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Abstract

Since the Phd thesis elaborated in 1997 the professional activities in the field of
research and education had the topics related to thermal engineering. Until 2002 the topics
were mostly in the field of compact heat exchangers and numerical modeling of thermal
phenomena. In 2002 research activities were performed at the University of Tokyo Institute of
Industrial Science through the project made in Prof. Shigefumi Nishio laboratory with the
following title: Study of Microchannel Heat Sinks for LSI Chip Cooling. Considering, at that
time the available results about experimental research on microchannel heat transfer and fluid
flow characteristics, one can conclude that there were a large scattering in the obtained
results. This was especially serious in the case of the heat transfer results. For example, there
is an optimum size of channels in the so-called microchannel heat sink and the result of
optimization depends strongly on the heat transfer characteristics in microchannels. So, this
was the reason for making the experimental research on single-phase microtube heat transfer.
The research report was published in the International Journal of Heat and Mass Transfer [24]
that was cited 93 times since 2005. After that, the research activities in the field of
microchannel heat transfer and fluid flow were further developed at the Politehnica University
of Timisoaraand Laboratory for numerical simulations in thermal engineering. The issues that
were considered were related to influence of fluid properties, wall axial conduction, partia
heating and viscous heating on heat transfer and fluid flow behavior in microchannels. It has
to be state that for these phenomena the proper numerical codes were developed based on
finite volume method considering microtubes and microchannel heat sinks.

Moreover, in order to optimize the microscale thermal devices the various flow
configurations were considered. The new concept of microchannel heat sink with tangential
impingement jet at the inlet cross section was proposed. Following this research, it was
concluded that both, lower peak temperature and lower temperature difference are associated
to jet impingement heat sink. Therefore, an additiona effort regarding the inlet manifold is
fully justified considering the thermal benefits.

Besides, research on thermal and fluid dynamics phenomena were realized in order to
investigate the fundamental issues regarding the swirling flow and heat transfer augmentation
in the microchannel heat sinks. It was concluded that the axia velocities are higher near the
tube wall and decreases in the axis of the tube. In addition, the reverse flow is observed in the
core of the tube. On the mechanism of the heat transfer, it has to be emphasized that the
acceleration of the fluid flow and higher axial velocities near the tube wall are responsible for
the heat transfer enhancement. In the same report, the optimization of the inlet cross-section
was realized. It was found that wider and shorter rectangular cross-section is more suitable if
the analysis is made on a fixed pumping power basis.

Furthermore, the micro-heat sinks with multiple inlets were studied. It was found that
in the case of tangential micro-heat sink with three inlet cross-sections the temperature
distribution is dependent on the position of the second inlet jet if the first one is fixed at the
center of the microtube. If the analysisis made on afixed pumping power basis, the minimum
temperatures are higher for multiple inlets compared with the micro-heat sink with single inlet
jet. Moreover, the micro-heat sink with multiple inlet jets has the lower temperature
difference on a bottom surface between the inlet and outlet of the microtube.

Another topic that was analyzed in the recent year is related to the nanofluid flow in
the microchannels. Both the microtube and microchannel heat sinks configurations were
considered. The water based Al,O3; nanofluid was used in the analysis with the homogenous
model used for numerical prediction of the heat transfer and fluid flow through
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microchannels, along with the two relations for viscosity [132,140] and one for thermal
conductivity [139] that gives the acceptable deviation compared with experimental results.

As for the future professiona plan, it was intended to establish and develop the
laboratory for experimental research of microscale devices similar to that used at the
University of Tokyo. It was proposed to perform the experimental research on single-phase
and two-phase fluid flow and heat transfer in tangential microchannel heat sink.

Besides, the numerical analysis of mixing phenomena in microchannels is proposed.
Moreover, the nanofluid passive mixing in microchannels has an immediate application in the
area of process industry and Bio-MEMS for nanodrug delivery. In this case the the mixing
length is crucial issue so the configurations that insures the rapid mixing will be developed. In
addition, the nanofluid flow and heat transfer in tangential microchannel heat sink will be
analyzed.

Some of the experiences obtained through the research topics presented above, were
included in the courses taught by the author at the undergraduate and graduate level related to
Numerical methods in thermal engineering and Design of thermal systems.

It has to be emphasized that the topics related to the microchannel heat transfer and
fluid flow were analyzed in the frame of PCE-IDEAS Research grant 670/2009 financed by
the Romanian National Research Council CNCS-UEFISCDI.
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Rezumat

De la sugnerea tezei de doctorat elabarah 1997, activittile profesionale in
domeniul cercerii si educaiei au avut subiecte legate de inginerie te&imiara in 2002,
subiectele au fost Tn mare parte in domeniul scitioaloelor de #ldura compactesi a
modelirii numerice a fenomenelor termice. Tn 2002, attiife de cercetare au fost efectuate
la Universitatea din Tokyo, Institutul dgiinte Industriale Tn cadrul proiectului realizat in
laboratorul Prof. Shigefumi Nishio ¢ u#torul titlu: Sudy of Microchannel Heat Snks for
LS Chip Cooling. Avand in vedere rezultatele disponibile din domkercercetarii
experimentale privind transferul deldura in microcanalesi caracteristicile de curgere a
fluidului, s-a putut concluzionaica existat o dispersie mare a rezultatelojinoibe. Acest
lucru a fost deosebit de grav in cazul rezultatedderitoare la transferul deildura. De
exemplu, exigt o dimensiune optith a microcanalelor din microdispozitivul termic iar
rezultatul optimiZrii depinde foarte mult de caracteristicile termale microcanalelor. Prin
urmare, acesta a fost motivul pentru care s-azaatiercetarea experimerita transferului
de cldura monofazic prin microtuburi. Raportul de cercetarfost publicat intr-o lucrare in
revista International Journal of Heat and Mass 3i@n[24], care a fost citatde 93 de ori
incepand cu anul 2005. Dumceea, activitile de cercetare in domeniul transferului de
caldurasi curgerii prin microcanale au fost dezvoltate laivérsitatea Politehnica din
Timisoara n cadrul laboratorului de siral numerice in domeniul ingineriei termice.
Aspectele care au fost luate in considerare aulégste de influega proprieitilor fluidelor,
condugiei termice axiale prin peretele microcanaluluicalmirii partiale sau indzirii
vascoase. Trebuie mgmnat & pentru analiza fenomenelor enumerate mai sus,oat f
dezvoltate programe numerice proprii considerir@t aticrotuburi catsi microdispozitive
termice.

Mai mult, Tn scopul de a optimiza micro-dispoziteréermice, diverse configuiade
curgere au fost luate in considerare. Noul conaEptmicro-dispozitiv termic cu jeturi
tangeniale pe direia de curgere a fost introdus. In urma acesteietarg sa ajuns la
concluzia & atat, temperaturi maxime catdiferene de temperaturi mai mici sunt asociate cu
microdispozitive termice avand configtieade curgere cu jeturi tangele. Prin urmare, un
efort suplimentar in ceea ce pgte racordul de admisie este pe deplin justificainalvin
vedere beneficiile termice.

De asemenea, au fost studiate micro-dispozitivelenite cu jeturi tangeiale
multiple. S-a constatatidn cazul micro-dispozitivului cu trei jeturi digiugia temperaturii
depinde de potia celei de a doua intrare daprima segune este fixat in mijlocul
microcanalului. in cazul Tn care analiza se facbdna puterii de pompare fixe, temperaturile
minime sunt mai mari pentru dispozitive cu éintmultiple, comparativ cu micro-dispozitivul
de aldura cu un singur jet. In schimb, micro-dispozitivukrtec cu intéri multiple are o
diferena de temperatdrintrare/igire mai mic pe supraf@ de contact cu sursa daddura.

Totodati, recent s-a realizat un studiu referitor la trandf de dldura si curgerea
nanofluidelor prin microtubugi microdispozitive termice. Nonofluidul cu partieutle AbOs
si apa a fost luat Tn considerare iar modelarea nuriesi@ realizat in baza modelului
monofazic cu doua reia matematice: una pentru conductivitatea tefit39] si a doua
pentru viscozitate [132,140]. Rezultatelgsiobte au avut abateri acceptabile de rezultatele
experimentale.

In privinta planurilor profesionale de viitor se are in vedezalizarea unui laborator
de cercetri experimentale Tn domeniul micro-dispozitivelarmice, in faza imiala cu
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instalgia similai celei folosite la Universitatea din Tokyo [24]. Be®pune in prima fazo
cercetare experimenal asupra performaelor termice si fluidodinamice ale
microdispozitivelor cu jeturi tangg@ale atat in regim monofazic, catbifazic.

De asemenea, se propune o afializmerié a fenomenelor de amestecare a fluidelor
prin microcanale. Mai mult, se are in vedere antaséa nanoparticulelor cu fluidul de baz
fenomen cu apligee imediai in domeniul idustriei de proces sau Bio-MEMS pentr
administrarea dirijat a medicamentelor. In acest caz, lungimea de ameste crucial si
prin urmare vor fi dezvoltate confogtiracare asigut amestecare rapid Totodai va fi
analizai curgereasi transferul de @ldura a nanofluidelor prin microdispozitive cu jeturi
tangemiale.

Unele dintre experigale ohinute Tn cadrul programelor de cercetare au faduge in
programele unor disciplingnute de autor precum modelarea nunteadenomenelor termice
sau proiectarea sistemelor termice.

Trebuie menonat G o parte din cercetarea referitoare la transfeeumic prin
microcanale a fost realizain cadrul grantului de cercetare PCE — IDEI CNCS-LEDI nr.
670/2009.



Habilitation thesis

The professional and scientific achievements

1. Theexperimental research on microchannel
heat transfer and fluid flow

1.1 Introduction

The term “micro-channel” comes to be used in somgineering fields but its
definition is dependent on researchers. As is wedwn, the conventional heat transfer theory
predicts that heat transfer coefficient of fullywdped laminar flow in a channel increases if
the cross—section of the channel decreases [1kesTabchannels of smaller size are therefore
chosen to attain a high heat transfer coefficieat.example, such tubes or channels are used
to manage the power dissipation in LSI chips. Oa éther handuy - TAS (Micro Total
Chemical Analyzing System) [2], MEMS (Micro Electai-Mechanical Systems) and bio —
chips [3] consist of the network of channels of Brosss-sectional size manufactured with
micro processing techniques. To develop such systeme have to obtain a good
understanding of flow and diffusion characteristits the present report, the tubes or
channels utilized in such fields are called “mi¢racnels”. In the past decade, a large number
of research reports considering microchannel heaister, have been presented. Since the
topic of the present research was water flow arat transfer, only reports on liquid as the
working fluid will be reviewed.

Celata et al. [4], investigated experimentallyggnphase heat transfer of R 114 in a
stainless steel tube of the diamdber 0.130 mm. They have found that friction factein
good agreement with the Hagen-Poiseuille theoryafslar as the Re - number is below 583.
For heat transfer characteristics, they have fabatiNu is not constant but depends on Re.

Mala et al. [6], experimentally investigated thewf characteristics of water through
microtubes oD; = 50 — 254um. Two types of microtubes are used, and theyilca fused
and stainless steel tubes. It is observed thdbfvalues of Re the experimental datdRé
agree well with a theory. On the other hand wittr@éasing Re significant deviation from the
conventional theory comes to be observed. Alsg, dBviation increases as the tube diameter
decreases. They reported also an early transitoon the laminar to turbulent flow.

Judy et al. [7], examined experimentally the flomaacteristics of water, hexane and
isopropanol, in fused silica micro tubes with = 20 - 150um for Re = 20 - 2000. Their
results indicated that the valuesfiBe agree well with the conventional Stokes flowotlyg5]
for D; = 100 and 15Qum. For D < 75 pm, the experimental results deviates from the
conventional value ofRe=64 towards lower values, although it preservedrestant value
over the tested range of Re. Li et al. [8], invgatied experimentally the flow characteristics
of deionized water in the glasBy{= 79.9 - 166.3um), silicon O = 100.25 - 205.3m) and
stainless steel tube®y = 128.76 - 179.&um). The length of the tubes was long enough to
ensure that the flow is fully developed. They h&mend that there is no difference from the
conventional and the value fRe is almost 64 for the smooth tubes made of glasdicon,
and 15 - 37 % higher than 64 for the stainlessl stdms. The transition from laminar to
turbulent flow is observed in the range Re = 172000.

Yang et al. [9], examined experimentally the flomaacteristics of water, R-134a and
air in small tubes oDy = 0.171 - 4.01 mm for the laminar and turbuleotMlregimes. The
laminar - turbulent transition was observed in thage of Re = 1200 - 3800 and it is
increasing with decreasing the tube diameter. Tiogdn factor, in the case of liquids, agrees
well with conventional Blausius and Poiseuille eguss in the turbulent and laminar regime,
respectively.
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Peng et al. [10], investigated the heat transfdrfemw characteristics of methanol and
water. Microchannels of four different sizes aredjyswith a channel width ranging from 0.31
mm to 0.75 mm. The transition from the laminar floacurs at Re = 300, and to the fully
turbulent flow at Re = 1000.

Qu et al. [11], investigated the heat transfer afew flows through trapezoidal silicon
microchannels. They have found that Nu number ishmlawer than conventional theoretical
values.

Peng and Peterson [12], investigated experimenielit transfer through rectangular
microchannels with binary mixtures of water and mebl as a working fluid. They have
analyzed both the influence of mixture concentratimd channel geometry on heat transfer
coefficient. They also found early transition frahe laminar to turbulent regime, and the
critical Re-number decreases as the hydraulic demaé the channel decreases.

Peng and Peterson [13], investigated experimentath the laminar and turbulent
heat transfer and fluid flow characteristics of @atirough microchannels wiy, = 0.133 —
0.367. They have found a strong dependence of heatsfer and hydrodynamic
characteristics on the channel size.

Gao et al. [14], investigated experimentally thatheansfer and flow characteristics
of demineralized water flows through microchanmwels Dy = 0.1 - Imm. The friction factor
was in good agreement with conventional theoretiesillts for channels but the experimental
data of Nu are much lower than the conventionadritécal results for smaller valuesDf.

Agostini et al. [15], investigated experimentalljpet heat transfer and flow
characteristics of R134a through a multichannefigamation withDy, = 0.77 and 1.17 mm.
In the case of the friction factor results thereaiseasonable agreement with conventional
theoretical results, both in the laminar and thdulent regime. However, the experimental
results of Nu are dependent on Re for both lamanarturbulent regimes.

Considering the available results about experimaetsearch on microchannel heat
transfer and fluid flow characteristics, one canatode that there is a large scattering in the
obtained results. This is especially serious ince of the heat transfer results. For example,
there is an optimum size of channels in the sedathicrochannel heat sink and the result of
optimization depends strongly on the heat transfaracteristics in microchannels. So, this
was the reason for making the research on singdsgicrotube heat transfer.

1.2 Description of the experimental setup

The experimental setup, used in the present stwdyg, designed in the way that it
allows the analysis of a developing heat transfer fuid flow. The schematic view of the
experimental apparatus is presented in Fig. 1.1.

Distilled water is the working fluid that is drivan a microtube with a micropump
(NS type NP — KX — 110) for volume flow rates 0-01.0 ml/min. A microchannel is placed
inside a vacuum chamber to eliminate heat lossrbient. The temperature of water, at the
inlet of the microtube was kept at a prescribediedly using a counter-flow heat exchanger,
placed before the microchannel. Water was circdldietween the heat exchanger and a
constant temperature bath to maintain the inlefpature. Filters of 2am were set both
before the microchannel and before the pump, fppsssing particles to enter inside the test
tube.

The microtube was heated by Joule heating with edattrical power supply
(Yokogawa 2558) and the input heat was measurexd digital power meter (Yokogawa WT
200). The electrodes connected to the microtubgs aadiameter ol = 250 um. In the
present experiments, the exit of the tube was latpthe atmospheric pressure. So, the
pressure drop through the microtube was determigedeasuring the pressure at the inlet of

4
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the test section with a pressure transducer (KyB@M 2 KC and PGM 5 KC). The mass
flow rate was determined by measuring the weightatier flowing out from the tube with a
digital balance.

Constant Vacuum
temperature pump
bath 7Y

Experimental box

A Vacuum chamber

Micro | || Buffer £

pump reservoir n I
Microchannel
Heat f
exchanger

Filter — —
Pressure Electric power o
transducer supply Digital balance
Water y l
Signal Digital power
conditioner meter

Fig. 1.1. Schematic representation of the experiaiesetup.

The mean temperature of water was measured attfwtbntrance and the exit cross
section of the experimental setup using K-typertteaouples. The same type thermocouples
were used for measuring outer wall temperatureshef microtube. The diameter of all
thermocouples was 5im and the thermocouple locations are presentdukifrig. 1.2.

L

tot

<
l

v

|
! Vacuum chamber
[
|

I Twn'

Microchannel

Data acquisition
unit

Fig. 1.2. The position of the thermocouples
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The tubes were made of stainless steel SUS 304handxperimental conditions are
listed in Table 1. The tubes were heated eleclyickésipating the heat in the ran@Qe= 0.5 —
2W.

Table 1 Tube geometry description

Tube D; / Do Heating length Total length  Heat input Heat rate
nr. [pum] Ln [mm] Ltot [mm] QW] Go [W/m?]
1 500/700 250 600 Oand 2 3640
2 300/500 95 123 0,1and?2 6705 and 13409
3 125.4/300 53 70 0,0.5and 0.75 10015 and 15022

1.3 Data reduction

The friction factor is calculated by Eq. (1) baswdthe experimental data of mass
flow rate and the pressure drop due to the friciisde the microtubAp ,

= ﬂifz (1.1)
D. plu;
2
On the other hand, in the present experiment thed fiwessure drop along the test
section is measured. The total pressure drop iesltide pressure drop at the inlet and outlet
portion of the experimental set-up, pressure dp t the contraction and expansion of the
cross sectional area, pressure drop required tmle@tion of the fluid and frictional pressure

drop. So, the total pressure dym can be expressed with the following equation,

Ap = Apc + Apl + Apcore - Ape + Apz (12)
The pressure drop through the tubpsore, is €xpressed by the following equation:
Apeoe = AP +4Ap, (1.3)
Here,Ap,, is the pressure drop due to acceleration ofltheé &nd given by,
2
Ap, :G_(&_:LJ (1.4)
Ioin pout
Pressure drop due to the contraction is calculayed
2
ap, =2 (-0 +K,) (1.5)
2 |::bin
Pressure drop due to the expansion is calculatedebfpllowing equation
2
ap, =2 (-0 -K,) (1.6)
2 |$out

The coefficientsK, and K. respectively, depends anand Re and can be obtained
from [5].
Pressure drop at the inlet portion of the expertalesetup is defined as
_128M 1, I,

A 1.7
pl pin BTED{‘ ( )
Pressure drop at the outlet portion of the expartaiesetup is defined as
Ap, = 128M 1, E:out (1.8)
pout DTEDZ
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The local value of Nis calculated by the following equation:

nu =" (1.9)
K
whereh is the local heat transfer coefficient definedlos following equation:
-9
h= 1.10
Twn _Tbn ( )

where Ty, is the local bulk temperature of water at each tpoihthe wall temperature
measurement and it is calculated from the heanbalaquation:
ﬂmi D‘n m

M (e,
Twn IS the local wall temperature at the inside of thiee and it is obtained from the one-
dimensional heat conduction equation using the aredswall temperature at the outside of
the microtube:

2 S S
dIJ,}d_TJ, c-ld(d_TjJ,_c:o (1.12)
dr® rdr kg rdr{ dr) Kk
where& is the internal heat source generated inside tbheotabe wall by the electric power
defined as:

Ton =Tin (1.11)

Q

S. = (1.13)

L, 70{R: - R?)
After integration the general solution of the Ef1@) is obtained:

r’ s,
T:—Zk—s+Cl|nl’ +CZ (114)
ConstantsC; andC; can be obtained by the following boundary condgio
r=Ro T=Tw'

2 _p2

Rk 9T_g-_Q _SR-R

“ar "ToRm, 2 R
Finally, the local temperature at the inside paorid the microtube wall is obtained by
the following equation:

2
S R,
T =T = RN = | —(R-R? 1.15
=T 44& (RJ (" R)} (1.15)
It should be noted that the fluid properties wesémated at the average temperature
of water and they were obtained from Computer pgel@ROPATH v. 10.2.
Finally, Re is calculated by the following equatio

Re= % (1.16)

1.4Experimental uncertainties

The uncertainty of experimental results have beetimated following the
recommendations and method described by Moffat 1[Al6, Analyzing the particular
uncertainty results that the main problem is theueacy of the friction constant results as the
outcome of difficulties on determining the inneamtieter of the microtube. We can measure
the inner diameter of the tubes tested, using dhewing two methods. One of them was to
measure the inner diameter at both ends of micestldy a high — precision microscope. A
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disadvantage of this method is the lack of thermfttion on diameter distribution along the

tube axes. The other method was to obtain the gedrmer diameter of the microtube by

measuring the mean outer diameter, length and weaiflthe tube, and the mean inner

diameter was determined by using the density o¢ talaterial. In this case the accuracy is
affected by the accuracy of the three additionabipaters stated above. In the present
research the later method was used and the umtertaiof some particular parameters,

affected by the uncertainty of the inner diamedeg, presented in Table 2.

Table 2 The experimental uncertainties

Parameter Uncertainty [%)]
Di = 125.4um Di = 300um Di = 500um

Inner diameterD; 5.6 0.98 0.4
Mass flow rateM 0.04 0.04 0.04
Re — number 5.3 0.98 0.4
Friction factorf 18.7 3.9 15
Local temperature differencAToc 59 2.8 7.9
Local heat transfer coefficiertt, 8.9 3.6 8.9

1.5Numerical details

In order to discuss experimental results obtainedhie present experiments, the
velocity and temperature distributions were nunahyc solved taking account of the
temperature variation of fluid properties.

L tot
K j L h - >
:dQ=0: Q=const. 'dQ=0
r . . : :
: A
Z
water _
flow inlet outlet J‘r =Ri| r=Ro
e ]
2=0 z=L

Fig. 1.3. Schematic presentation of the test tube

As mentioned already, in the experimental setuptetiwere two electrodes at both
ends of the test tube. So, as shown in Fig. 1e8relpective insulated parts were included in
the numerical domain. The following set of parti#ferential equations is used to describe
the phenomena:

Continuity equation:
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@ +l—a(r [V) =

(2.17)
0z r or
Momentum equation:
ou du dp 10
vV—+u — 1.18
p[ﬁ or azj dz rar( (Dr j ( )
Energy equation:
2
prT, [ﬁva—Twa—Tj kpt2 (ra—Tj+a ! (1.19)
or 0z rorl or 0z

At the inlet of the tube, the uniform velocity at@mperature field is considered, while
at the exit the temperature gradient is equal to.ze

The boundary conditions are:

z=0,0<r <Ry U=up T=Ty=To

O<Z<I—t0t: r=0, @—Oa—T O,V:0
or or
r=R,u=v=0

The Joule heating of the tube wall can be expdessther by the uniform heat
generation through the tube wall or by the unifdreat flux imposed on the outer surface of
the wall. For the latter case, the boundary coowiis defined as,

r=Ry: q, = ks?)—-: (for the heated portion of the tube)
oT : .
kSa— =0 (for the insulated portion of the tube)
r
whereq;, is the heat flux based on the outer heat tramsta of the tube wall (Table 1).
oT

Z=Ltt,0<r<R,;, —=0
0z

The partial differential equations (17) — (19) ttge with boundary conditions, are
solved using the finite volume method describe[d 8].

First, the parabolic flow field condition is consréd and the velocity field is solved.
The temperature field, as a conjugate heat transfeblem, was then solved using the
obtained velocity field. The fluid flow regime i®rsidered to be a steady-state laminar flow
with constant fluid properties except for the fluidcosity that is calculated with following
equation:

U= g, @) (1.20)

In order to test the grid sensitivity, two gridsveabeen used. The coarser one with
250 cells in radial direction and 400 cells in &xdaection and finer grid with 500 and 800

cells inz- andr- direction respectively. Differences in the reswtfRe or Nu were smaller
than 0.1 %, so the coarser grid has been usedrftvef calculations.

1.6. Results and discussion
1.6.1. Hydrodynamic results
1.6.2. Hydrodynamic results for no-heating fluid flow

The pressure drop from the inlet of the tube upaime axial location can be expressed
with the following equation:

AF(Z) _ A F(Z) f.d.

(om2)r2 (pm2)i2

+K(2) (1.21)
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where Ap(2):q4. is the pressure drop in the case of the fully tgel flow andK(2) is the
incremental pressure drop due to the entrancenmegjfects. Eq. (1.21) can also be written in
the following form:

Apgz) =f Ref,d(
‘ o j/ 2
For a very long tubes (as in the present experig)etite incremental pressured drop
for a laminar flow inside the tubes has the follogvvalue [19]:
K(e0) = 1.25
Finally the fully developed value of tlid&ke 4 can be obtained from the Eq. (1.22).
The numerical and experimental result$Rd 4 for D; = 300 and 125.4um are plotted

to Re in Figs. 1.4 and 1.5 respectively. In thegerés, the no-heating fluid flows are
considered.

|5 ERej +K(2) (1.22)

80

70 | .
60 -
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40

fRe
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20 | ;

' D, =300um © Q=0W (exp.)

‘ : : X Q=0W(num)
0 I \ | |
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Fig. 1.4. Experimental and numerical results of fRe for no-heating fluid flow in tube of D; = 300 pm
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Fig. 1.5. Experimental and numerical result$R¥ for no-heating fluid flow in tube &f; = 125.4um
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As seen from Figs. 1.4 and 1.5, the obtained t®$oi fRe 4. are in good agreement
with the conventional theoretical value tRe = 64. There is a difference between the
experimental and numerical results but this difieeeis much lower than the experimental
uncertainty of the measurements. In short, thegpteesults indicate that the conventional
relation offRe = 64 is valid and there is also no evidenceroeaaly transition from laminar
to turbulent regime, at least fbx > 100um and the Re range covered in the experiment.

1.6.3. Hydrodynamic results for different input power l&sve

The numerical and experimental resultssRé under heated conditions fdr = 300
and 500um are presented in Figs. 1.6 and 1.7 respectiuelthe case of the tube wiiy =
300 um, regardless of the input power level, the valu&Re is almost constant both for the
numerical and experimental results. It should beddere that, as shown in Table 1, the
heated portion of this tube was almost the santbeatotal length of the tube.

80 | | 1 !
70 o 5"'3”'5{2{; """"""" e g””@'g@"é@ """ %”"6121”1‘ """" B
oo | TRC %~ %xm g o OB 0B O, SR R — o —
fRe =64 | : : |
S0 P P P p n
L K
30 [ e i e B -
3 ‘ DI-300um O Q=1W (exp.)
20 B Q=2W(exp) |
10 oo U S ¢ Q=1W(num.) _|
; : X Q=2W (num.)
0 | | .
0 200 400 600 800

80 ‘ \ 1
70 oo """ g&@@o@@ """ %C@ """ QZG& """"" N
- — - — 4 Z J— — 7>©7 J— 9{67 S 4
oo =5 T et T o R De o T ]
5O | A A  fRe=64_
J3) 3 3
40 o P P e 7
B0 SUSSS SSSSS—————f— .
50 li.......D=500um © Q=1W(exp)
§ 3 ' § B Q=2W (exp.)
10 - L Lo o Q=2W (num.) __|
1 1 1 X Q=1W (num.)
0 | | | .
0 100 200 300 400 500

Re

Fig. 1.7. Experimental and numerical resultéR¥ for different input powers in tube Bf = 500um
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Contrary, in the case of the tube wibh= 500um, the experimental value tRe is
decreasing with decreasing Re especially in thee aafsthe lower Re where a larger
temperature differences between the inlet and ootldhe tube are expected. This behavior of
fRe is also confirmed by the present numerical teqlibtted in the figures. It should be noted
here that, as shown in Table 1, the heated podidhis tube is significantly shorter than the
total length and the fluid viscosity is evaluatédhe arithmetic mean temperature between
the inlet and outlet.

From the equation (1.1) and (1.15), {Re can be defined as follows:

2p D’
Lot Ml L

In the case of the no-heating fluid flow, the nelaship between the pressure drop and
the mean fluid velocity is linear, so the rafip/u, has a constant value. In the case of the
fluid flow under heated conditions, due to the lowall shear stress, the pressure drop and
the ratiodp/un, is not constant but decreases exponentially. Wherheated portion of the
tube is almost the same as the total length ofithe, the ratiddp/u, decreases almost at the
same rate as the fluid viscosity, with decreasimg hean fluid velocity. Contrary, if the
heated portion of the tube is significantly shottean the total length of the tube, the ratio
Ap/uy, decreases faster with decreasing the mean fldatiag than a fluid viscosity. For the
present experimental conditions, the changes id dansity are negligible.

Taking this into account, the valuef&fe will be constant only for the case when the
total length of the tube is heated. In the casth®fpartial heating, the value of tfiRe will be
lower than the conventional relatitiRe = 64.

f Re= (1.23)

1.6.4. Thermal results

To keep the experimental uncertainty within anvadible level for thermal results in a
microtube, special care should be taken of the atemlu of heat loss. In the present
experiment, the followings were carried out to r@the heat loss from the microtube. The
room temperature was kept at the inlet temperadfirater (about 20C) with an air —
conditioning unit. As shown in Fig. 1, the microéuvas placed in the vacuum chamber. The
remaining way of heat transfer to the ambient weat ltonduction through the electrodes
connected to the tube wall as well as through theep wires connected to the digital power
meter. This problem was especially serious in thgecof the microtubes, and K — type
thermocouples of 5Qm in diameter were chosen to minimize the amoutieat loss through
five thermocouples placed on the tube wall.

The following value ofs was used as a measure of thermal uncertaintyeiprgsent
experiment:

=20 =Ch g0 (1.24)
n
whereQ, is the electrical input poweQ,:is the amount of heat transferred to water and this
is given by,
Qout = M [Cp [(Tout _Tin) (125)

In Figs. 1.8 and 1.9, experimental resultssofvere presented for microtub&s =
125.4 and 30@um. From both figures it is clear that, as Re deswsathe absolute value of
increases. The reason may be explained as follh&soutlet temperature of water increases
for smaller Re. This results in an increase of tdraperature of the electrode placed at the
outlet and also results in an increase of heatwaiah through it to the ambient.

12
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Fig. 1.9. Heat balance for tube Df= 125.4um

If the heat input is very large, the heat losses larger than an acceptable value.
Contrary if the heat input is very low, the tempera difference between the tube wall and
water is much lower than an acceptable level. Arywie results shown in Figs. 1.8 and 1.9,
the value ofeis of+ 5 % and about 10 % forD; = 300um and 125.4um respectively.

In Figs. 1.10 — 1.12, the experimental resultdeflocal value of Nu are plotted to the
axial location for the respective experimental dbods. The experimental data in Figs. 1.10
— 1.12 indicate that, as predicted by conventidrealt transfer theories, the local Nu number
defined by equation (1.9) decreases and approatthdéke constant value of 4.36 with
increasingz. In Fig. 1.13 they are plotted to the non-dimenalaxial distance together with
the present numerical result and the theoretidalegaof Shah and London [19]. As seen from
Fig. 1.13, the present experimental data are isoregble agreement with both the numerical
and the theoretical results. In short, it can beackaled that, at least for the present
experimental conditions, the local value of Nu ms good agreement with conventional
theories including the entrance region.

13
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Fig. 1.10. Experimental results of local value af fdr microtube oD; = 500pum and input power of
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Fig. 1.11. Experimental results of local value of fdr microtube oD; = 300um and input power of
Q=1W

1.7. Concluding remarks

A developing microchannel heat transfer and filos has been analyzed experimentally
on tubes oD; = 0.1, 0.3 and 0.5 mm, having water as a workioglf The experimental
results have been compared both with theoreticatiptions from literature and results
obtained by numerical modeling of the present erpamt. The experimental results of
microchannel flow and heat transfer characterisbbsained in the present experiments
confirms that, including the entrance effects, ttmnventional or classical theories are
applicable for water flow through microchannel bbae sizes.

14
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This conclusion does not provide any new aspedtthis is meaningful considering
the large scattering in the existing results.
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Fig. 1.12. Experimental results of local value af f8r microtube oD; = 125.4um and input power
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Fig. 1.13. Relation of local value of Nu to non dimsional axial distance for microtubes of
Di = 125.4, 300 and 5Q@m.

2. Theaxial conduction influence on partial heating of the microchannels
2.1. Frictional losses evaluation of a water flow in microtubes

2.1.1. Introduction

Micro Thermal Systems (MTS) [20], defined as thstesns in which the key size has
a length scale of a micrometer, could attain thgh Hieat transfer coefficients. For instance,

15
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they are used as the cooling devices for LS| chipsthe other hangd - TAS (Micro Total
Chemical Analyzing System), MEMS (Micro ElectridMechanical Systems) or bio — chips
are some of the examples of MTS. The researchtepothis field, concerning the fluid flow
characteristics, are mostly oriented to the nortthgdluid flow conditions and a Po is used
as comparison criteria. In the real applicatiomsthee other hand, the fluid flow is not always
adiabatic but is associated with a large heat Hukéoreover the heating length is not always
equal to the total length of the tube. In the &tare there is a limited number of reports on a
non-adiabatic fluid flow characteristics in micracimels.

Urbanek etal. [21] investigated the temperatureeddpnce of Po in microchannel
water flow with a channel diameter of 0.1 mm. Thaye observed that a Po increases with
increasing of the water temperature. The viscosityhe water is evaluated at the average
temperature between the inlet and the outlet ofuhe.

Toh etal. [22] analyzed numerically the heat tfanand fluid flow of microchannel
heat sink with the water as a working fluid. Theavé observed that a Po decreases with
decreasing of the Re. In this case the heatedHemgt about the half of the total channel
length. The fluid viscosity was also calculatethat average fluid temperature.

Juddy etal [23] investigated the microchanneldfltiow characteristics for different
liquid types. Although the fluid flow was adiabatithiey have observed a viscous heating
along the fluid flow. Consequently the Po has astamt value, if the fluid viscosity was
evaluated at the mean temperature of the watertr&grif the viscosity was evaluated at the
inlet temperature, it decreases as the Re is isiciga

Lelea etal [24] investigated heat transfer andlfflow through microtubes with water
as the working fluid. They have observed that ag las the viscosity is evaluated at the mean
temperature of the water and the heated lengthjualdo the total length of the tube, the Po
has a constant value. If the tube was heated |prtize Po decreases slightly with decreasing
of the Re. Again the water viscosity was evaluatthe mean temperature between the inlet
and outlet of the tube.

The scope of the present paper was to analyzedheehavior during the heating fluid
flow and how the heating position influences the Rigo, the applicability of the Poiseuille
constant to estimate the frictional losses in tgeof the heating fluid flow was investigated.

2.1.2. Problem description

Poiseuille [25] has made his experiment with théewas a working fluid on a glass
tubes with a diameters ranging from 29 to 1. Based on the results from this experiment,
the following relationship has been obtained feplime flow rate:
Ap (R
8o
T
This means that for the same tube under the notmigeiuid flow conditions there is the
linear relationship between the pressure drop améan fluid velocity,

V=

(2.1.1)

Ap = const i, (2.1.2)
Darcy friction factor is defined by the followingjeation:
¢ = Ap2 P (2.1.3)
plll L
2
and a Re is defined as:
Re=£2tn D E‘Z = (2.1.4)
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So, from (3) and (4) the Po can be obtained irfallewing form:
2[\p D7

| T, Cp
The pressure drop in the equation (2.1.5) is tleeidnal pressure drop between the inlet and
outlet of the tube and the fluid viscosity is eakd at the average water temperature. At the
tube inlet the fluid velocity is considered to beifarm, u, . As the fluid flow regime is
considered to be stationary, the water flow rateugh the tube is constant. So the mean fluid
velocity will be constant in each of the cross-mectand equal to the inlet velocity,,
defined with the following formulae:

[ A

" om A

From equations (2.1.1) and (2.1.5), the well-knasalue for the Po for the fluid flow through
the no-heating tubes, is obtained (Po = 64). H# tmbe stated that in the case of the
temperature differences between the inlet and thietoof the tube, considered in the present
report, changes in water densities are small.

a) upstream heating L ot

Po= f Re= (2.1.5)

u

Ly

2

heated portion of the tube

inlet outlet

b) downstream heating Lo

Lh

2

heated portion of the tube

inlet outlet

c) total heating L tot

heated portion of the tube

outlet

inlet

Fig. 2.1.1 Three 7d?ifferent7hfeaftihgféé;sfeyswbﬁdnéidmleme7n?l]merical modeling

To analyze the behavior of the Poiseuille consfantheating fluid flows, three

different cases presented in the Fig. 1 are coreide

- upstream heating, when heated length is closeetintht of the tube followed by the non-
heating portion;

- downstream heating when heated length is closectoutlet of the tube preceding by the
non-heating portion of the tube;

- total heating when almost the total length of thieetis heated except the side portions
which are fixed to the experimental box.
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The geometry of the microtube was the same asietperimental research presented
in [24]. The total length of the tube wag: = 600 mm, the heating length, = 250 mm
located upstream and a diameter Wag D, = 500 / 70Qum. In the case of the downstream
heating the heating length was the same and fdiothkheating the insulated portions at both
ends of the tube were 8 mm. The input power wasa?d/the inlet temperature of the water
is ti, = 20°C.

2.1.3. Numerical details

In order to discuss the Po behavior, the velocitgg eemperature distributions were
numerically solved taking into account of the tenapgre variation of fluid properties.

L tot
< - L - g
dQ=0 Q=const. "idQ=0'
r : . . .
LE
water .
flow inlet outlet Jr =Ri| r=Ro
e e __]
z=0 z=L

Fig. 2.1.2 The calculation domain

As mentioned already [24], in the experimental gethere were two electrodes at
both ends of the test tube. So, as shown in Fig22the respective insulated parts were
included in the numerical domain. The following e€partial differential equations is used to
describe the phenomena:
Continuity equation:

2(pM) , 100 LpM1L) _,

(2.1.6)
02 r a
Momentum equation:
9(p(T)vu) + 2(p(Muy) _ —%+li(,u(T)r@) (2.1.7)
o oz dz r o o

Energy equation:

9(p(M)e, (MVT) | I(p(T) L&, (THuT) _ 1ﬁ(k(r) gﬂj +i(k(T)a_Tj (2.1.8)
a & ra a) oz 0z o

At the inlet of the tube, the uniform velocity atenperature field is considered, while
at the exit the temperature gradient is equal to.ze
The boundary conditions are:
z=0,0<r <Ry U=up T=Ty=To

0<z<Lio: r=0. M=09T_—0yv=0
or or
r=R,u=v=0

The Joule heating of the tube wall can be expdessther by the uniform heat
generation through the tube wall or by the unifdreat flux imposed on the outer surface of
the wall. For the latter case, the boundary coowlits defined as,
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r=Ry: q, = ksaa—-: (for the heated portion of the tube)
oT . .
K o =0 (for the insulated portion of the tube)
whereq, is the heat flux based on the outer heat tramsta of the tube wall.
oT

Z2=Lt, O <r <R, —=0
0z

The partial differential equations (2.1.6) — (2)lt&ether with boundary conditions,
are solved using the finite volume method describdd8].

First, the parabolic flow field condition is coneréd and the velocity field is solved.
The temperature field, as a conjugate heat traqsfaslem, was then solved as the elliptic
problem using the obtained velocity field. The didiow regime is considered to be a steady-
state laminar flow with variable fluid propertids.order to evaluate fluid properties (density,
viscosity and thermal conductivity), the subrousifeom Computer package PROPATH v.
10.2 are used in the present code.

A tube wall and water flow inside the tube, are stdered as one domain and a
harmonic mean values for the transport propertigsc@sity, thermal conductivity) are
calculated at the solid-liquid interface [18]. Thube material is stainless steel with thermal
conductivityks = 15.9 W/m K.

In order to test the grid sensitivity, two gridsseébeen used. The coarser one with 250
cells in radial direction and 400 cells in axialedition and finer grid with 500 and 800 cells in
z- andr- direction respectively. Differences in the reswf Po were smaller than 0.1 %, so
the coarser grid has been used for further calonisit

2.1.4. Results and discussion

In Fig. 2.1.3 numerical and experimental resutisthe Po versus Re are presented.
Both numerical and experimental values of the Rwedese with decreasing of the Re.

In Fig. 2.1.4 numerical results of the Po aretpbbto the Re for three different heating
cases. One can observe that as long as the héatigih of the tube is almost equal to the
total length of the tube, the Po has a constanteviadgardless the Re.

In the case of the upstream heating the Po de@edte Re especially in the case of
the lower Re where the higher outlet temperaturegspected. The same results are obtained
in [423]. Contrary, in the case of the downstreaatimg the Po increases as the Re decreases.

80
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O

30 * ©  numerical results
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Fig. 2.1.3 Experimental and numerical results ofd?dhe case of the upstream heating
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Accordingly to the equation (2.1.2), in the cagdetle no-heating water flow, the
relationship between the pressure drop and meahvélocity is linear. So, this means that a
ratio between the pressure drop and mean fluidcitgles constant regardless the flow rate.
For the case when the tube wall is heated, thespresirop decreases due to the lower wall
shear stress, so the pressure drop is dependihgphatean fluid velocity and temperature of
the fluid.

In Fig. 2.1.5 the ratidp/un, is plotted to mean fluid velocity for three diféait heating
cases and no-heating fluid flow conditions. Takimgp account that Po is constant regardless
the Re in the case of the total heating, obviotlsyratioAp/u, and fluid viscosity decrease at
the same rate.
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Fig. 2.1.4 Numerical results of Po for differenating cases
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Fig. 2.1.5 The numerical values for the ratjwu,, for different heating cases

In the case of the upstream heating the rapdu, decreases faster than a fluid
viscosity especially for lower flow rates. Conseujiiethe Po is decreasing with Re.
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In the case of the downstream heating the ¢stia,, decreases slightly with flow rate
and has almost the same variation as in the casieafio-heating fluid flow. But the fluid
viscosity decreases sharply and in this case thedPe@ases as Re decreases.

A difference in Po depending on the position & teating can be also explained in
the following way. Both the upstream and downstrésaating has two portions, heated and
isolated, with equal lengths. A difference liestie fact that in the case of the upstream
heating the fluid temperature in the isolated reghigher than the fluid temperature in the
isolated region for downstream heating. So, if vedind the average water temperature
between the heated and isolated fluid flow, thi8 ke higher for the case of the upstream
heating. Finally it results in a lower pressurepdamd lower value for the Po.

In the Fig. 2.1.6 the local Pwariation along the tube is presented. The loaales of
the Po is based on the local pressure differendettan fluid viscosity is based on the local
fluid temperature. The mean fluid velocity is samesach cross-section of the tube. In the
case of the total heating, the fully developed @abi the Pg is slightly lower than a
conventional value, Po = 64. In the case of th@reps or downstream heating there is the
fully developed value in both heating and non-hrgpportions of the tube. In both cases, the
fully developed value for the heated part of theetis lower than a fully developed Faong
the non-heating portion.

Po

,,,,,,,,,,,,,,,,,,,,,,

60 | | | | | |

Fig. 2.1.6 The local value of the Po for differeiting cases fovl = 2.351 1 kg/s

If we assume a definition of the Po as the meastithe frictional losses [22], the
guestion is if the lower value of the Po meansldleer frictional losses and consequently the
lower pumping power necessary for driving the flthdough the tubes. For this reason the
ratio between the pumping power for heating andheating cases is presented in Fig. 2.1.7.
As the input power is constant, the outlet tempeeadf the water is presented in the same
graph. It is obvious that as the mass flow rateabses the lower pumping power is requested
for each of the heated cases. For example, inabe of the upstream heating, for lower mass
flow rates, the pumping power is lower for about%0The pumping power is defined with
the following equations:

n=mfP
Yo,
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2.1.5. Conclusions

In the present paper the behavior of the Po it/aed for the case of the heating fluid
flow through microchannels taking into account theating position. The following
conclusions could be summarized:

- The average value of the Po remains constant negarthe Re only in the case of the
total heating and when the fluid viscosity is ewsd at the average temperature between
the inlet and outlet of the tube;

- In the case of the upstream heating the Po dewadte Re especially for the lower Re.
Contrary, in the case of the downstream heatingthencreases as the Re decreases.

I I 45

—— downstream heating
— — full heating ~ a0

35l_|

ni/n

o
1:out [ C

30

25

1 | i 20
0 510° 00001  0.00015  0.0002  0.00025
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Fig. 2.1.7 The pumping power ratio versus mass fime for different heating cases

o Consequently the Po could not be always used am#asure of the frictional losses in
the case of the heating fluid flows. Instead theapung power necessary for driving the fluid
through the tubes has to be considered.

o The pumping power for the case when the heatinggoors positioned upstream can be
up to 50 % lower compared to the no-heating case.

2.2 The heat transfer aspects on a conjugate partial heating of the microtubes
2.2.1. Introduction

The microchannel heat transfer and fluid flow pamed the interest in the last decade
due to the downsizing of the thermal devices usedairious fields of everyday life. The
cooling of the VLSI devices, biomedical applicaspmicro-heat-exchangers are some of the
examples where the fundamentals of the microchaheat transfer and fluid flow are
essential for a proper design of these devices.

It has to be stated that the first microchanneidflflow experiment was made by
Poiseuille [25] in 1870 on a glass tube with ing¢miameter ranging from 29 to 144n with
a water as the working fluid and non-heating wagkionditions. Based on these results, the
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well-known relation for the volume flow rate wastadished and extended lately to the
macrochannels.

Tuckerman and Pease [26] have increased the shteremicrochannel heat transfer
phenomena with the microchannel heat sink usethécooling of the VLSI devices. Wu and
Little [27] [28] have made the microchannel heansfer and fluid flow experiments used for
designing the Joule-Thomson micro-refrigerator. Timking fluid in their research was
nitrogen and inner diameters of the tubes were i to 300um. Their heat transfer and
hydrodynamic results shown differences againstctireventional results for macrotubes. In
the following years, large amount of work have betme in order to explain these
discrepancies. Sobhan and Garimella [29] have ptedehe intuitive review of these papers.

Morini [30] has also presented the review on aglein- phase microchannel heat
transfer, indicated some of the reasons for a ldigjgersion of the experimental results. Both
gas and liquid flows have been considered.

In the recent years, Lelea etal. [24], have mhdeekperimental research on microtube
heat transfer and fluid flow with inner diameteetveeen 100 and 50@m for laminar regime
of the water flow. These results have shown thedgagreement with the conventional
theories even for the entrance region of the tuliselj etal. [31] have presented the
experimental research on microchannel heat traresidr fluid flow of water through the
multichannel configuration with triangular crosstsen of the channels. The hydraulic
diameter was 160m and low Re number range (3.2-64) consideringaiti@ conduction in
the tube wall. The results are also in good agreeméh conventional theories, confirmed
also with the numerical modeling using the conwardl set of the Navier — Stokes equations.
Lee etal. [32] have investigated the laminar flfiav of the water through the multichannel
configuration of the rectangular cross-section vaithydraulic diameter from 318 to 90#&.
Their experimental and numerical results shown, toktssical continuum theory can be
applied for microchannels, considered in their gtudn the other hand, the entrance and
boundary effects have to be carefully analyzedhéndase of theoretical approach.

Bahrani etal. [33] analyzed the influence of th&face roughness on laminar
convective heat transfer and developed the analytiodel for estimating this behaviour. The
authors found that surface roughness may incréasthérmal performance and pressure drop
of the microtube. At the same time the convectigathransfer coefficient slightly increases
by increasing the wall roughness.

The outcome of the research reports mentionedegbs\that special attention has to
be paid to macroscale phenomena that are ampéfi¢iode microscale. For example, due to a
high heat transfer rate, the temperature varidbld properties have to be considered. Lelea
[34] has investigated the influence of the tempemtependent fluid viscosity on Po number.
On the other hand the small diameter and largethenf the tube can results in viscous
heating even in the case of liquid flow, as presem [35].

On the other hand the axial conduction throughttihe wall has to be considered in
the case of the microchannel heat transfer duaedigh ratio between the inner and outer
tube diameter, unusual in the case of the macrodtanMaranzana etal. [36] have analyzed
the influence of the axial conduction in the tubalwn microchannel heat transfer. The fluid
flow between the parallel plates as well as thalfflow in the counter flow heat exchanger
was considered. It was found that the axial condaochas the influence on heat transfer
parameters as far as the axial conduction numbeteffihed in this study, is higher than0
In this case the total length of the tube was likatwever, in industrial or laboratory
applications, the heating length is not always etuthe total length of the tube.

For this reason, in the present research two casee considered: the upstream
heating where the first half of the tube was heatedl downstream heating where the second
half of the tube was heated. As the tube mateaal the great impact on axial conduction
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through the tube wall, three different materiale apnsidered, stainless steel, silicon and
copper. The axial conduction through the tube wslidecreasing as the Re number is
increasing, so the low Re number regime is constieMoreover, in this paper, the axial

conduction influence was analyzed through the irgmat outlet heat transfer ratio that in fact
is the microchannel heat balance or heat losses.

2.2.2. Numerical details

In order to discuss the axial conduction influenttee velocity and temperature
distributions were numerically solved taking intocaunt the temperature variation of the
fluid properties, procedure described in [18] [24].

The computational domain is presented in Fig. Tobows:
The fluid flow domain defined at= 0,R andz=0,L
The temperature field domain defined & 0,R, andz=0,L

L tot
511 Lh '.;:11 >
Q=const. d0=0
-
Lf
water
flow inlet autlet Tr =R r=FRo
e I e e —
z=0 =1

Fig. 2.2.1 The calculation domain

The outer portion of the tube has two parts, tredteand insulated part. So, as shown
in Fig. 2.2.2, the respective insulated part wadupted in the numerical domain. The
following set of partial differential equations used to describe the phenomena, taking into
account the variable thermophysical propertiehefwater:

Continuity equation:

2(pMty) 19 [pMV) _,

(2.2.1)
17/ r a
Momentum equation:
d(p(o::.-)VU) + d(pgz)uu) = _¥ +Ei(lu('[')rﬂ) (222)
z rd o
Energy equation:
I(PT)e,(TIWT) _ 3(p(T) ey(MUT) _[1 5 (k(r) . ﬁ} 9 (km a_Tj (2.2.3)
a oz ra a ) oz 0z o

At the inlet of the tube, the uniform velocity ateinperature field is considered, while at the
exit the temperature gradient is equal to zero.

The boundary conditions are:

z=0,0<r <Ry U=up T=Ty=To

O<Z<Lt0t: rZO,a—u=O,a—T=O,V:0
or or
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r=R,u=v=0

ay upstream heating Lot

Ly

7%

heated portion of the tube

inlet outlet

b downstream heating Lot

N

heated portion of the tube

inlet outlet

~ Fig. 2.2.2 The heating positions

The Joule heating of the tube wall can be expresstteer by the uniform heat
generation through the tube wall or by the uniféreat flux imposed on the outer surface of
the wall. For the latter case, the boundary coonlits defined as,

r=R,: q, = ksg—-: (for the heated portion of the tube)
ksg—-: =0 (for the insulated portion of the tube)
whereq, is the heat flux based on the outer heat tramsta of the tube wall.

Z=Lt, 0 <r <Ry a—T=0
0z

The conjugate heat transfer procedure, impliesctiminuity of the temperature and
heat flux at the solid — liquid interface definesj a
r =R :Tslki+ = Tt |r-

oT
REARd
ar Ri+ ar Ri-

The partial differential equations (2.2.6) — (2)2&gether with boundary conditions,
are solved using the finite volume method describdd8].

First, the parabolic flow field condition is coneréd and the velocity field is solved.
The temperature field, as a conjugate heat traqsfaslem, was then solved as the elliptic
problem using the obtained velocity field. The didiow regime is considered to be a steady-
state laminar flow with variable fluid propertids.order to evaluate fluid properties (density,
viscosity and thermal conductivity), the subrousifeom Computer package PROPATH v.
10.2 are used in the present code.

As a consequence of the temperature dependentgitafkrties, iterative procedure is
needed to obtain the convergence of the fluid ptagse (viscosity, thermal conductivity,
density and specific heat capacity) through thecesmive solution of the flow and
temperature field. A tube wall and water flow iresithe tube, are considered as one domain
and harmonic mean values for the thermal condwygtiare calculated at the solid-liquid
interface [18]:
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The viscosity in the solid region was set to a vienge value, in order to handle
discontinuities between these two domains. In oroléest the grid sensitivity, two grids have
been used. The coarser one with 250 cells in ratiiattion and 400 cells in axial direction
and finer grid with 500 and 800 cellsznandr- direction respectively. Differences obtained
for Po and Nu were smaller than 0.1 %, so the eoagsid has been used for further
calculations.

Although the numerical model was verified with noiwtbe experimental results in
[24] and [34], additional validation was made witkperimental results of Piva and Pagliarini
[37]. In this work, the axial conduction in the q&p tube wall was used to simulate the
exponential boundary conditions H5. The comparisopresented in Fig. 2.2.3 for copper
tubes withD; / D, = 10/12 mm, total length dfi,; = 750 mm, water as the working fluid with
Re = 611 and heat transfer r&@e= 9.89 W. The good agreement between the expetahen
and numerical results is observed.

2.2.3. Results and discussion

The microtube conjugate heat transfer analysis wade for two values of the wall
thicknessD; / D, = 0.1/0.3 mm and 0.1/0.5 mm and three differebetmaterials, stainless
steel k = 15.9 W/m K), siliconK = 198 W/m K) and coppek(= 398 W/m K). In order to
investigate the axial conduction behaviour in thigetwall, the low Re range was considered
Re < 200. The input heat transfer rate was consbaatl the rungQ,= 0.1 W.

As it was stated in Faghri and Sparrow [16], in¢hee of simultaneous wall and fluid
axial conduction, the heat transfer coefficienaifunction of three unknowr®, T, and T,
each of them function of axial distance. So, thennissue is how to estimate the tube wall
axial conduction influence on fluid flow and thetdnecharacteristics. In Faghri and Sparrow
[38], the non-dimensional parameter was definetth@sneasure of this influence:

k[
| =— 0 (2.2.4)
k, (R
Cotton and Jackson [39] demonstrated that the teffeevall conduction is defined
with the following parameter:

LN P (2.2.5)
k, | D D, )| P¢

More recently, Maranzana etal. [36] defined theabgbnduction parameter for two
dimensional micochannel fluid flow:

_r’INTU
Bi

Chiou [40] have defined the following conductaneember as the parameter for the
estimation of the wall axial conduction:

= AP LK 2.2.7)

A, L Pe k;

From the relations presented above, it is obvibaswall axial conduction depends on
thermal conductivity ratids / k; , Pe and diameters rati? / D; . The question is what is the
practical implication of the axial conduction inethube wall. For instance, one might be
interested in the heat losses and consequentheinverall input and output heat transfer rate

| (2.2.6)
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ratio. So, in Figs. 2.2.4 — 2.2.7 the ra@ Qp versus Re has been presented, wiigis
calculated from:

Q =mie, {T,, ~T,,) (2.2.8)

34 T T

— tw (nunerical results)
32 L. — — th(munerical results)
4+ tw (experimental results [15])
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Figure 2.2.3. The code validation with experimengsllts presented in [15]

From Fig. 2.2.4, one can conclude that in the chtlkee downstream heatinD;/D, =
0.1/0.3 mm and for the entire range of Re, themeoisxial conduction inside the tube wall,
considering that the input heat transfer rate igétp the output convective heat transfer rate.
In the case of the larger diameter rabgD, = 0.1/0.5 mm (Fig. 2.2.5) and downstream
heating, only for the copper tubes and very low<Rs0, the output heat transfer rate is 12 %
lower than the input value.

T T T T
L S——— T o copper -
: H O silicon
: < 35 304
1,02 freresemnnnenenes R T . e
5 .
o g g :
- 1—---5--g--g--a-gn--ﬂ--a--n--a-;n -------------------- F> SETCLPCPRITILELPLRRr |« ECCCICEITETLLLELRE —
oy : :
I T T et LR -
R e T -
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Figure 2.2.4. The heat transfer rate ratio versafoRdownstream heating and diameter
ratio Di/D, = 0.1/0.3 mm
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Figure 2.2.5. The heat transfer rate ratio versfoRdownstream heating and diameter
ratioDi/D, = 0.1/0.5 mm
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In the case of the upstream heating (Figs. 21/2062a2.7), except for the stainless steel
tubes, the heat losses are obvious for all otheescdn the case of the silicon tub@g,Qo is
decreasing to 0.9 f@;/D, = 0.1/0.3 mm, and to 0.75 fox/D, = 0.1/0.5 mm.

The highly conducted copper tubes facilitate tkelaconduction in the tube wall
resulting in heat losses of almost 25 % BpiD, = 0.1/0.3 mm and 55 % f@;/D, = 0.1/0.5
mm.

1
<><><><>5<><><><><>f<> fo le
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0.95 [ 1:1--E‘--;';'---F-‘---------------J: ---------------------- Bgrorer e o B
m] i o o0 H H
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Figure 2.2.6. The heat transfer rate ratio vers$oRupstream heating and diameter
ratio Di/D, = 0.1/0.3 mm
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Figure 2.2.7. The heat transfer rate ratio vers$oRupstream heating and diameter
ratio Di/D, = 0.1/0.5 mm
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Figure 2.2.8. The heat flux variation versus adiatance for the downstream heating, diameteo rati
Di/D, = 0.1/0.3 mm and Re = 12.95
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Figure 2.2.9. The heat flux variation versus adiatance for the upstream heating, diameter
ratio Di/D, = 0.1/0.3 mm , Re=12.95 and copper tube

It is obvious thaQ/ Qu, depends on the heating position. Apparentlyha dase of
the downstream heating the wall axial conductioméagtive and the question is if this is the
correct prediction. The answer on this uncertaiobhe may find from the graph presenting the
local heat flux distribution along the fluid flowhe heat flux is calculated at the fluid-solid
interface and can be expressed as,

oT
=-k, I— 2.2.9

Although the graph in Fig. 2.2.4 indicated theax@al conduction case for the copper
tube with Di/D, = 0.1/0.3 mm and downstream heating, from Figt & iclear that axial
conduction exists for the silicon and copper tubdge explanation can be found from Fig.
2.2.9 where the heat flux versus axial distance pvasented for the copper tube. It can be
seen that heat flux generated in the upstreanosedescribed by surface OBC is equal to the
heat flux loss in the downstream section describyesurface BDE.

The same conclusion can be outlined from the Ibest flux distribution for the
silicon tube. In the case of the stainless stebé,tuhe heat flux is equal to zero in the
upstream section and in the range of the input flwatn the downstream section.

—e— SUS304
. —«—silicon
—— COopper

0 0.01 002 003 0.04 005 008 0.07 0.08
z [m]

Figure 2.2.10. The heat flux variation versus adiatance for the downstream heating, diameteo rati
Di/D, = 0.1/0.5 mm and Re = 12.95

In the case of the tubes with larger wall thiclel®gD, = 0.1/0.5 mm and lower Re =

12.95, the heat flux generated in the upstreaniosers not equal to the heat flux dispersed in
the downstream section (fig. 2.2.10), as a consesputhe heat loss is about 12 %. As the Re
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is increasing (Fig. 2.2.11), the heat transfer phemna, is approaching the no-axial
conduction case.

In the case of the upstream heating and staistess tubes (Figs. 2.2.6 and 2.2.7) the
Q/ Qo= 1. The same conclusion can be found from Figs12.and 2.2.13, where heat flux is
eqgual to the input value in the upstream regioneml to zero in the downstream portion of
the tube. In the case of the silicon tubes, theatiapd output heat flux are almost equal as the
Re > 50. It is also observed that heat flux de@g&®m input value at the entrance, to zero at
the end of the heated portion. This is especidbyiaus for the case of the greater thickness
of the tube wall. As the heat flux is vanishingrgjothe non-heated part of the tube, it is
plausible to expect that heat might be dispersezligh the inlet part of the tube wall. As the
Re is increasing to Re = 53.53 and 202.85, thelbsa¢s are lower and consequently the heat
flux is approaching the input value.
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Figure 2.2.11. The heat flux variation versus adiatance for the downstream heating, diameteo rati
Di/D, = 0.1/0.5 mm and Re = 202.85
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Figure 2.2.12. The heat flux variation versus adistance for the upstream heating, diameter ratio
Di/D, = 0.1/0.5 mm and Re = 12.95

As the thermal conductivity is larger, the latrenomena is more obvious. From
Figs. 2.2.6 and 2.2.7, the output heat transfer itdecreasing to 75 % of the input heat
transfer rate foDi/D, = 0.1/0.3 mm and to 45 % f@i/D, = 0.1/0.5 mm. At highebi/D, =
0.1/0.5 mm and lower Re = 12.95, even the entraatge of the heat flux is considerably
lower than the input value.
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Figure 2.2.13. The heat flux variation versus adiatance for the upstream heating, diameter ratio
Di/D, = 0.1/0.5 mm and Re = 202.85

In Fig. 2.2.14 the local variation of the wall abdlk temperature along the tube has
been presented for low Re = 12.95. In this caseffarence between the bulk and wall
temperature is very small, so these distributioesoaerlapping for specific tube material and
heating position. The temperature variation in¢hse of the stainless steel tubes, is the one
of no-axial conduction phenomena, with the inled amximum allowable temperature in the
non-heated and heated sections, respectively.hieasilicon tubes and upstream heating, as a
consequence of heat losses, the outlet temperatdosver than the maximum temperature
like in the case of the no-axial conduction.

As it was shown earlier, in the case of downstréaatting, a part of the heat transfer
rate was dispersed upstream, so the heat rate atdgsh through the outer part of the tube.
Consequently, the outlet temperature of the silictre is the same as in the case of no-axial
conduction phenomena.

Finally, for highly conducted copper tubes and trgasn heating, the outlet
temperature is considerably lowdy € 34 °C) compared to the no-axial conduction case
temperaturet{ = 49 °C). The outlet temperature in the case of the dowas heating is
slightly lower ¢, = 47°C) than the no-axial conduction temperatuge=(49°C).

For higher Re = 202.85, the axial conduction madt negligible for the silicon and
copper tubes, so the outlet temperatures are the 83 in the case of stainless steel tubes
(Fig. 2.2.15). At the same time, the temperatutalats the same linear variation as noted in
the no-axial conduction case.

In Figs. 2.2.16 and 2.2.17 the local Nu versus-diarensional axial distance is
presented, in order to compare it with the cas®theat transfer and fluid flow through the
tubes without the wall axial conduction. Only theated portion of the tube was considered
due to the fact that in the non-heated portion, e exponentially thermal boundary
condition is established, that is not relevanthis tanalysis. Two different values of Re are
considered, Re = 12.95 (Fig. 2.2.16) and Re = Z&ER). 2.2.17).

First of all, the local Nu distribution has the sabehavior, regardless of the tube wall
thickness, material and Re, depending only on dirfge@osition. Also, after the entrance
region in the so-called fully developed flow thedbvalue of Nu is in the range of the well-
known value Nu = 4.36. There are sharp changesrwdy the end of the heating section.
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Figure 2.2.14. The wall and bulk temperature vammaversus axial distance for various tube matgyial
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It is also observed, that in the fully developedion, the local Nu is increasing for the
lower Re = 12.85. In this case, the higher tempeeatifference implies the temperature
dependent thermal conductivity. In order to vetiig latter phenomena, the local Nu value
versus non-dimensional axial distance is presefdedhe case of heating, cooling and
constant thermal conductivity (Fig. 2.2.18). As tpposite of the heating case, in the case of
cooling, the local Nu is decreasing andKar const it remains constant in the fully developed

region at Nu = 4.36.
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Figure 2.2.16. Relation of local value of Nu to rtimensional axial distance for copper tube,
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Figure 2.2.15. The wall and bulk temperature vemmaversus axial distance for copper tube, Re =

202.85 and diameter ratin/D, = 0.1/0.5 mm
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Figure 2.2.17. Relation of local value of Nu towrdimensional axial distance for copper tube,
downstream heating and Re = 202.85
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Figure 2.2.18. Relation of local value of Nu to stimensional axial distance, for three different
modes of the input heat transfer rate, Re = 121p8tream heating and SUS304.

2.2.4. Conclusions

The conjugate heat transfer of the partially hdateicrochannels was analyzed

numerically, considering the heat losses definedti®y heat transfer rate rati@ / Qo .
Influence of the heating position, tube materiagliwthickness and Re upon the thermal
parameters has been considered and the followingjusions were outlined:

The wall axial conduction has the negligible inflae on thermal characteristics of the
stainless steel tubes, regardless of the heatisitjgon wall thickness or Re.

In the case of the upstream heating, the heatsigedsed through the tube wall in the
upstream section of the fluid flow so Q& Qo = 1 for all the cases except for copper tube
of Di/D, = 0.1/0.5 mm and low Re = 12.85.

The local Nu exhibits the usual distribution as fiee non-axial conduction case, except
the slightly increasing behaviour (decreasing sd¢hse of cooling) in the fully developed

region at low Re, due to the thermal conductivayiations.

Except the abrupt decreasing of the local Nu aetieeof the heating section, the local Nu
in the fully developed region has the usual value=Nt.36.

2.3. Theheat transfer and fluid flow of a partially heated microchannel heat sink

It is well known, the conventional heat transfeedfly predicts that heat transfer

coefficient of fully developed laminar flow in a @mnel increases if the cross—section of the
channel decreases. Tubes or channels of smaleeasiztherefore chosen to attain a high heat
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transfer coefficient. For example, such tubes aancdels are used to manage the power
dissipation in LSI chips. On the other hand- TAS (Micro Total Chemical Analyzing
System), MEMS (Micro Electrical-Mechanical Systen#)d bio — chips consist of the
network of channels of small cross-sectional sizenufactured with micro processing
techniques.

The first microchannel heat sink used for VLSI cbgwling was designed and tested by
Tuckerman and Pease [26]. It has the water as tinkinvg fluid and the heat transfer rate was
780 W/cnf with the temperature increase of 71 K. A hydradi@meter of this device was
100 um. It was confirmed that a very effective deviceghtibe obtained by decreasing the
diameter of the channel.

Toh etal. [22] analyzed numerically the heat transind fluid flow of microchannel
heat sink with the water as a working fluid. Theavé observed that a Po decreases with
decreasing of the Re. In this case the heatedHemgt about the half of the total channel
length. It was also found that the properties ofewdike density, specific heat and thermal
conductivity have insignificant effect on Po.

Li etal. [41] analyzed numerically conjugate heaansfer through the silicon
microchannel heat sink. The results indicate thatrhophysical properties of the liquid can
significantly influence both the flow and heat s&r in the microchannel heat sink. The
results indicate that variations in the way the $&lisnumber is defined may result in different
conclusions even using the same experimental data.

Shevade and Rahman [42] investigated convective theasfer in microchannels with
rectangular and square cross sections for volumlegat generation in the substrate due to an
imposed magnetic field. The investigation regarditite velocity and temperature
distributions was performed by varying channel aspatio, Reynolds number, and heat
generation rate in the substrate. It was found ithakase in Reynolds number, the outlet
temperature decreased and the average Nusselt nuroteased.

Sung and Mudawar [43] proposed a new hybrid cododicizeme for high-flux thermal
management of electronic and power devices. Thisrme combines the cooling benefits of
micro-channel flow and micro-jet impingement scheni@espite the relatively poor
thermophysical properties of HFE 7100, the proposedling scheme facilitated the
dissipation of 304.9 W/cm2 without phase change.

Naphon and Khonseur [44]erformed experimental research to investigate hibat
transfer characteristics and pressure drop in ticeorehannel heat sinks under constant heat
flux conditions having the air as the working fluithe experiments are performed for the
Reynolds number and heat flux in the ranges of 20086 and 1.80-5.40 kW/mz2,
respectively. It was found that micro-channel getwyneonfiguration has significant effect on
the enhancement heat transfer and pressure drop.

Cheng [45]investigated numerically heat transfer and fluowflof stacked two-layer
microchannel heat sink with enhanced mixing passinerostructure with fixed Reynolds
number of 14.8. It was found that stacked microdeamwith passive structures has better
performance than the smooth microchannels. Alseirtbrease of the ratio of the height of
passive microstructure to microchannel height leadswer thermal resistance.

Lelea etal. [24] analyzed experimentally the mib@mnel heat transfer of the water
flow in tubes with diameters down to 1@0n. The results confirmed that, including the
entrance effects, the conventional or classicalribe are applicable in this case.

Lelea [34] analyzed numerically the influence of thicrotube heating position on the
Po behavior. It was found that Po is not a suitgdaeameter for the hydrodynamic losses
evaluation.

Lelea [46] presents numerical modeling of the cgaja heat transfer in microtubes
with emphasize on the heating position influencerugne thermal behavior of the microtube.
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In most of the studies mentioned above (except,[[241}[46]), the heating length was
the same as the total length of the heat sink.hén dlectronics cooling applications, the
heating length is not always equal to the totabierof the channel and consequently, the
thermal and hydrodynamic phenomena depend on tagngeposition. The scope of this
chapter is to analyze the influence of the heapogition on hydrodynamic and thermal
parameters of the micro-heat sink.

2.3.1. Numerical details

The one-layer microchannel heat sink is presemteldd Fig. 2.3.1.
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/ boundary
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microchannels /
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Fig. 2.3.1 The microchannel heat sink, calculadomain and heating positions.

Due to the symmetry plane, the half cross-sectibone channel is considered in
computations. The conventional set of the Naviek& equations has been used for the
conjugate laminar steady state heat transfer andifflow, as follows:
The continuity equation:

The momentum equation:

S, 0u, ou)_ dp, 1[ﬂ_uj+i )
ox oy 0z dz (ox\' ox) oy
ov. ov_ _ov)_ odp 0( 6vj a( ov
plU—+V—+W— |=———+| —| U— |+ —| U—
ox oy 0z dx (ox\" ox) ayl oy
ow ow _ _ ow)_ dp a( awj 0 ow
PU—+V—+W— [==—+| —| g— |+—| y—
Ox oy 0z dy |ox\' ox) oyl oy

The energy equation (for both fluid and solid):

(2.3.1)

(2.3.2)

(2.3.3)

(2.3.4)
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2 2 2
pLe, ua—T+va—T+Wa—T =k 6'I2'+6'I2'+61' (2.3.5)
0x oy 0z ox° oy° o0z

The fluid properties are constant except for fluidcosity that is evaluated with
following equation:

t

ult)= 264120181074 + 0.0014009& 310578605

The rest of the fluid properties are evaluatedafiews: p = 998.2 kg/m, Cp = 4182
J/kg K, ks = 148 W/m K,k = 0.6 W/ m K. The following boundary conditionsarescribed
for the system of the partial differential equasion

The conjugate heat transfer procedure, impliesctminuity of the temperature and
heat flux at the solid — liquid interface defines] a

x =W /2: Tsle = Tt x

S\ ax - ox ) _

y=Ht_l_|C. T5|y+=Tf|y_

ks(&J =kf al
0 )yy o ),

Also at the inlet cross-section, uniform veloatyd temperature field are considered:
z=0

u=upandT =T,

The upper boundary is isolated defined as:

MEAR
oy
At the outlet of the microchannel the following Inolary conditions are prescribed:
Z= Lt
a_T =0
0z
At the symmetry boundary:
X =W/2 + W/2
v=0;a—W=O;@=O;a—T=O
0z 0z 0z

The solution procedure is based on the method us€@4], [34] and [46] for
microtubes and on the Finite Volume Method desdribg18]. First, the parabolic flow field
condition is considered and the velocity field ®dved. The temperature field, as a conjugate
heat transfer problem, was then solved as thetiellppoblem using the obtained velocity
field. Also k acts asks for silicon wall andk; in the case of the water. At the fluid — solid
interfacek is calculated as the harmonic mean value. Theciglpressure coupling is solved
using a SIMPLER method. A staggered grid is useaifoss-stream velocities with power-law
discretization scheme. The results of the gridiseitg testing for Re=743 and central heating,
are presented in Fig. 2.3.2. It is observed thdiffarence between temperature distribution for
coarser (15x30x100) and finer grid (25x40x180)agligible. So, the first one is used for the rest
of calculations. Moreover the geometric data antking parameters are persented in the table
1.
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Fig. 2.3.2 The temperature distribution along thermheat sink for two grids.

Table 1 The geometric data and working paramefatseanicrochannel heat sink

Wi We Hc H; Ln Lt Wi g u Re
Um um pm pgm cm cm cm Wen?  mis
36 64 280 489 1 2 15 34.6 0.275-7 34-743

2.3.2. Results and discusion

In the Fig. 2.3.3 the influence of Po variation stex Re is presented for different
heating positions, defined as:

2
2[Ap[D
Po= f Re=-—2P—h_ (2.3.6)
Lot [lin L1
80 ! ! ! T ! ! !
a0
70
=]
&
Bl feeeeeeees e TR e ' ' L
: : : E © central heating
: : : : 4 no-heating
50 e RN E N rorr ¢ downstream
3 ; 3 : X upstream
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1] 100 200 300 400 a00 600 700 200

Re

Fig. 2.3.3 Poiseuille number versus Re for diffetesating positions
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It is observed that for low Re and upstream heatimg Po is decreasing as the Re is
decreasing. This is the plausible observation damsig that an average temperature of the
water is increasing and the viscosity decreasethdrtase of the downstream heating the Po
is increasing while for the central heating the Ha@ almost the constant value as the Re
decreases. In the Fig. 2.3.4 pumping power rataw@en the no-heating and heating case)
versus mass flow rate is presented. The pumpingepdar no-heating case is higher
compared to heating cases regardless the heatsiigopo On the other hand as the mass flow
rate is increasing, the heating cases are approactiie no-heating condition as the
temperature decreases. The pumping power is loarealfnost 30 % compared with no-
heating flow, for the case of the upstream heaimdjlow Re = 34. For the case of central and
downstream heating the benefit is 20 % and respdgtilO %. So the Po is not a suitable
parameter for the hydrodynamic losses evaluationtie case of the heating flows. The
pumping power is defined with the following equatio

11=M PP (2.3.7)
P
13 : . .
T —&— downstream heating
1.25 —B—upstream heating ...
$ —¢— central heating
12
[: 115 Séa
e
= q}\&\
11
1.05 v
1
i 210%  440® @10 810° Qo001 000012 000014
M [kgfs]

Fig. 2.3.4 The pumping power ratio for no-heating heating case for various heating positions.
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Fig. 2.3.5 The temperature variation at the ceinrl  Fig. 2.3.6 The temperature variation at the ceinierl
of the bottom wall versus axial distance for Re4= 3 of the bottom wall versus axial distance for Rel4 2

The total length of the tube wag: = 2 cm and the heating lendth = 1 cm. For all
the cases, it is observed that temperature ataihtedine of the bottom wall of the heat sink is
increasing with axial distance. Also the peak vatuebtained approximately at 0.85z, except
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for downstream heating. In the case of the lower=R84, the difference between the
temperature of the upstream and downstream heigtialgnost 20 %. As the fluid velocity is
increasing, the outlet temperature is decreasinigttaa fluid viscosity has a less influence on
fluid flow conditions. Consequently, in the casetbé higher Re = 214, the maximum
temperature is almost the same for all cases.

In figure 2.3.7 the thermal resistance versus Reasented for three different heating
positions defined as:

R= @ (2.3.8)

It might be outlined that thermal resistance isreasing as the Re is increasing. On
the other hand the lowest thermal resistance i®robd in the case of upstream heating
followed by central and downstream heating. Dififie between them is approximately 20 %
as Re is lower than 200 and about 10 % for Re grélagdn 200. The reason for lower thermal
resistance in the case of the upstream heatirigeisstial conduction phenomena downstream
the end of the heating length. This results inveelomaximum temperature while the heat is
spreading through the sink wall.
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Fig. 2.3.7 The thermal resistance versus Re faowaheating positions

2.3.3. Conclusions

The numerical investigation of a partially heateidro-channel heat sink is performed
with geometry used in [24]. It is concluded thaiidl viscosity has a strong impact on thermal
and hydrodynamic behavior of a micro-heat sink. dd@er the heating position influences
both the hydrodynamic and thermal characteristica anicro-heat sink. In the case of
hydrodynamic behavior it is observed that pumpioger is suitable parameter for estimating
the hydrodynamic losses instead of Po number. @eriag the thermal performances, the

upstream heating has a lower thermal resistancepam@d with central or downstream
heating.

2.4. Effectsof temperature dependent thermal conductivity on Nu number behavior in
micro-tubes

The microchannel heat transfer and fluid flow haged the interest in the last decade
because of the downsizing of the thermal devicesl us various fields of everyday life. The
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cooling of the VLSI devices, biomedical applicaspmicro-heat-exchangers are some of the
examples where the fundamentals of the microchaheat transfer and fluid flow are
essential for a proper design of these devices.

Myshan et al. [47] analyzed experimentally a depilg heat transfer and fluid flow
through rectangular microchannels. The experimergallts have been compared with
theoretical predictions from the literature andultssobtained by numerical modeling of the
present experiment. The experimental results csquree drop and heat transfer confirm that
including the entrance effects, the conventionabtii is applicable for water flow through
micro-channels. Wu and Little [27] have made therotghannel heat transfer and fluid flow
experiments used for designing the Joule-Thomsamonanefrigerator. The working fluid in
their research was nitrogen and inner diametethefubes were from 100 to 3Q@n. Their
heat transfer and hydrodynamic results shown @iffees against the conventional results for
macrotubes.

Sharath et al. [48] investigated the steady-stat# kransfer for laminar flow inside
circular microtubes within a rectangular substrafeey have found that the peripheral
average Nusselt number increased with increaseepd®ds number, Prandtl number, solid-
to-fluid thermal conductivity ratio, and tube dia@reto-wafer thickness ratio. Ambatipudi
and Rahman [49] investigated numerically the heatsfer in silicon substrate containing
rectangular microchannels. It was found that thenbdionber is higher for a system with larger
number of channels and Reynolds number. Ng and3®}ldeveloped the finite volume code
for double layer conjugate heat transfer in micesotels. The computed results revealed the
significant deviations in the temperature and vigygarofiles under EDL effects.

Hwang and Soong [51] has also presented the igaéisin on numerical modeling of
variable-property microchannel flows with electh@tmo-hydrodynamic interactions. The
results also disclose that, compared to those mstaot pressure gradient flows based on the
same Reynolds number, effects of temperature ndoramty and variable-property are
relatively more pronounced in the constant flowerfibws. Kou et al. [52] investigated
numerically the effects of heat transfer charasties due to various channel heights and
widths. It was shown that the optimal channel widtot significantly influenced by the
decrease in the channel height when the flow pasviexed at 0.01 W and 0.1 W.

Wang et al. [53] analyzed the general propertiethefrarefied diatomic gaseous flow
in a microchannels under uniform heat flux boundaogditions. It is concluded that the gas
acceleration at higher heat flux is more obviowstthat at lower heat flux. Hong and Asako
[54] analyzed the gaseous flow through the microokés and microtubes with constant
temperature boundary conditions. They were fourtiffarent heat transfer coefficients for
each cooled and heated case. The rarefaction angdressibility effects on gaseous flow in
microchannels are also investegeted by Kavehpaair f5] and Sun and Faghri [56].

Celata et al. [57] presented an experimental iny&sbn on single-phase laminar flow
in circular microtubes, ranging in diameter from85@own to 120um. Results show a
decrease of Nusselt number with decreasing diama&teaxial dependence that is linked to
thermal entrance effects and a dependence of tksalunumber also on Reynolds number.
Liu et al. [58] have reported numerical investigatio verify the variable-property effect of
thermally developing flow in microchannel coolinggsages. It was found a strong non-linear
interaction mechanism that prevails in the corretabf Nu¥max andXmax due to high heat
flux condition and dramatic rise of liquid tempen&. Sung and Mudawar [43] proposed a
new hybrid cooling scheme for high-flux thermal ragament of electronic and power
devices. Despite the rather poor thermophysicglgmees of HFE 7100, the proposed cooling
scheme facilitated the dissipation of 304.9 W/cnitheut phase change.

Naphon and Khonseur [44] performed experimentataesh to investigate the heat
transfer characteristics and pressure drop in ticeorchannel heat sinks under constant heat
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flux conditions having the air as the working fluldwas found that micro-channel geometry
configuration has significant effect on the enhaneet heat transfer and pressure drop.

Yap et al. [59] investigated the particle transporinicrochannels where the size of
the particles are comparable with the channel wizde Broderick et al. [60] analyzed the
thermally developing electro-osmotic flow inside timicrotubes.

Herwig and Mahulikar [61] investigated the influenaf the variable fluid properties
on single-phase incompresible flows through micamtels. Both the cooled and heated flow
was considered. With higher heat transfer ratesermog the whole temperature range
between freezing and boiling of water, Nu humbesiateons as high as 28% may occur. It is
also shown that Nu number decreases for cooledsflvd increases for heated flows. Hong
and Cheng [62] investigated numerically laminacéat convection of water in offset strip-fin
microchannels network heat sinks for microelecttotwoling. It is found that there is an
optimal fin interval and flow direction to minimizée pressure drop or pumping power, and
this optimal point depends on the heat flux andimar wall temperature.

The outcome of the research reports mentioned alsdbat special attention has to be
paid to macroscale phenomena that are amplifiettheaimicroscale. For example, due to a
high heat transfer rate, the temperature varidbld properties have to be considered. Lelea
[34] and Lelea et al. [24] investigated the inflaenof the temperature dependent fluid
viscosity on Po number.

Therefore, the micro-tube heat transfer and filad was investigated considering the
variable fluid properties. The special attentiorthis case is paid to a temperature dependent
thermal conductivity and its influence on a local humber. At the same time, two different
heat flux directions were considered, heating amalicg with three fluid types: water and
two dielectric fluids HFE 7600 and FC-70.

2.4.1. Numerical details
To analyze the temperature dependent thermal ctimdwdnfluence on Nu number

behavior, the conjugate heat transfer and fluidvflehenomena were numerically solved
based on a procedure described in [24].

Lit=L p

O=const

heated portion of the
tube

inlet outlet | z

e — =)

Fig. 2.4.1 The calculation domain

The computational domain is presented in Fig. 2 d@sXollows:
The fluid flow domain defined at= 0,R andz=0,L
The temperature field domain defined at 0,R, andz=0,L
The following set of partial differential equatiorssused to describe the phenomena,
considering the variable thermophysical propeiethe water:
Continuity equation:
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I(p(Mly)  19(rlpML) _, (2.4.1)
oz r o -

Momentum equation:

I(p(T)vy) , d(p(T)uy) _ _dp +1£( ﬂ(T)rﬂj (2.4.2)
a oz dz ra a -

Energy equation:
I(p(T)c,(TWVT) _ (p(T)Le,(TuT) _[19 (k(T) Eﬁﬂ] ﬂ[k(T)aT) (2.4.3)
r o &) oz 0z

a 17/
At the inlet of the tube, the uniform velocity ateperature field is considered, while
at the exit the temperature gradient is equal to.ze
The boundary conditions are:
z=0,0<r <Ry U=up T=Ty=To

0<z<Lio: r=0 M=09T_0yv=0
or or
r=R,u=v=0

The Joule heating of the tube wall can be expdessther by the uniform heat
generation through the tube wall or by the unifdreat flux imposed on the outer surface of
the wall. For the latter case, the boundary coowlits defined as,

r=Ry: q, = ksg—-: (for the heated portion of the tube)
oT . .
K, m =0 (for the insulated portion of the tube)
r
whereq, is the heat flux based on the outer heat trarsta of the tube wall.
Z2=Lt, O <r <R, a—T=0
0z

The conjugate heat transfer procedure, impliesctminuity of the temperature and
heat flux at the solid — liquid interface definesj a
r =R :Tslki+ = Tt |r-

oT
REAR
ar Ri+ ar Ri-

The partial differential equations (2.4.1) — (2)4t@gether with boundary conditions
are solved using the finite volume method describdd8].

First, the parabolic flow field condition is coneréd and the velocity field is solved.
The temperature field, as a conjugate heat trapstdiem, was then calculated as the elliptic
problem using the obtained velocity field. The didiow regime is considered to be a steady-
state laminar flow with variable fluid propertids.order to evaluate fluid properties (density,
viscosity, specific heat and thermal conductivity)e relations presented in the table 1 [63]
are used in the present code.

In order to test the grid sensitivity, two gridsseébeen used. The coarser one with 250
cells in radial direction and 400 cells in axialedition and finer grid with 500 and 800 cells in
z- andr- direction respectively. Differences obtained far were smaller than 0.1 %, so the
coarser grid has been used for further calculatiénsther details on code validation with
experimental results are presented in [24].
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Table 1 The fluid properties for water, HFE-760@ &C-70

Water HFE-7600 FC-70
ot)= 100001 (1- 1587.5-1.755(t 1984-1.93(t
t+2889414

5089292t + 68.12963

(t-3.98632)
cplt)=  89589- 40535(T + 3.1631t+1240.2 1014+1.554(t

01124472 -1.014010 473

k{t)= 058166+ 63550103 T 0.078-0.0003t 0.07—0.00001t

- 796410972
u(t)= 26412018104 + (1587.51.7551) [10°  (83.861- 6.7963(t + 02604912

t 464.403382, 021482 -0.0055913 + 6.850110 24

T @ +133
0.0014009e 310578605 _4_4701&0-7 [t 5,

1.2037120° 18)0 ot

2.4.2. Results and discussion

The microtube conjugate heat transfer analysismede forD; / D, = 0.1/0.3 mm and
stainless steel as a tube material viith 15.9 W/m K. To investigate the influence of the
temperature dependent thermal conductivity on Numlyer behavior, the low Re range was
considered Re < 400. The input heat transfer rate eonstant for all the rurg = 0.5 W
considering two heat flux directions: cooling andating. For the heating case the inlet
temperature was, = 20°C, while for the cooling casg was equal to the outlet temperature
of the heating case.

The local Nu number is defined with the followinguation:

_ h[D,
K(Tove)
whereh is defined as:
h=_1
Tw _Tb
and the local heat flux is defined as:
oT
q=-k; (T)_

or

In the Fig. 2.4.2, the Nu number relation versusladistance is presented for lower
Re=69.5 and three different cases. It is obserwgdcboling case that, after the initial
decreasing, the Nu number is increasing in theoregvhere the constant behavior is
expecting. In the case of the heating, the Nu nurakbibits the opposite relation to cooling
case, it is increasing. If the thermal conductivgyconstant the Nu number approaches the
constant value Nu = 4.36 for the constant heat ¢lase. It has to be emphasized that for the
water Pr = 4.8-6.6.

If the Re is increasing to Re = 416.9 the Nu nungbgribits the conventional relation
(Fig. 2.4.3). After the initial decreasing it appobes the constant value very close to the
conventional one Nu = 4.36.

For a dielectric fluid HFE-7600 and lower Re=70:6g( 2.4.4), the local Nu number
relation is different compared with the water cdeethis case, the Nu number decreases for
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heating and increases for cooling, the opposit@ravious example with a water as the
working fluid. The explanation might be found frahe thermal conductivity variation (table
1). For water, the thermal conductivity increasssttee temperature increases while in the
case of a dielectric fluid HFE-7600 the thermal chactivity decreases as the temperature
increases.

54

k—cst 5.4 » _
cooling Re=416.9 — k=cst

! _ — cooling
— —hcating 52 Pr=6.6 — — hcating

Re=69.5
52 Pr—4.8

Nu
=
S

8
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#[m] 0 0.01 0.02 0.03 0.04 0.05 006
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Fig. 2.4.2 The local Nu versus axial distance for Fig. 2.4.3 The local Nu versus axial distance fatew
water and Re = 69.5 and Re = 416.9

If the Reynolds number increases to Re=284.1 thendhuber evolution for heating
and cooling cases are the same (Fig 2.4.5). Comigar¢he constant thermal conductivity
relation it is observed the longer thermal entrateggth as the thermal conductivity is
temperature dependent. In this case the Prandtheuis Pr = 23.6 — 30.5.

——k=cst 75 Re=284.1 cooling
heating ’ Pr=30.5 heating
—i—cooling 7 —— k=cst

5 z 0
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7 |m]

Fig. 2.4.4 The local Nu versus axial distance for

HEE-7600 and Re = 70.6 Fig. 2.4.5 The local Nu versus axial distance fé&iE-

7600 and Re = 284.1

For dielectric fluids with higher Pr numbers suchRC-70 (Fig. 2.4.6), where Re =
14.5 and Pr= 200.2 the Nu number decreases for tmdbs. Also, the constant thermal
conductivity variation of the Nu number is close ttee heating and cooling cases. It is
observed that the local Nu numbers for coolinglaveer than the Nu numbers for heating
case. This is explained through the velocity pesfihear the wall. In the case of the heated
flows, the velocities are higher near the wall,saese of the lower viscosity, that implies the
higher heat transfer coefficients. Contrary, fag tooled flows the velocities are lower near
the wall due to the higher fluid viscosity, and sequently the heat transfer coefficients are
lower.
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Fig. 2.4.6 The local Nu versus axial distance fGr# and Re = 14.7

2.4.3. Conclusions

The Nu number behavior on micro-tube heat transfas investigated for three
different fluids: water and two dielectric fluidsHE-7600 and FC-70. At the same time, two
heat flux directions are considered, heating aradimg compared witlk=const. It is observed
that thermal conductivity has the strong influenodocal Nu number behavior, as long as the
Re is low. For water the Nu number increases adltin is heating and decreases as it is
cooling. As the Re is increasing the thermal emteatength is longer so the thermal
conductivity has a less influence on local Nu numbe

For a dielectric fluid HFE-7600, the local Nu numbes the opposite behavior
compared to the water case. It is increasing whiefluid is cooling and decreases as it is
heating. It is explained by the thermal conducgiv@mperature variation. For dielectric fluids
such as FC-70 with very large Pr numbers, the thkentrance length is very long so the
local Nu number has similar variation for both lmgtand cooling case. In this case the
heated flow implies higher Nu numbers compared #ighcooled ones.

3. Theviscous dissipation effect on heat transfer and fluid flow in micro-
tubes and microchannel heat sinks

3.1.Theviscous dissipation effect on heat transfer and fluid flow in micro-tubes

The recent technological developments and advanctedevices that ensure the
comfort of everyday life increases the importan€emicrochannel heat transfer and fluid
flow. The cooling of the VLSI devices, biomedicgpdications, micro-heat-exchangers are
some of the examples where the fundamentals ofrilceochannel heat transfer and fluid
flow are essential for a proper design of theseicgsv As the scale of the systems is
decreasing, the effects like thermal propertiesatian or viscous dissipation influence the
thermal and hydrodynamic behavior and could natdgdected.

Arici et al. [64] made a numerical study relatedhwthermally developing laminar
forced convection in a pipe including the wall coaothnce and viscous dissipation. The
viscous dissipation is found to affect both the Iwaid bulk fluid temperature profiles.
Significant viscous dissipation effects have bebseoved for large Br. Its effect becomes
more pronounced downstream.

45



Habilitation thesis

Koo et al. [35] studied the effects of viscous ighagon on the temperature field and
also on the friction factor using dimensional asayand experimentally validated computer
simulations for three different working fluids (vat methanol and iso-propanol) in micro-
tubes and micro-channels. The variation of tempesatwith the Reynolds number was
studied for rectangular channels and there was raamenparison between the experimental
data and the computational results.

Celata et al. [65] analyzed the issue of scalirfgced that cause influential effects
when channel geometry is reduced below a certanit. [The results were connected with the
role of viscous heating in micro-channel flowss ibccurrence in the Navier Stokes equations
and also there was made an experimental valid&gioverifying it's presence in practice. The
experimental results were compared with the vadxésting in the literature.

Rands et al. [66] investigated experimentally gomihar-turbulent transition for water
flow in circular microtubes with diameters in thenge 16.6-32.2im and Re = 300-3400.
The fluid temperature rise, due to viscous diggipa increases with increasing microtube
length and decreasing microtube diameter. The usdeeating-induced temperature rise is
significant, reaching 3%C in some cases.

Nonino et al. [67,68] analyzed numerically the eféeof viscous dissipation and
temperature dependent viscosity in both thermatig aimultaneously developing laminar
flows of liquids in straight microchannels of arbity, but constant, cross-sections. It was
shown that, both temperature dependence of viscasd viscous dissipation effects cannot
be neglected in a wide range of operating conditiém all the computations, the same values
of the Reynolds and Prandtl numbers, Re=5000 anfl &rthe reference temperature of the
fluid have been assumed.

Hung [69] performed the second law analysis tegtigate the influence of viscous
dissipation in fully developed forced convectiomr fingle-phase liquid flow in a circular
microchannel under imposed uniform wall heat fliixs found that, under certain conditions,
the effect of viscous dissipation on entropy geti@nain microchannel is significant and
should not be neglected.

Hooman et al. [70,72], analyzed theoretically thie of viscous dissipation on forced
convection, with temperature-dependent viscosityd ahermal conductivity, through
microchannels and micropipes, under isoflux wallitary condition. The analytical results
can be used for macrochannels where continuum ggsumand hence, no-slip condition is
still valid.

J van Rij et al. [71] studied numerically the effesf viscous dissipation and
rarefaction on rectangular microchannel convechigat transfer rates, subjectt® andT
thermal boundary conditions. Both analytical andnatical data indicate that effects of
viscous dissipation, flow work, and axial conductiare all significant within the slip flow
regime for thermally/hydrodynamically developingdatocally fully developed Nusselt
numbers.

Morini [30] analyzed theoretically the limit of sidicance for viscous dissipation
effects in microchannel flows. The role of the srggctional geometry on viscous dissipation
as well as the minimum Reynolds number for whidtous dissipation effects can no longer
be neglected for fluid flow in micro-channels wetetermined. It was found that viscous
heating decreases the fluid viscosity, so theiémcfactor decreases as the Reynolds number
increases.

Tunc and Bayazitoglu [73] investigated the conwexctieat transfer for steady laminar
hydrodynamically developed flow in microtubes withmperature jump at the wall and
viscous heating conditions. It was concluded thasd¢lt number takes higher values for
cooling and lower for heating.
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Turgay and Yazicioglu [74] analyzed numerically #féect of surface roughness on
convective heat transfer in two-dimensional pargllate microchannels. Slip velocity and
temperature jump at wall boundarie as well as teeous dissipation effect were considered.
It was found that the presence of axial conductiod viscous dissipation have increasing
effects on heat transfer in smooth and rough cHaneempared to cases where they are
neglected.

Jeong [75] investigated the extended Graetz prololesrflat channel including effects
of rarefaction, streamwise conduction and viscassigiation. The flow is assumed to be fully
developed with temperature developing profile. disvehown the Nusselt number decreases as
Knudsen number or Brinkman number increases aRgelet number decreases.

El-Genk and Yang [76] examined the experimentahsueements in an attempt to
guantify the effect of a potential slip on the rapd values of Poiseuille number, determined
from the pressure drop measurements in the expetsmi was concluded that the results of
recent investigations suggest that a nonslip baynakay not be valid in highly confined and
stressed flows.

Yeoun and Yogesh [77] presented the numerical rtepo conjugate heat transfer
during the optical fiber coating process in an axisietric applicator considering the viscous
dissipation. It was found that the temperature llamereased with the fiber speed due
primarily to the tremendous viscous dissipatiorhwitthe fluid at higher speeds, especially in
the die.

Judy et al. [23] investigated pressure drivenitigilow through round and square
microchannels fabricated from fused silica andnétas steel. Regarding the viscous heating
effect, the maximum rise in liquid temperature WBa&°C, found at the maximum Reynolds
number tested Re=300.

The latest research reports revealed the fact tebw the certain tube diameter
viscous dissipation can not be neglected at theastale. At some circumstances the effect
of viscous heating could affect the classic behavad the convective parameters like Nu or
Po numbers. In this chapter the numerical modedihthe simultaneously developing heat
flow in the microtubes was reported, considering tariable fluid properties and viscous
dissipation term in the energy equation. Threeedfit fluids have been considered water,
HFE-7600 and FC-70 during cooling and heating tplasize the behavior of the local Nu
and Po numbers in the presence of viscous heating.

3.1.1. Numerical details

To analyze the temperature dependent thermal ctimdwdnfluence on Nu number
behavior, the conjugate heat transfer and fluidvflehenomena were numerically solved
based on a procedure described in [24].

The computational domain is presented in Fig. 2 &sXollows:

The fluid flow domain defined at= 0, R, andz=0,L

The temperature field domain defined at 0,R, andz=0,L

The following set of partial differential equatioissused to describe the phenomena,
considering the variable thermophysical propeniethe fluids and viscous dissipation:

Continuity equation:

2(pMty) 19 pMV) _, (3.1.1)
oz r a o
Momentum equation:
I(p(Tvy) , d(p(Tyuy) __dp, 10(, — du
x  a dz+ro’r(’u(T)roTj (3.1.2)
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Energy equation:

2(p(MC,(TIVT) | F(AT)Le,(DUT) _ {”(kﬁ) T ] +a(k(T)aTH+,UE& (3.1.3)
a oz ra 0z 0z

where the viscous dissipation term is defined as:

a2 (53]

At the inlet of the tube, the uniform velocity ar@mperature field is considered, while
at the exit the temperature and velocity gradianésequal to zero.
The boundary conditions are:
z=0,0<r <Ry U=up T=Ty=To

0<z<Lli: r=0, a_u Oa—T O,v=0
or or

r=R,u=v=0
The Joule heating of the tube wall can be expdessther by the uniform heat
generation through the tube wall or by the uniféreat flux imposed on the outer surface of
the wall. For the latter case, the boundary coonlits defined as,

oT

r=Ry: =k, —

Ro q, = s r
whereq, is the heat flux based on the outer heat tramsta of the tube wall.

oT

Z2=Lt, O <r <R, —=0
0z

The conjugate heat transfer procedure, impliesctiminuity of the temperature and
heat flux at the solid — liquid interface definesj a
r =R :Ts|ri+ = Tt|r-

oT,
%) =k
or ) or i

The partial differential equations (3.1.1) — (3)1t&gether with boundary conditions
are solved using the finite volume method describdd8].

First, the parabolic flow field condition is consréd and the velocity field is solved.
The temperature field, as a conjugate heat trapstdiem, was then calculated as the elliptic
problem using the obtained velocity field. The didiow regime is considered to be a steady-
state laminar flow with variable fluid propertids.order to evaluate fluid properties (density,
viscosity, specific heat and thermal conductivitie relations for water, HFE-7600 and FC-
70 presented in [63,78] are used in the preserg.cod

In order to test the grid sensitivity, two gridsveabeen used. The coarser one with
250 cells in radial direction and 400 cells in &daection and finer grid with 500 and 800
cells inz- andr- direction respectively. Differences obtained Ifar were smaller than 0.1 %,
so the coarser grid has been used for further legions. Additionally, the numerical results
have been compared with experimental results oddary Celata et al. [65] and Rands et al.
[66] with satisfactory deviation (Fig. 3.1.2).

The following non-dimensional parameters are oleginin the numerical
computations, for water (Re=258-1684, Pr=6.4-6HE-7600 (Re=186-1130, Pr=29.3-32.2)
and FC-70 (Re=7.2-43.2, Pr=189.8-317.4). The haasfer rate imposed on the outer wall of
the tube was Q=0.5 W.

Darcy friction factor is defined by the followingjeation:

_ —(dp/d2)ID,
Pz /2

(3.1.5)
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and a Re is defined as:

Re=2!Un'D (3.1.6)
U
So, from (3.1.5) and (3.1.6) the local Po can ktainbd in the following form:
_ 2
Po= f Re=~2Hdp/d2)(D, (3.1.7)
u, Ly
While the local Nu number is defined with the éoling equation:
hID.
Nu=——-~: 3.1.8
() 318
The Brinkman number for constant wall heat fludésined as:
2
Br=tnH (3.1.9)
qLD,

1000
Experimental [3], D=0.05 mm
— Numerical, D=0.05 mm
Experimental [3], D=0.07 mm
----- Numerical, D=0.07 mm

Experimental [3], D=0.1 mm Pr-:
—100 - ~— Numerical, D=0.1 mm =
= ¢ Experimental [4], D=0.0322 mm
;2 -=-=:Numerical [4], D=0.0322 mm
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Fig. 3.1.2 The validation of the numerical codehvékperimental results [65,66] for various diameter
of the tube.

3.1.2. Results and discussion

Numerical computations were made for three diffem= 0.01, 0.1 and 0.5 and two
heat flux directions: heating and cooling. In thg.R3.1.3, the relation of Po versus non-
dimensional axial distance is presented for wdtemight be observed that Po decreases
asymptotically to the fully developed value foratilar channels. On the other hand as the Br
increases and viscous dissipation influences thie flow, the thermal entrance length is
longer. On the other hand difference between tlwiragp and heating case, for specific Br
number is observed for Br = 0.5.

In the Fig. 3.1.4 the variation of Po number forBHF600 is presented. For the heating
case the local distribution of the Po has a coneeal behavior with the fully developed
value slightly lower than a usual value for a pfjmev (Po=64). As the tube wall is cooled,
after initial decreasing, the local Po is incregsamd asymptotically is approaching the fully
developed value. The opposite behavior of these tases is explained through the
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temperature dependent viscosity. As the fluid iating the viscosity is decreasing and the
pressure gradient is decreasing along the axitdraie. On the other hand while the fluid is
cooling the viscosity is increasing and the presgwadient is increasing. Similar to the water
flow, the viscous heating is observed for the BO.2 and 0.5. For the later, difference
between the cases with and without viscous dissipag 5 %. It is observed that for cooling
with Br = 0.5, the Po has the non-heating behawatin fully developed value close to Po =
64. The plausible explanation is that viscous healias the same order of magnitude as the

external heating source.
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The similar behavior is observed for the FC-70 (Bid..5) with longer hydrodynamic
entrance length due to a very high fluid viscoskgr Br = 0.5 a deviation from the case
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where the viscosity heating is neglected is alm@s®6. Once again for the later case and
cooling of the fluid, the Po exhibits the non-hegtbehavior with fully developed Po = 64.

In Fig. 3.1.6 the Nu variation versus non-dimenalaaxial distance is presented for
water. For Br = 0 the Nu number behavior is in adaoce with the conclusions presented in
[78] regarding the effect of the fluid thermal coctvity. If the Br = 0.01 a deviation from
the case that includes the viscosity dissipatiorvasy small. As the Br is increasing a
difference is larger and for Br = 0.5 the Nu numisealmost three times larger for cooling
case. Moreover deviation is much larger for cooloage than for heating because of the
smaller temperature difference between the tubéamal fluid, in the case of cooling. Also as
the Re number increases the Nu number relatiorcdoting and heating overlaps if the
viscous dissipation is excluded.

The similar conclusions are outlined for dielecftiads HFE-7600 and FC-70 (Fig.
3.1.7 and Fig. 3.1.8). Moreover for Br = 0.5 théadetween the cases with and without
viscous dissipation is preserved for all fluids.

3.1.3. Conclusions

The effect of viscous dissipation on micro-tubeidiflow and heat transfer was
investigated for three different fluids and twofeient flux directions, heating and cooling.
The following conclusions might be outlined frone thresented results:

- The friction factor and Po are affected at Br=b Wwater and starting with Br=0.1 for
highly viscous fluids HFE-7600 and FC-70. The sameclusion is valid for Nu number
relation.

- The Nu number is higher for cooling than for a hgptase due to a lower temperature
difference as the fluid is cooling. For Br=0.5 tha number for a cooling case is about
three times higher compared with a heating cagardéess the fluid type.

- For Br=0.5, cooling case and for all fluid typesswlered, the Po number approaches
conventional fully developed value for pipe flong#64. The plausible explanation is that
the external cooling and viscous heating are ostdrae order of magnitude.

3.2. Thedeveloping heat transfer and fluid flow in micro-channel heat sink with
viscous heating effect

The miniaturization of devices in electronics inays biomedical applications or
process industry raised the interest in microchlrmeat transfer and fluid flow. The
fundamentals of the microchannel heat transferflandi flow are essential for a proper design
of these devices. On the other hand, as the stdle system is decreasing below a certain
value, some effects like temperature dependenteptiep or viscous dissipation have a
considerable influence on thermal and hydrodyndrel@avior.

Arici et al. [64] made a numerical study relateithvthermally developing the laminar
forced convection in a pipe including the wall coothnce and viscous dissipation. The
viscous dissipation is found to affect both the Iwaid bulk fluid temperature profiles.
Significant viscous dissipation effects have bebseoved for large Br. Its effect becomes
more pronounced downstream.

Koo et al. [35] studied the effects of viscous igiagon on the temperature field and
also on the friction factor using dimensional asayand experimentally validated computer
simulations for three different working fluids (vat methanol and iso-propanol) in micro-
tubes and micro-channels. The variation of tempesawith the Reynolds number was
studied for rectangular channels and there was raamenparison between the experimental
data and the computational results.
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Celata et al. [65] analyzed the issue of scalirfgcg$ that cause influential effects
when channel geometry is reduced below a certanit. [The results were connected with the
role of viscous heating in micro-channel flowss ibccurrence in the Navier Stokes equations
and also there was made an experimental valid&gioverifying it's presence in practice. The
experimental results were compared with the vadxésting in literature for compliance.

Rands et al. [66] investigated experimentally gomihar-turbulent transition for water
flow in circular microtubes with diameters in thenge 16.6-32.2im and Re = 300-3400.
The fluid temperature rise, due to viscous diggipa increases with increasing microtube
length and decreasing microtube diameter. The usdeeating-induced temperature rise is
significant, reaching 3%C in some cases.

Nonino et al. [67] analyzed numerically the effedt viscous dissipation and
temperature dependent viscosity in both thermatig aimultaneously developing laminar
flows of liquids in straight microchannels of arbity, but constant, cross-sections. It was
shown that, both temperature dependence of viscasd viscous dissipation effects cannot
be neglected in a wide range of operative conditidm all the computations, the same values
of the Reynolds and Prandtl numbers, Re=500 an8 Btthe reference temperature of the
fluid have been assumed.

Chen [79] performed forced convection flow in midnannels with viscous
dissipation effect and slip flow regime. It was folthat when the viscous dissipation effect is
considered the Nu is increasing and than reachdmél value. It also produces a noticeable
increase in the fully developed Nusselt number,

Judy et al. [23] investigated pressure driven tigtiow through round and square
microchannels fabricated from fused silica andné¢sas steel. Rergarding the viscous heating
effect, the maximum rise in liquid temperature WBa&°C, found at the maximum Reynolds
number tested Re=300.

Hooman et al. [70,72], analyzed theoretically thie of viscous dissipation on forced
convection, with temperature-dependent viscosityd ahermal conductivity, through
microchannels and micropipes, under isoflux wallitary condition. The analytical results
can be used for macrochannels where continuum ggsumand hence, no-slip condition is
still valid.

J van Rij et al. [71] studied numerically the effesf viscous dissipation and
rarefaction on rectangular microchannel convechigat transfer rates, subjectti® andT
thermal boundary conditions. Both analytical andnetical data indicate that effects of
viscous dissipation, flow work, and axial condustiare all significant within the slip flow
regime for thermally/hydrodynamically developingdatocally fully developed Nusselt
numbers.

Morini [30] analyzed theoretically the limit of sidicance for viscous dissipation
effects in microchannel flows. The role of the sr@gctional geometry on viscous dissipation
as well as the minimum Reynolds number for whigteus dissipation effects can no longer
be neglected for fluid flow in micro-channels weatetermined. It was found that viscous
heating decreases the fluid viscosity, so theifmctactor decreases as the Reynolds number
increases.

Tunc and Bayazitoglu [73] investigated the conwectieat transfer for steady laminar
hydrodynamically developed flow in microtubes witkmperature jump at the wall and
viscous heating conditions. It was concluded thasd¢lt number takes higher values for
cooling and lower for heating.

Magyari and Barletta [80] analyzed analitically laar forced convection flow of a
liquid in the fully developed region of a pipe witiscous dissipation effect and temperature
dependent viscosity.
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Jeong [75] investigated the extended Graetz prololesrflat channel including effects
of rarefaction, streamwise conduction and viscassijgiation. The flow is assumed to be fully
developed with temperature developing profile. disvehown the Nusselt number decreases as
Knudsen number or Brinkman number increases aRgelet number decreases.

El-Genk and Yang [76] examined the experimentahsueements in an attempt to
guantify the effect of a potential slip on the rgpd values of Poiseuille number, determined
from the pressure drop measurements in the expetsmi was concluded that the results of
recent investigations suggest that a nonslip baynakay not be valid in highly confined and
stressed flows.

Yeoun and Yogesh [77] presented the numerical rtepo conjugate heat transfer
during the optical fiber coating process in an yxisietric applicator considering the viscous
dissipation. It was found that the temperature llamereased with the fiber speed due
primarily to the tremendous viscous dissipatiorhwitthe fluid at higher speeds, especially in
the die.

Hung [81] performed the second law analysis tegtigate the influence of viscous
dissipation in fully developed forced convectiomr fingle-phase liquid flow in a circular
microchannel under imposed uniform wall heat fliixs found that, under certain conditions,
the effect of viscous dissipation on entropy geti@nain microchannel is significant and
should not be neglected.

The latest research reports revealed the fact ‘isous dissipation cannot be
neglected at the microscale. At some circumstatieeeffect of viscous heating could affect
the classic behaviors of the convective paramdikes Nu or Po numbers. Most of the
research reports presented above consider thedeailgloped flow and only a few of them
take into account the variable fluid viscosity amthultaneously developing heat transfer and
fluid flow.

Considering these arguments, this chapter deals wmutmerical modeling of the
thermal and hydrodynamic developing laminar fluidwf and heat transfer in the square
microchannel-heat sink for Re < 2100 and Pr= 533& variable fluid viscosity and viscous
dissipation term in the energy equation, were amred. Three different fluids have been
considered water, HFE-7600 and isopropanol durmglicg and heating to emphasize the
behavior of the local Nu and Po numbers.

3.2.1. Numerical details

The one-layer microchannel heat sink is presentedhé Fig. 2.3.1. Due to the
symmetry plane, the half cross-section of one chlamconsidered in computations. The
conventional set of the Navier-Stokes equations lbeen used for the conjugate laminar
steady state heat transfer and fluid flow, as fe¢io
The continuity equation:

ou ov, ow_,, (3.2.1)
oXx oy o0z
The momentum equation:
ou  0u ou dp (0 ou 0 u
— AV —tW— |=——+| — | Y— [+ —| U— 3.2.2
P u6x+V6y+Wazj dz+(6x(ﬂ6xj+6y(’u6yn ( )
ov  _ov ov op (0 ov) 0 ov
—tV—FtW— |=——+| — | U— |+ —| U— 3.2.3
P u6x+V6y+Wazj dx+(6x('u xj+6y(’u6yB ( )
pua_W+Va_W+Wa_\N ——@+ i(ﬂa_wj-{-i /ja_vv (324)
0x oy 0z y (ox X ) oy y o
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The energy equation (for both fluid and solid):
oT . aT _ _ aT 0°T  9°T _o°T
g; vl ew/ | =k + + +P 3.2.5
P ptﬁu ox dy Wazj (ax2 oy? OZZJ (8:29)
Where viscouse dissipation term is defined as:

2 2 2 2 2 2
dJ:,uE{ZEﬁ(au) +(6VJ +(6Wj }_(G\HWJ +(6W+6VJ +(6u+6w)} (3.2.6)
ox oy 0z ox oy oy o0z 0z 0x

The fluid properties are constant except for fiigtosity that is evaluated with the following

equations:
- for water:
t

u(t) = 26412018107 + 0.0014009¢ 310578605 (3.2.7)

- for dielectric fluid HFE-7600 [18]:
. 464'403382—2.881482

u(t) = (1587.51.7551) (10° & +133 (3.2.8)
- for isopropanol:

u(T)= 4266010772 - 3016010* [T + 5398102 (3.2.9)

The thermal conductivity of the silicon substradekd = 148 W/m K. The following
boundary conditions are prescribed for the systetheopartial differential equations:
The conjugate heat transfer procedure, impliectmtinuity of the temperature and heat flux
at the solid — liquid interface defined as,
X =W;/2: Ts ks = Tt k-

S\ ax - ox ) _

y=Ht_l_|C. T5|y+=Tf|y_

kS(EJ =kf al
0 )yy o ),

For the heate portion of the microchannel theofelihg boundary condition is defined:
y=0:
oT
O = ksa_y
Also at the inlet cross-section, uniform veloatyd temperature field are considered:
z=0:
u=upandT =T,
The upper boundary is isolated defined as:

kT =0
oy
At the outlet of the microchannel the following Ibaiary conditions are prescribed:
z= L,
a—T—O,au =0v=w=0
0z 0
At the symmetry boundary:
X =W/2 + W/2
v:O;a—W:O;%:O;a—T:O

1) o0x o0x
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x=0
a_T =0
0z
The microcahnnel heat sink dimensions are presentie table 1.

Table 1 The geometric data and working paramefeitsanicrochannel heat sink

Wi We Hc H: Lh Lt Wi q Re
pm pm um um cm cm cm  Wicny
36 50 50 100 5 5 1.5 35 200-2100

The solution procedure is based on the method iasgdl] for microtubes and on the
Finite Volume Method described in [18]. First, tlparabolic flow field condition is
considered and the velocity field is solved. Thaperature field, as a conjugate heat transfer
problem, was then solved as the elliptic problemgitghe obtained velocity field. Alsoacts
asks for silicon wall andk in the case of the fluid. At the fluid — solid irfiecek is calculated
as the harmonic mean value. The velocity-pressatpling is solved using a SIMPLER
method. A staggered grid is used for cross-streafociies with power-law discretization
scheme. The results of the grid sensitivity testorgvater and Re=2100 are presented in Fig. 2.
It is observed that a difference between a codfde30x100) and finer grid (25x40x180) is
below 0.1 % for bulk temperature and less than tb%verage wall temperature. So, the first
one is used for the rest of calculations.

45
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Fig. 3.2.2 The temperature distribution along thermheat sink for two grids.

Darcy friction factor is defined by the followingjeation:

= — P82 D (% 223[2[)“ (3.2.10)
m
and a Re is defined as:
Re=21Un!Dn (3.2.11)
U

So, from (3.2.5) and (3.2.6) the local Po can ktaiabkd in the following form:
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_ 2
Po= f Re= ~ 2Hdp/dz) (D] (3.2.12)
Upy T
While the local Nu number is defined with the feliog equation:
Nu = h""Lk[Dh (3.2.13)

Where the average heat transfer coefficient, basethe peripherally averaged heat
flux and wall temperature, is defined as:

q
have = t :
wlr
The conjugate heat transfer and fluid flow of thermschannel heat sink was analyzed

also by Li et al. [82] and Lee and Garimella [83{hwaveraged Nu.
The Brinkman number for constant wall heat fludédined as:

2
Br = M
qtDby,
The Br has the positive value for heating and negédbr cooling. The viscosity in
this case is evaluated at the inlet temperature.

(3.2.14)

3.2.2. Results and discussion

In the Fig. 3.2.3 the temperature variation aldmg microchannel has been presented
for isopropanol and conditions presented in [28uése microchannel witB, = 74.1um L =
11.4 cm and Re = 300). A difference between thdebuemperature obtained by the
numerical code and the experimental outlet temperas about 3 %. The code validation was
also made with experimental results for averagew®b viscosity based on the inlet
temperature (Fig. 3.2.4). The excellent agreemetwéen the present numerical results and
experimental results [23] is observed with a maxmifference of 3 %. In the same figure
the average Po variation with Re is presented fatewand HFE-7600. For dielectric fluid
HFE-7600 the Po is decreasing with Re but at theetorate compared with isopropanol,
because of the lower viscosity. Contrary to isoprag and HFE-7600, the Po is slightly
increasing with Re for water.

27 80

Experimental results, Judy etal. [7]
——— Numerical results, present research

Po

= Numerical results for isopropanol, present research

~—=— Numerical results for HFE-7600, present research

= Numerical results for water, present research
Experimenial results, Judy etal. [7]

0 002 0,04 0,06 0,08 01 012 100 200 300 400 500 600
z [m] Re

Fig. 3.2.3 The bulk temperature distribution aldhg Fig. 3.2.4 The Po variation versus Re for waterEHF
micro-heat sink for isopropanol 7600 and isopropanol, compared with experimental
results [7]
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The local Po distribution is presenting in thes=ig.2.5-3.2.7 for three working fluids.

It is observed that Po is decreasing along theaui@nnel due to the temperature dependent
viscosity. Moreover as the Br is increasing theld®o is increasing in case of heating.

On the other hand for the cooling case, the locaisRncreasing for low Br = -0.002.
As the Br is increasing the local Po is approachirgconstant value in the fully developed
region. It has to be stated that a fully developedis lower than the conventional value for
the square channel (Po = 56.908).

The plausible explanation for the fully develogtalat a fixed Br is related to the ratio
between the heat transfer rate due to viscouspdissn and sensible heat dispersed through
the bottom wall of the micro-heat sink. At a cartaalue of Br (or Re) the ratio between the
viscous heating and external cooling is equal tim the Fig. 3.2.8 the ratio between the heat
transfer rate from viscous heating and externatimgdor cooling) versus Re is presented.
The heat transfer rate ratio is equal to unity@tRI30 for isopropanol, at Re = 1140 for HFE
and at Re = 1800 for water.

On the other hand, the fully developed valuesoaserved for water at Re = 1800, for
HFE-7600 at Re = 1330 and for isopropanol at R&6. Dbviously these values are in the
range of the heat transfer rate ratio equal toyunit

120

Br=0,00]
Br=0,02
Br=01

HFE-7600

|
100 |

----- Br =-0,001
(-7 NEUETE SOOUED Y Br - -0,02

Po

o 0,01 0,02 -I | 0,03 0,04 0,05 0 0,01 0.02 7[ J 0,03 0,04 0,05
Fig. 3.2.5 The local Po variation along the micemh  Fig. 3.2.6 The local Po variation along the micemh
sink for water, various Br and two heat flux diiens sink for HFE-7600, various Br and two heat flux
(heating and cooling) directions (heating and cooling)

100 4
Br=-0,015
Br=-0,1
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Br=-03 —— HFE-7600
a0 F --=--Br=0,015

70 |k - § 25
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60 '|. ~ 2
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Fig. 3.2.7 The local Po variation along the micemh  Fig. 3.2.8 The merit of the viscous heating forevat
sink for isopropanol, various Br and two heat flux isopropanol and HFE-7600
directions (heating and cooling)

In the Figs. 3.2.9, 3.2.10 and 3.2.11 the perigheaveraged local Nu versus axial
distance is presented. It is difficult to compdre fully developed values for local Nu in the
case of the conjugate heat transfer due to therdift heating of the side walls. This issue is
more complicated in the presence of viscous hedlirggto the additional internal heat source.
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The peripherally average local Nu exhibits the latang layer flow approaching the
fully developed value. For water (Fig. 3.2.9) aoevIBr = 0.002 (-0.002) the local Nu is
approaching the conventional fully developedqNui3.608. As the Br is increasing to 0.01 (-
0.01) the fully developed value is still preserwéth the longer thermal entrance effect. If the
Br is increasing to 0.1 the thermal entrance letigjihcreasing and the fully developed value
is decreasing to Nu12.67. In the case of cooling Br = -0.1, both thertal entrance length
and fully developed Ny [ 5.42 are increasing. Deviation from the converaiofully
developed value is induced by the temperature réifiee between the wall and fluid, that
increases for heating and decreases in the caseobhg. As the fluid is heating, the wall
temperature increases more rapidly than a bulkl lemperature due to the combined effect
of temperature dependent viscosity and viscousirtgeatConsequently the temperature
difference is increasing as the Re or Br is inargpgand Nu number is decreasing. The
reverse case is true for the cooling case.

Lz ——Br- 0002 ,  HFE-7600 ——Br=001
. Br=0.1

________

Nu

\
\
\
.
\
\
.
.
N
...... 10
i e s S
A e L IS
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0 001 0.02 003 0,04 0,05 0 0.01 0.02 003 0.04 005
z[m] z [m]

Fig. 3.2.9 The local Nu versus axial distance fatew Fig. 3.2.10 The local Nu versus axial distanceHBE-
7600
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\
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|

walter, Re = 500
water, Re = 900
HEE-7600, Re = 500
HFE-7600, Re =900
isopropanol, Re = 500
isopropanol, Re = 900

Nu
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Fig. 3.2.11 The local Nu versus axial distance for Fig. 3.2.12 The local Nu versus non-dimensionalaxi
isopropanol distance for water, HFE-7600 and isopropanol

In the Fig. 3.2.10 the local Nu distribution alotige microchannel is presented for
HFE-7600 and various Br. The similar behavior af thcal Nu is observed for higher Br,
except for cooling cases. For Br = -0.1 the fullweloped local Ny [16.15 is obtained while
for Br = -0.3 the fully developed Null 16.53. Once again the thermal entrance length is
increasing.

The local Nu versus axial distance is presentedstipropanol in the Fig. 3.2.11. The
conventional fully developed value Ru13.608 is observed for Br = 0.01 (-0.01). If thei8r
increasing to 0.1 the fully developed {NUJ 3.17 is decreasing, while for Br = 0.3 further
decreasing of the Nul 2.5 is observed. In the case of cooling and Bi0A,-the fully
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developed Ny [05.38 is obtained while for Br = -0.3 the fully adoped Ngy [113.46 is
increasing. In the latter case the local Nu ishglygdecreasing with axial distance in the fully
developed region.

In the Fig. 3.2.12 the local Nu versus non-dimenai axial distance for water, HFE-
7600 and isopropanol versus Re is presented fowisoous heating case. The conventional
behavior of the local Nu is observed with the fudlgveloped Ny [13.608.

3.2.3. Conclusions

The numerical modeling of the simultaneously depielg heat and fluid flow in the
microchannels with effects of viscous dissipatioaswdiscussed. The special attention is
focused on a local Nu and Po for three workingduwater, HFE-7600 and isopropanol with
temperature dependent viscosity covering the r&hge 5 — 30. The following conclusions
are outlined:

- The local Po decreases with Re for isopropanoltéirB-7600 and increases for water as
the viscosity is evaluated at the inlet temperatidithe fluid.

- The local Po relation is affected by the viscoussighation for all Br. As the Br is
increasing the local Po is increasing along therasttannel as the fluid is cooled and
decreasing as the fluid is heating.

- For a certain value of Br the local Po is achievimg fully developed value as for the non-
heating case. The plausible explanation is thah#s transfer rate of the internal source
due to viscous heating is equal to the heat tramafe due to external heat source.

- In the case of thermal results there is a diffefmttavior of local Nu depending on the
heat flux direction (heating or cooling). If thauiffil is heating the local Nu is decreasing
while for cooling the local Nu is increasing. A d@vwon from the conventional value Nu
[13.608 is higher as the fluid is cooled.

4. Themicrotube heat sink with tangential impingement jet

4.1 The microtube heat sink with tangential impingement jet and variable fluid
properties

The thermal management of the electronic devices mower sources became the
challenging issue in the last decade because ¢f, Ipoiniaturization and heat transfer rate
increasing. The various cooling solutions have b@eposed using both the single and two-
phase heat transfer. Since this paper deals wdtsitigle phase heat transfer of water, only
these cooling solutions will be considered.

The advantage of the single-phase microchanneldiga is based on an increase the
heat transfer coefficient as the hydraulic diameétedecreasing. Also the channel walls are
acting as the fins that increase the heat trarssfea. For the case of the microchannel heat
sinks, the investigations are made for single lagangement [84-87] and double layer
arrangement [88-89]. The research has been madw=imgntally and numerically although
the analytical solution based on a porous model e announced [90-91]. The fractal
branching microchannel heat sink was investigateq9R]. Also, the viscous dissipation
effect and the slip flow regime were consideredrémtangular microchannel heat sinks [93-
94]. In addition, the review chapters on micro-h&aks might be found in [95].

Contrary to the microchannel heat sink, Solima 6] presented the results for the
numerical modeling made on microtube heat sink. ddrestant property laminar heat transfer
of the water through the microtubes is considelteddas found that proposed heat sink have
higher thermal resistance and requires lower pugpower compared to the microchannel

59



Habilitation thesis

heat sink for the same Re and hydraulic diameter.tl® other hand, based on the unit
pumping power, the microtube heat sink can dissiightly larger heat rate than the
microchannel heat sink.

Besides, Ryu etal [97] have presented the numemecealysis of the manifold
microchannel heat sink. It is concluded that thesthsink has better performances than the
classical microchannel heat sink, lower thermalstasce and more uniform temperature
distribution for the same pumping power. The opewion of the heat sink geometric
parameters is done to obtain the best heat tracséeacteristics.

For the microchannel heat sinks with large lertgtidiameter ratio and uniform inlet
velocity feeding of the channels, the fluid flowdathermal regime are fully developed for
almost the total channel length. As the heat teansbefficient is lower in this case, another
option is to induce flow instabilities and conseaflyeto establish developing fluid flow and
heat transfer along the channel.

Sung and Mudawar [98] analyzed the hybrid jet mypment microchannel heat sink
in turbulent heat transfer and fluid flow. It wdsogvn that the vorticity has the large influence
on a zone outside the impingement jet. The stroatiachment of the fluid flow to the heated
surface for higher Re is observed. It was also gsegd the improved design of the heat sink
based on the optimized analysis that lowers th@éeature distribution of the heated surface.

Following this review of the cooling solutions dséor electronic and high power
devices, the microtube heat sink with impingemeitig analyzed. To extend the benefits
from the fluid flow attachment to the tube wallgetinlet impingement jet is tangentially
positioned to the microtube.

4.1.1. Problem description and numerical details

The microtube heat sink assembly proposed for nigaleainalysis is presented in the
Fig. 4.1.1 and dimensions are given in table Imight be observed that feeding of the
microtube heat sink is realized through the gapthertop surface of the heat sink. The cross
section of the microtube with the inlet channgbiissented in the Fig. 4.1.2. It can be noticed
that the microtube is thermally and hydrodynamycalymmetrical with respect to the
boundary positioned at the half-length of the migbe. So, only the left part of the microtube
is analyzed. Lelea etal [24] and Lelea [34,46] hanalyzed numerically and experimentally
the laminar heat transfer and fluid flow of the erathrough the single microtube and
concluded that conventional theories are applicablde microtubes with diameters down to
100 um. Also the Reynolds analogy might be applied fifiecent fluid flow configurations
as mentioned in [99,101]. For the phenomena ocuyirin this case, the set of the Navier-
Stokes equations can be used, as follows:
The conservation of mass

M =0 (4.1.1)
0X
The conservation of momentum
o\uj Cp [ ou;
bitpg)__op, o s (4.1.2)
0% 0x 0% | 0%

The conservation of energy
dlptep W T) o ( GTJ

0% 0Xj

x (4.1.3)

60



Habilitation thesis

inlet outlet

bt Al )
Lo00o

Zutlet #

== o

Fig. 4.1.1. The microtube heat sink assembly véatigential impingement jet
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Fig. 4.1.2 The single microtube geometry

For the micro-tube heat sink presented in thisepaphe following boundary
conditions are settled:

= The fluid flow is stationary, incompressible anthlaar;
= The fluid properties were considered as temperatependent with following equations:

Dynamic viscosity:
t
u(t) = 2.641201810™4 +0.0014009¢ 310578605
Density:
plt) =100001f1-— 1 +2889414 4 5ga6q2
5089292 [{t + 6812963
Thermal conductivity:
k(t) = -0.58166+ 6355010 [T — 796410 [T?
Specific heat:
c, (t) =89589 - 40535(T +0.11243T? - 1014010 (T°
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Table 1 The geometry, thermal and flow conditiohthe micro-tube heat sink

B, cm H, um L,cm ben, 1M Lch, mm hep, 1M
1 500 1 150 1 50
Wi, M Dj, um N M kg/s Re -IEH
350 300 27 1010° 212-2335 293

11010°

= The viscous dissipation is neglected because dbthdlow rates;
= The uniform velocity field and the constant tempema are imposed at the channel inlet,
while at the outlet the partial derivates of thdéoegy and temperature in the stream-wise
direction are vanishing;
= The conjugate heat transfer between the solid ladl ffow is considered and the no-slip
velocity conditions at the solid-fluid interface;
The conjugate heat transfer procedure, impliectmtinuity of the temperature and heat flux
at the solid — liquid interface defined as,

X=R Ts|re = Tt |r-

oT
o]
X X Ja_
Y=R Tslre = Tt &

oT
ke aTs :kf T
oy 0 g

Also at the |nlet cross-section:
=R +h,;R -b, <x<R;0<z<L,/2
M = Min, andT = Tin
All the outer surfaces of the heat sink are ingdaxcept the bottom one in contact
with the chip:
y=-[H-(D, +h,)+R];-w,_ /2<x<w, /20<z<L/2

oT

=k
g=Ks—— dy
At the outlet of the microtube the following bowamnyg conditions are prescribed:
z=L/2
@zo’a_vvzo’a_uzo,a_-r:o
0z 0z 0z 0z
At the symmetry boundaries:
z=0
N, Mo, M. 9T -
62 0z 0z 0z
X=xW,/2

VoMo Mo, g
0X 0X 0x 0x
The set of the partial differential equations glomith the boundary conditions are

solved using the Fluent commercial solver [102hwitethods described in [18]. The Simple
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algorithm is used for the velocity-pressure coupbolution and second order upwind scheme
for equations discretization. The under-relaxafamiors are used for pressure field € 0.3)
and momentum conservatioro(= 0.7 ). The convergence criterion is defined as:

- > cells P2 nb anb Fhb +b-apep|

(4.1.4)
2. cells P‘ap¢p‘
320 T T T T T T
— — Meshrr. 1 I I
315 [ A Mesh e, 2 sl s ]
310
M a8
By
T S S e s R R B ]
0 | | i i j
0001 i 0001 0.002 0.003 0.004 0.005 0.008

£ ]

Fig. 4.1.3 Grid independence test

The residuals for velocity components and contingiuation were 10 and for
temperature field I Three different grids have been used to tesgtftesensitivity, 1(414
cells at each cross-section, 200 subdivisions ial ahrection with total of 82800 cells), 2
(646,250,161500) and 3 (1020,313,319260). In Fid.34is presented the temperature
distribution at the centerline of the heat sinkitwot surface for these three grids. A difference
between the grids 2 and 3 is about 1.5 % alonguxiad direction, so the grid nr. 2 is used for
further calculations.

4.1.2. Results and discussion
The results obtained for velocity, pressure andotature filed are used to calculate

the main heat sink parameters like thermal resistaand pumping power. The thermal
resistance is calculated as:

R:w (4.1.5)
while the pumping power is defined as:
II=M ﬁ (4.1.6)
P

The pressure difference is calculated as a difterdretween the average values at the
inlet and outlet cross-sections:

AP = pin — Pout 4.1.7)
Also the Re is defined as:
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4[(M /2)
D
In the Fig. 4.1.4 the temperature distribution iesented along the heated surface for

circular impingement jet heat sink and classic lsa@at with front inlet cross-section, and low
pumping power’7 = 0.003 W. It can be observed that maximum tentpezas lower for the
jet impingement microtube heat sink=313.21 K for constant fluid properties ahd 311.13
for variable fluid properties) against the clasB&at sink 7=324.14 K). On the hand, the
temperature difference along the heated surfabggtser for the classic microtube heat sink
(AT=19.2 K) than the jet impingement microtube heak SAT=9.6K for constant fluid
properties andA\T=7.8 K for variable fluid properties). In the jehpingement region the
temperature is almost constant, while in the oetsedion the temperature variation exhibits
almost the boundary layer behavior. It means thiavéry low pumping powers or mass flow
rates, the jet zone impingement has negligibleuerfite on outside region toward the
microtube outlet cross-section.

Re= (4.1.8)

A ; ! T ) ; '

UL VR . wiewbrhe Reatsitk. L W T 1

Jet url;-ugen&:rﬂ nu.cmebe

; i beat sink (variahle properties)

o o TR ................ ............... ; ................. ................ _. ................ 4
: i Jet itpingerment Hucrobibe :

L heatsink [constait properties]
a0 b : : '
s [
e w1 1 1 1 1 | 1
-0.002 i) oo 0004 0.006 0002 0.1 0.1z
=[]

Fig. 4.1.4 The temperature distribution at thedratheat sink surface along the fluid flow 1Gr=
0.003 W and two different configurations

In the Fig. 4.1.5, the temperature distributiomaglthe centerline of the heated surface
is presented for two arrangements and higher pummgiower. Once again the jet
impingement configuration has both lower maximumperature T=304.84 K for constant
fluid properties and=304.39 for variable fluid properties) and lowemfeerature difference
(AT=2.5 K for constant fluid properties add=2.23 K for variable fluid properties) against
the classic microtube heat sink=312.82 K) and AT=9.8 K). In this case temperature
behavior of the jet impingement heat sink has tejmasate zones outside the jet impingement
region, each one with variation similar to boundayer behavior. This means that the swirl
flow created in the jet impingement zone has thpaich on a downstream portion of the
microtube.
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Fig. 4.1.5 The temperature distribution of a bottoeat sink surface along the fluid flow for=
0.055 W and two different configurations

In the Fig. 4.1.6, the thermal resistance versusging power is presented. Following
these observations, it is obvious the thermal t@sce for jet impingement microtube heat
sink is lower than the thermal resistance of tlassit microtube heat sink for the whole range
of the pumping power.

0.45 ! ; : ,

; === circular jet-impingement(constant properties)
i PR et sttt Bt tpgii s st My i iz lar Jet-impingement
’ : —HB— wircular heat sink

wariable propertiesy ]

LT[

Fig. 4.1.6 Thermal resistance R versus pumping pfovahree different cases

The fluid viscosity distribution at the outlet ceasection for various mass flow rates is
presented in the Fig. 4.1.7. For the low flow reaesl higher outlet temperatures there is a
large variation of viscosity along the cross-settids it is expected the lower viscosity is
observed near the tube wall. For the higher masg rfates the swirl flow creates the higher
mixing of the fluid and more uniform viscosity.
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The similar conclusion might be outlined for a dgndistribution (Fig. 4.1.8) at the
outlet cross-section. For lower mass flow ratestaiger temperatures the variations in fluid
density is observed from tube wall to the axis. €y to one that might expect, the portions
of the fluid with higher density are not pushed &ogl the tube wall because of the lower
variations in fluid density.

In Figs. 4.1.9 and 4.1.10, the fluid path lines fwo different mass flow rates are
presented. It is observed that for the low flowesathe swirl flow is created without mixing.
The flow behavior is similar to the boundary lagee, except for the inlet portion of the tube.
For the higher flow rates the swirl flow createdthg tangential fluid inlet, increases the fluid
mixing and heat transfer coefficient.
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Fig. 4.1.7 The viscosity distribution at the outtedss section of the microtube for various mass fl
rates
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Fig. 4.1.8 The density distribution at the outhleiss section of the microtube for various mass flow
rates
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Fig. 4.1.9The axial velocity path lines for single microtuiass flow rate
M =10 10° kg/s
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Fig. 4.1.10The axial velocity path lines for single microtuinass flow rate
M = 80 10° kg/s

4.1.3. Conclusions

The numerical modeling of the tangential jet im@ngent microtube heat sink is
presented. The obtained results for temperaturevalutity fields are used for performance
evaluation against the classic microtube heat smterms of thermal resistance and pumping
power. It is concluded that both, lower peak terapge and lower temperature difference are
associated to jet impingement heat sink. Thereforeadditional effort regarding the inlet
manifold is fully justified considering the thermagnefits.

On the other hand, the fluid viscosity has a giefitence on a temperature and
velocity field and thermal parameters of the héak.sThis observation is valid for the lower
flow rates and higher temperatures. Due to thelsraahtions in fluid density, the portions of
the fluid with higher density are not pushed towtel tube wall.

4.2 Effects of inlet geometry on heat transfer and fluid flow of tangential micro-heat sink

The comfort of everyday life implies the miniatw@iion of devices like computers or
optoelectronic installation. The high power devicsed in defense electronics or alternative
energy resources are also the subject of this tréhd thermal management of high heat
fluxes dissipated by them became the challengisigeisn the last decade and still is a high
interest topic. Since the Tuckerman and Peased®pgriment, the micro-channel heat sink
became a very attractive solution for thermal managnt of the high heat flux devices. It
combines two modes of heat transfer: increasing tnaasfer coefficient by decreasing the
channel diameter and heat conduction through thara walls. Although the heat flux was
high, q = 780 W/cn, disadvantages like large temperature differemeetigh pressure drops
are encountered.

To optimize micro-channel heat sink performancésge number of the reports were
announced, both for single layer [103-106] and dubyer or stacked microchannel heat
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sinks arrangements [107-108]. Xu etal [109] pre=enthe three-dimensional numerical
simulations of conjugate heat transfer in converatioand interrupted microchannel heat
sinks. It was observed that the heat transfer wémreced remarkably for the interrupted
microchannel heat sink than the conventional one.dtal [110] presented the improved
design of fractal branching channel net used faliog of rectangular electronic chip. It is
found that the best total branching levels is 7ardigss the mass, pressure drop or the
pumping power. If the surface area for coolingixed, the optimum ratio of length to width
is 1.87. Hooman [111] presented the fully develop@eted convection in a rectangular
microchannel filled with or without a porous mediufthe micro-heat sink was investigated
analytically based on the Fourier series approHlalias found that for each aspect ratio, Nu
increases with Pr and this effect becomes morecomered as Kn increases. Gurrum etal
[112] reported the thermal enhancement analysiph@se change materials enclosed inside
copper microchannels within semiconductor devi&st and Beskok [113] announced the
new micro-heat spreader concept for efficient fpanisof large, concentrated heat loads
utilized in various thermal management applicatianainly in electronic cooling. Sobhan
and Garimella [29] presented the critical reviewnoicrochannel heat transfer and fluid flow.

Although most of the configurations consider thetamgular cross-section of the
channels, Kroeker etal [96] presented the numemsastigation regarding the pressure drop
and thermal characteristics of heat sinks withuténc micro-channels. The constant property
laminar heat transfer of the water through the atidves is considered. It was found that
proposed heat sink have higher thermal resistamce raquires lower pumping power
compared to the microchannel heat sink for the samand hydraulic diameter. On the other
hand, based on the unit pumping power, the miceotuat sink can dissipate slightly larger
heat rate than the microchannel heat sink.

As the heat transfer coefficient is lower for a baary layer flow in microchannels,
the solutions that include thermal and hydrodynadssturbance of the fluid flow might be
benefic for thermal performances of the heat sink.

Sung and Mudawar realized a series of experimardsnamerical investigations on
hybrid microchannel heat sink that combines theliogoimprovements of micro-channel
flow and jet impingement. The single [98] and npi#ijet slots [43] have been investigated,
as well as the single phase and two-phase heaféraiThe heat flux of = 1127 W/crfi has
been achieved without incurring CHF.

Lelea [116] analyzed a micro-heat sink with impimgat jet positioned tangentially
to the tube at the middle of the microtube. Theewatas used as the working fluid and
laminar regime (Re < 1000) was considered. drer 100 W/cni the temperature of a sink
bottom wall was almost uniform with maximum temgera of T = 304 K.

It has to be noticed that heat transfer enhancemietite turbulent flow inside the
tubes applying the tangentially injection of the aias reported by Dhir and Chung [114]. In
this case, six injectors are placed at the inléheftube. It was found an average heat transfer
enhancement of 35 — 40 % on a constant pumping pbasss. It was observed that a high
maximum axial velocity near the wall produces higheat flux from the wall. Moreover high
turbulence level in the middle region of the tubwroves mixing and, thus, the rate of heat
transfer.

The heat transfer enhancement of the pipe flow whth swirl injected fluid was
investigated experimentally by Gul [115]. The tul@meter and length werg B 20 mm and
L = 1 m while the tube wall was electrically heatédwas found an increase in the Nu
number by 60 % and the augmentation of heat traistbe function of the tangential to total
flow momentum ratio and Reynolds number.

The present report presents the geometric optiroizaif the micro-heat sink that
leads to the optimal thermal performances base@ gonstant pumping power. The tube
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diameter considered in this research vijzs= 900 um as well as four different inlet
rectangular cross-sections were analyzed. Bestdesfundamental analysis regarding the
mechanism of the heat transfer enhancement wasrpedl, based on an axial and tangential
velocity fields.

4.2.1. Problem description and numerical solution
4.2.1.1. Numerical details

The microtube heat sink assembly proposed for nigaleanalysis is presented in the
Fig. 4.1.1. It might be observed that feeding &f mhicrotube heat sink is realized through the
gaps on the top surface of the heat sink. The cseston of the microtube with the inlet
channel is presented in the Fig. 4.1.2. The gegméiow and thermal conditions are
presented in the table 1. In the table 2 the dimessof the four inlet cross-sections are
presented. It has to be stated that for the miead-Bink withD; = 300 um the inlet cross-
section has the dimension of the case 3. The gepnieiv and thermal conditions for micro-
heat sink withD; = 300 um are presented in [18]. It can be noticed thatrterotube is
thermally and hydrodynamically symmetrical withgest to the boundary positioned at the
half-length of the microtube. So, only the left tpaf the microtube is analyzed. Lelea etal
[24] and Lelea [46,116] have analyzed numericaliyl @xperimentally the laminar heat
transfer and fluid flow of the water through theéxgle microtube. It was concluded that
conventional theories are applicable to the midresuwith diameters down to 1Q@n. So the
set of the Navier-Stokes equations can be usedalyze the present phenomena, as follows:
The conservation of mass

M =0 (4.2.1)
0X
The conservation of momentum
dl\u, Cp [, ou.
bipm) o, 0 p—r (4.2.2)
0X; ox; 0x " 0%

The conservation of energy
olplep W 7) i(k aTj

= - (4.2.3)
0Xi ox | 0x%

For the micro-tube heat sink presented in thisepaphe following boundary
conditions are settled:
= The fluid flow is stationary, incompressible anthlaar;
= The fluid properties were considered as temperatependent with following equations:
Dynamic viscosity:

t
u(t) = 26412018104 +0.0014009e 310578605
Density:

p(t) =100000)1- t +2889414
5089292t + 68.12963 [ft — 398632

Thermal conductivity:

k(t) = ~0.58166+ 63550107 [T — 7964107 [T>
Specific heat:

c, (t) =89589 - 40535T +0.11243T> - 1014010 [T°
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Table 1 The geometry, thermal and flow conditiohghe micro-tube heat sink with tubBs
=9004m

Di; = 900um
B, cm H, tm L, cm ber, Lam Lep, MM her, Lam
1 1500 1 225 and 450 1and?2 150
Wi, M D;, ym N M ka/s Re -:-(i”
35(10° -
1050 900 9 68010° 400 - 1000 293

Table 2 Dimensions of the inlet cross — sectiomi@ro-heat sink with tubd3; = 9004m

D; = 900um, Dimensions of the inlet cross - section

case 1 case 2 case 3 case 4
bep, gm 225 225 450 450
Lcn, mm 1 2 1 2

= The viscous dissipation is neglected because dbthdlow rates;
= The uniform velocity field and the constant tempar@ are imposed at the channel inlet,
while at the outlet the partial derivates of thdog#gy and temperature in the stream-wise
direction are vanishing;
= The conjugate heat transfer between the solid kamdl ffow is considered and the no-slip
velocity conditions at the solid-fluid interface;
The conjugate heat transfer procedure, impliectmtinuity of the temperature and heat flux
at the solid — liquid interface defined as,

X=R Ts|r =Tt |r-

S\ ax R+ ox R—

V=R Tslre = Tt |r

oT
ks(&j =k f _f
ay R+ ay R_

Also at the inlet cross-section:
y=R +hch; R -Weh <x<R;0<z<lch/2
All the outer surfaces of the heat sink are ingalaexcept the bottom one in contact
with the chip:
y=-H - (Dj +heh)+ R |;-Wm < x<Wm;0<z<L/2
oT

= Ke —
gq=Ks dy
At the outlet of the microtube the following bowamg conditions are prescribed:
z=1L/2
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@:O;a_wzo;a_uzo;a_T:O
0z 0z 0z 0z

At the symmetry boundaries:

z=0
@:O;a_wzo;a_uzo;a_T:O
0z 0z 0z 0z
X=xW,/2

@:O’G_V\I:O’a_uzola_-rzo

(6) [6) 0X 0X

The set of the partial differential equations wile boundary conditions are solved
using the Fluent commercial solver [102] with methodescribed in [18]. The Simple
algorithm is used for the velocity-pressure coupbolution and second order upwind scheme
for equations discretization. The under-relaxafamtors are used for pressure field € 0.3 )

and momentum conservation & 0.7 ). The convergence criterion is defined as:
=¥ - 2. cells P‘Z nb anb [ghp +b - ap¢p‘
2. cells P‘apqﬂp‘

(4.2.4)

The residuals for velocity components and contingiuation were 190 and for
temperature field I8 Two different quasi-structured grids have beeedu® test the grid
sensitivity, Mesh 1 with total of 247842 cells ak@sh 2 with total of 583625 cells. In the
Fig. 4.2.3 the temperature distribution at the edime of the heat sink bottom surface is
presented for these two grids. For a grid indepecel¢éest case 3 was considered with a mass
flow rate of a single micro-tubkl = 1.210° kg/s. A difference between these two grids is
lower than 1 % along the axial direction (Fig. 8)2.so the mesh nr. 1 is used for further
calculations.

325

Mesh nr. 2
Mesh nr. 1

T [K]

315 |

310 : :
-0,001 0 0,001 0,002 0003 0004 0005 0,006
Z [m]

Fig. 4.2.3 The grid independence test
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4.2.1.2. The experimental validation of the nunamuodel

In the absence of the experimental results fomthel concept of the micro-tube heat
sink presented in the paper, the validation of mluenerical model was made with the
experimental results obtained for water flow thiodige tube with tangential injections of the
fluid [115]. The length of the test section was= 1 m, a tube diamet&; = 20 mm with a
wall thickness of 0.7 mm, the injections diameter 4 mm with a length af= 25 mm. The
turbulent fluid flow regime was imposed with Re 40B0. The thermocouples used for
determination of the wall temperature are locatedla= 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9, 1. The schematic presentation of the testiseds presented in the Fig. 4.2.4. The
uniform velocity is imposed at the inlet cross-gmtd while at the exit the velocity gradients
are vanishing in the axial direction. Also, the jcgate heat transfer problem is considered.
The swirl intensity was expressed as a ratio betvihe momentum of the injected fluid to
the momentum of the total axial flow:

2 2
m. i

M, _ (—'j [ﬁﬂj Pind (4.2.5)

M; m; d, N;
where the momentum of the injected fluid is expedsss:

m2
M, =— 1 (4.2.6)
midi Cp/4

and the tangential momentum of the injected flgidefined as:

M, =M, [siné (4.2.7)
while the momentum of the total axial flow is cdated with the following equation:

2

L S
M- 5
D [pl4
The experimental results used for validation of nlsenerical model have considered
the ratio M; / Mt = 11.705. The governing equations are the NavieBtekes partial
differential equations with standakes model:
Continuity equation:

(4.2.8)

M =0 (4.2.9)
0X
The conservation of momentum
olu tpm;) __ap , o ou,
- | (u+ ) — 4.2.10
o x| KA, (4.2.10)
The conservation of energy
olple, W, [T
o, ™) _ o (k+ 5oy OT (4.2.11)
08 0X, Pr. " 0x
where is a turbulent viscosity defined as:
C k?
L :% (4.2.12)
The turbulent kinetic energy equation:
Ao k) _ 9 k+ 2y %) 6o (4.2.13)
0X; 0X; g, 0X

where the production of the turbulent energy israbef as:
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G=-pyu, —- (4.2.14)

The dissipation rate of the turbulent kinetic eerg

2
oo ) =i((k+ﬂ)ﬁj+q Gf-c,pd- (4.2.15)
0X; 0X; g, 0X k k

The constants used in the above equations havieltbeiing values: G = 1.44, G =
1.92, G = 0.09,0¢ = 1.0,0. = 1.3 and Rr= 0.85. The total number of 410066 nodes have
been used for numerical computations (Fig. 4.2G)nsidering the uncertainty for Nu
number of 7 % [115] a good agreement between tiheenagal and experimental results are
observed in the Fig. 4.2.6.

The second validation was made with the resultainbd by Bowers and Mudawar
for micro-tube heat sink with lateral feeding o&tmicro-tubes [117]. The micro-heat sink
assembly, made of nickel, has the length 28.6 mm, tube diamet&; = 510um and R-113
as the working fluid. Only the central part of teat sink (10mm x 10 mm) was heated. The
micro-heat sink is basically the same as the oesgmted in the Fig. 1, except the absence of
the impingement inlet cross-sections. The structumemerical grid with 268320 nodes was
used. Although the scope of the research was tbephase heat transfer a few data at the
beginning of the heating were in the single phaggne. Temperature difference presented in
the Fig. 4.2.7, is a difference between the tentpezaat the top of the micro-tube (midway
between the inlet and outlet cross-section) anengérature at the inlet cross-section. The
very good agreement between the experimental amencal results is observed, considering
the uncertainties of the wall heat flux (Fig. 4)2 &s described also in Kroeker etal [96] the
uncertainties are expressed through the differbeteeen the heat flux measured electrically
and a sensible heat determined by the heat baénaion.

Liot
Ly

Fig. 4.2.4 The schematic presentation of tHgg. 4.2.5 The grid of the physical domain usedhi

experimental installation used in [115] experiment [115]
600 100
* experimental |je‘sllllr5 _!2|(l\ ® experimental results [25]
- present numerical results present numerical results
M‘ / Mr = 11705 V=64 ml/min
Re = 24030
00 0=90° =
5 ' 2 0
300 s‘:‘_
200
100
] 0,2 04 08 08 1 1.2 i 1 10 100
x/L AT[K]

Fig. 4.2.6 The experimental validation of th&ig. 4.2.7 The experimental validation of the
numerical model with results presented by Gul [115] numerical model with results used in Bowers and
Mudawar [117]
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4.2.2. Results and discussion

The performance evaluation of the micro-heat siskpresented in terms of the
temperature distribution along the bottom wall lobee a fixed pumping power, for various
inlet cross section geometries. To make the insigkitermal results, the axial and tangential
velocity distributions are presented at differexiahlocations. It has to be noticed that the
heat flux was the same for all rumss 100 W/cni with inlet temperaturd;, = 293 K.

The pumping power is defined as:

=M (4.2.16)
P
while the local Nu number is calculated as:
Nu =D, (4.2.17)
Ky
whereh is the local heat transfer coefficient defined as:
=4 (4.2.18)
TW _Tb
Also the Re is defined with the following equation:
Re=2(M72) (4.2.19)
7D,

In the Fig. 4.2.8 the temperature distribution gldime bottom wall of the heat sink is
presented foD; = 900 um and four different inlet cross-sections basedaofixed total
pumping power (for 9 micro-tubed) = 0.02 W. It might be observed that the lowest
temperature is obtained for case 3 (inlet channdthathat covers half of the tube cross-
section and shorter length,,=1 mm) Tpmin = 313.2 K andAT = 10.17 K. The highest
temperature is observed for case 2 (inlet chanrdthvthat covers the quarter of the tube and
longer lengthLc= 2 mm) Trin = 315.6 K andAT = 10.7 K. Cases 1 and 4 lies between these
two cases.

The explanation for this thermal behavior of themmheat sink might be found from
the axial and tangential velocity distribution meted in the Figs. 4.2.9 and 4.2.11. Velocity
distributions are presented for the mid plane xm @t various axial locations. Fbr = 0.02
W the axial velocity distribution has the similaehavior for all cases. Contrary to the
boundary layer flow, the axial velocities are highear the tube wall and lower in the core of
the fluid flow, regardless the axial location. e ther hand, the maximum axial velocities
near the wall are observed near the impingemeng £pn= 0.001 m). After that, the axial
velocity close to the wall decreases and increasdise core flow. If the magnitude of the
axial velocity is analyzed, it might be noticedtthi@d highest axial velocities are realized for
case 3 = 2.7 m/s) akz = 0.001 andu = 1.7 m/s az = 0.002 m. For the rest of the axial
locations axial velocities are aroumd= 1 m/s. The axial velocities for case 2, havihg t
worst thermal performances, are arourrd 1 m/s, regardless the axial location.
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Case |
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Flgure. 4.2.8. The temperature var|at|on_ along trI‘—‘fgure 4.2.9. The axial velocity distribution atpthe
centerline at the bottom wall of the heat sinkfbF \be radius at the midline x = 0 and various axial

0.02W locations forD; = 900um.

-----

case 1
case 2

case 3 T
1 case 4 <
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M=002W
v, = 6.06ms
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Figure 4.2.11. The tangential velocity distribut@ong
the tube radius at the midline x = 0 and varioxisla
locations forD; = 900um.

o fms]

Figure 4.2.10. The axial velocity distribution afpn
the centerline of the microtube fBy = 900um andrl
=0.02 W.

It can be noticed that reversed flow is estabtishethe core of the tubeu(< 0),
except for the case 4 with a wide and long crostiese The reversing is vanishing as the
flow is going downstream. Dhir and Chung [114] répd the same observation for the
tangential injection of the air. The same conclasitight be outlined from Fig. 4.2.10 where
the axial velocity distribution along the fluid flois presented at the axis of the tube. It is
observed that for the narrow inlet-cross-sectidres riegative velocities are higher. For the
wide and long cross section (case 4) the reveteedi$ not established.

In the case of the tangential velocities, they @gereasing downstream for all four
cases (Fig. 4.2.11). Due to the swirl motion of filséd, the higher tangential velocities are
observed near the tube wall and decreases towa&dulie axis. The higher tangential
velocities are observed for cases 1 andid=< 1,5 m/s) while for cases 3 and 4 tangential
velocity isur = 0,5 - 1 m/s. Moreover for all cases, the reweiff@wv is observed in the core
of the tube r< 0) .
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Figure 4.2.12. The axial velocity distribution agpthe Figure 4.2.13. The tangential velocity distribution
tube radius at the midline x = 0 and various axiglong the tube radius at the midline x = 0 andovar
locations forD; = 300um. axial locations foD; = 300um.

" —— impingement sink, D=0.3 mm M=0.02W
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Figure 4.2.14. The temperature variation along tigure 4.2.15. The local Nu distribution along the
bottom wall of the micro-heat sink for two diffetenbottom line of the microtube fdd; = 900um andr =
micro-tube diameters ard = 0.02 W. 0.02 W.

For the case of the lower diameter micro-tulizs: 300um, the axial velocities are
representing in the Fig. 4.2.12 for total pumpingwpr (27 micro-tubes)J1 = 0.02 W.
Compared to the microtubes wih = 900um it can be observed a different axial velocity
distribution. Due to the lower cross-section thsr@o reverse flow in the core of the fluid
flow where the highest velocities are observed. éduer, the highest velocity gradients are
observed at the bottom tube wall. For tdiaf 0.02 W the maximum = 2.2 m/s is obtained
near the tube ex#=0.005 m.

The tangential velocities, presented in the Fi.18, exhibits the same behavior as in
the case of the larger micro-tube diamegr= 900 um. The tangential velocities are
decreasing downstream toward the tube exit cros#ese Also these are lower near the tube
axis and higher near the tube wall.

In the Fig. 4.2.14 the axial temperature distributat the centerline of the bottom wall
of the sink is presented for two diametBfs= 300 and 90@um. Once again it has to be stated
that comparison is made for fixed total pumping po@® micro-tubes fob; = 900um and
27 micro-tubes fob; = 300um). For both diameters the tangential micro-haat bias better
thermal performances than the conventional microlseg with lateral inlet/outlet cross
section. Moreover the impingement heat sink with = 300 um has lower minimum
temperature Tmin = 305 K ) compared with impingement heat sink vidth= 900pum (Tmin =
313.2 K) with approximately the same temperatiiferénce.
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In the Fig. 4.2.15 the local Nu distribution alotigg bottom line of the microtube is
presented for different inlet cross-sections arddipumping powelll = 0.02 W. The general
outcome is that Nu has the highest values in th@nigement zone and decreasing towards
the outlet of the microtube. Because of the rotatiomotion of the fluid the Nu varies
oscillatory. Moreover, the highest Nu in the impgngent zone are observed for cases 3 and 1
with narrow cross-sections.

4.2.3. Conclusions

The numerical modeling of the micro-heat sink vitie tangential impingement jet is
realized to optimize the inlet cross-section geoyéthe four different cases are considered
as well as two diameters of the micro-tube. Thifahg conclusions might be outlined:

- For the case of the higher diameter, the besttseanld lowest temperatures are obtained
for the case 3=225um andL¢=1 mm).

- The axial velocities are higher near the tube \aalll decreases in the axis of the tube.
Also the reverse flow is observed in the core eftiibe.

- On the mechanism of the heat transfer, it has tenbpghasized that the acceleration of the
fluid flow and higher axial velocities near the ¢ulwall are responsible for the heat
transfer enhancement. For the case 3, the axiatitiels are the highest with relatively
lower tangential velocities. The tangential vel@estare approximately at the same order
of magnitude for all cases considered.

- In the case of the lower diameter of the tube tkial aselocities are much higher that
tangential velocities and in this case it has thevaling influence on heat transfer
augmentation. It is also interesting that, dueht® fbwer space the axial velocities are
higher in the core region. In addition, the steepekcity gradients are observed near the
bottom tube wall.

4.3. Thetangential micro-heat sink with multiplefluid inlets

Following the research on tangential micro-heak $i18,119], the analysis on number
and position of the inlet jets is made in the faflog chapter. The results obtained for
multiple inlets are compared with single inletgeta fixed pumping power basis.

4.3.1. Problem description and numerical solution

The microtube heat sink with multiple tangentidéts is presented in the Fig. 4.3.1. It
might be observed that feeding of the microtubet ke is realized through the multiple
gaps placed on the top surface of the heat sirn @&B.1a) while the cross section of the
single microtube with the inlet channels is presdnh the Fig. 4.3.1b. The geometry, flow
and thermal conditions are presented in the table the same table the dimensions of the
four cases with various numbers and positions @fitket cross-sections are presented. It can
be noticed that the microtube is thermally and bgginamically symmetrical with respect to
the boundary, positioned at the half-length of thierotube. So, only the left part of the
microtube is analyzed. Lelea [118,119] and Leled 4] have analyzed numerically and
experimentally the laminar heat transfer and fldmv of the water through the single
microtube. It was concluded that conventional tlesoare applicable to the microtubes with
diameters down to 100m. So the set of the Navier-Stokes equations camsbd to analyze
the present phenomena, as follows:

The conservation of mass
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olotu) _ (4.3.1)
0X;
The conservation of momentum
ol\u, Cp Jdu.
olutpm)_ ap, o iy (4.3.2)
0X; ox; 0%\ 0x
The conservation of energy
olore, ) _ o (| T (4.3.3)
0X; ox; | 0x
y
= inlet outlet
. P g
Z/g‘ / 7 IH
7 N2 —47 p
ol 3
Q/@/@Q L
outlet’

a) The microtube heat sink assembly

I*___Symmetry

inlet ¢ 4

b) The single microtube geometry

Fig. 4.3.1 The microtube heat sink with multiplagantial impingement jets

Table 1 The geometry, thermal and flow conditiohghe micro-tube heat sink with tubBs
=900m

D; = 900um, The geometry, thermal and flow conditions

81 cm H; /Jrn L1 cm bCh1 /'Irn LChl mm hCh1 /'Irn
1 1500 1 450 1 150
Wi, M D;, um N M ka/s Re Tin
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K
1050 900 9 1210* 821.8 — 885.2 293
D; = 900um, Positions of the inlet cross - section
case 1 case 2 case 3 case 4
[, mm 3.25 2.5 1.75 1.5
[5, mm - - - 3.25

For the micro-tube heat sink presented in this paplee following boundary
conditions are settled:
= The fluid flow is stationary, incompressible anthlaar;
= The fluid properties of the water were considerexd tamperature dependent with
following equations:

Dynamic viscosity:
t

4(t) = 2.641201810°* +0.001400g@ 31057605

Density:
t + 2889414
t)=100000)11-
o) EE 5089292 [t + 6812963 [ﬂt—3.98632J

Thermal conductivity:

k(t) = 058166+ 635510° [T — 7964010° [T>
Specific heat:

c,(t) =89589 - 40535T +0.11243T2 - 1014010 [T?

= The viscous dissipation is neglected because dbthdlow rates;
= The uniform velocity field and the constant tempera are imposed at the channel inlet,
while at the outlet the partial derivates of thdog#y and temperature in the stream-wise
direction are vanishing;
= The conjugate heat transfer between the solid kamdl ffow is considered and the no-slip
velocity conditions at the solid-fluid interface;
The conjugate heat transfer procedure, impliectmtinuity of the temperature and heat flux
at the solid — liquid interface defined as,

X=R Ts|re =Tt |r-

ot
5] =S
0X g 0X ).

V=R Tslre = Tt |r
oT
(%), (%)
Y Jas 0y )

Also at the inlet cross-section:

y=R +h;;R-w, <x<R;0<z<l,/2

M = Min, andT = Tin

All the outer surfaces of the heat sink are ingdaxcept the bottom one in contact

with the chip:
y=-[H = (D, +hg)+ R;-W, < x<W,;0<z<L/2
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oT

=k —
=K dy
At the outlet of the microtube the following bowamg conditions are prescribed:
z=L/2
@:O,a_VV:O,%:O,a_T:O
0z 0z 0z 0z
At the symmetry boundaries:

z=0
@:O’G_W:O,E:O’G_T:O
02 0z 0z 0z

X =+ Wp/2
av_o_aw_o_au:OIOT _

ox ox ox  ox

The set of the partial differential equations witle boundary conditions are solved
using the Fluent commercial solver [102] with methodescribed in [18]. The Simple
algorithm is used for the velocity-pressure coupbolution and second order upwind scheme
for discretization. The under-relaxation factore ased for pressure fieldo( = 0.3 ) and
momentum conservatioro(= 0.7 ). The convergence criterion is defined as:

- > cells P2 nb anb hb +b-apep|

2. cells P\apwp\

The residuals for velocity components and contingiuation were 190 and for
temperature field I8 Two different quasi-structured grids have beeedu® test the grid
sensitivity, Mesh 1 with total of 235875 cells ak@sh 2 with total of 622639 cells. In the
Fig. 4.3.3 the temperature distribution at the edime of the heat sink bottom surface is
presented for these two grids. For a grid indepecel¢éest case 4 was considered with a mass
flow rate of a single micro-tubkl = 1.210° kg/s. A difference between these two grids is
lower than 1 % for temperature distribution alohg &xial direction (Fig. 4.3.2), so the mesh
nr. 1 is used for further calculations.

(4.3.4)

324

203 — Mesh nr.1
Mesh nr.2
322
321
24, 320
By
319
318
317
316
0 0.001 0.002 0.003 0.004 0.005

z [m]

Fig. 4.3.2 Grid independence test
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4.3.2. Results and discussion

The performance evaluation of the micro-heat siskpresented in terms of the
temperature distribution along the bottom wall lobee a fixed pumping power, for various
numbers and positions of the inlet cross sectibnsmake the insight in thermal results, the
axial velocity distributions are presented at diéfe axial locations. It has to be noticed that
the heat flux was the same for all rugs; 100 W/cni with inlet temperaturd;, = 293 K.

The pumping power is defined as:

=M % (4.3.5)
while the Re is defined with the following equation
Re=2HM /2) (4.3.6)
D, e

In Fig. 4.3.3 the temperature distribution alohg bottom line of the microchannel
heat sink was presented for three inlets and caosdpaith microchannel heat sink with single
inlet for constant total pumping powidr= 0.024 W. In the case of the microchannel hewt si
with three inlets, one of them is fixed in the meldf the heat sink and the rest of the inlets
are symmetrical and have three different positidhs observed that as the second inlet is
departed from the outlet cross section the minintemperature is decreasing. Moreover the
minimum temperatures are observed for cask,} € 316.5 K), case ZT(,n = 315.5 K), case
3 (Tmin = 314.1 K) andTmi, = 312.5 K for a single inlet. On the other hand thaximum
temperature difference is obtained for the singleticase AT = 10 K), followed by the case
3 (AT = 7.6 K), case 1AT = 4.2 K) and case 2T = 3.5 K). It has to be mentioned that for
microchannel heat sink with three inlets (cases J) the total mass flow rate for N =9
microtubes is M = 0.0108 kg/s while for single inlé=0.0117 kg/s.

In Fig. 4.3.4 the temperature distribution alohg bottom line of the microchannel
heat sink is presented for the case with five ijg&t (for constant pumping power, case 4(1)
and constant mass flow rate case 4(2)) and compdétednicrotube with single inlet. For the
microchannel heat sink with five inlets the tempar@ of the bottom surface is more uniform
(AT = 4 K) for both cases 4(1) and 4(2). Contraryhis the minimum temperature is much
higher Tmin= 317.5 K for case 4(1) anby, = 318.4 K for case 4(2)) compared with single
inlet heat sink Tnin= 312.5 K).

324 324
case | Mm=2410"W
case 2

case 4(1)  [1=2410"W
== case 4(2)

= 322 ] = = single inlet z

TIK]
T[K]

312
-0.006 -0.004 -0.002 0 0.002 0.004 0.008
z[m]

312

-0.006 -0.004 -0.002 0.002 0.004 0.006

0
z [m]

Fig. 4.3.3 The temperature variation along the Fig. 4.3.4 The temperature variation along the
centerline at the bottom wall of the heat sinklfor  centerline at the bottom wall of the heat sinkMor
0.024 W, cases 1 - 3 and single inlet. 0.024 W, case 4 and single inlet.
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The axial velocity distributions along the tubelites are presented in Fig. 4.3.5, for
cases 1 — 4 and fixed pumping power. It is conduge [119] that axial velocities are
responsible for heat transfer enhancement. Forschsnd 2, where the second inlet cross-
section is near the outlet of the tube and at tieevay between the inlet and outlet cross-
section, the axial velocity is decreasing downsirestaining the negative values near the
second cross-section. At tlze= 0.004 m the axial velocity is increasing dughe second
inlet jet. For case 3 (inlet jet near the centnéti cross-section) the axial velocity is initially
decreasing down to negative values (reverse flaw)z = 0.00325 m axial velocity is
increasing up tav = 1.5 m/s, and decreasingwo= 1 m/s atz = 0.0045 m. In the case of 5
inlets the axial velocity is decreasingzat 0.0015 m, establishing the reverse flow near the
bottom wall of the microtube and increasing aftexttatz = 0.00325 and 0.004 m.

In Fig. 4.3.6 the axial velocity contours are presd for cases 1 - 4. It is observed that
the maximum velocities are near the bottom wathef microtubev = 1.8 m/s for case W =
1.6 m/s for cases 2 and 3 amd= 1.4 m/s for case 4. Moreover there are two zafes
reversed flow observed in the microtube. One ighenbottom part, near the second inlet
cross-section, while another one is in the middidhe microtube between the first and
second inlet jet. Besides the recirculation zoneosobserved between the second and third
inlet cross-section for case 4.

In Fig. 4.3.7 the separation zones delimited éwenrse flow are presented. The largest
one is observed in the middle of the microtube betwthe first and second inlet cross-
section. Moreover the large separation zone istéacat the beginning of the second inlet
cross-section at almost the half of the microtubanpeter. There are also small separation
zones at the top of the microtube after the edet anoss-section.
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Fig. 4.3.5 The axial velocity distribution alongttube radius at the midline x = 0 and variouslaxia
locations
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Fig. 4.3.6 The axial velocity distribution for vats Fig. 4.3.7 The separation zones for various matipl
configurations of the inlet cross sections inlets

4.3.3. Conclusions

The numerical analysis of the tangential microthleat sink with different numbers
and positions of the inlet cross-sections is priesemhe following conclusions are outlined:

- In the case of tangential micro-heat sink with ¢himelet cross-sections the temperature
distribution is dependent on the position of theosel inlet jet if the first one is fixed at
the center of the microtube.

- If the analysis is made on a fixed pumping powesidyahe minimum temperatures are
higher for multiple inlets compared with the midreat sink with single inlet jet.
Moreover the micro-heat sink with multiple inletgehas the lower temperature difference
on a bottom surface between the inlet and outlétemicrotube.

- In the case of the microtube with multiple inletise recirculation zones are observed
between the first and second inlet cross-sectianbahind the second inlet cross-section.

5. Themicro-tube heat transfer and fluid flow of nanofluids

5.1. The micro-tube heat transfer and fluid flow of water based Al,O3 nanofluid
with viscous dissipation

Today’'s technological developments and advancegquipments that ensure the
comfort of everyday life increases the importan€anicrochannel heat transfer and fluid
flow. The cooling of the VLSI devices, biomedicgdpdications, micro-heat-exchangers are
some of the examples where the fundamentals ofniceochannel heat transfer and fluid
flow are essential for a proper design of thesecegsv Moreover, the nanofluids that were
first introduced by Choi [120], gained the inter@stthe recent years due to their cooling
capabilities.

Yang et al [121] investigated experimentally taeinar heat transfer and fluid flow
of graphite nanofluids in horizontal tubes. The empental results show that the
nanoparticles increase the heat transfer coeftigéthe fluid system in laminar flow, but the
increase is much less than that predicted by curcerrelation based on static thermal
conductivity measurements.
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Experimental research on developing laminar ambdutant heat transfer of water-
based FMWNT nanofluid in a uniformly heated horiwbdriube was made by Amrollahi et al
[122]. The experimental results indicate that tbavective heat transfer coefficient of these
nanofluids increases by up to 33-40 % at a conagoir of 0.25 wt.% compared with that of
pure water both in laminar and turbulent regime.

The experimental research on heat transfer gDApropanol nanofluid was made by
Sommers and Yerkes [123]. The heat transfer coefiienhancement was observed fopRe
3000 with the pressure drop increasing from 400%00% for the 1 wt% ADs/propanol
nanofluid.

Rea et al [124] analyzed experimentally the laminanvective heat transfer of
alumina—water and zirconia—water nanofluids. Tha dxpressed in form of dimensionless
numbers (Nu and x+), show good agreement with thedigtions of the traditional
models/correlations for laminar flow. This suggedtsat the nanofluids behave as
homogeneous mixtures.

Developing heat transfer of Aby/water nanofluids in annulus was studied
numerically in Izadi et al [125] with single phaseproach adopted for nanofluid modeling. It
was concluded that the effect of nanoparticle cotraéon on the nanofluid bulk temperature
is significant.

The experimental research on heat transfer gD#Alvater nanofluid in tubes was
analyzed by Wen and Ding [126] and Anoop et al [12he results showed considerable
enhancement of convective heat transfer using ameftuids, particularly significant in the
entrance region. Heris et al [128] analyzed nunadlyidaminar-flow convective heat transfer
of nanofluid in a circular tube with constant wadimperature boundary condition. The
numerical results indicate that addition of nantipks to base liquid produces considerable
enhancement of heat transfer. Also decreasing m@aticps size at a specific concentration
increases heat transfer coefficients.

The comparison of different approach for numericaddeling on heat transfer of
nanofluids was presented by Lotfi at al [129] aaddret al [130]. It was found that two-phase
models are more precise than one-phase model.

The turbulent heat transfer of CuO/water nanofluidside circular tubes was
investigated experimentally blyotukian and Esfahany [131], while natural conwsctbf
Al,Os—water nanofluid was analyzed by Nada [132]. In kher case the single-phase
approach was employed with Chon et al [139] modettiermal conductivity and correlation
based on Nguyen et al [141] experimental resultefiective viscosity.

The liquid cooling of electronics with nanofluidgs investigated by Nguyen et al
[133]. It was found that for a particular partickelume concentration of 6.8%, the heat
transfer coefficient increases as much as 40% credp® that of the base fluid. Koo and
Kleinstreuer [134] analyzed numerically steady laani liquid nanofluid flow in
microchannels considering two types of nanofluiddyO particles at low volume
concentrations in water or ethylene glycol. It wamcluded that nanoparticles of high
thermal conductivity are advantageous and a chamitiehigh aspect ratio is desirable.

Lee and Mudawar [135] analyzed experimentally éffectiveness of the nanofluids
for single-phase and two-phase heat transfer inrasbannels. Higher heat transfer
coefficients were achieved in the entrance regianioro-channels proving that nanopatrticles
have an appreciable effect on thermal boundaryrlagyelopment. Ghasemi et al [136]
analyzed natural convection heat transfer in atined enclosure filled with a CuO/water
nanofluid. The results indicate that adding nantiglas into pure water improves its heat
transfer performance. Hung [137] made an analystally on microchannel heat transfer of
nanofluids including the vicous disiipation effetitis observed that the Nusselt number is
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overestimated when the viscous dissipation is mégle and subsequently, the thermal
performance of the microchannel is also overrated.

The correlations for temperature dependent effectonductivity of water based
nanofluids were developed by Mintsa et al [138] &@ibn et al [139]. Also a new model for
assessment of the effective viscosity of water dasaofluids was developed by Masoumi et
al [140]. The experimentally obtained set of datatémperature and particle size dependent
effective viscosity was presented by Nguyen et 11]. Zhoua et al [142] performed
measurements of the specific heat capacity of wadsed AIO; nanofluid. Finally an
overview on enhancement of heat transfer using fhads was presented by Godson et al
[143].

This chapter presents the numerical modeling efléminar heat transfer and fluid
flow of Al,Os/water nanofluid in microchannels. The single phasadel was used with
correlations for temperature and particle size ddpet effective thermal conductivity and
viscosity. Moreover due to the reduce tube diaméher viscous dissipation effect was
included in the analysis. The results for heat df@mncoefficient were compared with the
results obtained for pure water heat transfer and flow.

5.1.1. Numerical details
The computational domain is presented in Fig. 2.4d follows: The fluid flow
domain defined at= 0, R, andz = 0,L. The temperature field domain defined at 0,R, and
z=0,L. The following set of partial differential equatioissused to describe the phenomena,
considering the effective thermophysical propertiethe fluids and viscous dissipation:
Continuity equation:
O (Peft L) +}07(r (Pes LV)
oz r a
Momentum equation:
I(PeiiVV)  I(Peiiull) _ _dp 17 A
x| a dz+rdr(’LIEff drj
Energy equation:

d(peﬁcpeﬁVT) d(peff [Cpeﬁ UT) ]_ 74 or 0
+ & [ eff 0 — ]

oT
2 b 5.1.3
a I’d‘ a az(keff 62]:|+'ueff |:E‘v ( )

where the viscous dissipation term is defined as:

s=2(3) () (5 (58]

At the inlet of the tube, the uniform velocity ateperature field is considered, while
at the exit the temperature and velocity gradiantsequal to zero.
The boundary conditions are:

z=0,0<r<Ry; u=up T=Ty=Tp

=0 (5.1.1)

(5.1.2)

0<z<Lli: r=0, @ Oa—T O,v=0
or or
r=R,u=v=0

The Joule heating of the tube wall can be expdessther by the uniform heat
generation through the tube wall or by the uniféreat flux imposed on the outer surface of
the wall. For the latter case, the boundary coonlits defined as,

oT

r=Ry: =k, —

R % = ®or
whereq, is the heat flux based on the outer heat trarmsta of the tube wall.
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Z=Ltot, 0 <r <Ry a—T:O
0z

The conjugate heat transfer procedure, impliesctminuity of the temperature and
heat flux at the solid — liquid interface defines] a
r=R ZTisi+ =Tf|Ri_

oT 0T;
ks (_Sj = I(eff (_j
or Jris or Ri-

The partial differential equations (5.1.1) — (5)1t@gether with boundary conditions
are solved using the finite volume method descrilbefll8]. First, the parabolic flow field
condition is considered and the velocity field dved. The temperature field, as a conjugate
heat transfer problem, was then calculated asllipieeproblem using the obtained velocity
field. The fluid flow regime is considered to betaady-state laminar flow.

In order to test the grid sensitivity, two gridsseébeen used. The coarser one with 250
cells in radial direction and 400 cells in axialedition and finer grid with 500 and 800 cells in
z- andr- direction respectively. Differences obtained far were smaller than 0.1 %, so the
coarser grid has been used for further calculatidslitionally, the numerical results have
been compared with experimental results obtainedRby et al. [124] with satisfactory
deviation: below 10 % for ADs/water nanofluid angy= 0.65 %, 1.32 %, 2.76 % and below
13 % forp= 6 % (Fig. 2).
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Fig. 5.1.2 The comparison of the present numereazllts with experimental results [5] (a-d) and
nanofluid heat transfer enhancement compared wlbase fluid (e)
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The nanofluid effective thermal conductivity normed with the based fluid thermal
conductivity is given as [139]:

03690 07476
Keff -1+6 4_7D[007460 % & Pr 09955 R 12321 (5.1.5)
Kps Dy Kps
The Pr is defined as:
pr=—*
Pot L
The Re is calculated as:
_ Por Lk [T
30U Oy

wherek, = 1.3807x13° J/K, lps = 0.17 nm andys= 0.384 nm.

The temperature dependent viscosity of water imdéfas:
t

4(t) = 2641201810 + 0.0014009% 310578605 (5.1.6)

The effective viscosity of the water based@®J nanofluid is calculated from the
relation developed in [132] based on data presantgidi1]:

Ut = - 0155- 2252 1 07941+ 20?;"47 - 010237 - 811

27463863 (5.L1.7)
e 001270 + 1.6044Eé + 2.1754[-»Tﬂ2

The effective density is defied as:
Pett =(1-¢)Los +¢lp, (5.1.8)
The effective specific heat is calculated as:

_(t-gtlptey), +¢tlote)

Cpeff = Do (5.1.9)

The properties of the AD3 particles are defined as [144)}; = 3975 kg/m, Cop = 765
J/kg K, k, = 36 W/mK,a = 11.910° m?/s.
Re is defined as:
Pet [um [Di
Het
While the local Nu number is defined with the foliog equation:
h=—13
Tw =Ty
The pumping power is defined as:
n=moiP
Peft
The Brinkman number for constant wall heat fludédined as:
U et

qD;

Re= (5.1.10)

(5.1.11)

Br=

(5.1.12)

5.1.2. Results and discussion
The code validation with the experimental resultisamed by Rea et al [124] was

presented in the Fig. 5.1.2. In the same graphbhehetransfer results for water are presented
for the macro-tube with diamet®; = 4.5 mm and fixed Re. As it is expected for a low
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particle concentration the enhancement is very (evb %). As the AlO; concentration is
increasing the local heat transfer enhancementigeasing. Moreover for the specific particle
concentration the enhancement is higher in theaeoér region and it is gradually decreasing
toward the end of the tube. This observation isstent with conclusions mentioned in
[124], [126] and [135].

In the Fig. 5.1.3 the local heat transfer coeffitidbehavior from micro-tube is
presented for various particle concentrations &pd= 10 nm. The local heat transfer
coefficient exhibits the boundary layer variatioppeoaching approximately the fully
developed value. As the Br is increasing the hestster coefficient is decreasing. This is
explained by the increasing temperature differemesveen the wall and a fluid due to the
viscous dissipation effect. As the friction betwe#re fluid and the wall is higher
consequently the wall temperature increases m@llyathan a fluid temperature so the
temperature difference increases with Br. Findtly heat transfer coefficient is lower as the
temperature difference is higher.

a
410*

water

D =10 nm
b

210*

410"

3510 |

[WmK]
=

D =10 nm
)
Br=1.0

Fig. 5.1.3 The local heat transfer coefficient@pr= 10 nm and various AD; concentrations
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Also as the particle concentration in the nanoflindreases, the heat transfer
coefficient is higher. Moreover it is observed tiat higher Br, the increasing of the heat
transfer coefficient with A3 particles is lower. To analyze the local heat dfan
enhancement for particular A); concentration and fixed pumping power, the rafidhe
heat transfer coefficient for nanofluid and basadflis presented in the Fig. 5.1.4. Hor=
0.13 W the local heat transfer enhancement is asimg with the axial distance and particle
concentration. The maximum heat transfer enhancemabout 37 % fop= 9 %. Similar to
the macro-tubes, for low particle concentratipn= 1 % the increasing in heat transfer
coefficient is weak, about 7 %.
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Fig. 5.1.5 The local heat transfer coefficient@pr= 47 nm and various AD; concentrations
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For higher pumping powdil = 0.7 W andg= 9 % the heat transfer coefficient ratio

initially decreases th,:/ hys = 1 and then increases to 1.37. The same behawbserved for
higher pumping powelll = 1.4 W. The heat transfer coefficient ratio tor 9 % is highest
for the axial distance greater than 0.04 m. InRige 5.1.5 the local heat transfer coefficient is
presented foD, = 47 nm and various particle concentrations. Cagain the heat transfer
coefficient decreases as Br increases. For Br tHlh,is between 230" and 2.710%, for
Br=0.5, 1.510" <hy<1.810" and Br = 1.0, 120" <hy<1.410".
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In the case of the heat transfer enhancement foofld with D, = 47 nm (Fig.
5.1.6), the heat transfer coefficient ratio is lovlean for a nanofluid wittD, = 10 nm. The
maximum increasing is observed pr 9 %, about 20 %. The lowest heat transfer coefit
ratio is ~5 % forg= 1 % and constant regardless the axial posi#dtiough the highest
increasing in heat transfer coefficient does nqiet on pumping power, fap= 9 % the
heat transfer coefficient ratio varies along thealadistance. It is decreasing in the entrance
region tohy; / hps = 0.95, lower than the heat transfer coefficiemtthe water flow. After the
half length of the tube the nanofluid witp = 9 % has the best thermal performances
compared with water and other nanofluid conceranati

The heat transfer enhancement for nanofluids with 4 and 6 % have almost the
uniform distribution along the axial distance oé tlube h,s / hys = 1.1 for nanofluid withp=
4 andhy¢ / hys = 1.2 for nanofluid withp= 6 %.

5.1.3. Conclusions

The laminar nanofluid heat transfer in micro-tulvess numerically analyzed taking
into account the viscous dissipation effect. Comsidy the local heat transfer coefficient
distribution, the following conclusions are outlthe
- Contrary to the macro-scale heat transfer wherehitjleer heat transfer enhancement is
observed in the entrance region, in the case ofmiceochannel heat transfer, due to the
viscous heating that is more pronounced near the wall, the heat transfer augmentation
is constantly increasing with axial distance.

- For nanofluids with higher particle concentratigs 9 %, the large limits for heat transfer
coefficient ratio along the axial distance are obse, fromhy, / hys = 0.9 (below the heat
transfer coefficient of the base fluid) hg / hys = 1.37.

5.2. The performance evaluation of Al,Os/water nanofluid flow and heat transfer in
microchannel heat sink

Most of the papers dealt with the numerical redean nanofluid flow and heat
transfer, are for the macrochannels and only ademsider the microchannels. This chapter
presents the numerical analysis of microchanndd fliow and heat transfer of water based
Al,0O3 nanofluid with viscous dissipation phenomena [180lerefore the hydraulic diameter
was set small enoug{ = 50um andL; = 4.48 cm) in order to consider the viscous hegatin
effect. The results emphasize the local heat tesreigmentation as the ratio between heat
transfer coefficient of the nanofluid and heat $fen coefficient of the base fluid. The
analysis is made on a fixed pumping power basisvimious particle’s diameters and
particle’s concentrations with two heat transfee i@directions: cooling and heating.

5.2.1. Numerical details

The one-layer microchannel heat sink is presentedhé Fig. 2.3.1. Due to the
symmetry plane, the half cross-section of one célimconsidered in computations. The
conventional set of the Navier-Stokes equations been used for the conjugate laminar
steady state heat transfer and fluid flow, as fedio
The continuity equation:

— +—+—=0 (521)
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The momentum equation:

ou du Ju dp (0 Ju 0 Ju
u—+V—FWwW—|=——F+4+| — — |+ — _ 522
peff aX ay OZJ dZ (ax (:uef‘f an ay (:ueff aij ( )
ov  ov ov aop 0 ov) 0 0
u—+Vv—+W—|=———+| — — |+ — — 5.2.3
Per| Yax dy 6ZJ dx (ax ('ueﬁ 6Xj ay (/Jeﬁ GYD ( )
ow ow  ow op (0 ow) 0 ow
U—+V—t+W— |=——+| — — |+—= — 524
peff 6X ay 62 J dy (ax (/’[eﬁ 6X j ay (/’[eﬁ ay j] ( )

The energy equation (for both fluid and solid):

ot ot ot 0 ot 0 ot 0 ot
[, u—+v—+w—|=|—|k, — |+—| ky— [+—| Kk, — ||+® (5.2.5)
Per MEE ox oy az] (ax( e axJ ay( e y] az( e OZJJ

Where viscouse dissipation term is defined as:

2 2 2 2 2 2
o E{zﬁﬁ(a) (2] Maa] (22 (aaw)} (5.2.6)
0x ay 0z ox oy oy 0z 0z 0X
The thermal conductivity of the copper substrati&is 380 W/m K. The following
boundary conditions are prescribed for the systetheopartial differential equations:
The conjugate heat transfer procedure, impliesctiminuity of the temperature and

heat flux at the solid — liquid interface definesj a
X =W;/2: ts e = tr |x-

ot
ks[%) = keff —
OX ), ox ) _

y=Hi—H: tslys =ty

ot
ks(%J = keff (_fj
o), oy,

For the heate portion of the microchannel the foihg boundary condition is defined:
y=0:
Q = ksﬂ
oy
Also at the inlet cross-section, uniform veloatyd temperature field are considered:
z=0:
u = uj, andt =tj,
The upper boundary is isolated defined as:
ot _

k.—=0
oy
At the outlet of the microchannel the following Imolary conditions are prescribed:
Z= Lt
a_T:O;%:O;V:W:O
0z 0z
At the symmetry boundary:
X=Wi/2 +wW/2
v=0 Moo 0ot
0X 0X 0X
x=0
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ot

—=0

0z

The microcahnnel heat sink dimensions are presemtie table 1.

Table 1 The geometric data and working parametetssanicrochannel heat sink

W W, H. H; L, W q Re Br
pm pm pm mm cm cm W/cnt
36 50 50 1.05 4.48 1 35 107-1760 +0.005-0.05

The solution procedure is based on the method asgl6] for microtubes and on the
Finite Volume Method described in [18]. First, tlparabolic flow field condition is
considered and the velocity field is solved. Thapgerature field, as a conjugate heat transfer
problem, was then solved as the elliptic problemgighe obtained velocity field. Alsoacts
asks for copper wall andk for the fluid. At the fluid — solid interfack is calculated as the
harmonic mean value. The velocity-pressure coupbrgplved using a SIMPLER method. A
staggered grid is used for cross-stream veloaiittsspower-law discretization scheme.

The convergence criterion is defined as:

R:‘Zanb [, +b-a, Wp‘
whereR < 10" for the velocity components afk 108 for the temperature field.

The nanofluid effective thermal conductivity normel with the based fluid thermal
conductivity is given as [139]:

03690 07476
Keft =1+ 647 WOMBO % & Pr 09955 R 12321 (5.2.7)
Kps Dp Kps
The Pr is defined as:
pr=—* (5.2.8)

Pot L
The Re is calculated as:

(ke (T
o= %~ (5.2.9)
LT~ iy
wherek, = 1.3807x13° J/K, ls = 0.17 nm andys= 0.384 nm.

The temperature dependent viscosity of water imddfas:
t

4(t)= 2.641201810° + 0.0014009% 310578605 (5.2.10)

The effective viscosity of the water based@J nanofluid withd, = 47 nm is
calculated from the relation developed in [132]duhsn data presented in [141]:

Hess = — 0155~ 19_?82+ 0794Lp+ 20_?3'47 - 0192047 - 8.11B_?

(5.2.11)
_%;”86% 0.01274 + 1.60445? + 2.1754[-»T£2

The effective density is defied as:
Pert = (L= ¢)Lp¢ +¢Lp, (5.2.12)
The effective specific heat is calculated as:
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1-¢)l\plc,), +¢llolc
cpeﬁ=( Motey) +atlotey), (5.2.13)
Peft

For the AbOs nanofluid withd, = 13 and 28 nm the procedure described in [140] is
used. The effective viscosity is a sum of basealfliscosity and apparent viscosity:
#eff ::ubf +:uapp (5214)

The base fluid viscosity (water) is calculated by tequation (5.2.10), while the
apparent viscosity of the nanofluid is defined lhg tollowing relation:

Py V ms
=fp b e 5.2.15
Hao 72[CD ( )
where the Brownian velocity is defined as:
=1 18K (5.2.16)
dP ITE'DP mp

A distance between the centers of the particledtained from:

5:3/ L (5.2.17)
6Ly

The correction factor is defined as:

= tlle, @, +c,) i+ (c, @, +c,)] (5.2.18)
where:c; = -1.233110°, ¢, = -1.533110°, c; = 94.383 and, = -4.573110"

The properties of the ADs particles are defined as [144); = 3975 kg/m, Cop = 765
J/kg K, k, = 36 W/mK,a = 11.910° m?/s.

Re is defined as:

[u [D
Re:% (5.2.19)
eff

The average heat transfer coefficient, based ope¢heherally averaged heat flux and
wall temperature, is defined as:

d,

= (5.2.20)
ave tW||_ _ tb
The Brinkman number for constant wall heat fludétined as:
u2
Br=—" e (5.2.21)
q(D,

The effective viscosity is evaluated at the inEhperature. The pumping power is
defined as:

n=m2P (5.2.22)

pef‘f
5.2.2. The code validation

The results of the grid sensitivity testing for atmd with d, = 28 nm, ¢=5 % and
=1W (Re =877) is presented in Fig. 2. Threerdifegrids were tested (9x18x50, 15x30x100
and 25x40x180). It is observed that a differende/éen the second (15x30x100) and third mesh
(25x40x180) is below 0.1 % for bulk temperature deds than 1 % for average wall
temperature. So, the second mesh is used for fuudhaulations.
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Fig. 5.2.2 The mesh sensitivity testing for nandflwith d, = 28 nm,p=5 % and1=1W
(Re =877)

The numerical results were also compared with stpeemental results obtained by
Lee and Mudawar [135] for microchannel heat sinkhvdl microchannelsmx H = 215 x
821 um). The heat transfer rate w@s= 300 W with alumina - water nanofluid agd= 2 %.
In the Fig. 5.2.3 the temperature difference behwbe inlet and outlet cross-sections versus
mass flow rate is presented. The maximum differeea& % for lower flow rates. In the Fig.
5.2.4 the local inner wall temperature versus adistance is presented for the fixed mass
flow rate m = 5.49 g/s. The maximum deviation was observedr rika exit of the
microchannel heat sink, about 4 %.

70 35
$=2%,0=300W numerical experimental (5]
expermental [5] numerical

65 m=15.49 g/s 30

$=2%,0=300 W

60
25

55

1 170

50

45

40

5
0 0,01 002 003 0,04 005 0001 0002 0003 0004 0005 0006 0007 0008
z[m] m [kg/s]

Fig. 5.2.3 The comparison between the experimentalFig. 5.2.4 The comparison between the experimental
and numerical results for the local wall tempematur and numerical results for the temperature diffegenc
between the inlet and outlet temperature
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5.2.3. Results and discussion

The analysis on the heat transfer enhancemeneaiahofluids was done through the
local heat transfer coefficient ratio between tlamofluid and the base fluid (Figs. 5.2.5 —
5.2.13). The AIO; nanofluids with three different diameters of treetles @, = 13, 28 and
47 nm) and various concentratiops- 1 — 9 % were used considering the limits esshblil
for the relations of the viscosity and thermal aactivity validated by the experimental
results. The comparison of the heat transfer ressiltnade on a basis of the fixed pumping
power (1 =0.1 and 1).

T —— 1% | heating
== 2% =
- e sl 126 H Sorse ti'p 28 nm
e — n LT
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Fig. 5.2.5 The local heat transfer enhancement for Fig. 5.2.6 The local heat transfer enhancemenrthfor
the heating case angd € 13 nm heating case ang, & 28 nm

For the heating case of the nanofluids wigh= 13 nm (Fig. 5.2.5) the general trend
shows the increasing of the heat transfer enhanteah@eng the microchannel. This is in the
contradiction with the observations obtained fag ttases where the analysis is made on a
basis of constant Re [124,126]. If the results iokth for the local heat transfer coefficients
are compared on a fixed Re basis, the enhancemmemgher in the entrance region and
decreasing toward the channel outlet.

Moreover as the pumping power is low the increasinggrticles concentration results
in higher heat transfer enhancement. The maximuat transfer enhancement is near the
outlet cross-section, about 27 % fp= 3 %. For nanofluids with low concentratiops 1.33
% the heat transfer augmentation is slightly ov@f4d. Also if one compares the heat transfer
results for two different pumping powers it is ol that heat transfer enhancement is higher
for lower pumping powers. Moreover in the casé€lof 1.0 W the nanofluid witlp= 3 % has
the lower heat transfer characteristics compardt manofluids withg= 1.33 and 2 %, as
long as axial distance is lower thas 0.01 m.

The similar conclusions are valid for nanofluidghwd, = 28 nm (Fig. 5.2.6) and five
different concentrations. In this case the heatsfiexr enhancements are more flattened
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compared with nanofluids wittl, = 13 nm as the concentrations are small. For elafop
nanofluids withg= 1 % the heat transfer ratio is 1.05 and congtardlmost entire length of
the microchannels. On the other hand when the cdraten of the particles iw=5 % the
heat transfer enhancement is superior as the digiaince is over = 0.015 m.
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Fig. 5.2.7 The local heat transfer enhancemerthfr Fig. 5.2.8 The local heat transfer enhancementfor
heating case and, & 47 nm cooling case and,d= 13 nm

In the Fig. 5.2.7 the local heat transfer behaa@resented for the nanofluids widp
=47 nm and four different concentrations of thaaparticle. Once again the increasing trend
of the heat transfer ratio along the microchans@hserved with limits between 5 and 40 %.
For higher pumping power the nanofluid wigh= 9 % has the best thermal characteristics as
the axial distance is larger thas 0.02 m.

Fig. 5.2.8 presents the local heat transfer resaitsl, = 13 nm and cooling of the
fluid. The similar heat transfer behavior is obgehas for the heating case. The heat transfer
enhancement is increasing as the concentratiomeofparticles is increasing. For particle
concentration ofp = 1.33 % the heat transfer coefficient ratio all{i increases, attains
maximum at 21 % over the value for water and deg®after that. The reason for decreases
of the heat transfer coefficient lies in a tempamidependent viscosity. In the case ofAl
nanofluid with = 3 % the viscosity is almost 2.6 times highemntbaviscosity of the water.
So as the fluid is cooled the viscosity near thdl vgadecreasing that results in the lower
velocities and implicit in the lower heat transéeefficients. This phenomena is considerable
in the second half of the microchannel.

The heat transfer results for cooling of the nandflvith d, = 28 nm are presented in
the Fig. 5.2.9. It is interesting that nanofluidiwhighest particle’s concentration and higher
pumping power, has the best characteristics onllgersecond half of the tube. Once again for
lower pumping power and higher concentration that ti@nsfer ratio is decreasing afrer
0.02 m.
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Fig. 5.2.10 presents the heat transfer resultsdmofluid withd, = 47 nm. For low
pumping power and higher particle’s concentraigon 9 % the heat transfer ratio decreases
for 5 % in the second half of the tube.
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Fig. 5.2.9 The local heat transfer enhancement forFig. 5.2.10 The local heat transfer enhancemerthior
the cooling case ang & 28 nm cooling case and,g 47 nm

Figs. 5.2.11 and 5.2.12 present analysis on haasfer enhancement versus diameter
of the particles for pumping powelrs= 0.1 and 1.0 Wg= 1 and 3 % and an axial position
near the exit of the microchannel£ 0.04 m). For the heating cases the heat transfieris
decreasing as the diameter of the particle inceedsethe case of cooling this conclusion is
still valid for lower pumping powelll = 0.1 W. If the pumping power is increasingito= 1
W, the heat transfer ratio remains constantfor 28 nm. Moreover fofl = 0.1 W andp=
1% the relations for heating and cooling case &most overlapping so the heat transfer
enhancement is not affected by the heat transter dimection regardless of the particle’s
diameter. Also foll = 1 W andg= 3 % if the particles diameter &5 = 28 nm the heat
transfer ratio is the same for the heating andisgalases.

The ratio between the local heat transfer coefiicigith viscous heating effect and
without this effect ford, = 47 nm andg = 9 % is presented in the Fig. 5.2.13. For low
pumping powerllT = 0.1 W (Re=107, Br=0.005 for heating and Re=1B85-0.005 for
cooling) the influence of the viscous heating iaueHowever for a higher pumping power
=1 W (Re=327, Br=0.05 for heating and Re=446, B1G5 for cooling) deviation is about 30
% for cooling and 20 % for heating if the viscousstpation effect is not considered. In
addition if the nanofluid is heated the heat transbefficient is overestimated if the viscous
heating effect is not taking into account. Contrimya cooling case it is underestimated. The
explanation lies in the temperature difference leetwthe wall and bulk temperature of the
fluid due to the viscous dissipation effects.
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5.2.4. Conclusions

Numerical modeling on heat transfer and fluid fla the water based ADs
nanofluid thuorgh the microchannel heat sink idgrared. The analysis is made on a basis of
the constant pumping power and emphasizes theeimfki of the viscous heating on the heat
transfer enhancement. The following conclusionsoaiténed:

- The homogenous model used for numerical prediaioime heat transfer and fluid flow
through microchannels, along with the two relatiémsviscosity [132,140] and one for
thermal conductivity [139], gives the acceptableiaiiéon compared with experimental
results.

- Contrary to the analysis based on a Re = const,basithis case the heat transfer
enhancement rises along the microchannels. Alsbeéhetransfer augmentation increases
as the particle’s concentration increases.

- Moreover heat transfer enhancement is higher fmht#nating case than for cooling if the
pumping power is low. For the higher pumping powtbis heat transfer enhancement is
higher if the nanofluid is cooled. It is also ohgst that in some circumstances of cooling,
the local heat transfer augmentation decreaseg &tensecond half of the microchannel.

- Heat transfer augmentation decreases as the patidlameter increases. For higher
pumping power and cooling case it remains consiarbng as particle’s diameterds>
28 nm.

- If the viscous heating effect is not consideredhbat transfer coefficient of the nanofluid
(dp = 47 nm andg = 9 %) is underestimated for 30 % in the case awlicg and
overestimated for 20 % for the heating case.

6. Thethermal and hydrodynamic analysis of the extended surfaces used
for compact heat exchangers

It is known that convective heat transfer enhancenseuld be obtained both through
additional heat transfer surface and by interrgptime heat transfer area in the streamwise
direction which will cause the interruption of theat transfer boundary layer. There is a great
number of reports that analyze this topic for wasidypes of channels and tubes. The heat
transfer fluid flow is influenced by various paraers such as the number and height of the fins,
fluid flow regime, and fluid type. Although most tife papers deal with fins of constant height,
there are some reports that analyze the influehceesrupting heat transfer surface both on the
heat transfer and fluid flow characteristics. Egample, three dimensional heat transfer fluid
flow through the tubes with the fins interruptedtiie streamwise direction was analyzed by
Kelkar and Patankar [146]. The fins with two diffiet geometry arrangements are considered, in
line and staggered together, with different lergid number of fins. It is observed that the heat
transfer results for the in line arrangements effihs are similar to those of the staggered ones,
but the pressure drop is lower for the in line mgement. It is also observed that in some cases
heat transfer augmentation is lower for these twmisk of arrangements compared with the
continuous fins of the same height. In this paperdanalysis of the laminar heat transfer fluid
flow through channels with trapezoidal fins of pelically varying cross-section in the
streamwise direction is presented. The fins are ialglined to the base surface. After a finite
initial length, periodically fully developed behaviof the heat transfer fluid flow is obtained.
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6.1 Problem Description

The airside of the compact heat exchanger is pies$en Fig. 6.1. The fins are located
both on the upper and lower side of the channalyHne inclined to the base surface with in line
position. The number of fins is large perpendictdahe flow direction. Therefore it is sufficient
to take into consideration only one line of finggented in Fig. 6.2. Obviously, the test section
has a finite number of successive fins in the fthkection. If the thickness of the fins is small,
the fluid flow can be considered as parabolicaghm streamwise direction. In other words, the
calculations are performed downstream until theoperally fully developed conditions are
attained. From Fig. 6.2 it is clear that the problis plane-symmetrical with reference to the
centerline between two rows of fins. In Fig. 6.& @an observe that the inclined position of the
fins defines a cyclic conditions on the left anghtiboundaries of the test section (X- and X+ ),
with zero fluxes on the upper boundary (Y+) assllieof the plane-symmetrical definition of
the problem. The thermal boundary conditions orsthiel surfaces of the channel walls and fins
are those corresponding to the constant temperathieh means that the fins are made from a
high conductivity material. The inclined fin suréais adjusted as a stepped boundary with very
high values of the viscosity and material thernagiduictivity.

y AT
 Trow divection T_)

Fig. 6.1 The position of the fins on the airsidehef Fig. 6.2 The domain cross-section
heat exchanger

The same model, with stepped boundary, was apjtieca varying shape of the
trapezoidal fin in the streamwise direction. Thisams that the heat fluid flow has three parts.
The first part, where each successive cross-selaisrone more solid cell, the second part with
constant height of the fin and a third part wharmber of solid cells is decreasing. Successive

cross-sections for the first part of the fin witle simplified grid are presented in Fig. 6.4.
Y+
| - ‘ \ [ = ﬂ
X- X+ entrance cross-section cross-section nr. 1
i .
[ ]
y V4 e 1 ] n N
[] | [] |
; , X , Y cross-section nr. 2 cross-section nr. 3
b
_ _ _ Fig. 6.4 Grid domain for successive cross-section i
Fig. 6.3 The domain cross-section geometry the flow direction

The marching technique applied to this parabobefemploys the constant mass flow
rate from the inlet of the channel and in each esgige cross-section. In the case of the second
part of the fin, of constant height, the same nundbesolid cells is considered in each cross
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section and the mass rate conservation is vertitethe third part the gain of the mass flow rate
obtained through the ‘loss’ of solid cells in eatizcessive cross-section is balanced through the
cross-section velocitiesi @ndv) of the appropriate cell. The problem can appedne first part,
where a loss of the mass flow rate, caused by #ve solid cell, could not be anymore
recuperated by the cross-section velocities beaaiudeir zero values on the side walls of the
solid cells. Therefore, only for this part of the, fcross-section velocities of the new solid cell
are left to their non-zero values, resulting frame tmass conservation for the whole cross-
section, with no axial flow through this new sadiéll. In this way, the momentum transferred
from the upstream cross-section is dispersed inctlieent cross-section through the cross-
section velocities and the mass conservation ofctbes-section is satisfied. For a stationary
laminar parabolic heat transfer fluid flow with atant fluid properties, the following well-
known system of partial differential equations barapplied:

- continuity equation:

M N W_, 6.1)
X o oL
- Navier - Stokes equations:
- x direction:
2 2
U£+V£+W£:—£+8UZ+JL; (6.2)
oX N oz oX oOX° oY
- y direction:
Uﬂ+vﬂ+wﬂ:—£+ﬂz\£ +ﬂz\£ (6.3)
oX oY V7/4 N X o
- zdirection:
- 2
Ud\N+VdW+WdW:_dP+o”’V;/+o”’2V;/ (6.4)
oX N oz dz oX o
- energy conservation equation:
2 2
Uo”’_6’+vo”'_6+wo”'_6’:i 070;+0762’ (6.5)
oX N JdZ Pr{oX® oY
- with non-dimensional variables:
x=X.y=Y. 722 Re=Vin
b b b[Re %
_ - 2 _t
V:@,U:@’Wzﬂ,P: pzypzp[bzlgzt by (6.6)
14 14 W, P HNin P Nz tw _tin

The boundary conditions for the system of partitietential equations are as follows:
for solid surfaces:

U=V=W=0(0<Z=<Zyw

0=1;(0<Zs Zy)
at the entrance of the channel:

W=1;U=V=0 (Z=0)

6=0(z=0).

6.2 Numerical Details
The system of parabolic partial differential eqolasi is solved using the procedure

explained in [18,147]. The velocity-pressure cauplis solved using a SIMPLER method. A
staggered grid is used for cross-stream veloaitids power-law discretization scheme. Due to
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the specific geometry resulting from the inclinex$ifion of the fins, TDMA-cycle algorithm is
used to solve the velocity, pressure and temperdieelds. The fluid type used for calculations
was air with Pr = 0.7. Numerical runs were perfatntmwnstream until periodically fully
developed conditions are attained.

The numerical runs were performed for two valuethefparameter B =(b)/Re, 10"
and 10%. These two values of parameter B are chosen ier dodensure the laminar fluid flow
regime. All numerical runs were made for constéwatnmel geometn/b = 1.5;elb = 1; 5= 5=
Ss; &=, and m=a,=45° as presented in the Fig. 6.6. To compare thesedf/mterrupted fins,
two kinds of inclined continuous fins were consaterwith height equal to the non-interrupted
surface of the trapezoidal fie/lh = 0.5) and equal to the full length of the trapeab fin (b =
1).

After the exploratory runs, a 20 x 38X Y) grid is used with 30 axial steps. The results
obtained for the finer grid, of 39 x 26 and 39 agtaps, for the case of the trapezoidal fins with
B = 10%, show satisfactory differences, less then 1 %. fEselts for two different grids are
presented in the table 1. For these two grids,|dleal variations of thdRe versus non-
dimensional axial distance is presented in the&:ly. Again there is no evidence on differences
between the obtained results for these two grids.

Table 1 Periodically fully developed friction facti&ke and Nu number for trapezoidal fin with
the B = 10" and for two diferent grids

Grid size Nu - number fRe
30x20x30 37.665 541.224
39x26x39 37.623 536.385

sor @ grid 30x20x31

—— grid 39x26x39

40

fRe

1 1 1
0.0 0.1 0.2 0.3 0.4

ZbRe z L

Fig. 6.5 The local values of tifiee versus non- _ . ,
dimensional axial distance for two diferent grids Fig. 6.6 Trapezoidal fin

6.3. Thermal and Hydrodynamic Characteristics
The thermal characteristics are expressed by the mNumber, based on the calculated

temperature field with the following formula:
hib

Nu = T (67)
whereh is calculated with:
h=—9 (6.8)
AlAt

log
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whereA is the heat transfer area based on the channiehmebflt,og is the log mean temperature
difference, defined as:

A = (tw i )_(tw _tbout)

log —
log

6.9
t, ~ty, (6.9)
tw _tbout

wheretyi, andtyo: are bulk temeperatures at the inlet and outletach succesive fins, the bulk
temperature being defined as:

[ wtdA
t, = }WdA (6.10)
The hAydrodynamic characteristics are expresseléfijm average friction factor:
f= Mb’—;‘)m (6.11)
P, /2

6.4. Hydrodynamic Results

The fin averaged values of the friction factor wemmpared with the values of the
friction factor for a smooth channel without fifRey = 96. The ratio fRe/fReversus the
number of fins are presented in Fig. 7. It is obseéithat the highest pressure drop is obtained for
a continuous fin witte/b= 1, followed by the trapezoidal fin with B ="{Qrapezoidal fin with
B = 10" and finally continuous fin witle/b= 0.5. For example, the friction factor for thenhel
with longer continuous fin is 8 times greater thaation factor for the bare channel, while
friction factor for the shorter continuous fin islp 2 times greater than the friction factor foe th
bare channel. The periodically fully developed ealof the friction factor for interrupted fins, as
well as fully developed values of the friction faccfor the continuous fins are presented in Table
2.

Table 2 Fully developed and periodically fully deypeed friction factor

bare channel trapezoidal fin trapezoidal fin continuous fin continuous fin
withB=10" withB=10" withe/b=0.5 withe/b=1.0
fRe 96 541.224 614.88 200.376 764.64

6.5. Thermal Results

The analysis regarding the thermal characterigidsmsed on calculated values of Nu -
number. Once again Nu-number values of the finhehicels are compared to those without fins
as Nu/Ny ratio.Nusselt number for the bare channel is Nw.54. In Fig. 6.8 Nu/Nyratio
versus number of fins is presented. It is obsetliatithe best heat transfer performances have
the channel with continuous fins witlilb = 1 where heat transfer augmentation is 6 times,
followed by trapezoidal fins with augmentation o8 for B = 10F and 5 times for B = Iband
finally continuous fins withe/b= 0.5 where Nu number is 2.7 times greater thamiNuber for
the bare channel. It is clear that the heat trarmfea provided by longer continuous fins
contribute much more to the heat transfer phenontieara interrupting the thermal boundary
layer made by trapezoidal fins for parameter vaBiégking into account in this paper. In Table
3 the fully developed and periodically fully deveéal values for finned surfaces are presented.
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Table 3 Fully developed and periodically fully dyed Nu number

bare channel trapezoidal fin trapezoidal fin continuous fin continuous fin
withB=10" withB=10"> withe/b=0.5 withe/b=1.0
Nu 7.54 37.665 40.32 20.592 45.0

T T T T T T T T T
1: trapezoidal fin with B=0.1 ] " 1: trapezoidal fin with B=0.1
2: trapezoidal fin with B=0.01: 2: trapezoidal fin with B=0.01]
3: continuous fin with e/b=0.5] 401 3: continuous fin with e/b=0.5|
4: continuous fin with e/b=1 ] 36 4: continuous fin with e/b=1

Nu/Ny,

2
- T -
4 3

1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 0 5 10 15 20 25 30 35 40 45 50
Fin nr. Fin nr.

Fig. 6.7 Friction factor ratio versus fin number fo Fig. 6.8 Nu number ratio versus number fin number
four fin types for four fin types

6.6. Performance Evaluation

For a better understanding of the performanceadi Beat transfer surface it is useful to
make the evaluation analysis based on a same pgmpimer and heat exchanger size. In other
words we are interested in the increase in headgfearate in comparison to the bare channel for
fixed fluid pumping power and heat exchanger voluiifee pumping power is calculated with
the following equation:

7=Map (6.12)
p

whereM is mass flow rate, fixed for each cross sectiahdefined as:

M = p[Bw, (6.13)

The heat rate is defined with a following equation:

Q=MCe, qt, —t;,) (6.14)

where  is the cross section bulk temperature. From egumt{6.12) and (6.13) and
taking into account Re number the pumping powetbeawritten as:

, _

m=|2£ 015 2P pe (6.15)
2 0°b° ) pwr /2

Finally the heat rate ratio of the finned and lidr@nnel can be written as:
Reld);

Q _( )fin (6.16)

Q, (Rel®),

The procedure for obtaining the heat rate ratilnddfby equation (6.16) is presented in
[148]. Therefore here will be briefly described ysbme of the aspects. Based on the selected
Re - number, the ratib./bRe is calculated. For this value and selected peteanB-t/bRe the

pressure dropAp/(owin?/2)@nd pumping poweAp/(owi,/2)Re® for the finned surface are
obtained. Based on this latter value thg Ranber for the parallel plate channel is deterdhine
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for which the pumping power is the same. Finalljthvthis Rg number, the temperature
diference@ is obtained. The heat rate augmentation versuaur®er for two different heat
exchanger lengthg,,= 30 and 50, and for Re number range 100 < Re €,l8(resented in
Figs. 6.9 and 6.10. Inspecting the graphics, segenelusions can be outlined. Again the longer
continuous fins has higher heat rate ratio, abdutidhes for shorter heat exchangers and 4 times
for longer ones. At the same time trapezoidal fiase the same performances regardless the
parameter B values, for both exchanger lengthgpxXor shorter heat exchanger when Re >
500. The smallest heat transfer augmentation isreeg for continuous fins witt/b = 0.5, with

2 respectively 2.5 times augmentation. Similardreras observed in [146] for staggered and
continuous fins in the case of the Pr=0.7. Theanqtion lies in the fact that the entrance length
is shorter for the low viscosity fluids and consemfly interrupting the boundary layer is less
beneficial for the heat transfer augmentation.

4.0

QIQ,q

4.0

3.5F

3.0F

25

2.0

1.5F

1.0

L1 trapezloidal fin wilth B=0.1 ' Lo /b :I 30 '4 i
2: trapezoidal fin with B=0.01
- 3: continuous fin with e/b=0.5
4: continuous fin with e/b=1

/S

QQ,

3.0F

25F

2.0

15F

[ 3: continuous fin with e/b=0.5

T T T T
1: trapezoidal fin with B=0.1 | /p=50 4
2: trapezoidal fin with B=0.01 e

4: continuous fin with e/b=1

! ! ! 10
600 800 1000 ]

Re

Fig. 6.9 Heat rate augmentation versus Re numbgig. 6.10 Heat rate augmentation versus Re number
for the exchanger length,/ b = 30 for the exchanger length,/ b = 50

6.7. Conclusions

The heat transfer fluid flow through channels widpezoidal and continuous fins are
presented. The parabolic regime procedure is applith slightly different approach of cross
section velocity field caused by the applied stéppeundary in the streamwise direction.
Several conclusions can be outlined:
greater heat transfer area provided by continumss df same height as trapezoidal fins,
determines better heat transfer performances ratlaer interrupted thermal boundary layers
made by interrupted surfaces. At the same timerbesure drop is greater for continuous fins of
the same height as trapezoidal fins;
based on the evaluation analysis for fixed pumpioger and same heat exchanger volume,
again heat rate augmentation is greater for comtisfins withe/b= 1 followed by trapezoidal
fins and continuous fins @/b= 0.5;
greater heat rate improvement is observed forltbeer heat exchangers.
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Professional development plan

1. Research activities of the mixing phenomena in otlcannels

Micromixer is the most important component in mitrimlic systems. They can be
classified into two main types: active and passimes. Each type has its specific mixing
concepts, capacity, mixing speed, and operatingitons. Generally, two steps occur in the
mixing process in these micromixers: heterogenemiusng created by convection, and
homogeneous mixing at the molecular level causedithysion between adjacent domains
[149].

In the process industry, the concept of micro-tedbgy aims at miniaturization of
process devices as well as integration of readimh unit operation elements to save space
and energy. The increasing demands of process tmdupharmacy, analysis and
biochemistry, for novel and effective mixing tectogies as well as the smooth execution of
highly exothermic or explosive chemical reactiomwéled to the intensive development of
the microfluidic systems. The small dimensionswali@apid diffusive mixing to occur in as
little as 100ps. These lamellar systems achieve surface-to-vokaties of 30000 fmm>,
compared to batch reactors with typical surfaceeiime ratios of 4 mm>. Therefore the
understanding of the flow and mixing behavior ircrogcale devices such as microreactors
and mixers is critical to their effective desigrdaptimization [150].

Although the processes of design and fabricatiorpasdsive systems are generally
known to be simpler than those of active onesflthe control is a critical problem in these
systems [151]. Therefore, the optimum design oBipasmixing systems is very important
and needs a preprocessing step, such as mathdnsaticéation [152,153,154]. In a passive
mixing, the flow stream is controlled by adjustiitg) dimensions, such as the height, length
and width, because of the absence of any exteavatipresource. Thus, careful consideration
of the design of the micro-channels and obstrustignessential to raise the passive mixing
performance. Mixing in passive mixers usually iduoed by driving fluids through channels
with cleaved geometries. Repeated lamination atidiisg of flows in microfluidic channels
were used to increase interfacial area and thushgiguality [155,156,157,158,159,160]. An
alternative way is to make use of chaos, becauasetichfluid path lines can disperse fluid
species effectively, even in smooth and regulaw flields [161,162,163,164,165]. Cha et al.
[166] reported a novel micromixer, named a chessboaxer, to expand interfaces between
mixing fluids. Circular micromixers are another ¢ymf multi-lamination mixers, which
utilizes self- rotation of the sample fluids fronultiple injection channels to produce three-
dimensional vortexes in the circular mixing chambedow Re [167]. Chung et al. [168],
Sundaram and Tafti [169] also proposed a passiceomixer utilizing self circulation of the
fluid in the mixing chamber. Lin et al. [170] pragex a novel three-dimensional vortex
micromixer which also utilizes self-rotation effe¢o mix fluids in a circular chamber at low
Re Swirling mixing was analyzed by Neilda et al. I1Avhile 3-D vortex mixing was
reported by Lin et al. [172]. Systematic investigaton T- mixers has been presented by
Hoffmann et al. [173]. To enhance the performamcé-mixers, Yi and Bau [174] used a
hybrid Y- mixer with a 9B bend to generate vortices at low Reynolds numbiers-shaped
“uDD” microfluidic diffusion diluter has been devgled by Holden et al. [175], which
creates streams with different concentrations. Baol et al. [176] investigated the unsteady
diffusion process in Y-shaped micromixer.

Moreover, the nanofluid passive mixing in microchels has an immediate
application in the area of process industry andMEMS for nanodrug delivery [177]. For
example, hypodermic syringes with a hollow pointegkdle have been one of the most
commonly used for body fluid extraction, vaccinatiand medication devices. It creates fear
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of injection-related pain among patients, and ther® been increasing concern regarding the
transmission of bloodborne pathogens such as Hivhapatitis.

On the other hand, human skin is composed of tlagers: epidermis, dermis, and
subcutaneous tissue. The outermost layer of thdesnpis is stratum corneum, a layer of dead
cells, which is a protective diffusion barrier layereventing the loss of body fluids and
blocking the entry of external materials into theelp. Sensory fibers in the cutaneous nerves
detect external stimuli such as temperature, pressund those causing pain, and generate
signals that are relayed through a nerve pathwapdoorain. The pain associated with an
injection using a hypodermic syringe is becausentnedle is large and penetrates deep into
the skin with excessive contact with these senBbeys.

With advances in MEMS technology, it is possiblertake microneedles that are long
enough to penetrate the epidermis, but short enmogho penetrate deep into the dermis
layer and subcutaneous tissue for minimally invagnans-dermal drug delivery and body
fluid sampling. Moreover, microneedles and micratleerrays can be used as stand-alone
devices as well as a part of more sophisticatedtdm@ogical detection and delivery systems
in which microneedles are integrated with micraflos and biosensors or microelectronics.
Clinically useful drug delivery systems need toisl a certain amount of a drug that can be
therapeutically effective, and often over an exeghgeriod of time. Such requirements can be
met by the micro scale drug delivery systems. Meeeomicrofluidics of nanodrug delivery
was analyzed by Li and Kleinstreuer [178] and Kd&ieuer etal. [179].

Considering the analysis presented in the prevehapters the following topics are
proposed for analysis:

- nanofluid or nanoparticle mixing in microchannels;

- the thermal influence on mixing phenomena in micesmels;

- based on a fundamental research on the issuesamedtpreviously, the new concept
of bio-MEMS for passive mixing will be developedsled on a swirl fluid motion in
the circular micromixer;

Besides, due to the numerical difficulties relatedthe so-called false or numerical
diffusion, the special attention will be paid tormize it by choosing the appropriate higher
order numerical discretization schemes, suitalev foriented mesh and comparing with
available experimental results.

First of all the proposed research will try to fille gaps in the microchannel fluid flow
and heat transfer with aspects related to the haddiow, swirling nanofluid motion and
nanofluid mixing. Analyzing the existing and acabkesliterature one can conclude that these
phenomena are barely attacked so the primarily galalbe to increase the fundamental
understanding and knowledge of these processes.

2. Developing of the laboratory for experimental reskan microscale devices

One of the issues that is proposed to be develigpediated to development of the facility
and laboratory for experimental research on heaister and fluid flow in microscale. The
experimental setup is basically the same as tlogggsed in the chapter 1 (Figs. 1.1 and 1.2)
and used in the research performed at the Uniyes§iTokyo Institute of Industrial Science.
The followings are some of the topics that are psag to be analyzed:

- The single-phase heat transfer and fluid flow mg&ntial microchannel heat sinks;

- The two-phase heat transfer and fluid flow in tarige¢ microchannel heat sinks;

- The nanofluid flow and heat transfer in microchdnheat sinks of various flow

configurations;
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3. The numerical analysis of the nanofluid flow in neichannel heat sinks

In the case of the nanofluid flow in the microchalsna single-phase and two-phase
approach might be applied. The single-phase (honmgy approach assumes that fluid
phase and particles are in thermal equilibrium mae with the same velocity considering
the effective fluid properties. The two phase apploconsiders each phase separately. The
first approach was applied by Lelea & Nisulescub|1dnd Lelea [180] for microchannel heat
transfer and fluid flow with reasonable deviationmh experimental results. Despite these
findings the two-phase approach will be applied aodhpared especially in context of
swirling motion in the microchannels.

4. The further development of the laboratory for nug@r analysis in thermal
engineering

The most of the topics presented in the chaptersG2are made in the laboratory for
numerical simulations in thermal engineering (ltigoorin.byethost9.com/). The research
proposed in chapter 1 related to the mixing phemama microchannels, will be initially
developed in this lab. In addition, the numericaalgsis in the field of nanofluid swirling
flow will be made. Moreover, the physical infrastiure will be constantly improved in order
to fulfill the conditions for some complex simulatis.

5. The plan for educational development

The experience gained through the research on amarmel heat transfer was partially
included in the lectures at the graduate and umdévgte levels (Numerical methods in
thermal engineering, Design of thermal systems)tddeer, in some of the laboratory works
the numerical modeling of the thermal phenomenanicroscale devices are treated. It is
intended to constantly improve the lectures with tlew findings in the areas described
above.

Besides, if the experimental laboratory for micadeadevices will be established, it will
be also included in the group of practical appiaa. In addition, the research team will be
extended with graduate students.

6. The probable tools used for professional developmen

The financial support for the future research teglescribed above is expecting from the
research grants from the National Research CouRoilject proposal is already submitted
with the topic related to the mixing phenomena iorochannel and it is under evaluation. It
has to be stated that more or less, this topioisdependent of the financial support as the
research is proposed to be done with numerical lations. Moreover, the experimental
research on microscale devices with tangentiat jels is the topic that will be submitted to
the next competition for ERC-Grants.
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