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NOMENCLATURE

A - Area

c - Sound speed

Co - Specific heat per unit mass of water
Dy - Microchannel hydraulic diameter

e - Lattice speed

- Friction factor

f, - Density distribution function

G - External force per unit mass

g, - Thermal energy distribution function
h - Heat transfer coefficient

H - Channel height

K - Thermal conductivity
Kn - Knudsen Number

L - Channel length

M - Mass flow rate
Nu - Nusselt number
P - Differential pressure

p - Microchannel perimeter

Q - Volumetric flow rate

q - Power

T - Temperature

t - Time

u - Macroscopic velocity
V2 - Average velocity of water

w - Channel width
W, - Directional weights for momentum transport.
W, - Directional weights for energy transport

Greek symbols

- Lattice directions



- Density
- Mean free path

- Time constant

L, - Dimensionless relaxation time constant for energy transport
t, - Viscosity-based dimensionless relaxation time constant
i - Viscosity

Superscripts

eq - Equilibrium
Subscripts
min - Minimum
max - Maximum
avg - Average
E - East
f - Fluid
[ - Inlet
0 - Outlet
m - Mean
N - North
S - South
S - Solid
W - West
w - Wall
X - x-direction
y - y-direction



ABSTRACT

Metal-based MHEs are of current interest due to the combinatitvigbfheat
transfer performance and improved mechanical integrity. Efficiemthods for
fabrication and assembly of functional metal-based MHEs arenteds® ensure the
economic viability of such devices. The present study focuses oreshés of heat
transfer testing of assembled Cu- and Al- based microchannekekeaanger (MHE)
prototypes. Efficient fabrication of Cu- and Al- based high-asptd-rmicroscale
structures (HARMS) have been achieved through molding replicationy ssirface
engineered, metallic mold inserts. Replicated metallic HARMS®e assembled through
eutectic bonding to form entirely Cu- and Al- based MHE pro&dymn which heat
transfer tests were conducted to determine the averageofrdteat transfer from
electrically heated Cu blocks placed outside the MHEs to waieinly within the
molding replicated microchannel arrays. Experimentally observatltrensfer rates are
higher as compared to those from previous studies on microchannelsdeiticesimilar
geometries. Further, infrared thermography was conducted tometethe overall
cooling rate and time constants. The time constant for the MHEel@exas found out to
be lower for Cu channels with response times around 1-2 seconds. Bl dékice
response time was only slightly lower due to the lower thernmaiductivity.
Experimental results show a great influence of the type o&lmiow rate and the
surrounding conditions on the overall cooling performance of the MHEs. The pbtenti
influence of microchannel surface profile on heat transfer ratéscussed. The present
results illustrate the potential of metal-based MHESs in wide rangingcafiphs.

A two-dimensional thermal lattice Boltzmann model was developetintalate
the heat transfer phenomenon in Cu- and Al- based microchannels. NhadsBlts
were compared with 3D and 2D fluent models. Additionally, attempte wede to
visualize the flow field inside an assembled Cu micro-channgkmt low flow rates

using oil-in-water solution.

Xi



CHAPTER 1: INTRODUCTION

Science and technology related to new and more environmentally-jriemgis
of producing and distributing energy are being intensely investightew technologies
capable of increasing the energy efficiency of transportationsing, and appliance
systems, if successfully commercialized, will reduce eneogysumption and positively
impact the global environment [1].

In 1981, Tuckerman and Pease pointed out that decreasing liquid cooling channel
dimensions to the micron scale will lead to increases in heasfar rates, and
demonstrated a forty-fold improvement in heat-sinking capability ernpetally in Si-
based microchannels anodically bonded to Pyrex cover plates [2]. tBewceintense
research on microchannel heat exchangers (MHES) has ensudth{3].experimental
heat transfer investigations have been conducted on Si-based micrdetdrle The
choice of Si-based microchannels does not result from the facBthatthe optimal
material for cooling devices in terms of its thermal and m@chhproperties, but rather
that fabrication technology for Si-based high-aspect-ratio aseale structures
(HARMS) is the most mature and most widely available. Indeethlsnseuch as Al and
Cu possess higher bulk thermal conductivities as compared to thaf74jf i addition,
Al- and Cu- based MHEs promise much higher mechanical robustnessiovar Si-

based devices.

(picturethis.pnl.gov)
Fig.1.1. Micro-channel array

1.1 Microchannel Heat Exchangers
Microchannels, as the name suggests, are very fine channels widtheof a
normal human hair widely used for electronic cooling. In a micro-chaheat

exchanger, multiple microchannels are stacked together (as shhéwm iL.1) in order to



increase the total contact surface area for heat trangianeement and reduce the total
pressure drop by dividing the flow among many channels. As coolatht(dain be liquid
or gas) flows through these microchannels, their large sudeea enable them to take
away large amounts of energy per unit time per unit area whéetaining a
considerably low device temperature. Using these microchannelekelaangers heat
fluxes as high as 1000Wfman be dissipated at relatively low surface temperatures.

There are two main configurations for the adaptation of microchaoonéng —
direct and indirect cooling As shown in Fig. 1.2(a), direct cooling requires a direct
contact between the surface to be cooled and the coolant fluid. Thisescbéuces the
thermal resistance between the surface and the coolant anckithasices the cooling
effectiveness. However, electrical and chemical compatilikttyveen the coolant and
device itself needs to be ensured for this system to work.

_

| —

(@)

v

Insulating Cover
Coolant Flow Channel

v

Heat Dissipating Device

» Insulating

Coolant Flow
Heat Sink

Heat Dissipating
Device

(b)
Fig.1.2. Schematic showing (a) Direct cooling scheme, and (b) Indirechgaalheme.

An alternative to the above configuration is the use of a neetadlat sink to
conduct the heat away from the device to a coolant which is forcedgthnrcircular or
rectangular grooves in the heat sink. Such an indirect coolinggooation shown in Fig.
1.2(b) allows for a greater flexibility in coolant selectionhet tost of increased thermal
resistance between the device and the heat sink due to thefhesadmliresistance in the
heat sink itself [3].



A micro-channel heat exchanger is essentially an indieming scheme used
to maintain the integrated circuit or the chip temperature within operatiomts.li
1.2 Literature Review
1.2.1 Fabrication, Flow Visualization and Heat Transfer

Various techniques for fabricating metal-based HARMS have beerdtiRkrial
subtractive techniques, include micromilling [8], micro electridischarge machining
(mEDM) [9], and laser-beam direct writing [10], are time consgr@nd may encounter
difficulties when fabricating microscale features in georoakmroximity. Micro powder
injection molding requires multiple heat treatment steps, and suffem incomplete
mold filling and part shrinkage during heat treatment [11, 12]. Micro castiogexsiires
multiple heat treatment steps, and is an inefficient “double ladt’mechnique [13].
These disadvantages make the above mentioned techniques less faritknlge-scale
production of metal-based HARMS needed for building metal-based MHEs.

Molding replication offers an important alternative toward egfitifabrication of
metal-based HARMS. The process of replication involves the usenoamgr HARMS,
produced by a combination of lithography, etching, deposition, and other ted)rague
mold insert to create the negative of the insert pattern inlsnbta molding. One
important example of molding replication is contained within the Li@#&tocol for
HARMS fabrication, combining deep X-ray/UV lithography thographie) on polymeric
resists, metal electrodepositio@dlvanoformung) into developed resist recesses, and
molding replication Abformung) of secondary HARMS [14]. Metal-based HARMS
made by lithography and electrodeposition are expensive due to thedqugpment and
process costs of lithography and the low speed of electrodepo3itienimportance of
the molding replication step is that HARMS can be produced in different erigome
materials without repeating the lithography/etching/deposition steps, and thms adét
and high throughput.

Since 2003, successful HARMS replication by direct molding has been
demonstrated in Pb and Zn [15], Al [16], and Cu [17]. Two critical el¢sneare needed
for successful molding replication of reactive metals suchlamé Cu. The first one is
to control the near-surface chemical/mechanical interactietvgeen the mold insert and

the molded metal. This was achieved via conformal deposition of suitavhmic



coatings over HARMS mold inserts [18-21]. The second one is to impiowe t
mechanical properties of the mold insert bulk at elevated moldingetatures. This was
achieved by fabricating mold inserts out of refractory nsedald alloys with pEDM [17,
22]. Efficient fabrication of refractory mold inserts contagigeometrically complex
microfeatures were achieved through parallel hEDM, in which commplieropatterns
were transferred simultaneously onto surfaces of refractoryalsfeioys using
lithographically defined electrodes [17, 23].

Using these surface-engineered refractory mold-inserts,oamannels with
complex geometries have been replicated successfully in nseighsas Al and Cu by
compression molding. Al-based microchannels were successfully boadethdr Al
microchannels and plates by eutectic bonding with vapor-phase co-ddpakiGe [24]
thin film intermediate layers [25]. Multilayered microchannelags were successfully
assembled to form metal-based MHE prototypes, with measurecetbositl strengths
exceeding 75MPa and reaching as high as 165MPa [26].

Extensive studies of microchannel flow and heat transfer have ba@doout in
the past two decades. The focus of these studies has been oredzargdhe flow and
thermal transfer at a fundamental level, while application dpwetnt has been a more
recent focus.

Heat transfer in microchannels depends significantly on chanoetedgy. The
first experimental results of fluid behavior in microchannels welsained for
trapezoidal shaped microchannels with hydraulic diameters 50um T2 results
agreed with smooth macro-channel theoretical values in both laramdhrturbulent
regimes. Gas and liquid flow in circular microtubes and meaduietobn factors also
agreed well with theoretical values based on macro-channel @itsig28, 29]. It was
also indicated that the laminar-turbulent transition occurred aéyadids number of
around 2000. Several studies presented results for microchannels vdthullyy
diameters ranging from 100 to 500um, and showed good agreement withithkoret
results [30-33]. Other studies provided some insight into gas and libpwdiriside
microchannels and observed that friction factor results agreemsdtiroscale friction
laws [34-37]. Visualization of liquid flow through microchannels withnagers ranging

from 244 to 974um aimed to verifying onset of turbulence concluded that the



development of turbulent flow in microchannels is retarded as compareithe
macroscale systems [38]. Experimental investigations were caudtict explore the
validity of classical correlations based on conventional chanmelspredicting the
thermal behavior in single-phase flow through rectangular ntiaroels with widths
ranging from 194 to 534, and with channel depth being nominally five times the
width in each case [39]. The experiments were conducted for flomdRis numbers
ranging from ~300 to ~3500 and used de-ionized water as the working fluid. A
“checkmate” design of a micro heat exchanger with cross-flaw the first attempt at
heat transfer enhancement in microchannels [40]. A micro pin fin &ectanger
fabricated using the LIGA process [41] indicated slightly higkehancement as
compared to a traditional macro pin fin channel, and that theredsfaeoptimization of
the pin fin placement in the channel to further improve the level of enhancement.

Several studies have focused on using phase change characteritjcsdaio
increase the heat removal rate in microchannels for cooling appfis. Substantial
increases in heat transfer coefficients are possible bysiegreasing channel diameter,
counteracted however by increased pressure drop [42, 43]. Coolingrefficcan be
increased by using two-phase flow with evaporation. Mudawar and tig ¢44-46]
also investigated the use of microjet impingement in both singles @ras phase-change
situations. They indicated that single-phase heat removal rateady enhanced by
impingement. They developed correlations for single-phase, boilinteation, and
critical heat flux (CHF) conditions. The cited experimental sneaments for pressure
drop and friction factor appear to match well with correlationgdas macro-channel
measurements for both laminar and turbulent flow conditions.

Heat transfer characteristics of Cu-based MHEs have beenumégseviously
by Leeet al.[47] in Cu microchannels fabricated by mechanical cutting and sealed with a
polymeric top plate by gluing. Leet al. [47] studied a variety of rectangular
microchannels made of Cu, ranging from d84to 534mm in width. They compared
their experimental results against conventional correlations,aitnuic wide disparities
between experiments and correlations.

Recently there have been several studies that have focused on vapecis @f
microchannel geometry to enhance heat transferetal. [48] studied convective heat



transfer in a quart microtube with three different inner diarmedé 242, 315, and 520
mm. They indicated that the experimental values for Nusselt numathed well with
the laminar flow heat transfer correlation. They also indicateainar-turbulent
transition in the range of Reynolds number between 1500-5500 for the ub&sot
Steinke and Kandlikar [49] presented a comprehensive review obfritdctor data in
microchannels with liquid flow. They indicated that entrance andl@sses need to be
accounted for while presenting overall friction factor lossesiicrochannels. Most of
the data that accounted for friction factor loss shows good agreemtlerdonventional
theory. They also provided a new procedure for correcting meapuesdure drop to
account for inlet and exit losses. However, the surface of thech@nnels used in all
the above studies has been very smooth. In the present study, thes prbtabrication
and assembly of simple, entirely Al- and Cu- based, MHE prototigégscribed. In
these MHEs, the surface of the microchannels is relativelghravhich considerably
increases the overall heat transfer rate.
1.2.2. Lattice Boltzmann Method

When outlining the historical origins of LBM, it is quite usual mtroduce the
lattice gas cellular automata as the ideal forerunner [S@Jusdake an additional step
back in order to consider the Cellular Automata (CA). This is itapbbecause it allows
us to understand that the original starting point of some meso-stmuieling comes
from the tools used to investigate complexity, i.e. self-organizataturally emerging
from a great number of simple interacting objects.

Lattice Gas Cellular Automata

Around 1950, CA was introduced by Stanilas Ulam, John von Neumann, and
Konrad Zuse. John von Neumann proposed a self-reproducing cellular aut¢bidtion
1966 which at the same time realized universal Turing machine.pfirtished his ideas
concerning the application of cellular automata to physical pmbla a monograph [52]
in 1970. Some of his formulations already resemble to more regtorhata proposed
four year later by Hardet al. [53]. In 1970 John Horton Conway introduced the game
“Life”, a two-dimensional CA with simple update rules but compdgxamics. Martin
Gardner made CA very popular by a series of papers on”“inf&cientific American.
The first Lattice-Gas Cellular Automata, i.e. a special kin€CAffor the simulation of



fluid flow and other physical problems, was proposed in 1973 by HRaiyeau and de
Pazzis [53]. Its name HPP is derived from the initials ofttinee authors. Although the
HPP model conserves mass and momentum it does not yield thed désuier-Stokes

equation in the macroscopic limit.

In 1983, Stephen Wolfram revived the interest in CA by a sefigspers [54-
56]. The one-dimensional arrays of cells considered by Wolframessgd complex
patterns when initialized randomly and updated by simple detestioirules depending
on the state of the cell and few of its neighbors.

In 1986, Frisch, Hasslacher and Pomeau [57] discovered that a CA laticea
with hexagonal symmetry, i.e. with a somewhat higher symntlesény that for the HPP
model, leads to the Navier-Stokes equation in the macroscopic liet.tAeoretical
foundations of LGCA were given soon after by Wolfram [58] and Fresai. [59].

Despite the amount of work done, the main drawback of LGCA remalreed t
statistical noise, i.e. strong oscillations limited the appboas of the new tool. In order
to solve this problem, the Lattice Boltzmann Method (LBM) was prahoSaortly, it
became apparent that all other anomalies plaguing LGCA could alsoatoeally
disposed of by the LBM. As a result, LBM evolved rapidly into & stainding research
subject bearing an increasingly fainter relation to its LGCA aocg3d].

Evolution of Lattice Boltzmann Method

The basic idea which made it possible to formulate the Ia@itzmann method
(LBM) is very simple: just replace the Boolean occupation numbevelved in the
previous LGCA, with the corresponding ensemble-averaged populations. Wwathishe
link between artificial micro-world and the usual kinetic theory becamagerd50].

Initially, LBM had already been used at the cradle of LGCA-ligchet al.[59]
to calculate the viscosity of LGCA. At this stage LBM wasy an analysis tool. Then,
LBM as an independent numerical method for hydrodynamic simulatiassntroduced
by McNamara and Zanetti in 1988 [61]. The main motivation for thesttion from
LGCA to LBM was the desire to get rid of the statisticalse. The Boolean fields were
replaced by continuous distributions over the previous lattices. Ibithvo point out
that, at the beginning, Fermi-Dirac distributions were used asilequi functions,

instead of the Maxwellian distribution functions later introduced.



The collision operator for LBM was initially based on the calhs of certain
LGCA and only later on it was substituted by the BGK, fromitiitgals of Bhatnagar-
Gross-Krook who proposed it first in 1954 [62], collision operator by Koelf63],
Qianet al. [64] and others. The last paper (1992) marks the beginning of the ‘imioder
research period in this field. These lattice BGK models mar&va level of abstraction:
collisions are no more defined explicitly, but rather the link whign continuous kinetic
theory is considered an important feature, which can not be renouncedorrextion
between the models based on LBM and the continuous Boltzmann equatthscaissed
in various papers [65]. Furthermore, the connection between LB modelghand
continuous Boltzmann equation can directly show the relationship betw&dnand
other newly developed pseudo-kinetic methods [66].

The lattice Boltzmann method as a relatively new numerataeme has recently
achieved considerable success in simulating fluid flows and assbcteansport
phenomena [67]. Because of the microscopic origin, the LBM has mangtagea over
conventional CFD methods. The advantages include, among others,r gltysaal
meaning, a simple calculation, simple implementation on a computeallepa
computation, easy handling of complex geometries and boundary conditiehs a
capability of stable and accurate simulation [50, 60, 67-72]. The LBMéas found to
be stable, accurate, and computationally efficient as clagogbutational methods in
many of the single-component, isothermal fluid flow simulations [73-TBis method
has been shown to be particularly useful in applications involving aciaffdynamics
and complex boundaries. Being a meso-scopic approach based on simulating the
evolution of single-particle distribution, the interparticle intdoag can naturally be
incorporated [70, 77-80] and boundary conditions with complex geometries sindsas t
in porous media can easily be implemented [70, 81].

Recently, LBM has been shown to work successfully for fluid flowder the
effects of electric field [82-86] or magnetic field [87-89] andrkvsatisfactorily with
conjugate heat transfer problems [90]. In fact, various models have been builtBMhe
to model the thermo-hydrodynamics since 1992 [65, 70, 91-95]. In the vearkg, a
single distribution function model was introduced into the LBM to sateuthe Rayleigh
—Benard convection. However, severe numerical instability and temapenadriation



limited its use to a narrow range [65, 91-92]. To overcome thesetslefedouble
distribution function model was therefore developed [70, 93-94], which contained
density distribution function to simulate hydrodynamics (fluid floand a thermal
distribution function to simulate the thermodynamics (heat transfe®t Ble[70] proved
that the energy double distribution model can correctly describeugdteat dissipation
and compression work done by the pressure. However, their method is folacated to
use for thermal incompressible flows. In 1995, Zual. [97] presented an improved
lattice Boltzmann model for time-independent incompressible flowseSihen several
simplified versions has been presented. For example, ®eal95] gave a very simple
thermal energy evolution function with negligible heat dissipation pnessure
compression work. Shat al.[96] presented a similar thermal lattice BGK model for fluid
flow with viscous heat dissipation.

1.2.3 Numerical Simulation

Over the past two decades, with the advent of micro- and nano-systems
physics of fluid and heat transfer has been a very hot topic [283436, 98-133]. When
a fluid flows in micro geometries such as in microchannels or ioysomedia, the heat
transfer between fluid and solid boundaries can hardly be describad tie
experimental formulas in conventional heat transfer theories [@9].dxperiments can
result in accurate values of heat transfer coefficient atom@&nd nano-scales though
many efforts have been focused on them [98-100]. Numerical analssisnaets great
problems for complex geometry boundary conditions. The simple boundary
implementation such as constant temperature or constant heaarduxot suited for
micro fluidics especially for gas flows, because the heat afioduin solids also plays a
very important role in the overall heat transfer [100-102]. In susésca conjugate-heat
transfer condition at the interface seems reasonable enough. étoweeh an interface
condition brings much additional computational cost which is nearly uptide huge
for conventional CFD methods in complex geometries [98, 101-102].

Over the years many theories have been developed for gas flows in
microchannels, and they have shown good agreement with the experiotsaialations
[103-108]. For example, Gravesehal.[103] observed the wall slip and compressibility
effects in microchannels as important causes for deviationsrfraonoscopic gas flows.



Ohet al.[108] simulated high speed flows and thermal transport behaviohapdaund

out that velocity slip and temperature jump vary significantlya danction ofKn. For
liquid flows, Graveseret al. [103] emphasized the importance of existing bubbles in a
channel, the independence of viscosity from the characteristic donensand the
channel length effect. Elwenspoekal.[109] mentioned the entrance effect as a possible
cause for the deviation of the published experimental results from the convertemrgl t
applied to macroscale systems. Copeland [110] conducted a numesalyaisantilizing
FC-3250 coolant and heat fluxes ranging from 24,800 3fm549,000 W/rh They
documented the pressure drop and thermal resistance for microcharbl®df10 m

in width and 150 to 200m in depth. Zhimin and Fah [111] defined a thermal resistance
model to analyse the flow and heat transfer characteristigtetr in microchannel heat
sinks. They provided a series of guidelines to optimize the perfoenanoicrochannel
heat exchanger and a few suggestions for maintaining the desligat st operates in the
laminar flow regime to minimize pressure drop.

Federov and Viskanta [101], and later Qu and Mudawar [112] presented
numerical results for the detailed temperature and heat fliwibdisons in a heat sink
with rectangular micro-channels (5v wide X 180 m deep). They used the continuum
model and formulated the problem for three-dimensional conjugatdrhester in both
investigations and validated their model by showing that the numhegsults for the
friction factor and overall thermal resistance of the heat wieke in good agreement
with the experimental observations of Kawaetoal. [113]. Tohet al. [114] applied a
similar approach and highlighted that the numerical results frontahgnuum model
using a three-dimensional conjugate heat transfer approach agreed wellpsiimextal
results reported by Tuckerman [115]. Qu and Mudawar [116] reportecekpénimental
and numerical results for the pressure drop and heat transferhiatasink with
rectangular microchannels (23In wide X 713 m deep) and noted again that the
continuum model predicted the fluid flow and heat transfer charstotsrifairly well.
Ambatipudi and Rahman [117] performed a numerical simulation of-thneensional
conjugate heat transfer in heat sinks with rectangular microctsaanélinvestigated the
effects of channel width, channel depth, the number of channels, and Reyawidsr

on the thermal performance of the heat sink. Their predictions shogeadaagreement

10



with the experimental observations of Haratsal. [118]. Weisberget al. [119] solved
the fluid flow and heat transfer problems numerically assumingflthre to be both
hydrodynamically and thermally developed. Tunc and Bayazitoglu [480pted the
same assumption and, in addition, assumed constant wall heat flux haith ard
circumferentially. They then solved the model using the integral transfohmidgee.

Review papers by Sobhan and Garimella [121] and Palm [122] comibered
numerical results with experimental observations for liquid fldwsugh microchannels.
They found out that the liquid flow in long microchannels becomes fullyloleee after
a relatively short entrance length and thus, can be modeled as a two-dimensmnal fl

LBM for Microfluidics

Recent numerical studies [72, 123-134] have shown that the LBM @asimg
tool to study microscopic flows. The critical issues in the coatpmrt of micro flows by
LBM are how to simulate the Knudsen effects and the velocity/ sémperature jump
boundary conditions [134]. Most of these work deal with gas flow throughomgize
geometries where the continuum hypothesis is generally not anadi the Navier-Stokes
eqguation is no longer applicable. In such cases, the relaxatiorcdinsgants can not be
computed using the Chapman-Enskog expansion and they have to be derivédefrom
kinetic theory. Several works have been done in this regardetNie[72] modified the
expression of relaxation time by including the effect of dgnkitn et al. [123] assumed
that the particles relax to their equilibrium state over ithe period required to travel a
distance of mean free path of molecules. The relaxation timeéacdsixan be linked to
the Knudsen number with this assumption. Mtual. [125] established a relationship
between the relaxation time and the Knudsen number from the kinetic theory.

It is well known that the Navier-Stokes equations are based orotiEuum
hypothesis which is valid when the characteristic length staté,the system is much
larger than the mean free patbf the molecules. Therefore, the ratio db L, defined as
the Knudsen numbekKn = /L is a natural measure of applicability of the continuum

equations. The entire flow region can be categorized into several regasess on th&n
[ref: continuum flow, Kn£10°%; slip flow,10°£Kn£10" ;transition flow,

10 £ Kn £ 10; free-molecule flow,Kn3 10. For example, air has a mean free path of

65nm and if it is flowing in a channel having a characteristic lengtle,scél 65//im , the
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continuum hypothesis can be applied. In the present work, the hydraulieteiam

D, ® 180rm and the working fluid is water. Thus, the continuum hypothesis can be

applied to simulate the fluid flow and heat transfer phenomena in metallic MHEesglevic
1.3 Experimental Objectives

The main objective of the present study is to investigatd¢iae transfer rate in
Al- and Cu- based MHE prototypes. Results of heat transféndest these Al- and Cu-
based MHEs are reported and critically compared to those ofeLea&. [47] to
demonstrate the feasibility and potential of metal-based, higtiesity, compact MHES.
The potential influence of microchannel surface roughness on (mefer rates is
discussed in light of the current results. Cooling performance séthB#HEs have also
been investigated using infrared thermography and the cooling ratesvaluated for
both Al- and Cu- based MHE devices. Additionally, the thermal behavitirese metal
based MHEs have been studied using thermo-hydrodynamic lattitenBoin model
(will be discussed in detail in the following chapter) and compargdRuent (standard

finite volume based solver).
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CHAPTER 2: LATTICE BOLTZMANN METHOD

Understanding the flow properties of complex fluids in complex topdagi®f
importance to technological applications and it presents a rgléveoretical challenge
too. Recently, new computational methods, capjedudo-kinetichave been proposed
which have several advantages over conventional computational methodbleNota
examples include the Lattice Gas Cellular Automata (LGCHe, ltattice Boltzmann
Method (LBM), the Discrete Velocity Models (DVM), the Gas-&iic Scheme (GKS),
the Smoothed Particle Hydrodynamics (SPH) and the Dissipaaviécle Dynamics
(DPD). In structure, all these algorithms look much like mobkaculynamics (MD),
where atomic particles move according to Newton’s laws. Horyvévese tools realize a
mesoscopic description of the fluid, and do not represent individual atopestmles,
but loosely deal with cluster of particles. This idea allowsnfioich larger time steps so
that physical behavior on time scales many orders of magrgreaéer than that possible
with MD, may be studied. One hypothesis for using these simpkiiedic type methods
for macroscopic phenomena is that the macroscopic properties aesultieof collective
behavior of many microscopic particles and the macroscopic dysareansensitive to
the details of the microscopic mechanism.

This chapter gives a brief description of the basic idea behind dktee
Boltzmann Method and discusses on how to design a lattice Boltzmann foodet
fluid-solid conjugate heat transfer in metal-based microchannels.

2.1 Basic ldea

Among the pseudo-kinetic algorithms, the Lattice Boltzmann Meth&M})
seems very promising in terms of easiness to account forffaeedt phenomena (multi-
physics aptitude) and effectiveness to deal with distributed cotignébh domains
(parallel computing aptitude). The models based on LBM are quiterafiff from an
accurate microscopic description on one hand, and from a macroscopiptiesd.e.
Navier-Stokes equations in the continuum hydrodynamic, on the other hand.

The key point is that, even though the actual microscopic dynamézglygr
depends on the nature of the considered fluid, it can lead to the sameof

macroscopic equations. In other words, the macroscopic descriptionesalfjemuite
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insensitive to the underlying exact interactions among parti€les.this reason, it is
possible to design a much idealized microscopic description which, how#eesrs us to
recover the desired macroscopic equations. In addition to rea gaseal liquids one
may consider artificial micro-worlds of particles “living” dattices with interactions that
conserve mass and momentum [50]. The micro-dynamics ofastifibial micro-worlds
should be very simple in order to run it efficiently on a computer. @endior example,
a square lattice with four cells at each node such that onis eskociated with each link
to the next neighbor node. These cells may be empty or occupeddimyst one particle
with unit mass. Thus, each cell has only two possible states aredotieis called a
cellular automaton. Velocity and thereby momentum can be assigreath particle by
the vector connecting the node to its next neighbor node alotigkhehere the particle
is located. These velocities are callattice velocities The microscopic interaction is
strictly local in the sense that it involves only particles aingle node. The patrticles
exchange momentum while conserving mass and momentum summed upcbvencsa
After this collision each particle streams along its asdedilink to its next neighbor
node. The micro-dynamics consists on a repetition of collisions am@dnsnhg.
Macroscopic values of mass and momentum density are calculatgdcosirse graining
(calculation of mean values over large spatial regions with hundeeti®otisands of
nodes) [50].

The streaming is simply determined by the considered latgcause particles
move according to the allowed directions. On the other hand, thectiaramong
different particles at a given node strongly affects the osaopic hydrodynamics of the
model. Essentially, the interaction is based on a great numbenllsions but they
cannot be directly taken into account within a meso-scopic frameheckuse the
allowed directions are very few. For this reason, some |aihsion rules are needed
which simulate the long-term effect due to collisions, i.e. thedtreowards local
equilibrium. The easiest strategy consists in introducing a dietplcollision operator
which tries to force the actual particle population towards thdilegumn configuration.
The effectiveness of the simplified collision operator is iati¢ gap between actual and
the equilibrium configuration, is usually given by a proper setredfixation time

constantsThe relaxation time constants determine the microscopic dgedawards the
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local equilibrium and the macroscopic transport coefficients asdhee time. Once the
meso-scopic model has been defined, the relaxation time constantseapractical
tunable parameters which can be set in order to recover thedesinamics, both
microscopic and macroscopic.
2.2 Top-down and Bottom-up Tuning Strategy

In the previous section, the basic idea of meso-scopic models bas&iMohals
been discussed. The fundamental role of the relaxation time constaetged, but how
to select them has not been discussed. The algorithm for seléotingheso-scopic
relaxation time constants is calledeso-scopic tuning strategysince mesoscopic
modeling is somewhere located between the microscopic and theose@umc
description, it does not exactly coincide with any of them. Howelveeems reasonable
in principle to reformulate the information coming from both microscopnd
macroscopic description in a meso-scopic fashion. This algoriteidsyiwo different
alternatives:

I. The top-down approachwhich means that the meso-scopic relaxation time
constants are tuned in order to recover the macroscopic transpifici ot
and the mesoscopic algorithm, works as a numerical tool for solving th
macroscopic equations.

il. The bottom-up approachwhich means that the meso-scopic relaxation time
constants are tuned by roughly averaging the results due to taccura
microscopic description for the considered fluid and, the meso-scopic
algorithm brings the residual information to the macroscopic level.

Both the previous approaches are somehow present in the studiehediBjL
The LBM lies at the crossroad between two distinct lines of thooglet that views it as
an appealing method to compete with numerical fluid mechatopsdpwn approach
and the other that sees it as a sort of “telescope” of moledytemics fottom-up
approach).This dual nature of LBM is a rich potential source of richness Gt some
confusion too [60].

In the present study, first approach has been employed and LB&séntially
used as an alternative numerical scheme in order to solve theriStokes and energy

equations.
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2.3 Existing LB Models

In the previous section, applicability of relaxation time camstan mesoscopic
tuning has been discussed. Essentially in a pseudo-kinetic model, ididnetof the
velocity space due to the lattice allows us to easily solyseado-kinetic equation
characterized by some relaxation time constants. Independeatty tire considered
approach for tuning the relaxation time constants, the numberest tharameters
actually determines the complexity and the reliability of tiesso-scopic model. Within
the framework of top-down tuning strategy, the number of relaxdima constants
limits the number of the macroscopic transport coefficients whachbe independently
tuned.

In particular, the situation is quite critical for thermal meddtully thermo-
hydrodynamic lattice Boltzmann schemes represent a standialerde to LBM
research and despite several brilliant attempts a fully thégdoodynamic lattice
Boltzmann scheme working safely over a wide range of temperaturesnsisdihg [60].

In order to increase the number of tunable parameters and congedbent
number of macroscopic equations meaningfully solved, the following toelgjaite
promising:

Thehybrid designwhich means that the additional scalar equations are solved by

means of different numerical schemes and only the fluid flowethermal field,

is computed by the LBM.

The multi-relaxation-time collision operatprwhich allows us to consider the

maximum number of relaxation time constants for a given laftyceontrolling

independently the relaxation behavior of each moment.

The multi-lattice design which essentially uses different lattices for solving

different macroscopic equations without neglecting the physagllmg among

them.

In the present study, multi-lattice design has been employerdier to compute
the velocity vectors and temperature field, and is discussed imetktesection. The
hybrid design is neglected because it does not add any informatiomegard to the
LBM. Multi-lattice approach aims at increasing the number oflilenparameters. This

scheme essentially uses different lattices for solving diffemacroscopic equations
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without neglecting the physical coupling among them. In other wtrddyasic idea is to
use a large set of discrete velocities with a distributiontimmdor particle density and
another for particle internal energy density [135]. This schensztafély doubles the
number of discrete velocities and the numerical accuracy o swswemes still remains
largely unknown [136]. Even though nowadays these schemes still presaet s
drawbacks for the thermo-hydrodynamic simulations, they are atkared by an
interesting feature: a more complicate set of macroscopicieqsiaincluding the energy
equation, is solved by means ofigual mixture of elementary particles. Obviously, this
way of describing the phenomena seems far from an actualckihescription but it
allows us to increase the number of equations meaningfully solvedoapdrposely
design a lattice in order to produce the desired effect. The hdeaittual particles can
carry a specific quantum of information has largely been appfed.example, the
concept offield mediatorsfor simulating multi-phase mixtures in the LBM framework

belongs to this approach [137].

Ttop-north
Ttop-west Ttop-east
\ Top wall /
—>» —>
Tuidin — Fluid T
uid-in —» > uid-out
fluid-i ul fluid
—> —>
—> —>
/ Bottom wall \
Tbottom-west Tbottom-east

Tbottom-south

Fig. 2.1.Schematic of the two-dimensional fluid-solid conjugate heat transfeeiprobl

2.4 LBM Formulation
A lattice Boltzmann method has the following ingredients:
An evolution equation, with discretized time and phase space involViitjce

structure and a momentum space reduced to a small set of discrete momenta.
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An equilibrium distribution function, which leads to the macroscopic et

such as Navier-Stokes equations for the fluid flow, and involves thergatiea

constraints, which are the thermo-hydrodynamic collision invariants.

A lattice, i.e., a set of allowed microscopic velocities whiclehiaracterized by

enough symmetry to accurately calculate the thermo-hydrodynamic moments

A detailed description of the lattice Boltzmann formulation usethe present
work is present in this section. Consider a two-dimensional chawittelthick wall as
shown in Figure 2.1. It is a fluid-solid conjugate heat transfer probfehe fluid flow is
considered to be steady, laminar and incompressible with thecphysioperties
independent of temperature, the macroscopic governing equations can be written as

Continuity equation

Nu=0 (2.1)
Momentum equation

r %+U.Nu =-N p+nN?u (2.2)

Energy equation for fluid

T T - w2

(rc,), o ulNT =K R°T (2.3)

Energy equation for solid

qr -

(rcp)sﬁ = K NZT (2.4)

where, the subscripfsands represent fluid and solid respectivelyis the densityy is
the velocity vectorp is the pressuré, is the specific heat capacify,is the temperature
andK is the thermal conductivity.

These macroscopic equations can be recovered from the lattitenBoh
equation through Chapman-Enskog expansion [66]. It is well acceptethéhaiscous
heat dissipation term in the energy equation for the fluid flow loa neglected for
incompressible flows. So, dropping the viscous heat dissipation term assunere
compressible work and adopting a simplified thermal lattice Baltammmodel proposed
by Penget al. [95] to simulate the fluid-solid conjugate heat transfer problem. The

evolution equations in terms of the discrete density and energydigin functions for
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the fluid flow and heat transfer in a two-dimensional nine spee@Q9D lattice
Boltzmann model can be expressed as:

Evolution equation for fluid flow

f,(r +e,dt t+at) - fa(r,t):;—l f(rt)- £9(rt) + dF (2.5)

a

wherer =r (x,y) and,

3G.(e, -
F, _%{e-4 5 4 f € (2.6)
c
with G being the external force acting per unit mass.[70]
Evolution equation for heat transfer

-1 .

0. (r+egattrat)- g (r)=— g (ry)- ¢(ry (2.7)
9

with the local equilibrium distribution functionerflow Mach number flows given by:

2
e, u,9(e U 37

fA=w,r, 1+32 2.
a e ¢z 2 ¢ 2c¢ (2:8)
where,
4/9 a=0
w,= 1/9a=123/4 (2.9)
1/36a = 5,6,7,¢
(0,0) a=0
e,= (cosq,,sig)c, q =(a- Ip/ 2, a= 123, (2.10)
\/E(cosqa ,sing, )c - =(a-5)p/2+p/4a= 567,
and
at
t =3y —+0.5 2.11
u alXZ ( )

where, ¢, is the viscosity-based dimensionless relaxationeticonstant,u is the
kinematic viscosity anddx is the lattice constantat is the time step which is
determined byat = d/c. This is so because the velocity discretizatioooispled to that

of the physical space such that the lattice streagiobtained. For gas flows, takes the

value of the real sound speed, while for liquidwip ¢ can take any positive value
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theoretically only to maker, value in (0.5, 2) [90]. The equilibrium distriboti

functions for the energy distribution are expressgd

2
-\TvaTu—2 a=0
C
2
, e .u 2
AERA) 3,36 9(eU) 3 a=123/4 (2.12)

2 2¢2 2 ¢ 2c?

2
e .u+g(ea.u) s’

W, T 3+6-2% ——-—> 4a=056,7,¢
(o 2 C 2C
with
-2/3 a=0
W, = 1/9a=123/¢ (2.13)
1/36a = 5,6,7,¢
and
3K
t =————+05
g 2GCcza’t (2.14)

where, ; is the dimension less relaxation time constanttferenergy transport.

The algorithm for the computation of the distribatfunctions can essentially be
divided into two steps. The calculation of the réistribution functionsf, and g, called
the collision step and the streaming of the distributions to ribet neighboring nodes

called thestreamingstep. After evolving on the discrete lattices, mfecroscopic density,

velocity and temperature field can be calculatedhieyfollowing relations:

r = fa (2.15)
a=0

8 r&'t

fu= o+ (2.16)

a=0 2
8

T= g, (2.17)
a=0

Equations (2.5) and (2.6) can be used to computarniacroscopic density and velocity
vectors, and equation (2.7) can be used to simuketetemperature field. In case of

solids, the macroscopic velocity is zero and hdrea transfer by diffusion is dominant.
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Thus, equations (2.7) and (2.12) which are basedoorection dominant heat transfer
can not be used. Based on the Chapman-Enskog éxpdos diffusion dominant heat

transfer [138], the following equilibrium distridah functions are used in the solid
region:

-W,T a=0

eq —
ST wTa=12,..¢

(2.18)

Equation (2.7) still remains the evolution equationthe temperature field in the solid

region and equation (2.18) gives the temperatetd.fi

Dx D2Q9 lattice

Fig. 2.2. Schematic of the two-dimensional nineexspD2Q9 lattice.

2.5 Boundary Conditions

The theory of boundary conditions for the contumsidBoltzmann equations is
sufficiently well developed to incorporate the imfation about the structure and the
chemical processes on the wall [71-89]. The retdinathat the LBM is a special
discretization of the Boltzmann equation allowstaslerive the boundary conditions for

the LBM from continuous kinetic theory. For the geat case of a fluid-solid conjugate
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heat transfer process, a double-population thetatite Boltzmann model has been
used. Such a model requires the implementatiolmerhial boundary conditions for the
solid region and of two sets of boundary condititorsthe fluid region - one for the fluid

flow and the other for heat transfer. Each set ists®f the inlet, outlet and the wall

interaction conditions.

y A

North Wall

® ® ® ® ® ® ® ®

Inlet ® o o e e o o ® Outlet

® ) ® <—$Z>I ) ) ) o

® ° ° ) ) ) ° ®

® ® ® ® ® ® ® e —»
South Walll X

< L >

Fig. 2.3. Placement of D2Q9 lattices in the domain.

Boundary treatment for fluid flow
Based on the bounce-back of the non-equilibriumt peoposed by Zou & He

[139], the boundary conditions for the fluid flovarc be described as follows. Consider

the south boundary aligned along the x-directiothvhe density distributions,, f., f,

pointing into the wall (see figs. 2.2 and 2.3). ékfithe streaming step, the density

distributions f,, f,, f;, f,,f,, f, are known. With the macroscopic velocities,u,

specified at the wall, equations (2.15) and (2d4) be used to determine the unknown

density distributionsf,, f, f, and densityr .

fo+fg+fo=r-(fo+ f+f+f,+f +f) (2.19)
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fo- fo= ru- (f; £ & f) (2.20)
f,+fo+fs=ru, - (f,+ f,+ f) (2.21)

Consistency of equations (2.19) and (2.21) gives,

/:% fo"'fl"'f3+2(f4'|'f7"'fs) (2.22)

y
To close this system of equations, the bounce-twdke non-equilibrium part of the

particle distribution normal to the wall is assumieel

f,- 9= f,- £ (2.23)
Thus,
_ 2
f,=1, +§ ru, (2.24)
1 1 1
fo=1,- E(fl_ fa)r STuF o (2.25)
1 1 1
fy= f8+§(f1- f,)- STuE Y, (2.26)
A similar analysis at the north boundary resulis in
_ 2
f,=1,- §ruy (2.27)
1 1 1
f.=f, +§(f1- f,)- ST Y, (2.28)
1 1 1
fo=f, - E(fl_ f ) STu Y, (2.29)

At the inlet of the channel, for =7, ,u, =0 we need to determing, f;, f, and

in?

u,. Using equations (2.15) and (2.16),

f1+f5+f8:rin_(f0+ 1:2"' f3+f4+f6+f7) (2-30)
fo+ fg+fg=ru, +(f, +f, +f) (2.31)
fo- f=- f4 f; f& f, (2.32)

Consistency of equations (2.30) and (2.31) gives,

fo+ o+, +2(f,+f +f
u =1._° 2" 4 (3 6 7) (2.33)
I

n
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Using the bounce-back of the non-equilibrium pdrthe particle distribution normal to

the inlet i.e.,
f- f59= f- (2.34)
the following expressions are obtained for the wwkm particle distributions,
f, =1, +§ I iUy (2.35)
f=f, - %( £ £ %rinux (2.36)

1

1
f8 = f6 +§(f2' f4)+ El‘inu (237)

X

In a similar fashion, the unknown particle distion functions at the outlet can
be found. However, the corner nodes require a apteiatment. For example, consider
the bottom node at the inlet boundary with f,, f, known andr specified. Using the
bounce-back of the non-equilibrium part of partidistribution functions normal to the

wall and the inlet, we obtain,

f= 20+ (- £79)= f3+§r. u

In=x

(2.38)
b= 0+ (f,- £59)=1 +27
27 12 4 4 |7 Ta 3 in-y
For stationary wallsu, =0,u, =0. Using this and the above expressions in equations

(2.31) and (2.32), we obtain,

1 (2.39)
fs = fs ZE Fin - (fo+ f1+ f2"' f3+ f4+ f5'|'f7)

A similar procedure can be applied at other thoreears.
Boundary treatment for heat transfer

For the evaluation of the unknowg at any point on the boundary in LBM,
generally a bounce-back scheme is used [50]. &k the unknowng; is evaluated in
terms of knowng, that is having an opposite direction. For examipl@ 2-D rectangular

geometry with the D2Q9 lattice, at the west boundgy is unknown and it will be
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evaluated in terms of,, which propagates in the opposite direction. Sirtyl at the
same boundaryg, will be evaluated in terms of, and g, in terms ofg,. The two
particle distribution functionsg, and g,are lying along the west boundary and in
streaming ofg, from this boundary, these two will not be requirgdshort, the unknown
incoming populations at a given boundary are asduimdre equilibrium distribution at
the boundary temperature.

In heat transfer problems, at any location onlibendary either temperature or
flux can be a known quantity. In the present wakperature is specified at the solid
boundaries and at the inlet while at the fluid-gatiterface flux continuity is ensured.

Using the above concept of the bounce-back schema,2-D geometry with
D2Q9 lattice, at the west boundary where tempegatuif,,, the three unknowry, are

determined as:

In the solid region

— - 2

0,=- 0 W+ WT=- g © 7, (2.40)
- — 1

0, =- gt W+ W= g+ = T 2.4)
- - 1

0= 0+ W+ WT=- o -] 242

At the fluid inlef(for u, =0)

2

o o 1 u,
g,=-0;* g1q+ gsqz - O 5 -l;/ 3+ 6? (2-43)
—_ eq eq— 1 uf
Os=-0,%* O+ O;'=- g7+§3-!;/6+6? (2-44)
—_ eq eq— 1 uf
gs_'g6+gs+ge_'ge+3_6-l;/6+6? (2.45)

Unknown distribution functions at other two tenmgtere boundaries for the solid
region were calculated in a similar way. Howevérthe interface the fluid velocity is
zero and thus the heat transfer is conduction daminSo, using the local physical

properties and applying a finite difference anal\yai the interface, the temperature at the
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interface can be evaluated. Once the expressitiisotemperature is known, the above
procedure can be followed to evaluate the unknowstniloution functions at the interface.
At the outlet, a sufficiently developed conditionasv applied which means the

distributions at the outlet were set same as teeipus grid.
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CHAPTER 3: EXPERIMENTAL SET-UP

In this chapter, the experimental set-up and thaildeof the apparatus used for
the investigation of the overall heat transfer &atd cooling performance of metal-based
micro-channel heat exchangers is presented inldé@ditionally, a non-conventional
scheme used to analyze the flow field inside a oaatrannel is reported at the end of this
chapter.

3.1 Experimental Apparatus

Figure 3.1 shows a schematic of the testing appaidsigned and built to study
the thermal behavior of the metal based micro-chbheat exchangers. The apparatus
consisted of three sections — pressuring sectest,section and data acquisition section.
For the experiments, the micro heat exchanger wes as a cooling device with water as

the coolant. Single-phase liquid flow was considdoe all the heat transfer experiments.

Digital Manometer

Pressure Relief
& 2 \ To Drain

Data Acquisition

Computer

Compressed Air Pressure Tank

Fig. 3.1. Schematic of the Experimental Set-uphfeat transfer measurements.

3.1.1 Pressuring Section

This section consisted of water holding tank cote:to a compressed air bottle
and was used to obtain sufficient pressure to fusicoolant through the micro channels.
This approach was preferred to the use of pumppamdded a smooth and stable flow.
In case of pump driven flows, oscillations in th@aaf rate were observed. These external
perturbations in case of a pump could cause irgtal@ind interfere with the flow

transition [38]. A needle valve placed at the leottleck helped release the required
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amount of air from the bottle and that placed ddveasn of the tank exit was used to
make fine adjustments to the flow rate and attanmocth and stable flow through the

channels. A pressure relief valve was also conddctéhe tank for safety measures.

Fig. 3.2. Picture of the pressuring section ofakperimental set-up.

Fig. 3.3. Compressed air bottle.

Compressed Air Bottle
Figure 3.4 shows a picture of the compressed ditebthat was used for the
experiments. A new bottle contains air compressedbbut 2000 psi. It comes with a
control valve and does not include any pressurelaséys. Hence, a pair of pressure
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regulators was connected to the bottle in ordeketep track of the pressure inside the
bottle and the pressure at which the compressesd @leased from the bottle.
Water Holding Tank

The compressed air bottle was connected to therwatding tank with the help
of a metal tube passing through a needle valve.cbhgressed air entered from the side
of the tank and forced the water out through amratietal tube inserted until the bottom
of the tank. Another metal tube placed at the tbphe tank was connected to the
pressure relief valve. This procedure is same asdmployed in off-shore oil drilling.
Figure 3.4 shows a picture of the tank used. Thik s a capacity of 15 gallons.

Fig. 3.4. Water holding tank

Fig. 3.5. Pressure regulating valves.

Pressure Regulating Valve
Figure 3.5 shows a pair of pressure regulating esalplaced closed to the

compressed air bottle neck. The pointer on the hgind side displays the total pressure
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inside the compressed air bottle while that onléfiehand side displays the pressure at
which the gas is released from the bottle.
Pressure Relief Valve
Figure 3.6 shows the pressure relief valve usedsédety precautions. It was
calibrated to release the gas when the pressui@eig®es above 100psi. Once the

experiments were over, it was also used to reldsspressuring gas from the inside.

Fig.3.6. Pressure relief valve

3.1.2 Test Section

The test section consisted of either an Al- or a liased specimen enclosed in a
semi-rigid PVC foam insulation with the heater iantact with the top face of the
specimen. Figure 3.7 shows a schematic of theswxgion. The figures also show the
placement of the thermocouples. The fabricationcgge of the Al- and Cu- based
specimens is presented in the following section.

Al- and Cu- Based Specimens

The Al- and Cu- based microchannel specimens wesegded and fabricated in
Dr. Meng’s lab in the department of mechanical eegring at LSU using the mold-
replication technique. Figures 3.8 and 3.9 shoeetively overviews of the molded Cu
and the molded Al coupon containing the array aftamegular microchannels, fluid
supply channel, and fluid drain plenum. To formirety Cu- and Al- based MHEs, Cu
and Al coupons containing replicated microchannahsl fluidic connections were
eutectic bonded to one flat Cu plate and one flgiléte, respectively. Figure 3.10 shows
an optical overview of bonded Cu and Al MHE propmyg, with plastic external fluid

adaptors attached.
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(@) (b)

(©)

Fig. 3.7. Schematic of the test section. (a) Botidew; (b) Top View; (c) Side view of
the test section with tube connections. Black dad&ate locations of thermocouples.

Fig. 3.8. An overview of the molded CuFig. 3.9. An overview of the molded Al

coupon containing the array of rectangulaoupon containing the array of rectangular
microchannels, fluid supply channel, anchicrochannels, fluid supply channel, and
fluid drain plenum. Numbers shown on th#uid drain plenum. Numbers shown on the

ruler are in mm. ruler are in mm.
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After the experiments, destructive examinationhef Cu and Al MHE specimens
were performed. The measured microchannel widtlsh&nghts were averaged and are
shown in Table 3.1. The average hydraulic diaméter the microchannel array,

D, =4A/p, was calculated from the average microchannel uéoas and is shown

also in Table 3.1.

Fig. 3.10. An overview of the assembled Cu and ABspecimens.

Table 3.1.Average microchannel dimensions of assembled QUAAIMHE specimens.

Average dimensions of bonded microchannels  Dimassod fluid supply
channel
# of H w L Dn Hs W Ls
channels (nm) | (nm) | (mMm) (mm) | (Mm) | (nm) (nm)
Cu 19 320 150 12650 204 621l 1260 1620
device
Al 18 291 115 13050 165 68f¢ 1242 1750
device

PVC Foam Insulation

The Al and Cu specimens along with the heater weatosed in a high density
semi-rigid Polyvinyl Chloride foam insulation asaosin in the figure 3.11. This
insulation is lightweight, water resistant closedl-doam insulation. Its physical and
thermal properties are as follows:

Temperature range: -325° to +160° F

Heat Flow Rate: 0.19 Btu/hr. x in./sq. ft. @ 75° F

Density: 5 Ibs./cu. ft.
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Thickness: 1”.

Color: gray.

This insulation comes in sheets of which two emimtd blocks were cut. In one
block metallic MHE device was placed and the heatdhe other. Holes were drilled
into the insulation, near the bottom surface of diegice, for the inlet and outlet tube

connections and for the thermocouple to be plat#uesbottom surface of the device.

Fig. 3.11. Polyvinyl Chloride foam insulation.

Fig. 3.12. Super watt Cartridge Heater inserted antectangular copper block.

Heater
A rectangular assembly of two Super-watt cartridgaters was used to provide a
high heat flux at the top surface of the devicectE@ctangular heater was fabricated by

inserting a super watt cartridge heater (200W) amsingle machined copper block (5/8”
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x 5/8”) of same length(1 ¥4"). The two copper blogkesre bonded together, then attached
to the specimen top surface with the help of higldgpducting arctic silver adhesive and
then the cartridge heaters were inserted. Befdeelahg, the surface of the heater (Cu
block) was polished and smoothened.
The technical specifications of the super watt érsadire as follows:

Sheath length: 1”

Maximum Watts: 200W

Minimum Watts: 70W

Diameter: 3/8”

Maximum Volts: 120V
The arctic silver glue provided a uniform contaatl &liminated the air-gaps between the
heater and specimen surfaces.

Fig. 3.13. Two part Arctic Silver thermal adhesive.

Thermal Silver Adhesive

To maximize the heat flux flowing into the metallHE device, a uniform
contact between the heater and the device was theEdethis purpose, a two-part arctic
silver thermal adhesive was used (fig. 3.13). divided a uniform contact and eliminated
the air-gaps between the heater and specimen earfdoreover, Silver being highly
conducting material helped reduce the losses ihfhieadue to contact resistance.
3.1.3 Data Acquisition Section

Differential pressure across the micro-channel lee@hanger, steady state and

transient temperatures at different locations id an the device and the flow rate were
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the three main data that needed to be collectedtH® purpose, the data acquisition
section was installed which included the followingtruments.
Digital Manometer

The differential pressure across the MHE device massured using a wet/wet
Dwyer digital manometer shown in Figure 3.14. laiversatile, hand-held and battery
operator series 490 digital manometer having agaig -100 psi (0 - 690 kPa). Units
are highly accurate (x0.5% Full Scale) for positiwe positive differential pressure
measurement and can tolerate most liquid media atbhie with 316L stainless steel.
Other features include a selection from up to se@mnmon English and metric pressure
units (psi, in. HO, in. Hg, mm Hg, kPa, bar or mbar), a memory fiomcthat allows up
to 40 readings for later recall and a backlightgaoviding auxiliary lighting at hard-to-

see locations.

Fig. 3.14. Series 490 Wet/Wet Dwyer digital manamet

The following are its technical specifications:
Service: Compatible gases & liquids.
Wetted Materials: Type 316L SS.
Accuracy: £0.5% F.S., 60 to 78°F (15.6 to 25.6°€1);5% F.S. from 32 to 60°F
and 78 to 104°F (0 to 15.6°C and 25.6 to 40°C).
Pressure Hysteresis: £0.1% of full scale.

Temperature Limits: 32 to 104°F (0 to 40°C).
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Pressure Limits:

6.895 bar

100.0 bar

203.6 in Hg

689.5 kPa

2768 in w.c.

5171 mm Hg

6895 mbar
Storage Temperature Limits: -4 to 176°F (-20 toG0°
Display: 0.42" (10.6 mm) 4 digit LCD.
Power Requirements: 9 volt alkaline battery.
Weight: 14.1 oz (400 g).

Connections: Two 1/8" (3.18 mm) female NPT.

Fig. 3.15. 36 gauge K-type Thermocouple with moldeldminiature connector.

Thermocouples

36 gauge K-type thermocouples (5SC-TT-K-36-36) lammh in Figure 3.15 were used
for the temperature measurements. The technicatifgagions of the K-type
thermocouples used are as follows:

K-type calibration

36 AWG Wires with PFA Insulation. Max. Service Te2§0°C (500°F)

Made from Special Limits of Error Wire

36” Lengths Standard
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Molded Subminiature Connector with Integral Stiamlief/Spool

Max Service Temp for Connector Body 220°C (425°F)

All the thermocouple readouts were taken usingta dequisition system.

Four such thermocouples were placed on the toasirdf the device and one at the
bottom surface. One thermocouple was placed on hib&ter surface. Five other
thermocouples were used for the water temperategsurement. Two were placed at the
inlet and three at the outlet. Fig. 3.7 shows a&swdtic of the thermocouple placement in
the test section.

The two specimens were tested under similar canditiof temperature and
pressure and the same experimental procedure Wawéd. First thermocouples were
inserted into each inlet and tube with the hel@ @t-fitting and then sealed with epoxy
(Fig. 3.16). In the same fashion, thermocouplesviserted into each outlet tube but the
epoxy sealing was not required. The tubes alongy wie thermocouples were then
connected to the inlet and outlet of the deviceothar thermocouple was placed at the
bottom surface of the device which was then placedhe insulation. Four other
thermocouples and the heater were placed on thesudpce of the device. Further,
connections to measure the differential pressudeflaw rate were made. These settings

were maintained same for both the specimen.

Epoxy To fluid supply channel

T

Thermocouple

To data acquisition

< Plastic tube

Water

(@) (b)

Fig. 3.16. (a) Schematic showing the placementlet thermocouple (b) Picture of the
connection.

InstruNet DAQ
InstruNet Model 100 analog/digital input/output teys (fig.3.17) connected to a PC was

used for the temperature readout. Temperature merasuat using a thermocouple
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involved connecting the two thermocouple leads foaa of instruNet Vin+ and Vin-
input terminals. Figure 3.18 shows a schematicthaf terminals available on the
instruNet hardware. An additional wire was inst@lgom the instruNet Vin- screw
terminal to the instruNet GND screw terminal, a¢ thstruNet hardware, as illustrated
below (fig.3.19). InstruNet calculates the valdetlte temperature in degrees Celsius

using a polynomial linearizing equation.

Fig. 3.17. InstruNet data acquisition unit.

(www.instrunet.com)
Fig. 3.18. Schematic of the terminals availableaoimstruNet Model 100 analog/digital
input/output system.

(www.instrunet.com)
Fig.3.19. Schematic of the thermocouple connedidhe instruNet hardware.
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Flow Meter

Flow rates were measured using a calibrated Pdigoate panel-mount flow
meter as shown in the figure 3.20. Its technicat#ations are:

Range: 4-40 gph

Max. Pressure: 100 psi @ 150°

Maximum Temperature: 150° F

Accuracy: £4% FS

It is made of high-impact black polycarbonate asicam economical choice for
applications with low flow rates at high pressutéhas a direct reading scale, Type 316
stainless steel fitting, a black glass float, Vit@rings, and NPT female type

connections.

Fig. 3.20. Polycarbonate panel mount flow meterhwiontrol valve and tube
connections.

IR Camera

The surface temperature of the metallic MHE was sueal using an infrared
thermography technique. The IR system used is & AldlermaCAM SC 500 (fig. 3.21).
The camera offers a high quality, non intrusive hodt for obtaining thermal data
through a commercially available software packagedfta analysis. The camera has a
range of - 40°C to 500°C. The ThermaCAM 500 utdizencooled microbolometer
longwave detectors to sense IR radiation. This mdkem ideal for general thermal
measurement applications. The SC 500 system feataed time 14-bit digital output, a
320 x 240 pixel detector, precision temperatureSueanent, internal data storage, and

outstanding thermal sensitivity. The camera haddhewing specifications: the field of
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view and minimum focus distance are 24° x 18° aBthGespectively; the spectral range

is 7.5 to 13 m and accuracy is +/- 2% or 2°C.

Fig. 3.21. SC 500 IR Camera used for capturingrifiared thermographs.

Fig. 3.22. Schematic of the IR camera placemeninfaared thermography.
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Figure 3.22 shows a schematic of the set-up foaiatl thermography. This set-
up is similar to the one used for the heat trantgsts. However, there is no insulation
around the bottom face of the metallic MHE speciraed also, that face is painted black
in order to improve its emissivity up to 0.96. Tstem calibration was conducted using
a thermocouple placed on the black painted tesasaito act as the benchmark. This
thermocouple was used to estimate the emissivitigeotfest surface.

3.2 Flow Visualization

Attempts were made to visualize the flow field desithe micro-channels. Two
different techniques were used for the same. Tisé technique was to inject a dye into
the flow stream and the other technique was to passl-in-water solution through the
micro-channels. For both the cases, videos wererded using a high resolution high
speed camera coupled to a microscope with 200X ifeafion. Following are the
details of the apparatus used.

Dye

Readily available green food color shown in fig#@3 was used as a dye. It
consists of water, propylene glycol, FD & C yelldwFD & C blue 1, and propylparaben
preservative. It was injected into the microchaameth the help of oral syringes shown
in figure 3.24.

Fig. 3.23. Green Food Color.

Oral Syringe
Figure 3.24 shows readily available oral syrindes tvere used for injecting the

food color as well as injecting the oil-in-watetgmn into the microchannels.
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PAM Cooking Oil Spray
In order to make a stable oil-in-water solutionhwiihe oil bubbles of the order of
few microns, PAM cooking oil spray was used (fig25. This spray comprises of
Canola oil as the main ingredient with some kinghiafpellant which probably keeps the
oil bubbles from coagulating. It also contains @Gralicohol and Soy Lecithin.

Fig. 3.24. Oral Syringes of two different sizes.

Fig. 3.25. PAM Cooking oil spray.

Fig. 3.26. High Speed High Resolution Camera — &&icope System with a PC
interface.
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High Resolution High Speed Camera - Microscopeedyst
Figure 3.26 shows a high resolution high speed camgached to a microscope
and a PC interface. This set-up comes with softwamgrammed to capture digital
images and videos through the microscope. Thishasta maximum capture speed of 30
fps (frames per second) and can capture a 15 sedong video at this capture speed. It
has a highest resolution of 1280 X 1024.
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CHAPTER 4: EXPERIMENTAL METHODOLOGY

This section deals with the methodology used ttecbblnd process the data in an
understandable manner.
4.1 Heat Transfer Measurements

Heat transfer measurements were performed on bwhCu and Al MHE
specimens at similar input heat fluxes, differdntiater pressures, and volumetric water
flow rates, which ranged respectively from 15 tovaf/cnf, 6.9x16 to 4.5x16Pa (1 to
65psi), and 0.05 to 0.8liter/min. Input heat fluxdavater flow rates were adjusted such
that the difference in outlet and inlet water tenapares is >7C in all cases. From energy
balance, the steady state power gain by the wéeinly through the MHE can be
expressed as

Ogain = 7 Cp Q(To,min - Ti,avg) (4.1)

where the volumetric flow rate was obtained by meaag the volume of water collected
at the exit over a fixed period of time. The averaget water temperature was obtained
from readings of the two thermocouples placed witthie fluid supply channel. The
minimum outlet water temperature was obtained kintathe minimum reading from the

three thermocouples placed within the drain plendimerefore, g ,, computed from

equation (4.1) represents a conservative calculatiovater power gain.
The overall averaged heat transfer coefficient tfeg microchannel array was
computed using
h= Ugain
Atotal (Tw - Tm)

whereAta IS the total area available for convection witthie test specimen. It is evident

4.2)

from Fig. 3.7 that the inlet water temperature wasasured from thermocouples placed
at locations before the water enters the fluid Sumhannel, while the outlet water
temperature was measured from thermocouples platddcations very close to the
microchannel exits. Therefor, is taken to be the sum of contributions from tledf
supply channel and the microchannel array. Bectiwesbydraulic diameter of the supply
channel greatly exceeds that of the microchanmettyding the supply channel area in

Awtal Presents a conservative estimaté.ofhe mean water temperatufg, was taken to
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be (To, agt T avg)/2. In all measurements on both Cu and Al MHE spenBm&, ranged

from 25 to 56C. Because it is difficult to measure the exactl wainperature;T,, is
estimated by taking the average between the meadinge of the four thermocouples
placed on the MHE top surface and the reading sihgle thermocouple placed on the
MHE bottom surface [see Fig. 3.7].

Infrared thermography was used to determine eatesurface temperature of the
MHE specimens to estimate the overall cooling eaig cooling time constant. The MHE
surface was painted black to increase emissivityoup.96. The MHE specimens were
initially heated to a set temperature before waias introduced into the microchannels.
Surface temperature images were captured at 60z aviFLIR SC500 camera. A
thermocouple placed on the imaged specimen suwaseaised to calibrate the IR camera
response. In each IR image a rectangular area \wdsethand the average temperature of
that area was used to plot the transient temperatarfile.

The experimental uncertainty for each measurednpatexr was estimated. The
uncertainties of microchannel dimension measuresnert, W, and L, were 5.5um,
5um, and 50um, respectively. The uncertainties e supply channel dimension
measurementsHs, W, and Ls, were 5.5um, 9.5um, and 200um, respectively. Rer t
flow rate measurements, the uncertainty of volugsgling was 2.5ml. The total volume
of water collected during flow rate measurements wa00ml in all cases. Therefore
uncertainty in Q measurements was better than 0.8%. The uncertdartyeach
thermocouple reading was 0°25o0r less. This uncertainty in temperature measengsn
was used to estimate uncertainties of quantitieb si8T,-T;, andT,-T, as well as ,
andK; through their known dependence on temperature][142
4.2 Data Reduction

The Reynolds number corresponding to water flowimgugh the microchannels
is related to the average water velocity or masw flate through the microchannels by
the following relation:

_rVD, _4M
m pm

Re

(4.3)

where both water density and viscosity depend ompé&gature [142]. The differential
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pressure across the microchannel inlet and oudetied to generate the desired water

flow is expressed through the Darcy friction fad@®, 142],

DPD,

1r\72L
2

r= (4.4)

Measured heat transfer coefficients were convettedlimensionless Nusselt
numbers based on the average hydraulic diametaeahicrochannels [47, 142].
_hDb,

f

Nu

(4.5)

where, values oDy, for the Cu and Al MHE specimens are given in Tahle andK; is
the thermal conductivity of water &, [142].

(@) (b)

Fig. 4.1. Cu microchannel specimen covered with®RA sheet and placed on an
Aluminium base.

4.3 Flow Visualization

Attempts to visualize the flow inside the micrcadnels were made. In order to
visualize the flow, instead of bonding a correspogdnetal block on top, a thin PMMA
sheet was attached (shown in fig. 4.1(a)). The PM&haet was thin enough to have a
good focus of the Microscope on a particular michennel. The flow was monitored
under a magnification of 200X. At such a high mégation, even a very small
disturbance can affect the focus. Hence, it wasired to have a sturdy base for the

micro-channel array. The micro-channel array wasga on the base as shown in figure
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4.1 and the inlet and outlet connections were mate.inlet was connected to an oral
syringe which was used to push water through tla@mls.

For the visualization, two approaches were usamhe- was to inject a readily
available food color into the flow stream and thibeo was to inject an oil-in-water
solution. In the former technique, flow visualizatiis based on the difference in color of
the flow field; while in the latter technique, valization is based on the observing the
traveling oil bubbles. The oil-in-water solution svgrepared by spraying readily
available cooking spray in water and then mixingvith an egg-beater for about 5
minutes. The solution was then placed on a stimeanother 5 minutes. The size of the
oil bubbles that remained suspended in the soluaoiged from 5 microns to about 15
microns. Figure 4.2 shows microscopic images ofdblation with a magnification of
200X. This solution was stable even after two hours

(@) (b)

Fig. 4.2. Microscopic images of the oil-in-watetwgmn at a magnification of 200X.

4.4 Numerical Simulation

Attempts were made to numerically simulate thet lxeensfer phenomena in the
Al- and Cu- based MHE. Lattice Boltzmann methodpaticle based meso-scopic
approach (discussed in chapter 2) and Fluent, anavoially available finite volume
solver were used for the same. Due to the consdrainthe computational space, only a
two dimensional rectangular geometry of dimensi@s26 X 3.91 mm for Cu MHE and
of dimensions 0.589 X 3.68 mm for Al MHE was cors&bl for LBM simulations.

These dimensions were selected by equating thenehdmeight to the hydraulic
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diameters and taking the thickness of the top anbim walls to be equal to the height of
the channel. The whole computational domain wasrelized into 93 X 575 square

lattices. Fluent simulations were also performedliie same domain and lattice sizes. In
all the simulations, flow field was considered te laminar. Since the length of the

channel studied was approximately one third ofatteial length, it is reasonable enough
to consider a fully developed flow field inside ttleannel. In other words, the flow was
assumed to be thermally developing and not simeitasly developing.

In the LBM simulations, first the flow field waslsed for various pressure
gradients in order to match the experimental Ralgalumbers and then the energy
equation was solved for those Reynolds numberenElgimulations were run for the
same set of Reynolds numbers. However, in ordesintwlate a thermally developing
flow in Fluent, a fully developed velocity profilgas needed to be applied at the channel
inlet. For this a user defined function was writtdine velocity profile was evaluated

using the analytical expression of a fully devetbp@iseuille flow given by:
u=-—— 1 — (4.6)

where u, is the axial velocity, d%x is the pressure gradie2i is the channel height

andy is the distance from the center of the channel.

For most of the experiments performed, the avevegktemperature in both Al-
and Cu- based MHE specimens was about 325 K ancehém all the simulations the
wall temperature was considered to be 325 K.

Additionally, 3-D fluent simulations were also fmed for both Al and Cu
specimens. However, the length of the channels tedien to be about half of the actual
length. The cross sectional area for the fluid flawas taken to be 300 microns X 150
microns and the thickness of the wall surrounding thannel was taken to be 150
microns. In these cases for Al and Cu specimensfltve was considered to be
simultaneously developing.

In all the simulations, the overall heat transtte was computed using equation
(4.2). For the 3-D case the total area for conwvectvas taken to be the total inside

surface area. In case of 2-D, the geometry wasvasto be a pipe of radius equal to the
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height of the channel and hence the total areadnvection was circumference times the
length of the channel. This assumption can be rdadeto the symmetry of the problem.
The Reynolds number and the Nusselt number wergutad based on the hydraulic

diameters of the channel.
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CHAPTER 5: RESULTS AND DISCUSSIONS

5.1 Heat Transfer Measurements

Figure 5.1(a) shows the collection of data regaydihe rates of water flow
through the microchannel array in the Cu MHE specdimand the associated pressure
drops, expressed in the form of Darcy friction ¢aotersus Reynolds number. The data
were collected during heat transfer testing andtated above, in a range of mean water
temperatures of 28 < T, < 50°C instead of at a constaf. The data show a rapid drop
of f from greater than 0.25 to ~0.15 Re increases from 250 to 500. ARx increases
further from 500 to 2000, a less rapid decreaskefimm ~0.15 to ~0.08 is observed. As
Reincreases beyond 2000, the decreadasreven less rapid. Included in Fig 5.1(a) are
results of friction factor calculations for fullyedeloped laminar flow in a rectangular
channel,f =63.1/Re, with W andH adopting average values for the microchannel array
within the Cu MHE specimen [49, 143]. It is evidehat the laminar flow calculations
show reasonable agreement with measured frictiotorfa atRe < 350. AtRe > 500,
measured values are significantly higher than those from dminar flow calculations.
Plotted also in Fig 5.1(a) are friction factor v@ducalculated from the Blasius equation
for fully developed turbulent flow in smooth pipeg,= 0.316/ Re®*®, atRe> 2000 [39,
142, 144]. Fitting of the present data set in #igge ofRe> 2000 shows that measuried
values can be reasonably described e’ dependence, although the proportionality
constant is instead ~0.55 i.ef.,.=0.55/ Ré%.

Figure 5.1(b) shows Darcy friction factor plottedrsus Reynolds number for
water flowing through the microchannel array in &kleMHE specimen. The data were
again collected during heat transfer testing, anthé temperature range of°25< T, <
50°C. The variation off with Re appears similar to that observed for the Cu MHE
specimen. Figure 5.1(b) also displays results mtidin factor calculations for fully
developed laminar flow in a rectangular channek 65.7/Re, with W andH adopting
average values for the microchannel array withiea & MHE specimen [49, 143].
Friction factor values calculated from the Blasaguation are also displayed Ré >
2000. Fitting of the data set in the rangdref> 2000 again shows that measuredlues
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can be reasonably described byrRa %° dependence with a proportionality constant of

~0.45i.e.,f =0.45/R&%.

(a) (b)

Fig. 5.1. Data on water flow through microchanrrehys: (a) Darcy friction factor versus
Reynolds number for the Cu MHE specimen; (b) Ddrfion factor versus Reynolds
number for the Al MHE specimen.

Liu and Garimella [38] investigated water flow inmaoth rectangular
microchannels with hydraulic diameter ranging fr@dd to 974um, combining friction
factor measurements with flow visualization. Indarhannels with./Dy, ranging from 42
to 127, their measured friction factors agreed Matminar flow calculations up to Re
~1600. Judging from significant friction factor datvon from laminar flow calculations
combined with flow visualization, they concludedthurbulent flow occurred dke >
2000, with the transition from laminar to turbuldtdw occurring over ~1600 Re <
2000 [38]. Mala and Li [39] observed water flowdhgh microtubes with diameters
ranging from 50 to 254um, and divided their frictitactor versus Reynolds number data
into three regions: &e< 500 where observations agreed with laminar fba¥culations;
at Re> 1500 where observations followed the Blasiusatiqu for turbulent flow; and a
transition region with 500 Re < 1500 where measured friction factors are highan
those from laminar flow calculations.

The range of presently measuredalues, from ~0.06 to ~0.25, is in agreement

with that from Liu and Garimella [38] as well astwihat from Mala and Li [39]. The
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detailed dependence bbn Represently observed from the Cu and Al MHE specirisen

in better agreement with the data of Mala and Q][3I he present data, shown in Figs
5.1(a) and 5.1(b), indicate that measured frictiactors lay above the corresponding
laminar flow calculations @&e> 500. AtRe> 2000, data from both the Cu and Al MHE
specimens follow theRe’?* dependence of the Blasius equation, although with
proportionality constants higher than 0.316 in betses. Thus extended transition
regions, in the range of ~500 < Re < ~2000, argestgd by the present data from the
Cu and Al MHE specimens. It is speculated that éxiended transition region is at least
partly due to the presence of significant surfaseghness within the microchannel
arrays. It should be noted that, absent flow vigatibn data, assigning the upper
Reynolds number of the transition regionRe-2000 is somewhat arbitrary. It should
also be pointed out that pressure loss correctioiesto the presence of the fluid supply
channel and drain plenum were not applied. Theeefoe friction factors displayed in
Figs 5.1(a) and 5.1(b) may be somewhat higher tham true values. Notwithstanding
this consideration, it is believed that the presesic~10um surface roughness within the
microchannels may contribute toward the observeghdri friction factors, both in the
transition and the turbulent regions.

Figure 5.2 shows the collection of data regardingrall averaged heat transfer
coefficients in the Cu and Al MHE specimens anddksociated water flow through the
corresponding microchannel arrays, expressed infdlra of Nusselt number versus
Reynolds number. Data collection was limited to B#0 due to pressure limitation of
the plastic tube connections. Figure 5.2 shows ithadhe range of 500 < Re < 2250, good
agreement exists between Nusselt numbers meassgelctively from the Cu and the Al
MHE specimens. At Re > 2500, data from the Cu d@dAl MHE specimens start to
diverge, with Nu values from the Cu specimen exitggpthose from the Al specimen.
Also shown in Fig. 5.2 for comparison are the daitd_ee et al. [47], obtained from
machined Cu microchannels. This particular dataveee taken from microchannels with
Dn=318um, the smalleddy, value they studied, and extend over a smallereaidre
from ~500 to ~2500. As evident from Fig. 5.2, thesently measuretlu values are
greater than those of Le¢ al.[47] over much of the range of 500 < Re < 2500s$dlt
number values of Leet al.[47] approach the present datd&rat500 andre-2500.
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Fig. 5.2. Data on heat transfer characteristicsss8li number versus Reynolds number.
Red and blue symbols are data from the Cu and AEMHecimens, respectively. The
green symbols are data of Leteal [32].

Visualization of flow within the microchannel arsays not possible for the
assembled, non-transparent, Cu and Al MHE specinieissspeculated that the presence
of significant surface roughness within the microhel arrays resulting from the
molding replication process is responsible forabserved highelu values as compared
to those of Leeet al. [47]. The increased surface roughness within theraohannel
arrays may lead to increased cross-wise flow mixiagulting in higher heat transfer as
compared to smoother channels. The increase in iihixing due to surface roughness
becomes less important when flow is very slow (RB0®) or very fastRe > 2500),
where flow perturbations from surface featuresss®ondary as the entire flow becomes
turbulent. The divergence between Nu values medstran the Cu and Al MHE
specimens aRe> 2500 is not understood at the present time.prasent data on the Cu
and Al MHE specimens suggest that controlling ssefaoughness of or engineering
profiles into microchannels may be beneficial feattransfer. The efficacy of such an

approach awaits future investigation.
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Fig. 5.3. Overall cooling characteristics of the &d Al MHE specimens: (a) Cu MHE
surface temperature versus time as water is fldowough the microchannel array; (b) a
fit to the data shown in (a) assuming exponentilay with two time constants; (c) the
faster time constant, and (d) the slower time @mtsbbtained through data fitting as a
function of the water pressure drop across the Mlg¥#ce. Black, red, and blue symbols
denote time constants obtained with starting teatpees of 70, 85, and 1%,
respectively.

The potential of Cu- and Al- based MHEs is illastéd in Fig. 5.3. Initially, the
heaters attached to the Cu MHE specimen was twnexhd the specimen was allowed
to reach a setemperature of ~10C. Keeping the same power input (~20W) into the
heaters, water was suddenly introduced into th&IE& by fixing aDP across the outlet
and inlet. The specimen surface temperature wastoned in real time using the IR
camera. Figure 5.3(a) shows the change in suriacgdrature of the Cu MHE as a

function of time after water was introduced inte pecimen at a fixedP. The MHE
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surface temperature drops more thafC5@ithin the first 5 seconds, followed by a more
gradual decrease to ~8Din the next 60 seconds. The first and faster d@rdpmperature
occurs when water draws heat away from the Cu Quilk.second and more gradual drop
in temperature occurs when heat is drawn away fteensurrounding PVC insulation.
The insulation has a higher heat capacity, regultm a more gradual decrease in
temperature. Figure 5.3(b) shows a fit to the meabgurface temperature versus time
data, assuming a compound exponential decay withdigtinct time constantg and ».
Here, the temperature was first normalized and fitéexa using the expression:
T()=Ae" + A (5.1)
where, T(t) is the normalized transient temperatufeand , are the cooling time
constants corresponding to the heat flux from thatér and surroundings respectively

and the constants;Aand A give an idea about the magnitude of these diftehemat
fluxes. The constants for all the test cases haea beported in Table 5.1 and Table 5.2.

Table 5.1.Constants for Al-based MHE.

Presfpirg brop Ay (sec) A A(sec)
25.2 0.63319 2.18872 0.36696 15.50716
25.1 0.65515 2.3011 0.33922 18.14155

25 0.67993 2.17843 0.34203 17.7377
40.4 0.72496 1.88696 0.29739 15.57753
40.5 0.80313 2.03842 0.29047 15.18432
40.4 0.70437 1.82759 0.30823 13.26754
Table 5.2.Constants for Cu-based MHE.

PressureDiopl (se0) A (sec)

10.2 0.35755 1.65058 0.64535 11.47543

10 0.40668 1.81968 0.59276 12.55087
10.5 0.48393 1.97372 0.57198 13.20602
20.5 0.59791 1.66263 0.50274 10.27134
20.3 0.50407 1.39206 0.50344 9.90178
20.2 0.47152 1.46668 0.54768 7.81155
40.2 0.51694 1.03597 0.44524 8.34396

40 0.55367 1.11859 0.44608 7.98393
39.9 0.674 1.15714 0.36364 7.97655
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It is evident that an excellent fit to the datasvaedotained using such a two-time-
constant fit. Consistent with expectationjs on the order of a few sec whilgis on the
order of a few tens of sec. Figures 5.3(c) andd}.&tow values of fitted time constant
and ; for both the Cu and Al MHE specimen, obtained #fedént values oDP and
initial specimen temperature.TAs T; varies from 70 to 10C, fitted values of;and »
show no significant variation. As expecteddecreases with increasimp or water flow
rate, and is in the range of 1 to 2 seconds foh&HE and 2 to 2.5 seconds for the Al
MHE. The time constants 4 corresponding to the heat flux from the surrongdi
insulation show a similar trend but are one ordghér in magnitude. Such reduced
response is due to a large difference in the thiecorauctivities of the insulation and the
metallic device. Moreover, the Al MHE device respens slower than the Cu MHE
device due to the basic difference in thermal caotiditly of the metals. Copper has

higher thermal conductivity and thus results inéowme constants.

() (b)

Fig. 5.4. Transient cooling mode behavior of metaMHE from initial state to the
steady state: (a) Cu MHE specimen; (b) Al MHE speci.

Figure 5.4 shows the transient cooling mode bemai metallic MHE from the
initial state to the steady state. At instant &, lieaters were switched on to provide an
input power of 370 W. The surface temperature wasstantly monitored with help of
thermocouples placed on the surface was allowedisea As soon as the surface

temperature reached 10N the valve was opened to push the water throlngh t
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microchannels (instant 2) and within a minute ty&tesn reached steady state (instant 4).
Infrared images were taken for the whole duratio60aHz capture rate and processed to
obtain the cooling curve (Fig. 13.). Figures 5.5d ah.6 show the thermographs
corresponding to each instant for Cu- and Al- bdgietE specimens respectively. The
thermographs at instants 2 and 3 give an ideaetdtoling effectiveness of the metal-
based microchannel device. The time difference detwinstant 2 and instant 3 is just
about a second for both Cu and Al specimens. TagHdhermograph indicates the rise
in coolant temperature as well as even heatindhefcoolant as it passes through the
microchannels. It can also be observed from thetlidihermograph that the insulation is
at a temperature slightly lower than the outletgerature showing that there is some

heat flowing from the surrounding insulation.

(@) (b)

() (d)

Fig. 5.5. Infrared thermographs at different instaof time for Cu MHE specimen. (a) t =
5s; (b) t = 33.091s; (c) t = 34.042s; (d) t = 60s.
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(@) (b)

© (d)

Fig. 5.6. Infrared thermographs at different ingtaof time for Al MHE specimen. (a) t =
5.5s; (b) t =28.7s; (c) t = 29.5s; (d) t = 49s.

5.2 Flow Visualization

Figure 5.7 shows the images of the flow througé ofithe microchannels. Figure
5.7(a) shows an image of the channel with only niéideving through it. The image was
clipped from a 15 second long video (avi format)akhwas recorded with the help of a
Camera-Microscope system. Matlab program was useskeparate all the frames and
save those as jpeg and bitmap images. Since nathimppe inferred from such an image,
a green coloured dye was introduced into the fleldfand a similar procedure was
followed to obtain the images 5.7(b) and 5.7(cxdh be seen in the image 5.7(b) that
green colored dye is flowing more close to the wallthe right and in image 5.7(c) it is
more close to the wall on the left. From these images it can be inferred that eddies

are formed in the flow field and that the flow wasthe transition region. However, no

58



other concrete conclusions can be made aboutdhefiéld. It was also observed that the
dye being water based diffused very fast into tloavfstream. This results in an
ambiguity that the flow is actually transitional isrit only the diffusivity of the dye in

water.

(@) (b)

(©)

Fig. 5.7. Visualization of the flow field in the Q4HE specimen using a green colored
dye at a magnification of 200X.

In order to overcome such ambiguous results,fardiit scheme was employed to
visualize the flow field. Instead of introducingdge in the flow stream, an oil-in-water
solution was used. With the help of a proper mixangl stabilizing agents, 5 to 15
micron sized stable oil bubbles were obtained. Bukition was pushed through the
microchannel unit and using a similar capturingcpdure discussed earlier, images
5.8(a), 5.8(b) and 5.8(c) were obtained. Theseethneages are consecutive images

extracted from a video file recorded at 30 fps. Du¢he high resolution of the camera
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and low flow rate through the microchannels, moftthee bubbles are visible and
traceable. It can clearly be inferred from the iegghat not all the bubbles have same
velocity and that there is some kind of circulationthe flow. This approach is by far
more informative than the earlier approach. Howgewkre to the limitations on the

maximum capture rates of the camera used, no furtsearch was done in this regard.

(a) (b)

(©)

Fig. 5.8. Visualization of the flow field in the Q4HE specimen using oil-in-water
solution at a magnification of 200X.

5.3 Numerical Simulation

The heat transfer experiments and infrared therapdty gave a detailed picture
of the overall heat transfer rates and coolinggrarance of Al- and Cu based micro-
channel heat exchangers. Inspired by the resulimnaa, numerical simulations were

performed in order to design a model so as to stivelyeat transfer phenomena in metal-
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based microchannel heat exchangers. Numerical ationg were performed using lattice
Boltzmann method as well as using Fluent. Howewdere to computational space
constraints only thermally developing flows in aotdimensional rectangular geometry
were considered in LBM.

First of all, the LBM code was run to simulateudlyf developed channel flow for
different Reynolds number and the results weredatdid against the analytical results.
Figures 5.9 and 5.10 show the validation of theocigy profile for Al and Cu
microchannels respectively. Clearly, the LBM resultatch very well with the analytical

results.
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Fig. 5.9. Comparison of the velocity profiléig. 5.10. Comparison of the velocity
obtained for Al microchannels using LBNMprofile obtained for Cu microchannels
with the analytical solution. using LBM with the analytical solution.

The LB model used to simulate the heat transfexr seane as that used by Peng
al. [95]. In this model only the velocity profile wasquired in order to solve the energy
equation under the assumption that the viscouspdissn and pressure compressible
work are negligible. On the other hand Fluent seliree Navier-Stokes equation along
with the energy equation without any of the abossuanptions. The results of the D2Q9
LBM simulations were compared with those of flusmhulations for both Al- and Cu-
based microchannels for different Reynolds numbers.

Figure 5.11 shows the comparison of Nusselt nusmbemputed using LBM and
Fluent with the experimental data for Cu specimarcase of 2-D simulation using the

fluent model, both simultaneously developing andrrially developing flows were
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considered. Since the channel length consideredatvast one third of the actual length,
thermally developing flow gave a very good estimatof the overall Nusselt number.
Moreover, the assumption that the flow is thermalgveloping is more practical. It is
well known that for low Reynolds number flows, thevelopment length is very small
and hence, much before the midway of the chanmeflthv gets fully developed. Also,
while estimating the Nusselt number from experirabdata, average wall temperature
was used. This average wall temperature was appti¢de solid boundaries in all the
simulations. The 3-D flow was considered to be $iameously developing subjected to
constant wall temperatures. In this case, the kengtthe channel was taken to be one
half of the actual length. Due to these two reastres Nusselt number predicted was a
bit higher than those obtained experimentally.ait e seen in the figure that the LBM
simulations predict a linear variation of the Nussember with Reynolds number. The

Fluent simulations however, show a non-linear beltder all the cases.
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Fig. 5.11. Variation of Nusselt number with Reyrsotdumber for Cu specimen computed
using LBM, 2D Fluent, and 3D Fluent models and rtheomparison with the
corresponding experimental data.

Figure 5.12 shows the comparison of Nusselt nusnbemputed using LBM and
Fluent with the experimental data for Al specim@mly thermally developing flow was
considered for the 2-D geometry and simultaneodsheloping flow for the 3-D case.

Here again, the 3-D case predicted a higher Nussettber. The Nusselt number
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predicted by LBM and Fluent simulations for Al speens were slightly higher than
those for predicted for Cu specimen. This diffeeentay be due to the smaller channel
dimensions in Al and not due to the material. Fbspecimen as well, LBM predicted a
linear relationship between the Reynolds numberNugkelt number as opposed to non-

linear behavior predicted by Fluent simulations.
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Fig. 5.12. Variation of Nusselt number with Reyrsotdimber for Al specimen computed
using LBM, 2D Fluent, and 3D Fluent models and rtheomparison with the
corresponding experimental data.

This linear behavior shown by the LBM simulationsay be due to the
sufficiently developed boundary condition appli¢dre channel outlet and also may be

due to the dropping of the viscous heating andgpirescompressible work terms.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

Heat transfer tests were conducted on Cu- and Aseth microchannel arrays
which were assembled through eutectic bonding rim fentirely Cu- and Al- based MHE
prototypes. The tests were conducted to deterrhi@@vterage rate of heat transfer from
heater blocks placed outside the MHEs to waterifigwvithin the microchannel arrays
and to determine the overall cooling rate and tooestants for these metallic MHES.
The presently measuredu values are higher than those previously obtairmedn f
smoother Cu microchannels. It is speculated that gresence of significant surface
roughness within the microchannel arrays resulteiddreased flow mixing and thus the
observed higher heat transfer rate. Enhancemehean transfer was demonstrated for
both the Cu and Al MHE specimens. Additionally,icapooling of the electrically heated
MHE specimen bulk was achieved by running watesugh the microchannels. The time
constant for the MHE device was found out to bedofor Cu channels with response
times around 1-2 seconds. The response time fomiium MHE specimen was only
slightly lower due to the lower thermal conductvitelative to Copper. Surrounding
conditions were observed to play an important roje considerably increasing the
cooling time.

Attempts were made to visualize the flow field desithe microchannels using a
dye as well as oil-in-water solution. Oil-in-watsolution was observed to give better
results. With the help of high-speed cameras (-0fif¥) a lot can be learnt about the
flow characteristics such as the transitional R&smaumber and affects of wall surface
roughness, inside a microchannel.

A two-speed nine speed D2Q9 Lattice Boltzmann modet Fluent, a
commercially available finite volume solver, wersed to predict the heat transfer
behavior inside Al- and Cu- based MHE specimense $mplified LB model was
observed to predict the thermal behavior fairlylwdbwever, the predictions were not as
good as those predicted by fluent. The accuracthe@fLB model can be improved by
considering a more developed LB model with betteuruary treatment. This will
however require more computational space leadinghéodevelopment of a parallel
computation algorithm.
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The demonstration of fabrication and thermal penmmce for metal based MHE
devices has enormous potential in many heat trapsédlems primarily in avionics and
electronic cooling. It is clear that the use of ahélased micro heat exchangers may result

in significant improvement in cooling efficiencyrfmicroelectronic systems.

65



10.

11.

12.

REFERENCES

Aldhous, P., China’s burning ambition, Nature 48552, June 30, 2005.

Tuckerman, D. B., and Pease, R. F. W., High perdorte heat sinking for
VLSI, IEEE Elect. Dev. Lett. Vol. 2, No. 5, pp.128981).

Mudawar, I., Assessment of high heat flux thermahagement schemes, IEEE
Trans. Components and Packaging Tech., Vol. 2422p(2001).

Kawano, K., Sekimura, M., Minakami, K., lwasaki, ldnd Ishizuka, M.,
Development of microchannel heat exchanging, JSMEIJl Series B, Vol. 44,
No. 4, pp.592 (2001).

Kohl, M. J., Abdel-Khalik, S. I., Jeter, S. M. arSadowski, D. L., An
experimental investigation of microchannel flow Hhvitinternal pressure
measurements, International Journal of Heat andsMBmnsfer, Vol. 48,
pp.1518 (2005).

Chein, R. and Chuang, J., Experimental microchaheek sink performance
studies using nanofluids, International JournaTlleérmal Science, Vol. 46, pp.
57 (2007).

Kittle, C., Introduction to Solid State Physicd! Bdition, John Wiley & Sons,
(2005).

Adams, D. P., Vasile, M. J., Benavides, G. and GzetipA. N., Micromilling
of metal alloys with focused ion beam-fabricatedidp Precision Engineering,
Vol. 25, pp.107 (2001).

Benavides, G. L., Bieg, L. F., Saavedra, M. P. Bngte, E. A., High aspect
ratio meso-scale parts enabled by wire micro-EDNgrdbystem Technologies,
Vol. 8, pp. 395 (2002).

Lorenz, R. M., Kuyper, C. L., Allen, P. B., Lee, B. and Chiu, D. T., Direct
laser writing on electrolessly deposited thin mdtkths for applications in
micro and nano fluidics, Langmuir, Vol. 20, pp. 3§2004).

Liu, Z. Y., Loh, N. H., Tor, S. B., Murakoshi, YMaeda, R., Khor, K. A. and
Shimidzu, T., Injection molding of 316L stainlesseed microstructures,
Microsystem Technologies, Vol. 9, pp. 507 (2003).

Ruprecht, R., Gietzelt, T., Muller, K., Piotter, . ¥nd Hausselt, J., Injection

molding of microstructured components from plasticgetals and ceramics,
Microsystem Technologies, Vol. 8, pp. 351 (2002).

66



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Ruprecht, R., Benzler, T., Hanemann, T., Muller,, Konys, J., Piotter, V.,
Schanz, G., Schmidt, L., Thies, A., Wollmer, H. addusselt, J., Various
replication techniques for manufacturing three-disienal metal
microstructures, Microsystem Technologies, Volp@d, 28 (1997).

Madou, M., Fundamentals of Microfabrication (CRCe$%, Boca Raton,
Florida, 2000).

Cao, D. M., Guidry, D., Meng, W. J. and Kelly, K..\Wolding of Pb and Zn
with microscale mold inserts, Microsystem Techn@egVol. 9, No. 8, pp. 559
— 566 (2003).

Cao, D. M. and Meng, W. J., Microscale compressiwolding of Al with
surface engineered LiGA inserts, Microsystem Tetdgies, Vol. 10, pp. 662-
670 (2004).

Cao, D. M., Jiang, J., Meng, W. J., Jiang, J. @ Afang, W., Fabrication of
high-aspect-ratio microscale Ta mold inserts witltrorelectrical-discharge-
machining, Microsystem Technologies, Vol. 13, N&/'§, pp. 503-510 (2007).

Cao, D. M., Wang, T., Feng, B., Meng, W. J. andlykek. W., Amorphous
hydrocarbon based thin films for high-aspect-radl&MS applications, Thin
Solid Films 398/399, 553 (2001).

Cao, D. M., Meng, W. J., Simko, S. J., Doll, G.Wang, T. and Kelly, K. W.,
Conformal deposition of Ti-containing hydrocarbomatings over LIGA
fabricated high-aspect-ratio micro-scale structuremnd tribological
characteristics, Thin Solid Films 429, 46 (2003).

Meng, W. J., Tittsworth, R. C., Jiang, J. C., FeBg,Cao, D. M., Winkler, K.
and Palshin, V., Ti atomic bonding environment irc@ntaining hydrocarbon
coatings, J. Appl. Phys., 88, 2415 (2000).

Cao, D.M., Jiang, J. and Meng, W.J., Metal micratmg with surface
engineered inserts, Materials Research Society 8gimm Proceedings 890, 99
(2006).

Jiang, J., Meng, W. J., Sinclair, G. B., Stevens,CC and Lara-Curzio, E.,
Replication of metal-based microscale structurel®, 8onf. Proc. 879, 1451
(2007).

Cao, D. M., Jiang, J., Yang, R. and Meng, W. Jhrieation of high-aspect-
ratio microscale mold inserts by paralldEDM, Microsystem Technologies,
Vol. 12, pp. 839-845 (2006).

Massalski, T. B., Binary Alloy Phase Diagrams, ASWetals Park (1986).

67



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Mei, F., Jiang, J. and Meng, W. J., Eutectic bogdih Al-based high aspect
ratio microscale structures, Microsystem TechnasgiVol. 13, pp. 723-730
(2007).

Mei, F., Jiang, J. and Meng, W. J., Evaluation wffeetic bond strength and
assembly of Al-based microfluidic structures, Mgystem Technologies, DOI
10.1007/s00542-007-0407-0 (2007).

Wu, P. and Little, W. H., Measurement of frictiaacfor for the flow of gases in
very fine channels used for micro-miniature Jout@ifipson refrigerators,
Cryogenics, Vol. 23, pp. 415-420 (1983).

Choi, S. B., Barron, R. F. and Warrington, R. QuidcFlow and Heat Transfer
in Microtubes, Micromechanical Sensors and Actugtdiol. 32, pp. 123-134
(1991).

Yu, D., Warrington, R., Barron, R. and Ameel, T.n Axperimental and
theoretical investigation of fluid flow and heatarisfer in microtubes,
ASME/JSME Thermal Engineering Conference, Vol.[d.,523-530 (1995).

Harley, J. C., Huang, Y. H., Bau, H. and Zemel, NI, Gas flow in
microchannels, Journal of Fluid Mechanics, pp. 23%4-(1995).

Pfund, D., Shekarriz, A., Popesuc, A. and Welty, Rl, Pressure drop
measurements in a micro-channel, MEMS, DSC, Valp§6193-198 (1998).

Kim, M., Yi, M., Zhong, J., Bau, H., Hu, H. and Amhasuresh, G. K., The
fabrication of flow conduits in ceramic tapes ahd measurement of fluid flow
through these conduits, MEMS, ASME DSC, Vol. 66,19[-177 (1998).

Turner, S. E., Sun, H., Faghri, M. and Gregory, D, Local pressure
measurements of gaseous flow through micro-chanAS&IME HTD-Vol. 364,
71-80 (1999).

Arkilic, E., Schmidt, M. and Breuer, K. C., Gasedi®v in micro-channels,
ASME Winter Annual Meeting, pp. 57-65 (1994).

Shih, J. C., Ho, C., Lui, J. and Tai, Y., Monatoraied polyatomic gas flow
through uniform micro-channels, NHTC, DSC-Vol. $9,197-203 (1996).

Peng, X. F., Peterson, G. P. and Wang, B. X., Heatsfer characteristics of
water flowing through micro-channels, Experimendaiat Transfer, Vol. 7, pp.
265-283 (1994).

Rao, P. and Webb, R. L., Effects of flow mal-distition in parallel micro-
channels, NHTC, Pittsburgh (2000).

68



38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

Lui, D. and Garimella, S., Investigation of ligldw in micro-channels, AIAA
conference — Reno, submitted to AIAA J. Thermoptg/sind Heat Transfer
(2005).

Mala, G. M. and Li, M., Flow characteristics of watin microtubes,
International Journal of Heat and Fluid Flow 2021418 (1999).

Rachkovskij, D. A., Kussul, E. M. and Talayev, S.Neat exchange in short
microtubes and micro heat exchangers with low hyldrdosses, Microsystem
Technologies, 4, 151-158 (1991).

Marques, C. and Kelly, K. W., Fabrication and perfance of a pin-fin micro
heat exchanger, ASME Journal of Heat Transfer, 428;444 (2004).

Bowers, M.B. and Mudawar, I., Two Phase electrorooling using mini-
channel and micro-channel heat sinks — Part | Dedgiteria and Heat
Diffusion Constraints, ASME J. Electronic Packagih#j6, 290-297 (1994).

Bowers, M.B. and Mudawar, I., Two Phase electrorooling using mini-
channel and micro-channel heat sinks — Part 1l HRate and Pressure Drop
Constraints, ASME J. Electronic Packaging, 116,290 (1994).

Sung, M.K. and Mudawar, I., Experimental and nug®riinvestigation of
single-phase heat transfer using a hybrid jet-igg@ment/micro-channel
cooling scheme, Int. J. Heat Mass Trans., 49, GBR(B006).

Meyer, M. T., Mudawar, I., Boyack, C.E. and HaleAC Single-phase and
two-phase cooling with an array of rectangular, jets J. Heat Mass Trans., 49,
17-29 (2006).

Rybicki, J.R. and Mudawar, 1., Single-phase and -plase cooling
characteristics of upward-facing and downward-fga@prays, Int. J. Heat Mass
Trans., 49, 5-16 (2006).

Lee, P. S., Garimella, S. V. and Liu, D., Invediigga of heat transfer in
rectangular microchannels, Int. J. Heat Mass Tean$fol. 48, pp. 1688 (2005).

Liu, Z.G., Liang, S.Q. and Takei, M., Experimengétlidy on forced convective
heat transfer characteristics in quartz microtdbe,J. Thermal Sciences, 46,
139-148 (2007).

Steinke, M. E. and Kandlikar, S. G., Single phaseid friction factors in
microchannels, Int. J. Thermal Sciences, 45, 1@@E&312006).

Wolf-Gladrow, D. A., Lattice-Gas Cellular Automatand Lattice Boltzmann
Models: an Introductiorl,ecture notes in MathematicSpringer, 2003.

69



51.

52.

53.

54.

55.

56.

S57.

58.

59.

60.

61.

62.

63.

64.

Neumann, J. von, The Theory of Self-Reproducingoféta, University of
lllinois Press, Urbana (1966).

Zuse, K., Calculating Space, Technical Report Tebtansl. AZT-70-164-
GEMIT, MIT Project MAC (1970).

Hardy, J., Pomeau, Y., and Pazzis, O. de, Timeugool of a two-dimensional
model system. . Invariant states and time cotigratunctions, Journal of
Mathematical Physics, Vol. 14, No. 12, pp. 1746978 73).

Wolfram, S., Statistical mechanics of cellular aw&ba, Review of Modern
Physics, Vol. 55, pp. 601-644 (1983).

Wolfram, S., Computer software in science and nmatiEs, Scientific
American, Vol. 251, pp. 188-203 (1984).

Wolfram, S., Cellular Automata as models of compigXNature, Vol. 311, pp.
419-424 (1984).

Frisch, U., Hasslacher, B., and Pomeau, Y., Leifjias automata for the
Navier-Stokes equation, Physics Review Letters,. 86, No. 14, pp. 1505-
1508 (1986).

Wolfram, S., Cellular Automaton Fluids 1: Basic ©hg Journal of Statistical
Physics, Vol. 45, No. 3-4, pp. 471-526 (1986).

Frisch, U., dHumieres, D., Hasslacher, B., Lalkked, P., Pomeau, Y., and
Rivet, J. P., Lattice gas hydrodynamics in two #mée dimensions, Complex
systems, Vol. 1, pp. 649-707 (1987).

Succi, S., The Lattice Boltzmann Equation for Flidgnamics and Beyond,
Oxford University Press (1999).

McNamara, G., Zanetti, G., Use of the Boltzmannagign to simulate lattice
gas automata, Physics Review Letters, Vol. 612832-2335 (1988).

Bhatnagar, P., Gross, E. P., and Krook, M. K., Adeidor collision processes
in gases. I. Small amplitude processes in chargednautral one-component
systems, Physical Review, Vol. 94, No. 3, pp. 525%-61954).

Koelman, J. M. V. A., A simple lattice Boltzmannhgeene for Navier-Stokes
fluid flow, Europhysics Letters, Vol. 15, No. 6,.0g03-607 (1991).

Qian, Y. H., d’Humieres, D., and Lallemand, P., ticet BGK models for

Navier-Stokes equation, Europhysics Letters, Vdl, No. 6, pp. 479-484
(1992).

70



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

McNamara, G. and Alder, B. J., Analysis of theitattBoltzmann treatment of
hydrodynamics, Physica A, Vol. 194, pp. 218-228Q)9

He, X. and Luo, L. S., Theory of the lattice Bol@nm method: From the
Boltzmann equation to the lattice Boltzmann equmatihysical Review E, Vol.
56, No. 6, pp. 6811-6817 (1997).

Chen, S. and Doolen, G. D., Lattice Boltzmann metfar fluid flows, Ann.
Rev. Fluid Mech., Vol. 30, pp. 329-364 (1998).

He, X. and Doolen, G. D., Lattice Boltzmann method a curvilinear
coordinate system:Vortex shedding behind a circedéinder, Physical Review
E, Vol. 56, No.1, pp. 434-440 (1997).

Nie, X., Qian, Y. —H., Doolen, G. D. and Chen, &attice Boltzmann
simulation of the twodimensional Rayleigh-Taylostability, Physical Review
E, Vol. 58, No. 5, 6861-6864, (1998).

He, X., Chen, S. and Doolen, G. D., A novel thermmaddel for the lattice
Boltzmann method in incompressible limit, J. ComRitys, Vol. 146, pp. 282-
300 (1998).

Sankaranarayanan, K., Shan, X., Kevrekidis, I. 1@&l Sundaresan, S., Bubble
flow simulations with the lattice Boltzmann metho@hemical Engineering
Science, Vol. 54, pp. 4817-4823 (1999).

Nie, X., Doolen, G. D. and Chen, S., Lattice-Boltam simulations of fluid
flows in MEMS, J. Stat. Phys., Vol. 107, No. 142. 279-289 (2002).

Martinez, D. O., Matthaeus, W. H., Chen, S. and tdomery, D. C.,
Comparison of spectral method and lattice Boltzmammulations of two-
dimensional hydrodynamics, Physics of Fluids, V,gh.1285 (1994).

Hou, S., Zou, Q., Chen, S., Doolen, G. D. and Gggle, Simulation of cavity
flow by the lattice Boltzmann method, J. Computy$hVol.118, pp. 329
(1995).

He, X., Luo, L.S. and Dembo, M., Some progressitide Boltzmann method.
I. nonuniform mesh grids, J. Comput. Phys., VoB,1#%.357 (1996).

He, X. and Doolen, G.D., Lattice Boltzmann methodcarvilinear coordinates
system: Flow around a circular cylinder, J. Comgitys., Vol. 134, pp. 306
(1997).

Gunstensen, A. K., Rothman, D. H., Zaleski, S. atahetti, G., Lattice
Boltzmann model of immiscible fluids, Phys. Rev.\&l. 43, pp.4320 (1991).

71



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Shan, X. and Chen, H., Lattice Boltzmann model donulating flows with
multiple phases and components, Phys. Rev. E,Aolpp. 1815 (1993).

Swift, M. R., Osborn, W. R. and Yeomans, J. M. ticat Boltzmann simulation
of nonideal fluids, Physics Review Letters, Vol, p5.830 (1995).

He, X., Shan, X. and Doolen, G. D., A discrete Bolann equation model for
non-ideal gases, Phys. Rev. E, Vol. 57, R13 (1998).

Ferreol, B., Lattice—Boltzmann simulations of flothrough Fontainebleau
sandstone, Transport in Porous Media, Vol. 203p{.995).

He, X. Y. and Li, N., Lattice Boltzmann simulatioh electrochemical systems,
Comput. Phys. Commun., Vol. 129, pp. 158-166 (2000)

Li, B.M. and Kwok, D.Y., Lattice Boltzmann model aficrofluidics with high
Reynolds numbers in the presence of external, Lamgnaol. 19, pp. 3041-
3048 (2003).

Guo, Z.L., Zhao, T.S. and Shi, Y., A lattice Bolanm algorithm for
electroosmotic flows in microfluidic devices, J.€bh. Phys., Vol. 122, 144907,
(2005).

Wang, J.K., Wang, M. and Li, Z.X., Lattice PoissBofzmann simulations of
electro-osmotic flows in microchannels, J. Colltnterface Sci., Vol. 296, pp.
729-736 (2006).

Wang, J.K., Wang, M. and Li, Z.X., Lattice Boltznmasimulations of mixing
enhancement by the electro-osmotic flow in microcteds, Mod. Phys. Lett. B,
Vol. 19, pp. 1515-1518 (2005).

Chen, S.Y. and Chen, H.D., Lattice Boltzmann mottel simulation of
magentohydrodynamics, Physics Review Letter, VoI, @p. 3776-3780
(1991).

Martines, D.O., Chen, S.Y. and Matthaeus, W.H., titat Boltzmann
magnetohydrodynamics, Phys. Plasmas, Vol. 1, gg0-4B367 (1994).

Breyiannis, G. and Valougeorgis, D., Lattice kineimulations in three-
dimensional magneto-hydrodynamics, Phys. Rev. E,68) 065702, (2004).

Wang, J., Wang, M. and Li, Z., A lattice Boltzmaalgorithm for fluid-solid
conjugate heat transfer, Int. J. Thermal Scierndek 46, pp. 228-234 (2007).

Alexander, F.J., Chen, S.Y. and Sterling, J.D. tit@atBoltzmann thermo-
hydrodynamics, Phys. Rev. E, Vol. 47, pp. R2249-52221993).

72



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Chen, Y., Ohashi, H. and Akiyama, M., Thermal t#tiBhatnagar—Gross—
Krook model without nonlinear deviations in macrodgnic equations, Phys.
Rev. E, Vol. 50, pp. 2776-2783 (1994).

Shan, X.W., Simulation of Rayleigh—-Bénard convettiasing a lattice
Boltzmann method, Phys. Rev. E, Vol. 55, pp. 2788821997).

Eggels, J.G.M. and Somers, J.A., Numerical sinaadf free convective flow
using the lattice-Boltzmann scheme, J. Heat Fl&idsv, Vol. 16, pp. 357-364
(1995).

Peng, Y., Shu, C. and Chew, Y.T., Simplified thaktattice Boltzmann model
for incompressible thermal flows, Phys. Rev. E, \Gd, 026701 (2003).

Shi, Y., Zhao, T.S. and Guo, Z.L., Thermal lattBhatnagar—Gross—Krook
model for flows with viscous heat dissipation i thcompressible limit, Phys.
Rev. E, Vol. 70, 066310 (2004).

Zou, Q., Hou, S., Chen, S. and Doolen, G. D., Apriowed incompressible
lattice Boltzmann model for time-independent flowsStat. Phys, Vol. 81, Nos.
1/2, pp. 35-48 (1995).

Karniadakis, G.E., Beskok, A. and Aluru, N.R., Miffows and Nanoflows:
Fundamentals and Simulation, Springer, New York520

Liou, W.W. and Fang, Y.C., Microfluid Mechanics, Maw-Hill, New York,
2005.

Guo, Z.Y. and Li, Z.X., Size effect on microscalagte-phase flow and heat
transfer, International Journal of Heat and Masan$fer, Vol. 46, pp. 149-159
(2003).

Fedorov, A.G. and Viskanta, R., Three-dimensiomadjugate heat transfer in
the microchannel heat sink for electronic packaging J. Heat Mass Transfer,
Vol. 43, pp. 399-415 (2000).

Horvat, A. and Catton, I., Numerical technique foodeling conjugate heat
transfer in an electronic device heat sink, IntHdat Mass Transfer, Vol. 46,
pp. 2155-2168 (2003).

Gravesen, P., Branebjerg, J. and Jensen, O. SrpfMidics — a review, J.
Micromech. Microeng., Vol. 3, pp. 168-182 (1993).

Beskok, A. and Karniadakis, G. E., Simulation ohthend momentum transfer

in complex micro-geometry, J. Thermophys. Heat $t@n Vol. 8, pp. 355-370
(1994).

73



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Beskok, A. and Karniadakis, G. E., A model for flowm channels, pipes and
ducts at micro and nano scales, Microscale Therysgng., Vol. 3, pp. 43-77
(1999).

Beskok, A., Karniadakis, G. E. and Trimmer, W., &action and
compressibility effects in gas microflows, J. Flitdg., Vol. 118, pp. 448-456
(1996).

Chen, C. S., Lee, S. M. and Sheu, J. D., Numeacalysis of gas flow in
microchannels, Numerical Heat Transfer A, Vol. 88, 749-762 (1998).

Oh, C. K., Oran, E. S. and Sinkovits, R. S., Corapains of high-speed, high
Knudsen number microchannel flows, J. ThermophysatHransfer, Vol. 11,
No. 4 (1997).

Elwenspoek, M, Kannerubj, T. S., Miyake, R. andithtan, J. H., Towards
integrated microliquid handling systems, J. MicrameMicroeng., Vol. 4, pp.
227-245 (1994).

Copeland, D., Manifold microchannel heat sinks: Nuocal analysis, ASME
heat transfer division, HTD cooling and thermaligesof electronic systems,
Proceedings of the 1995 ASME International Mechalrigineering Congress
and Exposition, pp. 111-116 (1995).

Zhimin, W. and Fah, C. K., Proceedings of the Etut Technology
Conference, EPTC Proceedings of the 1997 Hlectronic Packaging
Conference. EPTC Proceedings, October 8-10, 198@afore.

Qu, W. and Mudawar, I., Analysis of three-dimensiomeat transfer in micro-
channel heat sinks, Int. J. Heat Mass Transfer, 4%l pp. 3973—-3985 (2002).

Kawano, K., Minakami, K., Iwasaki, H. and Ishizuld,, Development of
micro channels heat exchanging, Application of HBatnsfer in Equipment,
Systems, and Education, ASME HTD-Vol. 361-3/PID-V8| pp. 173-180
(1998).

Toh, K.C., Chen, X.Y. and Chai, J.C., Numerical pomation of fluid flow and
heat transfer in microchannels, Int. J. Heat Massdfer, Vol. 45, pp. 5133—
5141 (2002).

Tuckerman, D.B., Heat transfer microstructures ifdegrated circuits, Ph.D.
Thesis, Stanford University, Stanford, Califorri@84.

Qu, W. and Mudawar, 1., Experimental and numerstady of pressure drop

and heat transfer in a single-phase micro-chaneat kink, Int. J. Heat Mass
Transfer, Vol. 45, pp. 2549-2565 (2002).

74



117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Ambatipudi, K.K. and Rahman, M.M., Analysis of cogate heat transfer in
microchannel heat sinks, Num. Heat Transfer A, 3@l.pp. 711-731 (2000).

Harms, T.M., Kazmierczak, M., Gerner, F.M., Holke, Henderson, H.T.,
Pilchowski, J. and Baker, K., Experimental investign of heat transfer and
pressure drop through deep microchannels in aQ)lsilicon substrate, ASME-
HTD 351, pp. 347-357 (1997).

Weisberg, A., Bau, H.H. and Zemel, J.N., Analysis neicrochannels for
integrated cooling, Int. J. Heat Mass Transfer,.\38|, pp. 2465—-2474 (1992).

Tunc, G. and Bayazitoglu, Y., Heat transfer in @aegular microchannels, Int. J.
Heat Mass Transfer, Vol. 45, pp. 765773 (2002).

Sobhan, C. B. and Garimeela, S. V., A comparatnadyais of studies on heat
transfer and fluid flow in microchannels, Microsedhermophys. Eng., Vol. 5,
pp. 293-311 (2001).

Palm, B., Heat transfer in microchannels, Microsc&iermophys. Eng., Vol. 5,
155-175 (2001).

Lim, C. Y., Shu, C., Niu, X. D. and Chew, Y. T., Aation of lattice
Boltzmann method to simulate microchannel flowsydPluids, Vol. 14, No. 7,
pp. 2299 (2002).

Succi, S., Mesoscopic modeling of slip motion atidisolid interfaces with
heterogeneous catalysis, Phys Rev Lett, Vol. 896$p02 (2002).

Niu, X. D., Chew, Y. T. and Shu, C., A lattice Bottann BGK model for
simulation of micro flows, Europhys Lett, Vol. G¥p. 4, pp.600 (2004).

Tretheway, D. C., Zhu, L., Petzold, L. and Meinh&t D., Examination of the
slip boundary condition by-PIV and lattice Boltzmann simulations. IMECE’
2002 Proceedings, ASME int. mech. Engr. Cong. &siton, 2002, p. 33704.

Jiaung, W. S. and Ho, J.-R., Lattice Boltzmann wtat size effect with
geometrical bending on phonon heat conduction mamoduct, J Appl Phys,
Vol. 95, pp. 958 (2004).

Tang, G. H., Tao, W. Q. and He, Y. L., Lattice Baliann method for gaseous
microflows using kinetic theory boundary conditipfhys Fluids, Vol.17, No.
5, pp. 058101 (2005).

Zhang, Y. H., Qin, R. S. and Emerson, D.R., LatBmtzmann simulation of

rarefied gas flows in microchannels, Phys Rev El. V&, No. 4, pp.047702
(2005).

75



130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Toschi, F. and Succi, S., Lattice Boltzmann methbfinite Knudsen numbers,
Europhys Lett, Vol. 69, No. 4, pp.549 (2005).

Sofonea, V., Finite-difference lattice Boltzmannpegach to pressure-driven
microchannel flow with variable temperature, Eurnggbs Letters, Vol. 76, No.
5, pp. 829-835 (2006).

Zhou, Y., Zhang, R., Staroselsky, I., Chen, H., K. T. and Jhon, M. S.,
Simulation of micro- and nano-scale flows via th#ite Boltzmann method,
Physica A, Vol. 362, pp. 68-77 (2006).

Shu, C., Niu, X. D. and Chew, Y. T., A lattice Botiann kinetic model for
microflow and heat transfer, Journal of Statistiealysics, Vol. 121, Nos. 1/2,
pp. 239-255 (2005).

Niu, X. D., Shu, C. and Chew, Y. T., A thermal ilegt Boltzmann model with
diffuse scattering boundary condition for microrthal flows, Computers &
Fluids, Vol. 36, pp. 273-281 (2007).

Mason, R. J., A multi-speed Compressible LatticdétZzBeann Model, J. Stat.
Phys., Vol. 42, pp. 625-630 (1998).

Lallemand, P. and Lou, L. -S., Theory of the lattiBoltzmann method:
Acoustic and thermal properties in two and threaeatisions, Physical Review
E, Vol. 68, No. 036706 (2003).

Santos, L. O. E., Facin, P. C. and Philippi, P. IGittice Boltzmann model
based on field mediators for immiscible fluids, Bicgl Review E, Vol. 68,
056302 (2003).

Jiaung, W. S., Ho, J. R., Lattice Boltzmann metlfimdthe heat conduction
problem with phase change, Num. Heat Trans. B, 3®&lpp. 167-187 (2001).

Zou, Q. and He, X., On pressure and velocity boondanditions for lattice
Boltzmann BGK model, Physics of Fluids, Vol. 9, Blopp. 1591-1598 (1997).

See for example information contained within ASM ndbhook Vol. 9,
Metallography and Microstructures, pp. 2001, ASMeinational, Materials
Park, Ohio (2004).

Mei, F., Parida, P. R., Jiang, J., Meng, W. J. Bk#lad, S. V., Fabrication,
assembly, and testing of Cu- and Al- based micnocbhheat exchangers,
Journal of Microelectromechanical Systems, (Sulaaiftuly 2007).

Kaminski, D. A. and Jensen, M. K., Introduction tbermal and fluids
engineering, Wiley, Hoboken, New Jersey (2005).

76



143. Shah, R. K. and London, A. L., Laminar flow forcednvection in ducts,
Academic Press, New York (1978).

144. Schlichting, H., Boundary layer theory, McGraw-HilNew York, p. 433
(1968).

77



APPENDIX: PUBLICATIONS

. Mei, F., Parida, P. R., Jiang, J., Meng, W. J. &hk#fad, S. V.,Fabrication,
assembly, and testing of Cu- and Al- based micnockh heat exchangers,
Journal of Microelectromechanical Syster(ubmitted July 2007).

. Parida, P. R., Mei, F., Ekkad, S. V. and Meng, W.Cboling Performance of
Metal-based Micro Heat exchangers, presented atABBIE Summer Heat
Transfer Conference, Vancouver, July 2007.

. Parida, P. R., Mei, F., Jiang, J, Meng, W. J. ak#lal, S. V., Experimental
Investigation of Cooling Performance of Metal baskticrochannels, 19
National & 8" ISHMT-ASME Heat and Mass Transfer Conference Jan8a 5,
2008, JNTU Hyderabad, India.

. Mei, F., Parida, P. R., Jiang, J., Meng, W. J. Bkkiad, S. V., Fabrication of and

heat transfer measurements on metal-based micmoehalevices, HARMST
2007.

78



VITA

Pritish Ranjan Parida was born in Keonjhar, Origsdia, in 1985. He received
his Bachelor of Technology (B.Tech.) degree frondidn Institute of Technology
Guwabhati, India, in 2006. In Fall 2006, he joinealisiana State University for a Master
of Science in Mechanical Engineering (MSME) degied worked on microchannel heat
exchangers under Dr. Srinath Ekkad. After his gagéida, Pritish wishes to pursue higher

studies in mechanical engineering at Virginia Tech.

79



