due to large elastic stresses along the curvednslirees are considered
for a three-dimensional instability mechanism. In additidghe influence of the
non-Newtonian viscosity may be seen for the fully develdpednar flow in a circular
pipe, but no influence of elastic behavior even for a visaigldluid appears [18].
On the contrary, in the case of non-circular channels thefi@gences become more
important, especially for viscoelastic fluids. Therefdhe results in the current study

are given for beyond a critical Weissenberg numbers witharegular cross section
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to show the effects of purely elastic instability on the htahsfer enhancement.
Galindo-Rosales et al. [13] experimentally identified sgeecondary vortices within
micro serpentine channels at low Reynolds numbers due tmefiastic instabilities
and quantified their strength. However, their effects tohtéat transfer characteristics
are not predicted. In the current study, initially the setany instabilities due to
viscoelastic instabilities are investigated in a micrgpsatine duct with rectangular
cross section and the strength of the vortices is comparéu edch other. Then
numerical calculations are performed in order to analyeeitfiluence of secondary

flow on heat transfer enhancement.

1.2 Heat Exchanger

A heat exchanger is a device used to transfer thermal energlgdlpy) between two
or more fluids, between a solid surface and a fluid, or betwebd garticulates and
a fluid, at different temperatures and in thermal contacetallg without external heat
and work interactions. Typical applications involve hegtor cooling of a fluid stream
of concern and evaporation or condensation of single oricatiponent fluid streams,
and heat recovery or heat rejection from a system. A varietyeat exchangers are
used in industry and in industrial products. Heat exchan@ed widespread use
in power generation, chemical processing, electronicéirmpoair-conditioning, food
industries, space applications, refrigeration, and aot® applications. In some heat
exchangers, the fluids exchanging heat are in direct coritaother heat exchangers,
heat transfer between fluids takes place through a sepanraéh or into and out of
a wall in a transient manner. In most heat exchangers, thdsfluie separated by a
heat transfer surface, and ideally they do not mix. Suchaxgérs are referred to as
direct transfer type, or simply recuperators. In contrasthangers in which there is
intermittent heat exchange between the hot and cold fluidghermal energy storage
and release through the exchanger surface or matrix, aeedfto as indirect transfer
type, or simply regenerators. Such exchangers usually leakage fluid carryover
from one stream to the other [28].

A heat exchanger consist of heat exchanging elements suahcase or a matrix
containing the heat transfer surface, and fluid distribugements such as headers,

manifolds, tanks, inlet and outlet nozzles or pipes, orssedJsually there are no



moving parts in a heat exchanger; however, there are ewcspsuch as a rotary
regenerator (in which the matrix is mechanically driverdiate at some design speed),

a scraped surface heat exchanger, agitated vessels, @med &k reactors [28].

1.2.1 Classification of heat exchanger

Heat exchangers can be classified according to the followimgn criteria:
construction type, heat transfer mechanisms, heat tnapisfeesses, number of fluids,
flow arrangements, and surface compactness as shown ireRigur

Another arbitrary classification can be made based on thetraesfer surface area
to volume ratio. Heat exchangers in terms of types and sieeaaailable in many
varieties. Some of the prevalent types are; shell and tubedxehangers, plate-fin
heat exchangers, plate heat exchangers, and the heat ggchesed in the current
study; microchannel heat exchanger.

In order to make the best selection of heat exchanger, it portant to have some
knowledge of the different types of heat exchangers and hewy operate. Also, one
must take into consideration the total cost of the equipmémth includes purchase,

operating and maintenance.

1.2.1.1 Shell and Tube heat exchanger

This exchanger is generally built of a bundle of round tubesimted in a cylindrical
shell with the tube axis parallel to that of the shell as showRigure 1.3. One fluid
flows inside the tubes, and the other flows over the tubes tsfea heat between
the two fluids. A variety of different internal construct®rs used in shell and tube
exchangers, depending on the desired heat transfer ansupeedrop performance,
contain operating pressures and temperatures, and so om.shEll and tube heat
exchanger are widely used in industry because of allowingafavide range of
pressures and temperatures and most versatile in termpef®n the contrary, lower

heat transfer efficiency and more space requirement cai$igb main disadvantages.

1.2.1.2 Plate heat exchanger

Plate type heat exchangers are usually built of severaltdaykthin plates stacked
in contact with each other, and the two fluids made to flow sgpbralong adjacent

channels. This type has an advantage over the other hearey@ts, since the fluid
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Figure 1.2 Classification of heat exchangers [28].
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Figure 1.3 Shell and Tube heat exchanger [28].

7



is exposed to a large surface area that will result in entthheat transfer efficiency.
Many fins configurations can be used with this heat exchanggr as straight fins,
louvered fins, strip fins, offset fins, and wavy fins. A pack @ites for a conventional

plate and frame exchanger is shown in Figure 1.4.

1.2.1.3 Extended surface heat exchangers

One of the most common methods to increase the surface ackaxamanger
compactness is to add the extended surface (fins) and usesfinghaas possible on
one or both fluid sides, depending on the design requirem&ddition of fins can
increase the surface area. The resulting exchanger isgéfier as an extended surface
exchanger. The heat transfer coefficient on extended ssfaay be higher than that

on unfinned surfaces. The structure of plate fin heat exchamgbown in Figure 1.5.

1.2.1.4 Indirect or direct contact heat exchangers

In an indirect contact heat exchanger, the fluid streamsiresgparate and the heat
transfers continuously through an impervious dividinglwalhus, there is no direct
contact between thermally interacting fluids. On the cogtran a direct contact
exchanger, two fluid streams come into direct contact, exgphdneat, and are then
separated. As comparing indirect one, high heat transtes i@nd relatively cheaper

the exchanger construction are achievable.

1.2.1.5 Regenerators

The regenerator is a storage type exchanger where heat fiemhdt fluid is

intermittently stored in a thermal storage in a packing befas transferred to the cold
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fluid A

Structure of plate-fin heat exchanger
Figure 1.5 Structure of plate-fin heat exchanger [44].

fluid. In regenerators, the hot and cold fluids pass simuttasig through different but

adjacent channels.

1.2.1.6 Compact heat exchanger

Compact heat exchangers are characterized by a large hpatelr surface area per
unit volume of the exchanger, resulting in reduced spacéghtesupport structure
and energy requirements and cost. The meaning of compadsiéiastrated in Figure
1.6. High heat transfer coefficients are achievable withlidmyaraulic diameter flow
passages with gases, liquids, and two-phase flows. Mangrelift configurations
are available. Contrary, material of construction setectis critical due to thin
wall thickness. Compact heat exchanger also works narrcaveye of pressure and

temperature. An example of compact heat exchangers is simdwgure 1.7.

1.2.2 Micro heat exchanger

In recent years, the microelectronic industry has showgaifsgant improvement. It

has been known that microelectronic devices are stronfggted by temperature as
well as thermal environment. Heat generated by electroewacds must be dissipated
to improve reliability and prevent premature failure. Theads to an increasing

demand for highly efficient cooling technologies.
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Figure 1.6. Heat transfer surface area density spectrum of exchangricss [28].

Figure 1.7: The microchannels (compact heat exchanger) [45].

Microprocessors and power handling semiconductors amajgbes of electronics that

need a heat sink to reduce their temperature through irexletermal mass and

heat dissipation primarily by conduction and convectionicrigichannel heat sinks

constitute an innovative cooling technology for the rem@fa large amount of heat

from a small area. Microchannel heat sinks combine thebates of very high surface

area to volume ratio, large convective heat transfer caefficsmall mass and volume.
In common use, itis a metal object brought into contact witkel@ctronic component’s

hot surface, though in most cases, a thin thermal interfaediates between the two
surfaces. Heat sinks are widely used in electronics, and bagome almost essential
to modern integrated circuits like microprocessors, DSfsitral processing units

(CPUs), and more.

A heat sink usually consists of a metal structure with one @maiat surfaces to ensure

good thermal contact with the components to be cooled, adrag of comb or fin to
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Figure 1.8 Heat sink and fan over processor [46].

increase the surface contact with the air, and thus the fdteat dissipation. A heat
sink is sometimes used in conjunction with a fan to increbserate of airflow over
the heat sink as shown in Figure 1.8. This maintains a laggapérature gradient by
replacing warmed air faster than convection would.

Microchannel heat exchangers (MHES) are an ideal candidatemall electronic
devices. In a microchannel heat exchanger, multiple mi@onels are stacked
together as shown in Figure 1.9 in order to increase the tmtalact surface area
for heat transfer enhancement and reduce the total predsapdy dividing the flow
among many channels. The high cooling capability of micaoetel heat sinks is both
due to the large extended surfaces of microchannel ovepltsne but also due to
the small size of the microchannels. Thus, the heat tragstfficient is very high in
microchannels. Many high flux cooling applications and stdes worldwide, varying
from space, energy, heating, ventilation and air conditignand transportation are
effectively utilizing their high heat transfer capab#ii of these channels.

The distinguishing feature of microchannel heat sinks & dlze of their cooling
channels. Microchannels offer advantages due to their $igface-to-volume ratio
(as seen in Figure 1.9) and their small volumes. The largiceHto-volume ratio
leads to high rate of heat and mass transfer, making micriceeexcellent tools for
compact heat exchangers. In addition, the reduction ofweland weight and increase
in mobility and use are another advantages of micro heataggdr. Tuckerman
and Pease (1981) pioneered the research of microchannahtobeat sink. Since

then, microchannels have received considerable atteimtioicroelectronics and other
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‘ Figure 1.9 Mirochannels [43].

application areas. Their studies motivated many reseegdbeexamine further the
use of microchannels in heat transfer systems. The studynidfpB [23] in 1988
showed that the thermal performance of microchannel haks svas approximately
two orders of magnitude better than the thermal performaho¢her devices used to
cool microelectronic devices at that time. Nowadays micaomel heat exchangers
have been known as having high performance due to the verly cina@nel diameter
and enhanced surface area.

There is no universal agreement on size classification caiore The following is a
popular size classification [29]. This classification isdzhen the dimensions of the
channels.

For flow channels,
Dy =10— 100 um, microchannels

Dy=100 pum—1 mm minichannels
Dy=1-3 mm macrochannels
Dy >6 mm conventional channels

For heat exchangers,
Dy=1-100 um, microheat exchangers

Dy =100 um—1 mm meso heat exchangers
Dy=1-6 mm compact heat exchangers

Dy >6 mm conventional heat exchangers

12



\/\/\/
\/\/\/

Figure 1.1Q Left: Planar channel Right: Sinusoidal (serpentine) clehn
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Figure 1.11 Left: Corrugated channel Right: Corrugated channel withinded
corners.

Many different types of geometries have been used in heahaggers and
subsequently studied numerically and experimentally. tRr thesis the serpentine
wavy channel is used, but a review of all types of geometsiéglpful when designing
new geometries. Figure 1.10 shows the two types of chanplelsar and sinusoidal

(also called serpentine). Figures 1.11 and 1.12 show otirenmon geometries [30].

1.2.3 The Thermal performance of microchannels heat exchayers

The general function of a heat exchanger is to transfer afrtheenergy from one
fluid to another. Also, heat sinks are designed to dissipat@wach heat as possible
from such as electronic devices. The straight forward psepaf heat exchangers is
controlling a system temperature by removing thermal gndris is crucial to reduce
overheating of devices and to increase the endurance atainaislity of devices.
Micro heat exchangers are used in many fields of technoldwggrefore, the design
of heat transfer devices as well as the heat transfer is aortargt issue. Thermal and
fluid performance for microchannel heat sinks can be modeitgdReynolds numbers,
friction factors, Nusselt numbers, and parameters thatrdesthe thermal and fluid
performance of the coolant [23]. In addition, the thermafgrenance of a heat sink is

often specified in terms of its total thermal resistance s ésired that the thermal
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Figure 1.12 Left: Bellowed channel Right: Arc-shaped bellowed chdnne
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resistance is kept as low as possible. Low thermal resistamachieved for heat
sinks using high thermal conductivity material, narrow thiéav distance and large
surface area for heat flow. Heat sinks are designed usingthaimal conductivity
material with fins offering extended surfaces to enhancehda removal from heat
generating components. Both high thermal conductivityianckased cooling surface
area will reduce the total thermal resistance of the heé&tama thus effective cooling
of electronic devices is achieved. Therefore, the remof/éleat from devices can
be maximized if the thermal resistance of the cooling sysgekept as minimum as
possible.

The dimensions of microchannel and the fluid flow propertyueriice the cooling
capability of the microchannel system. In addition, the nomethannel geometry,
size, and type such as wavy have significant impact on theoppeaihce of heat
exchanger. Therefore, there will be great significance fdogg the optimal structure
of microchannel during the microchannel heat exchangdagdeshe microchannel
heat sink is defined by some physical parameters such a&levigth, aspect ratio, fin
width, and height of channel, to name a few. By controllingsi physical parameters
as well as external parameters such as pumping power, hetetransfer performance
can be obtained.

The thermal and fluid performance characteristics of a cd@apend on whether the
coolant flow is laminar or turbulent [23]. The Reynolds numiich is the ratio
of inertial forces to viscous forces can be used to estimaettansition between
laminar and turbulent flow. Phillips [23] showed analytigdhat turbulent flow should
provide equivalent or better thermal performance thanlamaminar flow heat sink
designs. The typical minimum channel widths for turbuleoivfldesigns were in the
range of 200 to 30Qum [22]. In general, the rate of heat transfer increases as the
coolant velocity increases. In the study of [2,3,5,11, 87,4 higher average Nusselt
number is obtained as Reynolds number increases. Howevdreaoolant velocity
increases, the coolant pressure drop also increases, aateigpumping power is
necessary [1-3, 10, 11]. In addition to that reason, it issshthat pressure drop,
an important parameter for microchannel heat sink desigm strong function of
the channel geometry in the study of Upadhye and Kandlika}. [The increase of
pressure drop depends on whether the channel’'s width largemaller. A narrow

and deep channel is better than having a wide and shallownehavith regard to
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both heat transfer and pressure drop [31]. However, incrgdlse channel depth any
further does not substantially reduce the pressure drogrefdre, the primary goal
is the design of a microchannel heat exchanger that the $tigieat transfer rate can
be achieved with the lowest possible pressure drop. Secpmgls include ease
of manufacturability and maintenance. Thus, before désigthe microchannel, the
pressure loss and heat transfer characteristics must beasely predicted. In order
to design and fabricate such micro devices effectively, fiiel flow on the micro
scale must be better understood. As the field of micro dedoasinues to grow, the
knowledge of micro scale fluid flow mechanism is becomingeasingly important.
A comprehensive study of the results of micro scale singksphinternal flows has
been compiled by Papautsky and Ameel [32].

There have been a lot of researches in order to improve thren#heperformance
of microchannel heat exchanger including wavy wall, aspatbs, channel types,
viscoelastic fluids and vortex creators, to name a few. Wawnoels have been
investigated to improve the heat transfer performance mirar fluid flow applied
to microchannel heat sinks. In the study of Gong et al. [1}apeetric study of
three dimensional laminar fluid flow and heat transfer charetics in micro sized
wavy channels was performed by varying the wavy feature anag, wavelength,
and aspect ratio for different Reynolds numbers. As a reduhis study [1], wavy
microchannels can show enhanced performance over tnaaglitoicrochannels, and
can be an attractive choice for cooling of future microetatics in lowRelaminar
flow. In addition to wavy wall, vortex promoters in straightamnel have been
examined by many researchers to increase heat transfers éflail. [3] examined
the effects of vortex promoters of various shapes on heatsfiea and pressure
drop in microchannel. Better heat transfer is obtained imgryhe obstacle shape
comparing the straight channel without obstacle. Consideglliptical, rectangular,
and triangular obstacles at varying aspect ratios showsthigatriangle obstacle
provides best results, then the rectangles, then the edlj@sd that the performance
is improved as the aspect ratio is decreased [3]. Howevandies, ellipses and
too slender rectangles should be disregarded due to mhaticro manufacturing.
The effect of channel heights on heat transfer was invdstigéor serpentine or
corrugated channel over a range of Reynolds numbers by Valke Vanka [2]. It

was concluded that the Nusselt number as well as the fri¢ticior depends linearly
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on the Reynolds number. Volker and Vanka [2] found a signiticacrease in heat
transfer for higher Reynolds numbers. It is also found thatiteat transfer as well as
the pressure drop increases with decreasing channel héngaddition to that study,
the flow field in sinusoidal channel is dominated by seconélavwy by increasing both
Reynolds number and amplitude to half wavelength ratio wethard to Rosaguti et
al. [10] in steady, incompressible fully developed flow. $&secondary flows promote
convective heat transfer enhancement, resulting in higgs af heat transfer and low
pressure loss relative to fully developed flow in a straigpep The establishment
of secondary flows in curved passages is attracted inciggagirest in microchannel
flow systems as a means not only of enhancing heat transfealdmtof promoting
mixing.

The use of non-Newtonian fluids for heat transfer enhancéemvas introduced by
Hartnett and Kostic [7] at first. Numerical investigationgéctangular cross-sections
of Gao and Hartnett [17, 18], Peres et al. [9], Galindo-Resat al. [13], Siginer
and Letelier [14, 15], Naccache and Souza Mendes [16], Ruisag al. [10, 11],
Poole et al. [12] and Syrjala [19] establish the connectietwiken the enhanced
heat transfer observed and the secondary flows induced bgel&stic effects. Gao
and Hartnett [7] showed a significant enhancement of theaion coefficient for
the viscoelastic fluid in a straight duct with rectangulavss section relative to the
corresponding Newtonian or purely viscous fluid due to thisterce of secondary
flows in non-circular cross section ducts. The increase at transfer is primarily
based on secondary flows arising from the normal force diffees which do not
occur in Newtonian fluids. The study of Peres et al. [9] obsérthe increase in
the Nusselt number with increasing the intensity of seconflaw. The influence
of the second normal stress coefficient, the Reynolds numahdrthe aspect ratio on
the heat transfer was considered with elastic non-Newtofhigds in steady laminar
flow through rectangular ducts in study of Gao and Hartned}.[As a result of this
study, the heat transfer increases as the aspect ratiagegeue to the secondary flow.
However, the influence of aspect ratio is complicated bex#uschange of geometry
affects both the distribution and the magnitude of seconflaw. Moreover, Gao
and Hartnett [18] found that the secondary flow results irgaificant increase in the
heat transfer, especially for aspect ratios & 8nd 10. Galindo-Rosales et al. [13]

experimentally identified strong secondary vortices witimicro serpentine channels
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at low Reynolds numbers due to viscoelastic instabilitiescording to the results of
these studies, in this paper we investigate the effect abeisstic there dimensional

instabilities within a serpentine microchannel on the heatsfer enhancement.

1.3 Organization of The Thesis

The thesis consists of five chapters with the first chapteeggihe introduction of
the thesis, overview of the heat exchanger and the orgamizaf the thesis. The
literature review on microchannel flow including the expegntal, analytical and
numerical studies are provided in chapter two. In chapteethconservation of mass,
momentum, heat equations and the constitutive equatio@lfitnoyd-B model for the
incompressible flows of a non-Newtonian fluid are given. Titegral form of these
equations is shown. Then, the three-dimensional numetisatetization along-,y-
and z- directions is provided. In addition, boundary conditiorsed in numerical
simulation and their integral form are given. The pressudand heat transfer
characteristics of microchannel heat sink are numerieaigtyzed in chapter four. The
simulations are performed with the code written using orttomputer programming
language. The simulations are performed with NewtonianQ@iadoyd-B fluids. The
results of these simulations and heat transfer analysigrasented. In the last section,
chapter five, the conclusions of present work is given anddésemmendations for

future work are pointed out.
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2. LITERATURE REVIEW

For the last three decades, there has been an increasingsinie the area of
microchannel flow and heat transfer due to the high rates af tiansfer. In the
literature, there are numbers of publications concerniegt hransfer enhancement
in microchannels. In this chapter, the works on microchéfioes including the
experimental, analytical and numerical studies are restew

Gong et al. [1] investigated wavy channels to improve the breasfer performance
of laminar fluid flow applied to microchannel heat sinks. Ratic study of
three-dimensional laminar fluid flow and heat transfer ottaréstics in micro sized
wavy channels was performed by varying the wavy feature dnag, wavelength,
and aspect ratio for different Reynolds numbers betweenns01%0. Their study
aimed to find out whether there was a possibility for improMine heat transfer using
wavy microchannels without having a significant rise in tihesgure drop or not. It
was found that in wavy channels, no vortical structure,the.existence of secondary
flow, could be observed not only due to Id®e numbers also low wave amplitude.
In contrast, the maximum wall temperature decreased duertex generation as
wave amplitudeReand aspect ratio varying from 1 toRincreased and wavelength
decreased. Moreover, the negative effect of increase gspre drop for channels with
higher amplitudes was overcome by the more dominant pesiifect of increase in
heat transfer at higRRe resulting in an improved overall performance. In a similar
way, the negative effect of increase in pressure drop fonmblg with both lower
wavelengths and higher aspect ratios was overcome by the dwninant positive
effect of increase in heat transfer at hige In addition, a significant increase in the
pressure drop could be seen although flow recirculatiortexki® channel with high
wave amplitude. Similarly, the pressure drop increasedidenably with aspect ratio
whenReis kept the same. The high pressure drop is still problem icrachannels
and leads to an increase in pumping power. Based on the cmoparith straight
channels, it was found that wavy channels could provide avgment overall thermal

performance. Therefore, wavy microchannels could showecdd performance over
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traditional microchannels, and could be an attractive @hdor cooling of future
microelectronics in lovRelaminar flow.

Volker and Vanka [2] investigated fluid flow, heat transfed @ressure drop of the
two dimensional serpentine or corrugated channel over gerah Reynolds numbers
between 175 and 725 for three different channel heigHis (The results of the
numerical computations for both steady and unsteady flove wieown in their study.
Firstly, solutions for Reynolds numbers of 215, 315, 525 @0d were computed for
the channel height of.3. They could say that the observed pattern of vortex folanati
and dissipation existed for all Reynolds numbers at whiah ftow was unsteady.
The flow was subject to a single oscillatory mode for a Reysmaldmber of 215.
Only a limited increase in heat transfer was observed de#ipét flow being unsteady.
Moreover, at a Reynolds number of 315, in addition to the prinmode of oscillation
secondary modes appeared in the velocity time signal. Therance of secondary
modes resulted in a significant increase in the rate of haasfier. Furthermore, for
the higher Reynolds numbers, vortex generation and digsipallowed for more than
one vortex to be trapped in the cavities at one instant in.tithey also found that the
vortices grew bigger with increasing Reynolds number. Thusrate of heat transfer
was almost four times as high as the rate of heat transfereirstitaight channel for
a Reynolds number of 700. The second channel height®fhs investigated in
their study. For all the Reynolds numbers studied the flow swdgect to a single
mode of oscillation. Unlike for the former conclusion, itudd be seen that even
at the higher Reynolds numbers the flow path was significdalg obstructed by
vortices ejected from the bends. Hence, there was onlg litteraction between the
individual vortices. A third set of computations was cattrait for a spacing of.D unit
between upper and lower walls. Unlike for the previously tieered case of a channel
height of 16 units, multiple modes of oscillation were present eventlier smallest
investigated Reynolds number of 340. The oscillations tmecanore violent with
increasing Reynolds number. They observed significanexariteractions, which
caused multi frequency oscillation patterns in the veloiiihe signals. In the periodic
case, it was concluded that the Nusselt number as well asitiieri factor depended
linearly on the Reynolds number. They found a significantease in heat transfer
for higher Reynolds numbers. It was also found that the haatter as well as the

pressure drop increased with decreasing channel height.
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Meis et al. [3] conducted numerical study of the effects adtiteansfer and pressure
drop produced by vortex promoters of various shapes in twaedsional, unsteady,
laminar flow in a straight microchannel. Three referencesgrsections, namely
circular/elliptical, rectangular, and triangular, atiears aspect ratios were considered
in terms of heat transfer enhancement as a result of diffex@tex structure created
by them. The effect of the blockage ratio, the Reynolds numdned the relative
position and orientation of the obstacle were also studiedias intended to obtain
useful design criteria of micro-cooling systems, takingpiaccount that practical
solutions should be both thermally efficient and not expenisi terms of the pumping
power. That is, heat transfer rate enhancement and theupeedsop increase must
be considered together to evaluate the efficiency. Headfeam these systems could
be enhanced by vortex promoters (built-in obstacles in tlieaohannels) since they
produce transversal convection which is a quite effectigat iransport mechanism
if the produced vortices exhibit appropriate size and isitgn Considering elliptical,
rectangular, and triangular obstacles at varying aspéictsrahowed that the latter
provided best results, then the rectangles, then the edljnd that the performance
was improved as the aspect ratio decreasing. Howevergtesnellipses and too
slender rectangles should be disregarded due to practiced manufacturing. It was
concluded that thermal efficiency either remained constaslightly increased as the
Re number increases in comparison with mechanical penadty, pumping power,
always increasing. Therefore, increasing®eumber did not seem to be a good way
to improve performance. On the other hand, the choice ofRemumber could be a
convenient way to increase performance due to low pumpimgpo

Toh et al. [4] investigated the three-dimensional fluid flowd &eat transfer phenomena
inside heated microchannels. The steady, incompresddmeinar flow and heat
transfer equations were solved using a finite volume methbd.vertex based FVM is
chosen. The numerical computation was confirmed by comganie predicted local
thermal resistances with available experimental data.alt fsund that the heat input
lowered the frictional losses, particularly at lower Relgdsonumbers. It was found
that at lower Reynolds numbers the temperature of the wateeased, leading to a
decrease in the viscosity and hence smaller frictionakless

Qu and Mudawar [5] analyzed the three-dimensional fluid flpvessure drop and

heat transfer characteristics in rectangular microchlaheat sink using water as
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the cooling fluid both experimentally and numerically. Tdveothe Navier-Stokes
and energy equations, they used the finite difference methddSIMPLE algorithm
with steady, incompressible and laminar flow. Their nunaricesults were
compared with analytical solutions and available expeni@edata. They founded
that the temperature rose along the flow direction in thedsahd fluid regions
could be approximated as linear. In addition, it could benstt the average
temperatures decreased with increasing Reynolds numtéhanlifferences between
the temperature gradients at the channel inlet and outlet were apparent at high
Reynolds numbers. Moreover, as Reynolds number increabégher average Nusselt
number was obtained at a given longitudinal distance. Thsyfaund that the flow
developing region was affected by the Reynolds number. $t mvantioned that fully
developed flow might not be achieved inside the heat sinkifgr Reynolds numbers.
In another study of Qu and Mudawar [6], the pressure drop asat kransfer
characteristics of a single-phase microchannel heat siake vinvestigated both
experimentally and numerically. The measured pressur@ @md temperature
distributions within the heat sink show good agreement witd corresponding
numerical predictions. These findings are focused on gkmb@racters of heat
transfer and flow in microchannels heat sink and concluded tonventional
Navier—Stokes and energy equations can adequately ptédidtuid flow and heat
transfer characteristics of microchannel heat sinks.

Hartnett and Kostic [7] performed an experimental study ahdwed a significant
enhancement of the convection coefficient for the viscoeldliid in a straight
duct with rectangular cross-section relative to the cgwasing Newtonian or purely
viscous fluid due to the existence of secondary flows in noruldr cross section
ducts. Itis also known that elastic properties of viscaetdisiid do not play significant
role in fully developed pipe flow. The elasticity of the vistastic fluids was measured
as a function of shear rate using dimensionless Weissemo@ngper. In addition, the
weak secondary flow had a larger influence upon the heat érahshavior than on
the fluid dynamics. The increase in heat transfer was priyneased on secondary
flows arising from the normal force differences which do notwr in Newtonian
fluids rather than natural convection. They pointed out thahis was correct
then the dimensionless heat transfer was a function ofleerumber in addition

to usual dimensionless parameters like Reynolds and Rrandtbers applying to
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Newtonian fluids. The heat transfer enhancement, howeerduced for this type of
non-Newtonian fluids (Reiner-Rivlin model and the Phanehkianner (PTT) model)
with the increase in aspect ratio because the larger asgtexteduces the strength of
the secondary flow.

In the study of Payvar [8], a realistic prediction of lamirflow heat transfer to
viscoelastic fluids must be based on a model more complex dahaurely viscous
non-Newtonian flow as a result of the absence of reliable austtior the accurate
prediction of heat transfer in a laminar flow of non-Newtonifluids through
rectangular ducts. The numerical method of Payvar [8] destnated the suitability
of using constitutive equations which take into account-mero normal stress
coefficients for laminar heat transfer prediction of videséc fluids by comparing
experiments of Hartnett and Kostic [7]. In addition, Payy8} established the
connection between the enhanced heat transfer observethargecondary flows
induced by viscoelastic effects.

Peres et al. [9] carried out an investigation on convectead transfer with viscoelastic
fluids in a rectangular duct to analyze the influence of seapndlow on heat
transfer enhancement. In their study, the Phan-Thein-@fazonstitutive equation with
non-zero second normal-stress difference was used forlaions. In addition, the
duct had an aspect ratio of 2 as a result of the larger aspgerteducing the strength
of the secondary flow. The numerical results were validateddmparing with the
experimental heat transfer data of Hartnett and Kostic THeir simulations showed
an enhancement of heat transfer for viscoelastic fluids. éfttencement based on
the fluid rheology, particularly the shear-thinning natafehe viscoelastic fluid and
the existence of the secondary flow induced by the non-zesonsenormal stress
differences. Also, the increase in the Nusselt number wasrebd with increasing the
intensity of secondary flow. Moreover, despite the fact Hemondary flow was weak,
the heat transfer was affected by vortices which continlyace$resh the fluid near the
walls and contributes to fluid mixing. Those vortices alabti@a higher proportion of
flow rate near the wall; therefore, the thermal resistancedsacing. Another result of
their study for fluids with a strong secondary flow effects Wt buoyancy will not
enhance the global heat transfer, but essentially reloligés it.

Rosaguti et al. [10] studied the effect of Reynolds and Rtamgmbers on fully

developed laminar flow, heat transfer enhancement andves|atessure drop penalty
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in periodic serpentine channel with a semi-circular cresstion for the constant wall
heat flux H2) and constant wall temperatufg)(boundary conditions. They assessed
the performance of the serpentine channel by comparingspresdrop and rate of
heat transfer to the same quantities arising in fully dgvetbflow in a straight pipe.
The flow in channels was characterized by the formation oinDéatices. The Dean
number giving a measure of the importance of inertial andridegal forces relative
to viscous forces is directly proportional to the Reynoldsniber. It found out that
the establishment of Dean Vortices at the bends gives risgtoficant heat transfer
enhancement which, in the absence of the creation of réatron zones, could be
achieved with a very small relative pressure drop penattyjound out that the flow
at low Reynolds number smaller than 50 not only acts to sigspsecondary flow
formation as the viscous forces are large in comparison iwéttial forces, also tends
towards the straight pipe solution. In consequence offilbis,and heat transfer remain
close to the straight pipe solution. As the Reynolds numbes imcreased further,
inertial forces became significant. As a result of this, floamplexity, as well as
the number and strength of vortices, increases. Moreovere momplex secondary
flow patterns emerge and the flow domain becomes increasitugiynated by these
vortices leading to efficient fluid mixing and high rates oah@ansfer. This shows hot
fluid being transported away from the walls into the centethefcross section, with
secondary flows disrupting the thermal boundary layer. iitamh, the heat transfer
coefficient and friction factor increase relative to theaues in straight sections.
Finally, it was concluded that the serpentine channel wathiscircular cross-section
generates greater flow complexity. Furthermore, high ratdseat transfer and low
pressure loss were found relative to fully developed flow straight pipe, with heat
transfer enhancements greater than 10 for a Prandtl nurhk@0o

In another study, Rosaguti et al. [11] investigated thectftd Reynolds number and
amplitude to half wavelength ratidA\(L) on heat transfer enhancement and pressure
drop for steady, incompressible fully developed laminawflnd heat transfer with
streamwise periodic sinusoidal channels. They applieddnee boundary conditions
as their previous study [10]. If the results are examined amardetail, higher values
of A/L give steadily greater heat transfer enhancement, whilesthve pressure drop
becomes quite insensitive AL whenA/L is greater than .@33. The thermo-hydraulic

performance results in increase of the efficiency with bo#dyri®lds number and

24



amplitude to half wavelength ratio up e ~ 175. However, the heat transfer
enhancement at higher Reynolds number rises relativelsrfaddoreover, only a single
pair of vortices was generated in channel, with no obseevaiblircation in the vortex
structure for Reynolds numbers up to 200. Like the formeshgtii was concluded that
the flow field in the sinusoidal geometries was increasingiynihated by secondary
flow structures (Dean Vortices) with increasiRg number andA/L. These vortices
promoted convective heat transfer enhancement, resuttimgh rates of heat transfer
and low pressure loss relative to fully developed flow in aigtit pipe.

Poole et al. [12] performed a detailed numerical investigetf inertialess viscoelastic
fluid flow through three-dimensional serpentine channelsnfing radius of curvature
and aspect ratio using the Oldroyd-B model which predictra second normal stress
difference. The effects of radius of curvature, aspeab ratid solvent-to-total viscosity
ratio on the strength of the secondary flow were investigated their numerical
method, the governing equations were solved using a tintetnimay implicit finite
volume method. It is well known that for low Weissenberg nemsbthe numerical
solution converges to a steady solution, in other wordgpirg viscoelastic fluid flows
through such serpentine channels at W\@number develop a steady two-dimensional
flow. However, beyond a criticdlVe number a time-dependent three-dimensional
purely elastic instability occurs. Therefore, the resudtthe current study [12] were
restricted toVenumbers below the occurrence of this purely elastic inbtgpbihus,
the flow remained steady. As a result of stutlye= 0.2), the streamwise velocity
component ) was the only non-zero component in the total absence ofianfar
the Newtonian fluid. The transverse @nd spanwisew) velocities were zero. On
the other hand, for the viscoelastic fluid, a weak secondaw Was clearly apparent
although the streamwise velocity contours were qualidtigimilar. The secondary
flow strength dominated by the transverse component wasrstmWwe a function of
a modified Deborah number over a wide parameter range. Ttugly sevealed the
existence of a secondary flow which is absent for the equiv&lewtonian fluid flow.
The secondary flow arose due to the curvature of the geomadrtha streamwise first
normal stress differences generated in the flowing fluid adidcbe thought of as the
viscoelastic equivalent of Dean vortices.

Galindo-Rosales et al. [13] reviewed an experimental workihe topic of elastic

instabilities in flow having a strong extensional componenin addition, this
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work summarized five experimental investigations on pmessdriven flows in
micro-geometries that generate flows with a non-negligibl@ponent of extensional
deformation and where the onset of various elastic instasilare observed. It
was shown that these flows exhibit different types of flow $itvons depending on
geometry,We and Re including: transition from a steady symmetric to a steady
asymmetric flow, often followed by a second transition toteady flow at high
We direct transition between steady symmetric and unsteadysfl Moreover, the
difference between Deborah and Weissenberg number alshasmpd. In shear
flows, viscoelastic fluids are also subject to shear-drivermal stresses and the
ratio between the normal and shear stresses quantifies thinear response of the
viscoelastic fluid and is proportional to the Weissenbengiper. Furthermore, it was
mentioned that elastic instabilities have both advantagesdrawbacks in practical
terms. When the objective is micro-mixing or high rates cath@nd mass transfer,
these low Reynolds number chaotic-like flows of elastic Bydovide a useful solution
which is not available if the fluids are Newtonian (a simil#uation here would
require higher Reynolds numbers for chaotic advection terge). To conclude,
it was concluded that the Weissenberg number in microchanmere ultimately
responsible for the appearance of elastic instabilitiésraor even negligible Reynolds
numbers. They made a prediction that the popularity of nflom systems requires the
miniaturization of flow forcing methods and the use of elecind magnetic forcing
mechanisms would become more common as an alternativegsyseedriven flow.
Siginer and Letelier [14] investigated the inertial as vaslelastic effects in the laminar
flow of a class of non-affine viscoelastic fluids on the heatdfar behavior in pressure
gradient driven laminar flow in straight tubes of non-ciemghape and under constant
temperature wall conditions. The temperature field wersgareed and discussed for
several non-circular contours such as the ellipse and thiéageral triangle together
with heat transfer behavior in terms of the Nusselt numbés kinown that viscoelastic
fluid flows at low Weissenberg number develop a steady secprilbav before the
onset of a purely elastic instability. To show the effect micoelastic fluid flows on
the heat transfer enhancement, they used the sufficiemtlyWeissenberg number.
In addition, it was mentioned that heat transfer enhancemea to shear-thinning
is identified together with the enhancement due to the imteriasticity of the fluid

which is the result of secondary flows in the cross-sectionwéVer, it is observed
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that shear-thinning yields negligible heat transfer eckarent effect by comparing
with the secondary flow effect [16]. Moreover, their simidas started with the
thermal field at Newtonian fluids which is a consequence afcigi field at Newtonian
fluid. While viscoelastic effects appeared, the longitatlireld was affected by the
viscoelastic nature of the fluid, by both shear-thinning firsed normal stress effects,
and as a consequence the thermal field was altered sepaviateydditive superposed
effects by shear-thinning and elasticity. The longitutlineld was further changed
with the secondary flow with a corresponding change in thentagfield, but more
importantly a secondary flow triggered by unbalanced seoonchal stresses brought
large changes to the temperature distribution and hedpdigs. As a result of their
study, heat transfer due to shear-thinning was identifiedelsas the heat transfer
enhancement due to secondary flows. Also, increasingle lardhancements could
be computed with increasing elasticity of the fluid as coragato its Newtonian
counterpart. It was said that large enhancements werelpp@ssien with dilute fluids.
In addition to this paper, the physics of the interactionh# éffects of the elasticity,
viscoelastic Mach, Reynolds and Weissenberg numbers aratamy the heat transfer
enhancement is discussed in another study of Siginer ardidreftl5].

Naccache and Souza Mendes [16] investigated not only whachnpeters affect the
secondary flow intensity and heat transfer but also the flowooENewtonian fluids
inside rectangular ducts. The flow was assumed to be fullyeldped laminar,
incompressible and steady. The viscoelastic behavior effibwing fluid was
described via the Criminale-Ericksen-Filbery (CEF) cansive equation. As shown
in all articles, it was observed in this paper that heat feanghenomena involving
non-Newtonian fluids are significantly different from th&iewtonian counterparts
for laminar flows through ducts of noncircular cross sediorBoth the viscosity
dependence on shear rate (shear-thinning or shear-timgReand secondary flows
caused by elastic effects are two distinct effects causiagd differences. Moreover,
it is known that secondary flows are caused by elastic forekded to the second
normal stress difference. It was mentioned that aspeat, rRaynolds number, and the
first normal stress difference influenced secondary flow thiteh to second normal
difference. However, the second normal stress differeragsphe dominant role.
As a result of their study, it was found that heat transfer atagngly enhanced by

secondary flows, Nusselt numbers reaching values as largeess times those for
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corresponding Newtonian ones. Also, it was observed thearstiinning yielded
negligible heat transfer enhancement effect, when cordpanéh the secondary
flow effect. In addition, maximum heat transfer was shown touo for some
combinations of parameters. Thus, it can be say that there@rmal aspect ratios
and Reynolds numbers in the sense of maximum heat trandiehwepend on the
fluid’s mechanical behavior.

The influences of the second normal stress coefficient, tyadkds number and the
aspect ratio on the magnitude of the secondary flow were ewahin the study of
Gao and Hartnett [17]. This paper included a numerical stadyhe secondary flow
of a Reiner-Rivlin non-Newtonian fluid in laminar flow thrduglucts of square and
rectangular cross section. One of the results of this stadigated that the secondary
flow had no significant effect on the streamwise velocity. #eo result was concluded
that the values of friction factor for a Reiner-Rivlin fluithdreased slightly with
Reynolds number and the dimensionless second normal swefficient. Thus, the
secondary flows arising in a Reiner-Rivlin non-Newtoniandflinrough a rectangular
duct have a negligible effect on the friction factor. In adu, it was emphasized that
the sign of the second normal stress difference dependseowisghosity, elasticity,
and local velocity gradients. The magnitude of secondany #dso increases as
Reynolds number increases. It was indicated that the madmaf the secondary flow
is dominated by dimensionless secondary flow coefficieas{e behavior) and is also
affected by Reynolds number (viscous behavior).

Gao and Hartnett [18] reported a numerical study for the/fdéveloped heat transfer
behavior of elastic non-Newtonian fluids in steady laminewfthrough rectangular
ducts. The influence of the second normal stress coeffidRaynolds number, Peclet
number and aspect ratio on the heat transfer was considetieeii study. In addition,
it was mentioned that the fully developed laminar flow in @aiar pipe the influence
of the non-Newtonian viscosity may be seen, but no influerfcelastic behavior
even for a viscoelastic fluid appears. On the contrary, incdme of non-circular
channels these influences become more important, espefdaNiscoelastic fluids.
For laminar flow of Newtonian and purely viscous non-Newaonfluids through
non-circular channels of constant cross-section thersgseai main flow velocity with
no secondary motions. However, in the case of viscoelasitdsfthe normal stresses

give rise to secondary motions. In addition, as comparirgheat transfer results
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in the form of Nusselt number as a function of the second nbstness coefficient;
they pointed out that the Nusselt number increases significas the second normal
stress coefficient increases. These results demonstedtthéhsecondary flow, which
is a result of the second normal stress difference, has arme#fect on the heat
transfer for non-Newtonian viscoelastic fluids in laminawflthrough non-circular
ducts. Therefore, the stronger secondary flow the higherevat the heat transfer is
achieved. Moreover, as comparing the Nusselt numbers ascéido of aspect ratio
with constant Peclet number they concluded that the heasfeaincreases as the
aspect ratio increases due to the secondary flow. Howeeanflbence of aspect ratio
is complicated because the change of geometry affects hetdistribution and the
magnitude of secondary flow. It was found that the secondawy f/hich is associated
with the presence of second normal stresses, results imicignt increase in the heat
transfer, especially for aspect ratios 0b@nd 10.

Syrjala [19] investigated the fully developed laminar flow pon-Newtonian
viscoelastic fluids in straight duct of rectangular crosstion with heat transfer by
means of the finite element method. The viscoelastic behafighe fluid was
described using the Criminale-Ericksen-Fibley (CEF) titusve relationship. The
results were presented and discussed in terms of the segdiwafield, temperature
field, friction factor and Nusselt number. First, it was eragized that the strength of
the secondary flow is mainly determined by the second norredsscoefficient which
has an important influence on both the secondary flow and taaefér. In this study,
it was observed that an obvious consequence of the secofioaris that the hotter
fluid from the near wall region is effectively conveyed todsthe center of the duct.
Therefore, a significant heat transfer enhancement as i ofshe secondary flow
was computed for all duct aspect ratiod),10.5 and 02, considered in the analysis.
Next, the numerical simulations demonstrated that althahg secondary flow arising
from the elasticity of the fluid is relatively very weak as quaned to the main flow
in the streamwise direction, it may substantially enhaneat transfer with all duct
aspect ratios. The heat transfer enhancement was partyoolastanding in the cases
of high Prandtl number. In contrast, the friction factorddrence the pressure drop,
was essentially unaffected by the secondary flow. Findlly,Nusselt numbers were
essentially higher in the flow cases involving a secondasy flwan in the rectilinear

flow case by comparing the temperature contours.
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Chang and co-workers [20] performed a numerical study on hbat transfer
mechanism of Newtonian and non-Newtonian fluids in 2 : 1 lootial rectangular
ducts. The effects of temperature dependence of viscosigar-thinning,
buoyancy-induced secondary flow and secondary flow due toaimstress difference
were contemplated to model the laminar flow and heat trabsfieavior for Newtonian
and non-Newtonian fluids. The three key findings were preskrthe first findings is
that for Newtonian fluid, Nusselt number decreases at ficstlaen gradually increases
due to the effect of buoyancy-induced secondary flow whitele case of both upper
and lower walls heated. The second finding is that for non4Neian fluid, the effects
of temperature dependence and shear-thinning on viscgitjficantly influence the
heat transfer mechanism. And the heat transfer enhancesnesnised mainly by the
axial velocity distortion. By a comparison of numerical ukts of Nusselt number,
it is found that with stronger velocity distortion, there asstronger heat transfer
enhancement. The last finding is that the effect of buoyandyeed secondary flow is
much weaker in the case for non-Newtonian than that showreindse for Newtonian.
At the central zone of duct, the temperature and shear raflaidfare all relatively
lower and then the viscosity is relatively higher than thiihear wall region. In
addition to these findings, it is believed that the seconflaws caused by the normal
stress differences may be the reason for the heat trandfi@neement in the fully
developed region as reported by Gao and Hartnett [18].

It is known that creeping viscoelastic fluid flows throughpsettine channels at low
Weissenberg number develop a steady secondary flow [12)ébéfi@ onset of a
purely elastic instability. Beyond this linear instahjlthe flow becomes increasingly
complex, and develops elastic turbulence. Therefore, \&hat al. [21] used the
sufficiently high Weissenberg number to achieve a fully etasirbulence regime.
They demonstrated the potential of using elastic turb@dncenhance heat transfer
in micro scale serpentine channel consisted of 20 halfdowfih a square cross
section. In their study, at very low flow rates, whide number was less than 5,
the pressure drop and Nusselt number were essentially the aa the Newtonian
values. Beyond this Weissenberg number up to 25 the puragfielinstability led to
an increase in the pressure drop but the Nusselt number iiamarginally affected.
Beyond a Weissenberg number of 25, significant increasesoimalized Nusselt

number were observed. In their experimental investigati@y showed that elastic
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turbulence enhanced the heat transfer at the micro scdieimgeometry by up to 300
percent with highest Weissenberg numb&ie 80) under creeping flow conditions

in comparison to that achieved by the equivalent Newtonisd flow.
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3. ANALYSIS AND MODELLING

In the following sub sections conservation of mass, monmapgnergy equations and
the constitutive equation for Oldroyd-B [33] model for tmeompressible flows of a
non-Newtonian fluid are given. The integral forms of theseatigpns are also shown.
Then, the three-dimensional numerical discretizatiom@bo, y- andz- directions is
performed over the dual control volume. In this study, thevfle assumed to be
periodic in the streamwise and spanwise direction so thaiglie boundary conditions
can be employed at the inflow and outflow boundaries. Thisleaaimulations that
are relatively inexpensive with respect to both requirechgoter memory and time.
Therefore, the equations of boundary conditions appliethis study are given and
their discretizations are also shown.

The present numerical method is based on the side-centaredviolume method on
unstructured hexahedral meshes as described in SahinTB4{.method is presented
for parallel large-scale solution of the viscoelastic fldldws with exact mass
conservation within each element. In this approach, thecig vector components
and temperature are defined at the midpoint of each cell feltiée the pressure term
and the extra stress tensor are defined at element centiididsporesent arrangement
of the primitive variables leads to a stable numerical sahamd it does not require
any ad-hocmaodifications in order to enhance the pressure—velocitysstcoupling.
The time stepping algorithm used decouples the calculatidime polymeric stress by
solution of a hyperbolic constitutive equation from the letion of the velocity and
pressure fields by solution of a generalized Stokes probl&ime energy equation
is discretized by using the same discretization used in toenemtum equation.
Therefore, the temperature variables are also defined amitipoint of each cell
face as in the velocity variables. The resulting algebraiedr systems are solved
using the FGMRES(m) Krylov iterative method with the restd additive Schwarz
preconditioner for the extra stress tensor and energy iegquand the geometric
non-nested multilevel preconditioner for the Stokes systdhe computer program

used in this study was written in Fortran. All the computasiavere performed with
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96 Intel(R) Xeon(R) CPU E5 2690 cores with D0 GHz at TUBITAK ULAKBIM,
High Performance and Grid Computing Center. The solutidtisseach time step last
approximately 80 seconds. The implementation of the prditioned Krylov subspace
algorithm, matrix-matrix multiplication and the multileMpreconditioner were carried
out using the PETSc (Portable, Extensible Toolkit for StieComputation) software
package [35] developed at the Argonne National Laboratoriehe computational
domain is decomposed into a set of sub-domains or partitisimg the METIS library
[36].

3.1 Flow Equations in Cartesian Coordinate Systems

Conservation of mass, momentum and energy equations adefeabhny coordinate
system. In order to write them for a Cartesian coordinattesysirst we need to define

the velocity vector components in these systems;
V = ui+Vv+wk (3.1

The non-dimensional governing equations for the incongipés Oldroyd-B fluid flow
in the Cartesian coordinate system can be written in dinoafesss form as follows: the

continuity equation
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where u, v and w are the velocity components in the, y- and z- directions,

respectivelyp is the pressurdl, is the extra stress tensor afids the temperature. The

dimensionless parameters are the Reynolds nurfRkeer R(U) /v, the Weissenberg

numbeMWe= A (U) /R, the viscosity ratig3 and the Prandtl numbé&r = v/a where

Ris the channel minimum radiut, is the average velocity at inlet, is the relaxation

time, v is the kinematic viscosity and is the thermal diffusion rate of the fluid.

Reynolds number is seen in the momentum and energy equationghe energy

equation we also have Prandtl numbers. The Reynolds nustiefined as the ratio of

inertial forces to viscous forces and consequently quastifie relative importance of

these two types of forces for given flow conditions. High amal Reflows are said to

be inertial force dominated and viscous force dominatespeetively. Prandtl number

is the ratio of momentum and thermal diffusivities. As itg&rger the importance

of diffusion term on the right hand side diminishes and thevective heat transfer

modeled by the terms on the left hand side becomes more dotmiNaultiplication
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of Reynolds and Prandtl numbers is called the Peclet nuniggr If is defined to be
the ratio of the rate of advection to the rate of diffusion.eWenumber is used in
the study of viscoelastic flows. The dimensionless numbigeisatio of the relaxation
time of the fluid and a specific process time. For instanceimple steady shear, the

Wenumber is defined as the shear ratetimes the relaxation time\().

3.2 Mathematical and Numerical Formulation

The governing equations for the incompressible Oldroyddiglfllow in the Cartesian

coordinate system can be written in dimensionless form Hews: the continuity

equation
—0-u =0 (3.13)
the momentum equations
Ju 2
Re E-i—(u-D)u +0P = BOU+0O-T (3.14)

the constitutive equation for Oldroyd-B model

We{‘;—:+ (u-O)T —(Ow)"-T-T- Du} = (1-B)(Ou+0Ou")—T (3.15)

the energy equation

RePr[% +(u- D)B} = [1° (3.16)

In these equations represents the velocity vectd?, is the pressurel is the extra
stress tensor an@llis the temperature. The dimensionless parameters are yimolds
numberRe the Weissenberg numb¥rfe the viscosity ratig3 which is equal to 1 for
Newtonian fluids and the Prandtl numbdr. It is known that the Peclet numbBeis
equivalent to the product of the Reynolds number and thed8ranmber.

The integral form of the continuity and constitutive eqaa#i over an unstructured
hexahedral elemeif2 with boundaryd Q. can be written in the Cartesian coordinates

system in dimensionless form as follows: the continuityagipn

—# n-udS = 0 (3.17)
9Qe
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the constitutive equation for Oldroyd-B model

We é/e/((;—r—(DU)T-T—TDu) dv+§é§me(n.u)1—ds
= (1—B)ﬁ§}9e(un+nu)d8—£[/Tdv

The integral form of the momentum and energy equation ovarhitrary dual control

(3.18)

volume Qg with boundaryd Qg can be written in the Cartesian coordinates system in

dimensionless form as follows,

Re///@dV—i—Re# (n-u)udS-l—# npdS
) ot 994 994
d

=p n~DudS+# n-TdS
0Qq 0Qq

the energy equation

00
RePr/// EdVJr RePrﬁéQd(nu)GdS_ ﬁggdnﬂeds (3.20)
Qq

In these equationy, is the control volume an8is the control volume surface area,

(3.19)

represents the outward normal vector. The above govermjogt®ns are discretized
using the side-centered finite volume method on unstrudthexahedral meshes.
Figure 3.1 illustrates two neighboring three-dimensidnexahedral elements with
an arbitrary dual control volume constructed by connectiregelement centroids to
the common vertices shared by the both hexahedral elemdits.velocity vector
components and temperature are defined at the mid-pointcbf @l face while the

pressure and the extra stress tensor are defined at the ¢lenéwoids.

3.2.1 Three-Dimensional numerical discretization

The numerical method is based on the side-centered finitamalmethod on
unstructured hexahedral meshes as described in [34]. Theemtam equations along
thex-, y- andz-directions are discretized over the dual control volumenshio Figure
3.1 and the discretization volume involves only the righd &eft elements that share
the common face where the components of the velocity veceodicretized. The

discrete contribution from the right cell shown in Figurd & given below for each

37



Figure 3.1 Three-dimensional unstructured mesh with a dual contllme.

term of the momentum equation alorgdirection.
The time derivative

Re[SuTl L2 uttt 3uf | oyul

' } V12345

4Nt 6- 4At 4At © 6-4At

with i=1,2,3,4,5,10

V- Re
12345— { (3.21)

The convective term
ReuTy5- A125ufse + REUD35- Agas U (3.22)
ReU345- Azas]Ussa + ReUG 5 Agas U TS

The viscous term

du n+1 )
-B (—) A1os-i+

() ()
N1 1 e
.y (%)235 Agzs i+ (3—;) - Azss] + (6_2)235 Azas k_ (3.23)
_B (@)n+lA34s'i+( ) ( ) | |
() ()

du n+1 )
-B (—) Ags-i+

The extra stress term

_ - .
Tux 1—55 Aqos-i+ (Tyy Txz)125 A125 k

Das A2as: K|
. (3.24)
345 Aszss: k

Tux 345 Azgs- i+ (Tyy Azgs-] + (Txz

1
?JS A1+ (Tyy)a1s A415 J + (Txz)415 A415 k

(T (T2 (T) 33
— | (o338 Aass i+ (Try) 33 Aaas+ + (Ter) 35
(o) 3% (T 328 (T)
(T (T3 (T

TXX
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The pressure term

+potps]™t +pstps]™t
[pl F;z ps} A125.|+[p2 %3 ps} s

n+1 n+l
{p3+ pa+ ps} Aes-i+ [p4+ p1+ Ps

(3.25)
3 3 } Aggs-i

whereVi,345 is the volume of the pyramid between the poirts X2, X3, X4 andXs
shown in Figure 3.14t is the time stepA 125, Aoss, Azgs andAgys are the area vectors
of the dual volume triangular surfaces. The area vectors@rguted from the cross
product of vectors (as an examphe,ps = 0.5(X2 —X5) (X1 — X5). The valuesis2s, Uzss,
U345 and ugss are the velocity vectors defined at the mid-point of each daalme
triangular surfaces anph, p2, p3, pa and ps are the pressure values at the poixts

X2, X3, X4 andxs, respectively.

The discretization of the momentum equation alongythand z- direction follows
very closely the ideas presented here. The continuity equ#B.17) is integrated
within each hexahedral elemems and evaluated using the mid-point rule on each of

the element faces.

i U A+ VTPIAL A+ WA ] =0 (3.26)

whereA = Ay +Ayj + A is the hexahedral element surface area vectouandndw
are the velocity vector components defined at the mid-pdiedioh hexahedral element
face. The constitutive equation for the Oldroyd-B fluid isatetized as in Sahin and
Wilson [37] within each hexahedral elemd®¢ assuming that the extra stres3gsnd

velocity gradient$]u; are constant:

T]’H—l Tn
We 'TIVE (OuM T T — T OuiVe

+ (3.27)

[[U Adj+ VA + WA } T?+1]

Mo

j
= (1-B) [Our 4 (Ou Y | Ve TPV

Wheréel is the volume of the hexahedral elemehtjs the hexahedral element surface

area vector and; is the value of the extra stress tensor defined at the eleraetrbads.

In order to extrapolate the extra stresses to the boundsriks finite volume elements

the second-order upwind least square interpolation desgrabove is used in order

to maintain stability for hyperbolic constitutive equatso The time-dependent finite
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volume discretization of the above equations leads to atisgstem of equations of

the form:
Arr Ay O T by
Aur Aw Aup ul=1|Dhb (3.28)
0 Aw O p 0

The above linear system of algebraic equations should eddbr each time step.
It should be noted that the discretization of above equatleads to a saddle point
problem.

The heat equation is one way coupled from those equationsreldre, the heat
equations are discretized over the dual control volume showFigure 3.1 and

the discretization volume involves only the right and lefiéneents that share the
common face where the components of the temperature ametized. The discrete
contribution from the right cell shown in Figure 3.1 is giveslow for each term of the
energy equation.

The time derivative

39{14—1 Zi ein—i-l ZI en
Pe[ ant T 6ant | V15T Pelmﬂs 4At]v12345 (3.29)
with 1=1,23,4,510
The advection (convection) term
Peups- A125]6155 + PelUdss- Azas| O5as (3.30)
Pe{Ul s A3as| 03,5 + Pe[ud;s- Aa1s] Oy
The diffusion term
[ ae)”“ _ (a@) 00\"? ]
— {52 Arzs i+ | - A125]+<—) A1zs-k
_<0X 125 9y / 125 0Z / 125 |
V&L (06 00\ ]
- (0—) A235'|+<a—) A2ss J+<0_) Azss-K
| \0X/ 235 Y/ 235 2/ 235 | 3.31
() e () i () et
— | 52 345° 5o 345° = 345°
|\ 0%/ 345 Y ) 345 92 ) 345 |
i ae N+ de n+1 T
— =2 A415|+< ) A415]+< ) Agis-K
_(0)()415 Y ) a15 02 ) 415 |

whereVio345is the volume of the pyramid between the poiris x», X3, X4 andXs

shown in Figure 3.1At is the time stepA 125, Aoss, Azss andAgys are the area vectors

of the dual volume triangular surfaces. The valuess, Uy3s, Usss andugys are the

velocity vectors defined at the mid-point of each dual volanaagular surfaces. Also,
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the value®,2s5, B-35, B345 andb,15are the temperature defined at the mid-point of each
dual volume triangular surfaces. However, the temperatahges are known at the
mid-point of the element faces and the temperature values &, X3, andx, have to

be computed. To compute the temperatune aas an example, a second-order Taylor

series expansion can be written as

00 00 00
6 = 6 + = |x=x, (Xf,i —X1) + d—y|x:x1 (Vi —Y1) + 5= |x=x (zri —21)

o0x 0z (3.32)
with  i=12]1.],I

wherel represent the number of the faces connected to the ypamtdx ; corresponds
to the face mid-points. This overdetermined system of lieggations may be solved
in a least square sense using the normal equation appraaati¢ch both sides are
multiplied by the transpose. The modified system is solvedguhe singular value
decomposition provided by LAPACK driver in order to avoie thumerical difficulties
associated with solving linear systems with near rank dgfy. In a similar manner,
the u, v, w velocity vector components and pressure values, gk,, X3, andx, are
computed using the same approach.

The temperature valués »s, 6535, B345 and 6,15 are computed at the mid-point of the

dual volume triangular surfaces using the least squargpiolfiEtions. As an example,
B125 =B [61+ U611 1]+ (1—B) [62+ D6or 2] (3.33)

where B is a weight factor determining the type of convection schersed, 16,
and[J6, are the gradients of temperature where @h@nd 6, temperature values are
defined and 1 andr» are the distance vectors from the mid-point of the dual v&lum
triangular surfaces to the locations where the gradientsraperature are computed,
i.e. ri = (X125—Xt,1) andra = (X125 — Xt 2) With X125 = (X1 + X2+ X5)/3. In this
study, we will employ onlyB = 0.5 which corresponds to the central least square
interpolation. For evaluating the gradient termg; and16,, a least square procedure
is used in which the temperature data is assumed to behaaliin Referring to

Figure 3.1 as an example, the following system can be cartsttdor the ternilo;
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[ Xf2—Xi1 Yi2—Yi1 Zf2—Zig | [ 6,— 6 |
Xf3—Xf1 Yi3—VYf1 Zf3—Zf1 83 — 6,
Xta—Xf1 Yia—VYi1 Zfa—Zf1 96 04— 61
Xts5—Xf1 Yis5—VYf1 Zfs5—Zf1 % _ | 65— 61 (3.34)
Xt6—Xi1 Yie—VYi1 Zf6—Zf1 oy 05— 61 '
Xt7—Xf1 Yi7—Yf1 Zf7—Zf1 0z 6, — 6,
Xtg—Xf1 Yi8—VYf1 Zf8—Zf1 8 — 61

| Xfo—Xf1 Yfo—VYf1 Zfo—Zf1 | | 60— 61 |

This overdetermined system of linear equations may be ddbreé10; in a least square
sense using the same normal equation approach. The gréelieriilf, is computed
in a similar manner.

The temperature gradients defined at the mid-point of eaah \dhiume triangular

faces can be computed using the Green-Gauss theorem:

06. 06. 06 1

whereV, covolume consists of two tetrahedral elements that shareséime dual
volume triangular surface area with their fourth verticesated at the midpoint of the
hexahedral element faces. The right-hand side of the exquggi35) is evaluated using
the mid-point rule on each of the covolume faces. The caumiob from the left cell is
also calculated in a similar manner. In addition, the, w velocity vector components
and their gradients are computed using the same approabloas sabove.

The time-dependent finite volume discretization of the gnerquations leads to a
linear system and it should be solved for each time step. dime 6f the linear system
is given below;

[Ago] [6] = [bn] (3.36)

3.2.2 lterative solver

In practice, the solution of equation (3.28) does not caywerery quickly and it

is rather difficult to construct robust preconditioners toe whole coupled system
because of the zero-block in the saddle point problem. Toexewe decouple the
system by using a time-splitting technique which decoufhescalculation of extra
stresses from the evaluation of the velocity and pressudsfiy solving a generalized

Navier-Stokes problem. The stress equation
[Ar] [T] = [b1 — UA — VAW — WAL (3.37)
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The Navier-Stokes problem

Auw O 0 Ayp u o — TAur

O AVV O Avp \ o b3 - TAVT

0 0 Aw Aup || W || bi—TAu (3:38)
Aoy Apv Apw O p 0

In the present paper, we use an upper triangular right pcétoner which results in
a scaled discrete Laplacian instead of a zero block in thggnaii system. Then the

modified system becomes

Aw 0 0 Ayp I 0 0 —Aup q b2 — TAur
O AVV O Avp O I O —Avp r b3 - TAVT (3 39)
Apu Apv Apw O 0 0O I p 0
where
u l 0 0 —Ayp q
v |01 0 -Ap r
w| |00 1 —Awp S (3.40)
p 0 0O I p

and the zero block is replaced withAp Aup — ApvAvp — ApwAwp Which is a scaled
discrete Laplacian. Unfortunately, this leads to a sigaiftancrease in the number of
non-zero elements due to the matrix—matrix multiplicati¢towever, it is possible
to replace the—ApuAup — ApvAvp — ApwAwp block matrix in the upper triangular
right preconditioner with a computationally less expeasivatrix. The calculations
indicate that the largest contribution for the pressuraligras in the momentum
equations comes from the right and left elements that sh@edmmon face where
the components of the velocity vector are discretized. d&foee, we will use the
contribution from these two elements for the block matrixichhleads maximum
three non-zero entries per row. Although, this approxioratioes not change the
convergence rate of an iterative solver significantly, dide to a significant reduction

in the computing time and memory requirement.

3.3 Boundary Conditions

The continuity and constitutive equation are discretizeer dhe element. However,
the momentum and energy equations are discretized overbanagy dual control
volume as shown in Figure 3.1. Therefore, we must modify tbenentum and energy

equation or use boundary conditions on the boundary.
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Figure 3.2 Element on the boundary.

3.3.1 Traction Free boundary condition

Momentum equation is modified over a boundary faces. Thrdewaa dimensional
element at the boundary is shown in Figure 3.2.

The momentum equation and its integral form are given below;

Re// —dV+Re# (n-u)ud8+# npdS = # n-OudS (3.41)
Ar Ar Ar

The material derivation is neglected for outflow conditidhen,

# npdS = # n-OudS (3.42)
Ar Ar

is performed on thé&r as shown in Figure 3.2. The gradient and pressure value at the
point of F is accepted to be equal to the gradient and pressure valbe agenter point

of the element. The velocity gradient at the poinFois calculated as follow;

Oulg = l# udA (3.43)
V I

wheredA = Ai +Ayj +AK. Then,
6
PrAF = Z [Aj- Ar] (3.44)

is performed on thég, whereAr = n-dSandV is the volume of the element.
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The discretization of that equation along thalirection is given below.

1

P (AF = v [UnHAX] i (AR

: (3.45)

1 n+1 I’H—l
= Al Al
+ v, [

Mo

F

IIMm
IIMm

The current application of the outflow boundary conditiomtfmpatible with the

discretization of the incompressible Navier-Stokes @quat

3.3.2 Neumann boundary condition

For the case of Neumann boundary condition for fluid flow, thleesity gradient values
are set to zero at boundary.

ou
““=n-0Ou = 0 3.46
5, = nhu (3.46)
The integral form of that equation,

1

n-\—/y%eudA =0 (3.47)

wheren = Ayi + Ayj + Ak is the normal vector at the faces of the elements the

velocity vector.

ULA 4 [uMTA )+ [uTTA ] =0 (3.48)

>
Mo
L

The discretization of that equation along tle direction is given below. The

discretization along the- andz- direction follows the same way.

[ UM AL+ ny U AL+ uTA ] = 0 (3.49)

Mo

j
For the case of constant heat flux at wall, the temperaturdiggravalues are set to

unity; whereas, for the case of insulated boundary condditowall, the temperature
gradient values are set to zero. For constant heat flux

Ju
%_nﬂe_l (3.50)

. (3.51)

Ve

oA+ D OAj+ # OAK
0Q; Q5 0Qs¢
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wheredA = A + Ayj + AK is the normal vector at the faces of the eleménis the
temperature valuegQ; is the faces of the element. The discretization of the eqnati
(3.50) is given below.

1 6

e ™ j;[enﬂAx] [+ ny[0MIA ] g8 = 1 (3.52)

where,n = nyi 4 nyj +nzk is the normal vector of the face at the boundary.

3.3.3 Periodic boundary condition

We studied the flow and temperature fields under the assumetitully developed
flow, which means that the flow pattern repeats itself from ab@do module. In
such circumstances it is sufficient to analyze only one segrfrmodule) of the
geometry. Periodic flow and heat transfer occur widely in aeta of industrial
applications. Fully developed periodic boundary condgidiave been employed
to effect performance calculations for heat and mass exghdevices. Numerical
analyses of fully developed laminar flow and heat transfeg@ometry that is
periodically repetitive will be carried out with streamwiand spanwise periodicity
in X- andz- directions. Constant wall temperature (Dirichlet) andstant heat flux
(Neumann) boundary conditions may be considered in thidystThese conditions
have been examined by Rosaguti et al. [10], Murthy and MafB8}, Beale [39],
Patankar et al. [40], Kelkar and Patankar [41] and Nicenoldokile [42]. Solution

procedure for periodic flow and heat transfer are given below

3.3.3.1 Flow periodicity

Consider a domain with periodic boundaries separated bgnslation vectof, i.e.
wavelengthL, as shown in Figure 3.3. The two periodic boundaries of threalo are
denoted as periodic and periodic shadow for conveniends.dimain represents one
of a series of periodic modules translatedﬁy They constitute counterpart of each
other's. Therefore, we can employ side-center finite volune¢hods at the boundary
faces [38]. If the flow is fully developed, the pressure fiedoh e expressed as the

linear combination of the local pressure and the overalguee drop [39, 42]
Uin = Uout (3.53)

Pin = Pout + AP (3.54)
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pariodic shadow

Figure 3.3 Periodic domain [38].

where the local componeptrepeats itself from module to module. A no-slip boundary
condition for velocity is enforced on the walls of the chalsnand a periodic boundary
condition is applied at the inflow and outflow of the computasl domain. The
continuity and constitutive equation discretized overeheh element. However, the
momentum and energy equations are discretized over amaaybdaual control volume
shown in Figure 3.1 and the discretization volume involvaly dhe right and left
elements that share the common face where the componehts @locity vector and
temperature are discretized. Periodic and periodic shadements can be used to
create that dual control volume. In other wor@s,is the left side of th&, contrary
Co is the right side of th&; as shown in Figure 3.3. In addition to this, additional
equations (3.54) must be added to the system of algebraatiegs.

3.3.3.2 Temperature periodicity

For the temperature field, there are two fundamental typdsoahdary conditions
which can be prescribed on the walls: constant heat i@ boundary condition)
or constant temperaturd@ (boundary condition). The discretization at the boundaries
are discussed below for these two cases. For the solutidmedktmperature field, a
non-dimensional temperature is introduced (3.55).

9 = <7T_W_Tiy) (3.55)

Tw—Ts

In the study of Beale [39], for constant heat flux, the tempeea field is
piecewise lineafT (0,y,z) = T(l,y,z) 4+ ¢, whereas for constant wall temperature the
non-dimensional temperatui® is equal at both the inlet and the outlet whete=

(T —Tw)/(To— Tw) andTy is a reference temperature, often chosen as the bulk value.

a7



These may be combined to obtain [39];

Tin =C1Tout + C2 (3.56)

TB‘out—Tw

. Bln—Tw constant
l pr—
1 constant ¢

o, — ) Tw(l-c) constant §
27 Tglout— Telin constant g

According to another study of Rosaguti et al. [10], in oraesitmulate fully developed
conditions, temperatures are scaled from the outlet of éhgestine unit to the inlet.
Temperature fields are scaled to allow calculation of thly lgveloped temperature
field by imposing the condition that the non-dimensionalgenature is equal at both

the inlet and the outlet of the repeating unit of interes{:10

T T
9 — <¥) _ (M) S (3.57)
TW_TB in TW_TB out
where
T_Wzl/dep (3.58)
PJp

is the perimeter-averaged wall temperature at an axiatitotg, and

- 1
T = E/Aspuscp-rx,ydAs (3.59)

is the bulk mean temperature at an axial locaspwith Ty being the temperature at
location(x,y) in the section as.

For the case of constant wall temperatufe {oundary condition);Ty, iS constant,
and the following form of equation (3.57) is used to detemntihe required inlet

temperatures:

— o (Tw—T
Tyl =T (T Taln) (322 ) (3.60
w ou

whereT,, andTglin in are specified andig|oy: is obtained from the simulation.

For the case of constant wall heat fltZ boundary condition), temperature profiles
are identical in shape at the entrance and exit, but areadisglby an amount that is
proportional to the wall heat flux and the wall area. The mealht@emperatureT,, in

this case, varies along the axial pattAs temperature profiles are identical in shape

Txylout — Txylin = ATs (3.61)
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An overall heat balance gives

_ = gA
Tglout— TBlin = —me (3.62)
So
aT,— 32 (3.63)
mG

The desired inlet temperatures are determined from scaiiéet temperatures through
the use of equations (3.60) and (3.61) for fully developed flothe modules.

Same formulations are examined by Murthy and Mathur [38aiear et al. [40] and
Kelkar and Patankar [41]. For constant heat flux boundarglitiom, time dependent
constitutive and momentum equation are solved; thereftire,energy equations
are also solved in each time step. Therefore; time depenueEmdic boundary
condition must be used. Those formulations give accuraaedissipation with steady
solution. However, the current velocity distribution isther periodic nor steady due to
viscoelastic instability. Thus, constant heat fltb2, cannot be employ at the periodic
faces, inlet and outlet.

The solutions of the energy equation (3.16) along with thendary conditions (3.57)
and (3.60) presents an eigenvalue problem, since it is thabla 8 that behaves in
a periodic fashion and since tAg along streamwise direction is not known a priori.
In other word, in the study of Murthy and Mathur [38], the d@u of the energy
equation (3.16) represents a non-linear problem for thetemm temperature boundary
condition. Murthy and Mathur [38] suggest to link the nomeénsional temperature
field with the bulk temperature in an iterative fashion inleime step. Instead of this,
Niceno and Nobile [42] offered to scale the temperature lgréiom the outlet of the
domain and copy it to the inlet; therefore, the profile can $edufor the new iteration

of the linear solver for the energy equation. This can beesged by

Talin—T,
T <T—n_81'|” T ) (T ou—=Tu) + T (3.64)
B out — lw
where,
uTdA
Tg = 7‘% LdA (3.65)

wheredA is the area of the cross-section. One variable remains tetbarsd that is
the bulk temperature at the inflolg|i,. At the outflow, a standard Neumann boundary

condition is used.
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In this study,

e The periodic velocity boundary condition with a constanssifiow rate is imposed

at the inflow and outflow (the pressure jump is computed).

e The periodic velocity boundary condition with zero pregsump is imposed in the

spanwise direction.
¢ No-slip boundary boundary condition is used on solid walls.
e The wall temperature is fixed to 0.
e The inlet bulk temperature is unity.

e The inflow temperature is rescaled from the temperaturesadtitflow.

Bn=0a Oou (3.66)
where
_ JfuB-ndydz

e Atthe outflow, a standard Neumann boundary condition is tmeshergy equation.

96

5. =0 (3.68)
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4. THE NUMERICAL RESULTS

In this section, the pressure drop and heat transfer clesistats of microchannel
heat sink are numerically analyzed. The three-dimensionaterical simulations
are carried out within a micro serpentine channel in ordergt@antify to the
importance of the three-dimensional inertial and viscst@tainstabilities for heat
transfer enhancement. In this study, the flow is assumed tpepedic in the
streamwisex- direction and spanwise- direction as shown in Figure 4.1 so that
periodic boundary conditions can be employed at the inflodv@utflow boundaries.
This enables simulations that are relatively inexpensiitk vespect to both required
computer memory and time. Therefore, numerical analysescoimpressible fully
developed laminar flow of a viscoelastic fluid and heat transill be carried out with
streamwise and spanwise periodicity.

The three-dimensional geometry of a micro serpentine adlaarprovided in Figure
4.1 along with all hexahedral computational mesh. Thefihe mesh consists of
47,898 nodes and 4293 elements. Thel3 mesh is an extrusion in the spanwise
direction of a © mesh. Therefore, thelBfine mesh which is used for numerical
simulation consists of 64121 nodes and 61300 hexahedral elements (117680
DOF).

Numerical analyses of incompressible fully developed temflow of a viscoelastic
fluid and heat transfer in serpentine channel which is peradlgl repetitive in the
streamwise and spanwise directions have been carried mg tise side-centered
finite volume method on unstructured hexahedral meshes cdgervation of mass,
momentum and energy equations and the constitutive equiaticdOldroyd-B model
are performed. The energy equation is one way coupled frarctmservation of
mass, momentum and Oldroyd-B constitutive equations. Tingemical code is written
using Fortran computer programming language. This codesfitges the constitutive
equations to find the stress tensor. Then, it solves theragittiand Navier-Stokes
equations that are coupled to find the unknown velocity aresgure distribution

without knowing the temperature. We assume that fluid ptegseare not a function
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Figure 4.1 Geometric dimensions and 3D computational mesh for a s&nme
channel with hexahedral elements.
of temperature. Having found the velocity field, heat equratian be solved to find the
temperature distribution at each time step. All the comimra were performed with
96 Intel(R) Xeon(R) CPU E5- 2690 cores with B0 GHz at TUBITAK ULAKBIM,
High Performance and Grid Computing Center. The solutidrtb® each time step
last approximately 80 seconds. The non-dimensional nusnised in simulations are
defined to beNe= A(U)/R, Re= R(U)/u andPr = v/a whereR is the channel
minimum radiusUJ is the average velocity at inlej, is the relaxation timey is the
kinematic viscosity andr is the thermal diffusion rate of the fluid. The viscosity
ratio 3 is set to 067. The boundary conditions are the no slip on the channd$ aatl
spanwise and streamwise periodicitgiandx- direction. At the inflow, the total mass
flow rate is given and the periodic boundary condition witbgsure jump is imposed.
For energy equation we impose the bulk temperature at teeank the constant wall
temperature is imposed on the solid walls. In the study, géhecity components are in
the streamwise directionx;, asu, in the wall normal or transverse direction, asv,

in the spanwise directioz;, asw.

4.1 The Numerical Simulation of Flow Field

It is well known that viscoelastic fluid flows at low Weissenip@umber develop a
steady secondary flow before the onset of a purely elastiahily. However, beyond
a critical Weissenberg number a time dependent purelyielastability occurs. In

addition, high Weissenberg number is ultimately respdadibr the appearance of
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Figure 4.2 The sample nodes at inlet and middle of the channel bothrstrése and
spanwise direction.
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Figure 4.3 Pressure jump vs. time We= 8 for Re= 10.

elastic instabilities at low or even negligible Reynoldsnioers in microchannels [13].
The sample nodes are chosen in the channel to show the yedodltpressure jump
values change over time as shown in Figure 4.2. These chashs are at the inlet
close to the middle of the channel both streamwise and sgamections. Figure
4.3 shows the pressure jump values changing over time framtal® to 170 seconds.
Therefore, the pressure jump or loss does not show a pewnodieady behavior.Time
dependent constitutive and momentum equation are solvedgch time step. The
velocities at the monitoring locations show that the flow isteady as shown in
Figure 4.4 and 4.5. Thus, the velocity distribution is neitperiodic nor steady due to
viscoelastic instability. However, for Newtonian fluid flaive velocity distribution is

shown to be periodic in Figure 4.6.

53



=y

u - velocity
(=)
o

o
o

o
'S

e
[N}

A

0 |- — e
i W i il il
40 50 60 70 80 S0 100110120130140150160170

time

Figure 4.4 u— velocity vs. time.

In this study, three-dimensional time dependent calcubatiare carried out beyond
the first critical Weissenberg and Reynolds numbers in dadguantify the magnitude
of the secondary vortices in the flow direction. The commarssbetween Newtonian
and non-Newtonian velocity component are shown in Figug 4lhe simulations
indicates that as the Reynolds number decreases, thetstirige spanwise vorticity
component will be decreased and it will disappear compldielow Re= 50. Also,
streamwise vorticity component are compared in Figure 4T9erefore, it is not
possible to use the inertial instabilities for the heatd¢fanenhancement. However, itis
possible to use viscoelastic three-dimensional instaslat lower Reynolds numbers
by introducing a viscoelastic fluid as a coolant. Althougtsitlear that there will be
there-dimensional instabilities beyond the critical \WWeisberg number, the question
is that how much heat transfer enhancement could be acléelghincreasing the
Weissenberg number. Therefore, the numerical simulaomperformed aRe= 10
by increasing the Weissenberg number. The computed basge fmvpresented in
Figure 4.6 atWe= 0 and Figure 4.6 a&tVe= 8. The comparison of the unsteady
flow patterns illustrated experimentally by Galindo-Resatt al. [13] and illustrated
in this study withWe= 8 is shown in Figure 4.7 to demonstrate the accuracy. From
the comparison of the present simulations with the experialgesult, we may say
that the numerical simulations in the current study show @dgagreement with the

experimental results. In addition to that simulations,dbeelopment of the secondary
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Figure 4.5 v— velocity vs. time.

[a]

i)

Figure 4.6. The comparison of the computed- velocity component aivVe= 0 for
Re= 10 att = 20 [a] andWe= 8 for Re= 10 att = 170 [b].
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vortices due to viscoelastic instability are given Figurgé04 Also, the components
of the extra stress tensor are shown in Figure 4.11-at170. It is well known

that pressure drop is an important parameter for microctlameat sink design. It
leads to an increase in pumping power. It is intended thata¥dooling systems
should be both thermally efficient and not expensive in tesfrthe pumping power.
To evaluate efficiency, heat transfer enhancement and thesyme drop must be

considered together. Therefore, pressure drop compdadgven in Figure 4.9.

A\

Figure 4.7. The comparison of the streamtrace Wde= 0 att = 20 with [13] [a] and
We= 8 att = 170[b].

[b]
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[b]

[c]
Figure 4.8 The comparison of the computed- [a], v— [b] and w— [c] velocity
component foWWe= 0 att = 20 (left) andWe= 8 att = 170 (right).
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[b]

[c]
Figure 4.9 The comparison of the streamwise [a], pressure [b]»and/orticity [c]
for We= 0 att = 20 (left) andWe= 8 att = 170 (right).
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[b]

[d]

[e] [f]
Figure 4.10 The snapshot of the spanwise velocity componenifer 8 andRe= 10
att = 145 [a],t = 150 [b],t = 155 [c],t = 160 [d],t = 165 [e],t =170
[f].
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[a] [b]

[c] [d]

[e] [f]

Figure 4.11 The snapshot of the component of the extra stress tdpgsa], Tyy [b],
Tzz[c], Tyy [d], Txz [e] andTy, [f] for We= 8 andRe= 10 att = 170.
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4.2 Heat Transfer Analysis

Micro heat exchangers are used in many fields of technoldggrefore, the heat
transfer capabilities of microchannel become importasiiés In literature, various
enhancement methods have been proposed in order to impneveeat transfer
performance of microchannel heat exchanger. It is degrtidt the method gives
the minimum pressure drop, and the highest heat transfer raftherefore, an
incompressible viscoelastic fluid has been introduced askat in a micro serpentine
channel for heat transfer enhancement.

In this section, the energy equation is solved with the pkcitemperature boundary
condition with zero temperature jump in the spanwise dioect In streamwise
direction, the inflow temperature is rescaled from the tenamjpee at the outflow using
the equation (3.66). On the solid walls, the temperatureesabre equal to zero. The
inlet bulk temperature is set to unity. The comparisons betwthe temperature profile
for Newtonian and Oldroyd-B fluid foPr = 1 andPr = 10 are provided in Figure
4.12 and Figure 4.13 for the flow &e= 0 andWe= 8. In order to quantify the
heat transfer enhancement, we use the bulk temperaturé wghitefined in equation
(3.65) at the outlet of the domain. The comparison of the txadpre fields for
Oldroyd-B fluid with Pr = 1 andPr = 10 is shown in Figure 4.14. In addition, the
computed temperature fields fBr = 10 is provided in Figure 4.15. To compare bulk
temperature at the outlet, the simulations indicate apprately 20% increase in heat
transfer performance &e= 10, Pr = 10,We= 8. Whalley et al. [21] conducted an
experimental study to show that elastic turbulence entsatiee heat transfer at the
micro-scale geometry as shown in Figure 4.17 by up to 300%uokeping flow
conditions. Unlike the serpentine channel used in thisysttiee length, height and
depth of the cross-section was chosen BsandR, respectively in dimensionless
form whereR is the channel minimum radius. The experimental results baNgy
et al. [21] is given in Figure 4.16. By comparing these reswith our solution, 20%

increase is matching the experimental results.
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[b]

Figure 4.12 The comparison of the temperature We= 0 andRe= 10 att = 20 [a]
andWe= 8 andRe= 10 att = 175 [b] forPr = 1.

[b]

Figure 4.13 The comparison of the temperature We= 0 andRe= 10 att = 20 [a]
andWe= 8 andRe= 10 att = 185 [b] for Pr = 10.

[b]

Figure 4.14 The comparison of the temperature We= 8 andRe= 10 forPr =1
[a] andPr =10 [b] att = 175.
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;0]

Figure 4.15 The comparison of the temperature We= 8 andRe= 10 andPr = 10
att =180 [a] and at = 185 [a].
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Figure 4.16 Normalized Nusselt number versus Weissenberg numidgi21].
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Figure 4.17 Isometric view of the experimental facility (a), plan viewof the
serpentine channel (b) and detailed view and cross sectiotheo

serpentine channel (c) [21].
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5. CONCLUSIONS AND FUTUREWORK

Numerical analyses of incompressible fully developed temilow of a viscoelastic
fluid and heat transfer in serpentine channel which is peradlg repetitive in the
streamwise and spanwise directions have been carried mg tise side-centered
finite volume method on unstructured hexahedral meshesiditian, the simulations
are presented for a non-traditional viscoelastic fluid as@ant in order to enhance
heat transfer within a micro serpentine channel. Simutatiare performed with
Newtonian and viscoelastic (Oldroyd-B) flow. Thereforeg #econdary instabilities
due to viscoelastic and inertial instabilities are invgetied in a micro serpentine duct
with rectangular cross section and the strength of thecestis compared with each
other. Then numerical simulations are performed in ordemialyze the influence of
purely elastic instability on heat transfer enhancement.

The simulations confirm three-dimensional viscoelastistahilities due to large
elastic stresses along the streamlines at vanishinglyl #egtholds numbers and the
viscoelastic instabilities leads to heat transfer enhauece at higher Weissenberg
numbers. The calculations indicate approximately 20%eiase in heat transfer
performance aRe= 10, Pr = 10, We= 8 and 3 = 0.67 compared to that of
a Newtonian flow at the same Reynolds number. However, thawement is
accompanied with an increase in pressure jump. It shoulddbednthat the high
pressure drop is still problem in microchannels. High puessirops also lead to an
increase in pumping power. In addition, as the Weissenbengoer is increased, the
viscoelastic instability becomes significant. As a restihes, flow complexity and the
strength of vortices increase. Therefore, this secondawy flattern leads to efficient
fluid mixing and high rates of heat transfer. This shows hatlfheing transported
away from the walls into the center of the cross section. deee those secondary
flows continuously refresh the fluid near the walls and cbnte to fluid mixing and
heat transfer enhancement.

The simulations are performed to show the influence of theoelastic instability

on the heat transfer enhancementRe= 10, We= 8 compared to that dRe= 10,
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We= 0 which is Newtonian flow. Further numerical studies\fée= 8 with Re= 100
andRe= 0, creeping flow, are underway in order to investigate thecttf Reynolds
number. It is aimed that heat transfer enhancement will beeased with increasing
We number. It should be noted that higkie number problem may prevent us to
perform simulations at higher Weissenberg numbers. Ferghipose, the following

items could be investigated as a future work;

¢ Higher We numbers should be investigated.

e Other boundary condition which is the constant heat flux all wauld be
investigated.
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