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ABSTRACT OF THE DISSERTATION

Cooling of Electronic Systenrom Electronic Chips to Data Centers

By JINGRU ZHANG

Dissertation Director:
Professor Yogesh Jaluria

In this work, the physical problems associated with heat removal of electronic systems at
different scales were studieWarious electronic cooling ywstem desigrs and specific
cooling techiques to improveerformanceverediscussed. Optimization procedures and

suggestion for better desigrasproposed.

This study consisted of two mapars. The firstpart was from the microscale aspect
where single phase liquid cooling in different muticrochannel heat sink
configurations was studied experimentally and numericallfhe effects of flow
separation and flow redirection on the microchannel heat sink cooling performance were
investigated. A multbbjective optimization problem was formulated based on both

experimental and numerical results and was solved numerically with and without



physical constraint. The Pareto frontiers were presented to provide quantitative guidance

for the process of design angtimization.

The secondart of the studyinvolved cooling of larger dimension electronic systems
which focusedon the cooling of data centeiBhe temperature and flow distribution in a

data center for both steady state and transient statestuelied. The energy consumption

of the cooling system with different running conditions was analyzed. Based on the
investigation of the thermal response of the data center cooling system to sudden power
increasecaused by dynamic load migratiopre-cooling conceptwith dynamic load
migration wasinvestigatedto generatea robust, reliable, more efficier@nd energy

conservative design.
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Chapter 1 Introduction

1.1 Motivation

Electronic devices, reaching into every aspect of modern living, are becoming more and
more sophisticated and highly compact. This trend leads to increasingly high heat density
generated by electric currenthe heat flux from the surface of an electroohup
increased from approximately 4@ 10 watts per unit meter square. For large scale
electronic systems, high heat flux is also becoming a concern due to the rising power
density. In order to avoid the malfunctions of electronics and to ensurdigtidite of

the electronic systems, substantial research work has been done to explore more effective
cooling techniques to keep up with the developnpadeof new electronic equipment

and large electronic systems.

The main purpose of the current stuslyo investigate thermal performance of electronic
cooling system at different scales. Miesoale electronic cooling was studied through
experiments and numerical simulatiddifferent configurations of microchannel heat
sinks were investigated.pg@mized solutions for singiphase liquidlow in microchannel

heat sink were found. Largecale electronic cooling was investigated to address the
thermal challenges in data centers with varying heat load at both steady and transient

states.



1.2 Literature review on microchannel heat sink

A heat sink consisting of multiple microchannels with liquid flow is believed to be a
promising cooling method for high heat dissipation electronic chips due to the relatively
high heat capacity and heat removal efficiemffered by liquids in contrast to air
(Tuckermann and Pease 1981). Previous research works on microchannel fluid flow and
heat transfer have involved both computational and experimental methods (Kandlikar
2003, Wei and Joshi 2004, Zhang et al 2005, Steatlal 2006)lt is noticed that, due to

the fabrication process, the silicon base of microchannels usually hasradar and

mostly rectangular cross sections.

The majority of the references cited in literature use the N&twkes equation to
analyze the microscale fluid system numerically. Since convective heat transfer in
rectangular channels is critical in magwale design, early studies on miscale
rectangular channels also focused on convective heat transfernd $dahulikar 1998,
Harms et al 1999). However, unlike the masoale channels, the ratio of fin and channel
width as well as the ratio of the silicon substrate thickness and the channel depth is not
negligible in micrescale systems. Therefore, researshstarted to realize that
conduction plays an importance role in the overall heat transfer (Marabzan 2004, Sharath
2006). Combined conduction and convection, or conjugate heat transfer, needs to be
considered for numerical analysis for migtale cases.déorov and Viskanta (2000)

used classical theory to analyze conjugate heat transfer in a three dimensional



microchannel heat sink. Husian and Kim (2007) solved the Nato&es and the energy
eqguations to study the conjugate heat transfer and fluid fiomvicrochannels, and also

used the multiobjective method to optimize the ratio of channel width to depth. Li and
Peterson (2004) provided a detailed temperature and heat flux distribution using a
simplified three dimensional conjugate heat transfer mdielfluid flow and 3D heat
transfer). The effect of temperature dependence has also been studied (Li et al 2007).
Model with varying thermal properties generated results closer to experiments than

model with constant thermal properties.

The fabrication pcess of microchannels introduces local variations in channel properties
due to the surface roughness or differences in surface chemical composition. Modeling
these changes continues to be a challenge (Papautsky et al 1999, Mala et al 1997). Hence,
expermental investigation is important in understanding the heat transfer and fluid
dynamics in microchannels. Tuckerman and Pease (1981) were the first to set up
experiments on a microchannel heat sink, which provided the precedent for many
experimental studge Steinke and Kandlikar et al (2006) presented details of
an experimental facility that was capable of accurately investigating the performance of a
microchannel heat sink with different geometries by including the experimental
uncetainty. Wei and Joshi (2004) designed a dodéyered microchannel heat sink,
which reduced half of the pressure drop under constant flow rate. They also studied
sidewall velocity profiles in microchannels using mi€tt/. It was a significant
improvementn term of reducing the pumping power, but the thermal resistance was not

very sensitive to the number of layers. Therefore, the thermal performance was not



improved significantly. Zhang et al. (2005) applied actual electronic packages (flip chip
ball grid array packages) as heat source on the bottom of the heat sink instead of
simulated heaters in their study. The junction temperature was measured and the

experimental results matched the analytical prediction quite well.

Other than singkphase liquid bw, there were also substantial studies focusing on
boiling flow in mirochannels. It is more complex experimentally and numerically to
capture the phase change. Haritchian and Garimella (2008) performed an experiment on
two-phase heat transfer in microcimel heat sinks for high heat fluxes. Zhang et al (2002)
recorded the pressure and wall temperature distribution during the phase change. Even
though it is important to report and visualize the boiling flow in microchannel, applying

two phase flow for eldoonic cooling may not be necessary if liquid cooling is effective.

All experiments till date have mostly explored ways to improve the thermal performance
of the straight rectangular microchannel heat sink by optimizing the aspect ratio of the
straight retangular microchannels and its fins, in order to increase the convective heat
transfer by the coolant. However, to the best of our knowledge, little work was done on
the singlephase liquidmulti-microchannel heat sinks with bends and branches. Xiong
(2007) and Wang (2009) studied the flow behavior in theshdped and serpentine

microchannels, but the heat transfer characteristics were not included.



The design optimization of microchannels is another important aspect in the study of
micro-cooling systemsHusain and Kim (2009) solved the Navigtokes and the energy
eqguations to study the conjugate heat transfer and fluid flow in microchannels. They used
the multtobjective method to optimize the ratio of channel width to depth. Even though
there were sulbantial studies on the design optimization of the thermal system (Lin
2010), most of the optimization studies for microchannel electronic cooling were based
on the experimental results, and therefore were limited by the number of samples and the

experimeral data range.

In the current study, different configurations were tested through experiments: straight
channels, tshaped channels,-8haped channels and serpentine channels. The objective
of this study is to investigate the heat transfer characteristioultrmicrochannel heat
sinks. The simulation results from the conjugate heat transfer model that considered both
conduction and convection appeared to match the experimental data fairly well. The
numerical models were then used to conduct a paramstrdy, based on which an

optimization problem was formulated and investigated.

1.3 Literature review on data center thermal management systems

1.3.1 Introduction

Data centers are the foundation of many IT related operatiom®figpanies of different

industriesall over the world. A data center holds computer serntelscommunications



equipment, data storage systems and many other devices. It is common for a large data
center to housenore thanthousands of server racks with 20~40 servers per each rack
The serverchips which may contairseveral millions of transistorswill generate a
significant amount of heat. The increase of the surface heat flux of electronic chips
consequently leads to a high heat density in data centers. Overheating can cause
mdfunction of servers, which may cost thousands or millions of dollars per minute

downtime.

The energy consumed in a data center includes cooling, uninterrupted power supply
losses, computer loads and lighting. It was reported that the HVAC systendiigclu
chiller and pump) of a typical data center takes up to 54% of the total energy
consumption (Tschudi et al 2003). At the same time, the amount of cooling air used in
most data centers is 2.5 times more than the required amount (Karki et alQ00gk
hasinvested substantial resources in reducing their data center power use, and reports a
Power Usage Effectiveness (PUiB)the 1.1~1.35 rangeéAbteset al2011). Most data
centers use the undBoor plenum below a raised floor to supply cold air te tbom.

The cold air is delivered from the computer room air conditioner (CRAC) units into the
plenum, from where it is introduced into the data center via perforated tiles. By placing
the perforated tiles front of each server rack, it is possible t@ply high speed cold air

to each rack. The cold air is then distributed to each server by the fan. The advantage of
this design is that the solid floor tiles are removable and can be replaced by the perforated
tiles. Hence, if the server racks (heat soltegout changed, the perforated tile location

can be changed accordingly. This design can meet the needs for most of the data centers.



If the power load is increased, the extra heat dissipated can be removed with an

increasing flow rate or with a lowerfiaw temperature.

Even though the existing design of the under floor plenum with the perforated tiles has

the cooling capacity of the current heat load, the cooling system has to meet the needs of
the next generationods epmentcofsemicondoctor indlustey. t o t
Ten percent of the equipment in a data center is replaced each month (International
Technology Roadmap for Semiconductors 2008). Energy consumption becomes a bigger
concern with the existing cooling system design and thee@sing cooling demands. A

| arge potential of cost and energy saving

centero has been proposed.

1.3.2 CFD/HT modeling of air cooled data centers

Computation Fluid Dynamics/Heat Transfer modeling is thestnpwactical scientific
approach to predict the airflow and temperature distribution in the data center, since it
provides comprehensive information to the study of HVAC system efficiency. The
thermal management of data centers has only been carefullstigated for the past
decade, due to the lack of powerful computing solutions to a large turbulence model.
More CFD tools are accessible now to the study of the fluid dynamics and heat transfer

inside of a data center.



Throughout the data center industitye study of energy efficiency has become one of the
research priorities (Patterson 2008, Greenberg et al 2006). Based on the assumption of
uniform pressure distribution above the raised floor, Karki, Radmehr and Patankar (2003)
applied a CFD model torsulate the velocity and flow rate of a rdié¢ data center. The
calculated results showed a good agreement with their measured data. Schmidt (2004)
presented measured data of airflow rates for a number of different floor layouts for
raisedfloor data ceter, where some of the experimental cases were picked out and
simulated by a CFD model which showed a gamteement Schmidt et al (2008)
pointed out that the numerical simulation was over estimating the hot and cold spot of the
real data center, which mde caused by the simplification to the model especially the

simplified representation of the server racks.

1.3.3 Study of transient state

Electronic cooling problems have always been considered as -stedeyconditions.
However, the maximum heat loadually appears at the start or the shutdown instance of

a single electronic chip. For data centers, the transient state is also important since the
maximum heat load may rise for certain time period. For instance, the internet takes more
traffic after pm when people get off work, and it causes the servers to suddenly run from
idle state to full load state. The heat dissipated from a server may increase from 150W to
300W correspondingly. The temperature of the equipment and server room starts to
increasedramatically. The response time of the HVAC system becomes critical in this

case. The transiestate study of electronic cooling process is lacking due to the



complexity of simulating combined convection, radiation and interface conditions. The
current sudy addresses the transient state to better represent thveortshidata center

conditions and obtain the response time of the HVAC system.

1.4 Dissertation Outline

Chapter 1 explains the importance of cooling for electronics in both 1soaie andarge
scale systems. For electronic chip cooling, the sippkse liquigflow microchannel
heat sinks are introduced. Conventional scale turbulence model is introduced for data
center cooling system. Some previous works are reviewed briefly and theweisjeadt

the study are stated.

Chapter 2 describes the experimental configuration. The microchannel heat sink device
design and fabrication process are introduced. The experimental setup, the equipment

calibration and the uncertainty analysis are presented

Chapter 3 presents the experimental results. Both steady state and transient time response
results are included. The thermal performance and fluidic performance of heat sinks with

different configurations are compared and discussed.
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Chapter 4 presentthe numerical model setup and validation. The assumptions of the
numerical studies are reviewed. The numerical predictions, including different

parameters and their influence on the heat sink performance are investigated in detail.

Chapter 5 formulatesnaoptimization problem based on the parametric modeling results
with the numerical models developed in chapter 4. A ruoldfective optimization

problem is solved with the Pareto frontier presented and discussed.

Chapter 6 deals with the thermal managenfi@ndata centers. The management strategy
of the thermal system to respond effectively to a sudden load increase and avoid
performance degradation is discussed. Meanwhile, the energy consumption and cost

reduction is investigated with the state of thedata center cooling systems.

Chapter 7 presents the conclusions of this study. Different design systems are
summarized with suggestions. Possible future interests and suggestions are listed for the

study of multiscale electronic cooling.
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Chapter 2VlicrochanneHeatSink Fabrication andexperimentalSetup

2.1 Microchannel heat sink fabrication

Fabrication and packaging process is the first and also a very important step for the
experimental setup. There are several materials that can be usedhasnfiacrbchannel

heat sink fabrication including diamond, ira@ljcon, steel, stainless steahndaluminum.

Single crystal silicon is being employed in modern fabrication because of its well
established electronic properties and its excellentcham@cal properties. Many
microfabrication technologies have been developed usindesangstal silicon for its

high precision high strength and high reliabilityrable21 pr esents a | i st

mechanical characteristi(Beterson 1982)

Tabl & Bind mechani cal characteristi
. Knoop Young?®o , Thermal Thermal
2(1'819 Snté?gn%t)h Hardness Modulus (D ?/r;i'%/ Conductivity | Expansion
y (kg/mn?) | (102ynefend) | 9 (W/cm®°C) | (10%°C)
7.0 850 1.9 2.3 1.57 2.33

For this study4 dstandardsilicon wafer was chosefor the fabrication procesShe
t hi c k n e svaferie550 a andl @ is usually determined by the silicon mechanical

strength



12

Two different methods were @sl to create the microchannelset etching and dry
etching. The advantages and disadvantagebaih methodsre weltknown The most
important ones for micromachining are as follows: Wet etching is usually isotropic,
which can have a selectivity that depends on crystallographic direction, and can be very
selectiveover masking and underlying layers. Plasma etching (dry etching) can be
vertically anisotropic, allowing the patterning of narrow lines. Hence many high aspect
ratio MEMs devices are made by dry etchiBgth methods wer@sedin the experiment

Henceboth dry eching and wet etchingill be introduced in this chapter.

2.1.1Wet etching

Wet etching igelatively economical and the chemical mixtures ardezde prepareln
this work, 30% potassiumhydroxide solution (KOH) was used as etchant to etch
0.085~0.115q -cm ptype (110) oriented silicon wafefrom University Wafer The

fabrication and packaugg process is illustrated in Rige2.1 as a process flow diagram.

As shown in Figire 21, bare silicon in (a) was cleaned by R@Asolution(Water:27%
ammonium hydroxide: 30% hydrogen peroxide=4y1tb remove the organic
contaminationfollowed by a HF dipmmediatelyto remove native oxide on the silicon
in order to reduce undercutting of the nitride mask Th 790 Unaxis PECVD (Plasma
EnhancedChemical Vapor Deposition) systemacted gases in a RF (Radio Frequency)
induced plasma to deposit2@00A silicon dioxide (Y{Q) and a2500A silicon nitride

("Y'0 ). The system uséYQ (2004 ¥4 "QEG°O (474 ¥& "Qtandd (9004 T& "QE
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For the"Y(Q2 deposition. The corresponding operating temperature, pressure and RF are
300°C, 900 mTorr, and 19W, respectively. The deposition rate is 1000 A every three
minutes. For the"Y'Q2 deposition, the available gasare™YQ (1604 F& "Qeandl U

(7204 T4 "QE The operating temperature, pressure and RF are 250°C, 900 mTorr, and
25W, respectivelyThe"Y'Q deposition rate is 100 A/miBuffered oxide etch 7:1 was

used to open window of silicon nitride (d) afteongentonal Ultraviolet (UV)
photolithography defines the microchannel pattemthe photo resist (c). The silicon
wafer was then dipped intoZ400T solution(e) for half an hour to remove the rest of the
photo resist before it dissolved in KOH solution (f). Aagnetic stirrer was used to
agitate the KOH solution to prevent the etch rate variation from the top to the bottom.
10%~15% isopropanaias added to KOH solution to improve the etch uniformity. A
PDMS layeris bonded on top the silicon microchannelter treating with oxygen
plasmaat 200W for 15 sec at room temperatufie). Openingswere punched in the
PDMS for fluid connectiondgrigure 2.2 shows the SEM of the fabricated microchannel.
KOH etching is orientation dependerdnd this anisotropic etching scheme allows
tailoring of sidewall profiles. Howevelicrochannel fabricated on (110) oriented silicon
wafer cannot be scribed by diamond pens as the second crystal cleavage plane is not

perpendicular to the primary cut, thas a 70.%angle.

There are two ways to separate these samples. First, the samples on a silicon wafer can be
separated along its salfeavage direction. The disadvantage of this method is that the
surface area of the heat sink will be changed. Theraghto create pretched grid lines

and etch in KOH solution to ensure the device can be separated outadamgythose
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grid lines[Dwivedi et al 200]. The overall heat sink dimensions drettercontrolled

this way The latter method is adopted ingistudy.

(&) P type 30 (110}
oy Sizhle

=il

]

(b) Si Mitride/Dioxide Deposition

440404848

(c) Photolithography

(d) BOE Etching

Figal.e Fabricati on

—

(g) Photo Hesist Removal

RARE

(f) KOH Etching

() Si Mitride/Dioxide Hemaval

(h) PDMS/Silicon Bonding

and packaging process

o f
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Figur2e SEM mi cmiogmr agdifatodite | et.c hi ng

Wet etching provides a relatively economical method to fabricate microchannel heat
sinks when plasma dtimg equipment is not availableh@& down side of the wet etching
process is the challenge in controlling the undercuttingidig.2) and sidewall profi,

which tends to be more controllable with dry etchikigreover,Plasma etching is also

more efficient.

2.1.2Plasma etching

Plasmaetchingwasalso used in the experimetat fabricatecomplicatedstructuresThe
wafer preparation for dry etching isséer since it includes less steps compare with wet
etching. The cleaning process is the sartteen followedby photolithography process
(Figure 23). AZ1518 were used as mask to protect fins from etchifigg SAMCO
International RIE800QIPB iased for dry etching procedsis a state of the art inductively
coupled plasma etchefFhe entire4 Gsilicon waferwere etchedn the etcheand got a

depth of 175 microns



16

(a) N type Si (100)

440400404

I

(b) Photolithography

I

(c) Plasma Etching

(e) Photo Resist Removal

(f) PDMS/Silicon Bonding

Fiug2z8 Fabri cati ampgaomde pacé&fagmi csr odcshiean n e | h
Etching)

r
4

4

'i' ; i

; Vi 4
£ &

diddbd b
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111

Multichannel heat sink with bifurcation

i

- ———EN
Multichannel heat sink witbounterflow

Fi gukSEM . mi crographheé&dt mscnbcWwanhepl as ma

2.2 Experimental setup

2.2.1Experimental facility

Foaxpersi m@ammemcniaht ure Kapton heatuesri nfgr cam |
hi glonducti vederpmexayt h t he micsiomhiam®e he &tea
releaaprdebgctTloei beathi pl ux provciocdée dvabaly e d h e
regul atilngcedreentri aad voltadgeype ah®dCmpowe

from dnvogdee!| D T-@BTe3re3 pweraea t ached dm tmMeashe &t
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t he temperriagdtirgghe fine tip transition join
(model ThHhluMpeIvere used to measuete drhe detmpe

t he heat sink.

DAQ System

Heat Sink

e

Syringe Pump  filter

Beaker
Heater

Power Supply

(a) Flow loop

1.27 cm

Back of Heat Sink Heater
(=0 25cm, a= 0.26cm, b=0.75cm

(b) Sketch of thermocouple locations

Fi guaSc Rendartaiwoifngt he experi mental set
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All tempedat ar ever e cddthaequedy dtyeom hiencl udi ng
system, whi ¢ h -1000r0s icshtasslsla@D, SEEMIXIli pl exer mod
SCXI 1300 terminal bl ock. The SCXI system
to -C4O0E DAQ <card fromANptwieesatlr alnsgdturceme
ASHCROFT ( modkell TMORmipar2wlaOsO i nst al |l ed at t he
sink to measure the pressure drop. The pre

to send dataThe DA cofvipuaVees .i s Lab

Di stwdtleerd was used as the cool antK,duoenet oofi t
the mesgy kiquid). A shAlBvead00ion | hf gue/eWi 2 .hd
punfpr om Harvard Apparatus was used to dri ve
t hseyringel pampl | owf tthtee upswmge as a fl ow met
specific flow rates can be dialed in for
mi crometer mesh el ement was used after the

suspended in the cooling water.

2.2.2Calibration and data collection

Al the thermocouples were carefupgdgntcalii
cal i bration met hod. Since the <cool ant I i«
experiments was expected Ffoomdae& wer d00ecC

api ecdwinegear curve fit was formed. The ther
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when measuring a known temperature after <c

the thermocouples may have an accuracy of

Aldfhet mmildriochaanebi nks poaserfheesamea (i

outfl ow reservoirs are not included) . The
power supply and we waited to |l et fheesyst
chasnelith no | eakage in the test system.

started recording data.

Sever al di fferent heat sink c.dhei gnaostkobi ons
with dchaaneht configurationt hpatatpdprénisegi xan
experi memtialh rtehseulftasci | ity i ntroduced above

chapter 3.
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Chapter 3 Experimental Results for Microchannel Heat Sinks

This chapter will present the experimental results obtained witexperimental set up
introduced in the previous chapter. The dimensionless terms used in this study will be
introduced first. Then the experimental measurements uncertainties will be evaluated.
The experimental results with different geometry configuratieilsbe presented and

discussed.

3.1 Dimensionlesparameter

3.1.1 Hydraulic parameters

There are several commonly used dimensionless parameters in fluid dynamics and heat
transfer to describe the pressure drop and heat transfer characteristics, \olveld al

researchers study and compare the results from different literatures more efficient and
easier. Definitions of dimensionless parameters used in this paper are as follows (Shah

and London, 1978):
a) Reynolds number Re

Re:UTDh (3.1)

where the hydraulic diameter is defined &: 1670.
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b) Fanning friction factof:

Fanning friction factor is defined as the ratio of wall shear strésghe flow kinetic

energy per unit volumeo 7¢:

t

f, =—ru£/2 (3.2)

The equation above represents the local fanning friction factor. The mean (flow length

average)dnning friction factor in the hydrodynamic entrance region is defined as:

1 x t
f,=—pn f,dx =t 3.3
m % ru;il2 (3.3)

For the purpose of engineering application, for constant density and constant velocity
profile, the pressure drop for the singly connected channel with constant cross section

area can be presented by the apparent fanning friction factor:

DP*—DP q,:x

= 3.4
ruil2 P (3.4)

"Q is calculatedbased on the total pressure drop from x=0 to x. Both the skin friction
and the momentum rate change are taken into account in the hydrodynamic entrance
region.Y0’ is also used in this study to represent the pressure drop in chapter 4. For a

fully develged flow in a channel with channel length L, the equation becomes:

(3.5)

DP L
> =f=
ru. /2 r,

For fully developed laminar flow in rectangular channel,"@¥ Bumber is a functioof

the aspect ratio:
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f Re= 24*(1 -1.3558 4.946& 1.7012 ©.9564 0.25%3; (3.6)

c) Dimensionless axial distanae
The dimensionless axial distance in the flow direction is defined as:
X" =x/ D, Re (3.7)

The dimensionless axial distance corresponding to hydrodynamic developed region is
smaller than 0.1 for rectangular channels. The hydrodynamic entrance length becomes

longer as the chanhaspect ratio increases (Wiginton and Dalton, 1970).

3.1.2 Heat transfer dimensionless terms

a) The fluid bulk mean temperaturé is defined as:

_ 1

b) The heat trarfier coefficient h

The most operationally convenient parameter to describe the heat transfer rate is heat

transfer coefficieniQ

The average heat transfer coefficient is defined as:
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_1% q
—dex (3.9)

For linear problemsQis independent of the temperature difference.

¢) The Nusselt number

Nusselt number is defined as the ratio of convective conductance to the pure molecular

thermal conductace:

__h,
Nu_ = 3.10
i (3.10)

Shah and London (1978) derived the Nusselt number for specified axial wall heat flux

boundary condition:
Nu=8.235(1-2.0424 +3.0858 -2.476&% 1.057& 0.186. (3.11)

This approximation showsTdt o laccuracy compare with the experiment results.

3.2 Experimental Uncertainty

The exmddraitnaendare i ncomplete unless we T epo
which should include all/l components of St e
gui delines for evalwuating and expressing t

(1994 nEdi tTihoe combined standard ungertain
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designaftya)ddbyaken to represent the esti mat

is the positive squar@( yolhdtai mfedt He oemst i mat

N NN f
w=a ey 4 a2 Hox (3.12)

izt M P4ji=1+ X
This propagation of uncertainty is used to
on sever al vari abl es, each with its own un
An expanded uncertainty is defined as
U, =k,u.(y) (3.13)
Whekes a cover algme2 fdaecftionres Hemr ei,nt er val havi
of approxi mately 95 percent. The measur eme
Y=y °U (3.14)

For example, the hydraulic diameter is defined as:

L _AWH (3.15)
2W, +H,)

The uncertainty ofO is defined as:

UD U 2 U 2 Ud 2 Ud 2

O = f(Za _—a d +£d 3.16

> J(a) )0 DT (5 (3.26)
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3.3 Experimental Results:
3.3.1Thermal performance

inlet inlet

a. Straight Channel

inlet

¢. U-shaped Channel d. Serpentine Channel

Figur®chmBematic of different mi.crochanne
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As mentioned in the previous chapter, there are several differensih&atfabricated

with various configurations. Four major ones are shown in figure 3.1. In the experiment,
the heater was attached on the bottom of the heat sink. The distilled water at room

temperature will be pumped into the microchannel heat, sakesaway the heatand

exit from the outlet to a beaker.

50

45

40

35

Temperature Difference (°C)

30

25

Flow Rate (ml/min)

FigurTeen3p.e2r at ure di fference

" Straight Channel
A U-shaped Channel
¢ Y shaped Channel
X T 1 Tri-branch Channel
. X I Y-shaped Channel 2
X A Roughed Straight Channel
A ] ] )
~
ﬁ—\* ,
*.\#
—A
I\ : j
H\.— i
h_-rg T L 3 §
Y
5 ; 9 11 13 15

vie.ksfl

ow

r

Four thermocouples were attached on top of the heater to record the temperature data.

The heater temperature was calculabeded on the average readings from the four

thermocouplesThe temperature difference between the inlet coolant and heater are

shown in figure 3.2. All the heat sinks devices presented in this figure were fabricated on

the same silicon wafer (except thteagyht channel with high Ra number) using plasma

etching. Hence, the channel heights are the same for all the cases. In general, the

a i
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temperature difference is decreaseing as the flow rate increaseddogrtié heat sinks

as expected

50

m Straight Channel ( Ra=4)

A Straight Channel (Ra=33)

45

40

35

Temperature Difference (°C)

30

25

3 5 7 9 11 13 15

Flow Rate fml/min)

FigurTeen8p.e3r ature di fferenbanmel fl ow r ¢

Figure 3.3 shows the temperature difference for the straight channel with different
surface roughness. The surface roughness parameter Ra is the arithmetical mean
roughtness obtained with a suéaprofilometer with randomly sampled channel area
along the flow direction. The straight chanretat sink pictures with different Ra
numbergaken by SEM are shown in figure 3.4. Compare with a smweathflow(Ra=4),

the channle withhigh Ra number (R&83) hasnegative effect on removing hedhe red

curve shown in figure 3.3 is flat, showing that increasing the flow rate can not change the
thermal performance when the Ra number is Higis results suggest that it is important

to control the channelusface finisling during the fabrication process, and reduce the
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bottom awnl side walls rougthness will help improve the thermal performance of the

deivce.

(a) Ra=4

(b) Ra=33
Fi gurEM . mMi crograph of strai ghotugcBhsasnnel s
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FigurTeendp.e5r at ur e | diwf fr ears cerapleeadv.isve | f

Figure 3.5 shows the temperature difference for different channels with branches. The
blue diamond marker and the red triangle marker represent heat sink with two branches
(the Y-shaped channel shown in figure3.1 (b)). The first one (blue curve) has an inlet
channel width of v Tt & then one channel splits into two channels of wgdth Tt &

The secondone (red curve) has an inlet channel widtlp af Tt & and then it réuces

to T 1 & Another heat sink shown as black rectangle markers in the figure has three
branches. The channel width is first reduced from Ttato p mtda, and then
becomest 1 das it goes to the exit.-¥haped channel with a larger hydrauliameter

shows the best cooling effect among the three. The temperature difference becomes

larger as the channel size shrinks. This might be caused by the poor convection happened




























































































































































































































































































































































