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Abstract

Rapid developmens in the electronics industry have led to an increasein the
densities of integrated circuits, therefore, finding effective cooling methods to keep
the temperature of the electronic components during operation below their critical
temperature has become a necessityConsequently, the current study aira to
enhance and optimise the hydrothermal performance for the serpentine
minichannel heat sink. Accordingly, a set of objectives have been proposed, and the
CFD methodology has been adopted to achieve this aim. Deterministic and
probabilistic optimisation strategies havealso been employed to find global and
robust designs for the considered heat sink.

To enhance the hydrothermal performance of the serpentine minichannel heat sink
with plate fins ("'Y0O 6 "O™ ) the effect of the channel widthp 8 117 4 ¢a8am
and height,p 8 1 4 o @ at have been investigated. The results showed that the
pressure drop (Y0 ) and thermal resistance ('Y ) could be reduced up to,
respectively, w 8o ¢ Rndp & ¢ Rhrough settingthe7 5z p& & &,(z od a for
mass flow rate(& ) of ¢ "(Yi . Besides, vortex generatoréw "Qiwith different size and
arrangements were utilised to enhance the performance ofYd 6 "0™ "Oand the
study exhibited that the existence of theb "Oenhanced the heat transfer, but this
came at the expense of an increase in pressure losses. The performance evaluation
criteria (PEC) has also been used to assess the benefit of adding dnéQiThe study
has revealed that the"Y) 6 O™ "@ith vertical in -lined vortex generators(VIVG)
design, which abbreviated as"Y) 6 '0™ "O & 'Ow,"®as a superior performance
among the studied designswithin the range for the vortex generators generatord O
radius (i ). Regarding theoptimisation task implemented for the"YD & "O™% "Cthe
results showed that the robust design could be produced wittY and Y0 higher
than those of the global design by& Pand t& b respectively.

The current study has ao explored the impacbf the fin length ("O) to the secondary
channel length ¢ ) ratio (Y ), fins offset (O) and the number of fins {O) on the
hydrothermal performance of the microchannel heat sink with chevron fins
"YO @Y O "0O0n the one hand, the study revealed that the pressure drop for the
"YO 6 O™ "Qin comparison to the"YD & "0™% "QOcould be reduced by Y hvia
increasing O from 6 to 18 for & T® W &, but this reduction was not exceeded



ptt bfor & p8ta & for the same range ofO. On the other handY has a small
effect on thermal resistance {Y ), and the findings show that the maximum
reduction in'Y was 7%. Furthermore, the results revealed that lowering the'Y
from 3 to 1 can reduce the pressure drop bp T PThe probabilistic optimisation
results indicated that thermal resistance and pressure drop of the robust design
were higher than those of the global optimum design by 8.2% and 43%, respectiye
In the current work, hybrid elliptical -rectangular fins have been proposed to replace
the chevron fins for the serpentine minichannel heat sinkY0 6 "O™D "D The effect
of the fin parameters, i.e. the semminor axis (Y ), the number of fins("O) and the
fin length to the secondary channel length'{ ), on the hydrothermal performance
have been explored. Introducing the hybrid fins helped in reducing the overall
thermal resistance and pressure drop by 1 Rnd @ 1T N comparison to those for
the YO 6 "O™ "OBesides, increasiny from oto p chas led to reducing theY

by X B which was accompanied by raising0 by t x P
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Chapter 1 Introduction

1.1 Background

Since he invention of the integrated circuits (C9 in 1958 (Woodford, 2017), the
number of transistors per square millimetre on integrated circuits have increased
dramatically. From a careful observation of this trend, in 1965 Gordon Moore, the
co-founder of Intel Corporation, noticed that the number of transistors per chip
were doubled for every couple of years and expected that this tendency would
continue for the new generations of integrated circuits. This has been known as
- 1 1 OA Gaq itiis At valid to date.

The rapid development in the electronics industry has led to significant increases in
the densities of integrated circuits. The literature shows that the average heat flux
in the period from 2010 to 2012 has increased dramatically fromv T fa&t to
around ¢ L @& , (Ahmed'Q & &2018), and it is expected that the dissipated heat
from these components will increase up to more thany ma by 2026
(Al-Neama, 2018). This led to an increase in cooling system requirements so that the
proAAOOT 006 OAiIi PAOAOOOAO OAI AET xEOEET OEA
reliability and elongate the life span. The studies show that a rise in temperature of
chip for 1°C will degrade its reliability by 5% and reduce the life span significantly
(AhmedQ @ &2018). Consequently, finding effective cooling technologies to ensure
that the chips and electronic equipment operate below the critical temperature is

becoming increasingly urgent, and this can be achieved using thermal management.

1.2 Thermal Man agement Technologies

Efficient thermal management for electronic components helps in improving the
reliability and preventing premature failure for such devices by avoiding
overheating protecting against critical temperature fluctuations and preventing the
formation of condensates (Shabany2009; Murshed, 2016;Ahmed Q & & 2018).
Several techniques can be employed for cooling electronic devices such as heat
pipes, jet impingement and heat sinks, to nama few. The primary modes of heat
transfer that are used in thermal devices for cooling electronics are conduotn and
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convection while the radiation participates in removing only a small fraction of the
overall thermal load. The design strategies of these thermal management techniques
can be typically classified into two categories, namely passive and active desce
The first category requires no external means to circulatéhe coolant; however, it
utilises gravitational force and capillary forces to complete the process of heat
transfer. This makes it simple and cheap as it does not need maintenance. In
contrast, the second type of cooling systems needs a pump or fan for driving the
working fluid to achieve higher cooling capacity and improving the performance of
the cooling system (Murshed, 2016 and KAWA2011).

1.3 Classification of Cooling Techniques

The work principle of the cooling techniques which are used in thermal
management for cooling electronic devices could be divided into four main types
(Murshed and De Castro, 201&nd Anandan and Ramalingam, 2008):

1. Radiation and free convection,

2. Forced air-cooling,

3. Forced liquid cooling and

4. Liquid evaporation.
For low heat flux applications(T$ v L p® UQuX¥a ), the heat sink designs that
make use of natural convection are preferable to provide adequate cooling due to
simplicity, reliability and low cost. In contrast, the forced aircooling system will be
a good candidate for cooling a higher heat flux electroniccomponent
(T p QNG ) such as those used for cooling the PCs and laptops. When the air
cooling system becomes inadequate to dissipate the geneealt heat from the chips
(p p wo MG ), the air is replaced by a liquid (e.g. water) to enhance the overall
cooling performance since liquids have greater heat transfer coefficient than air
(Murshed and De Castro, 2017)}urthermore, the liquid evaporation method has
also been used for the electronic componentsith very high heat flux (p &
p T QUG ). This method is superior to the other approaches as it exploits the
latent heat of evaporation to remove more heat from the electronicAnandanand

Ramalingam, 2008)
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1.4 Emerging Cooling Techniques

During the last four decades, a considerable effort has been put to innovate and
develop new technology for controlling the temperature in micro applications like
micro-electronic circuits packaging, mico-fuel cell, concentrated solar cells,
infrared detectors, etc. (Murshed, 2016). Among these technologies are heat pipe,
spray cooling, jet impingement cooling and the microchannel heat sinks. As this
study concentrates on serpentine minichannel heat sinlg brief description of the
microchannel heat sinks will be given below.

The pioneering work of Tuckerman and Peasé€1981) is considered as the real onset
of research in the field of the liquidcooled microchannel heat transfer since
microchannel heat sinks represents a promising choice for cooling the small areas
that generate high heat fluxesThe heat transfer process within the heat sink is
accomplished by transferring the generated heat from the electronic system to the
substrate and the walls of the kat sink by conduction and hen it is taken away by
convection to the surrounding via the working fluid. Based on the state of the
working fluid, there are two main types of the heat sink structures which have been
commonly employed for cooling electronicdevices, namely aircooled and liquid
cooled heat sinks

Despite the fact that aircooled heat sinks are used widely in cooling the electronic
devices, recent studies have shown that liquidooled heat sinks are more efficient
for high heat flux electronics cooling as they can offer heat transfer coefficients of
one to two orders larger than those from aircooled deviceYAdham'Q ¢ 82013 and
Joshi and Wan, 2018)This has motivated a lot of researches towards further
investigations for the liquid-cooled heat sinks used in cooling the high flux
electronics (on the order ofp 1z p Tt ¥ &) which is encountered, for example,
in aircraft, military avionics, RadioFrequency @ &Power Amplifier and microwave
(- 7) applications (Ruiz, M., 2015and AgarwalQ @ &2017).

There are two kinds of the liquidcooled technique used for removing heat flux from
electronics components, i.e. singkphase and twephase (boiling) microfluidic heat
sink. Two-phase microchannel heat sinkgd 0 'O ¥an dfer many advantages over
single-phase systems, for example, achieving high heat transfer coefficients through
exploiting the working fluid's latent heat. This helps in reducing the amount of the

coolant used in such cooling systems. It also helps in ma&ming uniformity for the
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temperature along the walls of the heat sinkMudawar, 2011; Murshed and De
Castro,2017 and Joshi and Wan, 2018 However, there are some disadvantages for
the two-phase microchannel heat sinks such as flow instabilities and dryut (Joshi

and Wan, 2018. The present study focussed on singlghaseb 6 "O"Yi

1.5 Microchannels Classification

The working principle of many heat transfer equipmentiasbeeninspired by human
organs such as lung, brain, kidney and liver. These parts of theman body have
micro- and minichannels that provide very high mass and heat transfer. This fact has
been employed to create microchannel cooling systems for removing the high heat
flux that is encountered in some application like electronic componentand high-
power laserAET AA AOOAUO j +AT Al E EA@MR018).mmong AT A
these cooling equipments is the microchannel heat sink which was first suggested
by Tuckerman and Pease (1981)

To distinguish the (micro-scale) microchannels from the conventional size (arcro-
scale) channels, Kandlikar (2003) andMehendale 'Q @ &(2000) proposed two
different classifications, Table 1-1. The former has been based on the Knuels
number and manufacturing constraints in classifyingwhile the latter classification
was based on arbitrary sorting (Dixit and Ghosh, 2015). Knuda number is defined
as the ratio of the mean free path length,_, to the characteristic length of the
system,0 ,(Rapp, 2016). This work will follow the onesuggested by Kandlikar
(2003).

Table 1-1 Classification of channels adopted froniDixit and Ghosh, 2015)

(Mehendale et al. 2000)

(Kandlikar, 2003)

Conventional channels
(6} Qa a

Compact Passages

pada © Qea a
Meso-channels

prma © pa a
Micro-channels

pb'a © p TG

Conventional channels
(6] oa a

Minichannels

¢mmna © oa a
Microchannels

pfta © ¢ T
Transitional channels

' A (6] p fta
Molecular nanochannels

C ™ d

C : The hydraulic diameter of the condut.
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1.6 Thermo -hydraulic Performance of Microchannel Heat
Sinks

As mentioned in the previous sections, the aim of using theeat sink mainly is to
manage the heat generated within the electronics components and prevent it from
rising beyond the allowable limits of the working conditions.Therefore, the heat
sink needs to convey the generated heat and reject it away with minimum thermal
resistance,Y . As a designer, to assess the effectiveness of the cookggtem, it is
useful to calculate its overall thermal resistance which could be written in the
following form (Kode Q @ &2018):

Y — Equ. 1-1

where Y |, 7Y and g are the maximum temperature of the heat sink, inlet
temperature of the working fluid and the dissipated heat.

For the active microchannel heat sinks technology, forced convecti is used to
circulate the working fluid. So, it isnecessaryto calculate the pumping power
needed to achieve the required level of cooling. As can be seen from Eq2, the

pumping power is directly proportional to volumetric flow rate, Q and pressure
drop, ¥1), of the coolant (HusairQ ¢ &2008).

0 &0 Equ. 1-2

The microchannel heat sink designs with minimum pressure drop and thermal
resistance are desirable in order taninimise each of thetemperature rises of the
electronic equipment per each watt of the dissipated heat and the pumping power

needed to circulate the coolant.

1.7 Motivation of the current study

In spite of the fact that the convection heat transfer and fluid flow in microchannels

heat sinks have been extensively investigated experimentally and numerically

(AdhamQ @ & 2013 and AhmedQ @ & 2018), there is still a need to improve the

performance of the microchannel heat sink to overcome the increase in the power

density of the electronic devices. Despit¢éhe factthat numerous previous studies

have addressed the optimisation problems, OEAOA A OAh OIl OEA
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knowledge, limited studies thathave dealt with the performance robustness of the
microchannel heat sinks when there is a margin of uncertaigtassociated with the
manufacturing process and tle operating conditions. A thorough review of the
related literature is presented later (Chapter 2. It is worth stating here that
Al-Neama(2018) achieved good results in reducing the overall thermal resistance
by p m land pressure drop by@ 11 Hor the serpentine minichannel heat sinks by
introducing chevron fins and secondary channels. Therefore, replacing the chevron
fins with a simpler geometrical shape may offea better performance for the heat
sink. In addition, taking into consideration the variability in geometrical parameters
of the serpentine minichannel heat sink duéo the manufacturing process could lead

to producing a robust design.

1.8 Scope of Research

This study is aimed at trying to improve the performace and produce a robust
design of the serpentineminichannel heat sink provided with secondary channels
which has been proposed byl-Neama(2018). To achieve these aims, the following
objectives are set:

1. Examining the effect of the channel width and deptof the main channel for
the smooth serpentine minichannel heat sinks without secondary
microchannels("Y0O 6 "O™ "D (Chapter 5)

2. Exploring the influence of adding vortex generators to the sidewalls and to
the base of the minichannels for théY) 6 O™ "O(Chapter 5)

3. Performing deterministic optimisation by formulating a design optimsation
problem with the overall thermal resistance {Y ) and pressure drop ¢0) as
the objective minimisation functions to explore the best design variables for
the"Y0O 6 "O™ "QChapter 5)

4. Formulating an optimisation under uncertainty problem, with design
objectives of minimizing the mean (* ) and standard deviation(,, ) for the
responsesi.e’ ,, ,'y and,y ,toinvestigate the best design variables
for the "YO 6 "O™6 "O(Chapter 5)

5. For the serpentine minichannel heat siks with chevron fins (YO 0 '0™ D

investigating the effect of the number of fins O), the fin offset ('O), the
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impact of the fin to secondary channel lengths ratioY —) on its thermal

resistance (Y ) and pressure drop 60). (Chapter 6)

6. Conducting adeterministic optimisation for the "YO 6 O™ "@erformance
in terms of the'Y and 3, to find the best design variables. (Chapter 6)

7. Formulating the optimisation under uncertainty problem for the

"YOO'O'Y O "@ produce the optimum design with min* ,, ,‘y and
.y - (Chapter 6)

8. Investigating the performance of the serpentine minichannel heat sink with
hybrid elliptical -rectangular fins (YO ¢ "O™D "D (Chapter 7)

9. Performing deterministic optimisation by formulating a design optinisation
problem aiming at minimizing the design objectives, i.&Y and 30, explore
the best design variables for théYD 6 "O™0D "qChapter 7)

1.9 Main contributions (Original contr ibutions of this
work)

The specific contributions of this thesis can be summarised as:

1. Providing robust designs for the serpentine minichannel heat sink with and
without secondary channels. Chapters (&)

2. Extending the investigations of minichannel heat giks with secondary
channels, first studied by AlNeama (2018), to cover someaspects e.g.
number of fins ("O), the fin length to the secondary channel lengthY ) and
the fins offset("0O), that have not been examied. Chapter (6)

3. Exploring new fin design for the serpentine heat sink aiming at the

enhancement of its performance. Chapter7

1.10 Chapter Summary

In this chapter an overview about the thermal management for electronic
components and its related methodologies has been presentedhe serpentine
minichannel heat sink with chevron fins and secondary channels has been
mentioned in this chapte as it is considered a promising cooling system for high
heat flux applications.In Al-Neama study (2018)t has been demonstrated that this

design has good hydrethermal performance over thedesigns without secondary
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channels. Consequently, this has mietated the researcher to further explore and

improve this design.

1.11 Thesis Overview

The remaining chapters of this thesis areresented as shown in the following

diagram:
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E gives a review for the previous works in the field of fluid flow arﬁ

heat transfer in microfluidic applications and some works from
other area relevant tothe robust design.
J
N
Fis devoted to fundamentals of heat transfer and fluid flow that
relates to the current study.
J
N
F presents the computational methodology and optimisation
procedure used in the present investigation.
Chapter 4
y,
- - - N
F addresses the enhancement and optimisation of the smooth
serpentine minichannel hgat sinks without secondary
microchannels (Y0O'O'Y 0 D
y,
N
Z covers the study of the serpentine minichannel heat sinks with
chevron fins (Y0O'OY O
Chapter 6 ( P
J
- - \
E presents the exploration of the performance for the serpentine
minichannel heat sinks equipped with elliptical fins
("Y)O'OYY OD
J
N
E gives the conclusions and recommendation for future work.
Chapter 8 )

Fig.1-1 Structure of the currentthesis.
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Chapter 2 Literature Review

2.1 Introduction

Microchannels have been used widely for the purpose of cooling microelectronic
components because they have showa good thermal performance as they have
small volume and large heat transfer surface to volumatio. A considerable number
of studies have been conducted to investigate the flow and heat transfer
characteristics of microchannels and improve their performanceDifferent factors
can affect the performance of microchannel heat sinks such as the shapetloe
channel, fluid properties, the cavities machined on the channel surface and surface
roughness of the channel wall§Tullius ‘Q ¢ &2011).

This chapter presents the relevant works to the microchannel heat sinks technology
used for cooling electronic systems. It is organised as follows: secti@ gives an
overview about singlephase microchanné heat sinks © 6 "O"YiA review of the
active and passive techniques of enhancing the heat transferind "O™ presented
respectively in section2.3 and section2.4. A review of the studies that addressed
the serpentine microchannel heat sink is presented in sectio.5. After that, the
focus is turned to review the articles that dealt with optinisation of 0 6 "O"$ections
2.6, which is subdivided into two main subsections: investigations dealt with the
deterministic optimisation of 0 6 "O"Ydection2.6.1, and the studies tharelated to
robust design methodology, sectior2.6.2 Finally, thegaps in knowledgewill be

given in section2.7.

2.2 Single-Phase Microchannel Heat Sinks

In their experimental and theoretical pioneering study, Tuckerman and Pease
(1981) suggested theconcept of singlephase flow microchannel heat sink§ 6 QY
for cooling very-large-scale integrated (w0 "Y8Dcuits. They manufactured and
tested a very compact heat sink which has a base ardax(W) of p & & and made of
silicon with an array of straight channel is chemically etched in it with gight (‘O)
and width (w ) of respectivelyc m&d andv 1A and separated byv 1TAG thick

wall (w ), Fig.2-1. They employed water as a working fluid
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Fig.2-1 The geometry of the straight microchannel heat sinkith a magnifying
view.

They concluded that manufacturing cooling channels with micr@cale dimensions
leads to a high heat transfer rate, i.e. the heat transfer coefficient of laminar flows
within small channels is inversely proportional to the hydraulic diameter of the
channel. They also demonstrated that this design could dissipaxew da & & while
keeping the maximum difference between the substrate temperature and the water
inlet temperature less thany p 31t is worth mentioning that the thermal resistance
and the pressure drop were respectively as low am8t & Too &0 & and ¢& @ G iThis
pioneering work was followed-up by a number of researchego improve the
hydrothermal performance of the 0 0 "OYFor example, PhillipsQ @ &(1990)
extended the theoretical work of Tuckerman by conducting an experimental
investigation to study small, moderate and large aspect ratios of channels for
different flow conditions, i.e. fully developed and developing flow in the laminar and

turbulent regimes. The substrate for heat sink was made from indium phosphide
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(InP) while water was used as the coolant. The dimensions of the microchannel heat
sink were O p @&, CqM,w pLuA and D T80 Y0 & He also
developed a computer model § "O06 Y 0 D@ énable numerical computations for
the hydrothermal performance of the considered heat sink. He obtained an excellent
thermal performance with thermal resistance was as low as afigt x @7 &o &
allowing load dissipation as high ap T L@ & 4.

Kawano Q@& (1998) conducted combined three-dimensional numerical
simulations and experiments to explore the fluid flov and heat transfer in a straight
rectangular microchannel heat sink § 0 "O-YThey selected silicon as the material
for the substrate and water as the refrigerant. In their experimentaketup, the
manufactured substrate had dimensions op Wi & p Wi & with an array ofp p Tt
microchannels. Two designs have been tested where both had a channel width of
L YA while channel height was eitherp Y& or o x & . To simplify the
numerical simulations, they assumed that the flow was laminar and fully develegl.
For the experimental pressure loss measurements, they did not apply heat to the
chip. The results showed there was a good matching between the numerical results
and the experimental measurements of the pressure drop for the range of Reynolds
numberoft  'Y'Q ¢ Tt.1or the same range of Reynolds number, however, there
was a discrepancy in the thermal resistance values at the entrance of the miero
channels. This discrepancy had been attributed to heat losses from the heat sink
block to the surroundingwhile implementing the experiments. For higher Reynolds
number, i.e.)Y'Q ¢ m,1they also highlighted that the values of the pressure losses
in the experimental part were higher than that predicted using the numerical
simulation.

Xu'Q @ &2000) conducted an interesting experimentalinvestigation for water flow
friction in a rectangular microchannel heat sink with a hydraulic diameter ranging
from¢ @ o to o T& AG and ratio of the width to the depth ranging frommdt T p
to p& p.@heir experimentd results were presentedfor Reynolds numbes ranging
from ¢ 1o 1 1 ™ Two different types of microchannels have been fabricated and
tested. The first typehad microchannels machined in an aluminium substrate using
micro-end-mills while the second one hadmicrochannels structures in silicon
wafers made by etching. The comparison of their results with the available data from

literature showed that the conventional theories, i.e. Navie6tokes equations, are
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suitable to predict the flow characteristics in themicrochannel with the range of
hydraulic diameters studied.

During the last four decades, considerable efforts have been put to improve the
performance of conventional microchannel heat sinks for cooling the
microelectronics (Anandan and Ramalingam 2008Tullius Q @& 2011, Adham

‘Q @ & 2013, Dixit and Ghosh 2015, Murshed and De Castro 2017, Ahmed @ &
2018). Mainly, the heat transfer augmentation techniques could be active or passive.
For the first technique, the improvement in heat transfer hppens with the aid ofan
AoOAOT Al Pi xAO OOAE AO EAO EI PET CAIl AT Oh
(Anandan and Ramalingam 2008). In contrast, the intensification of heat transfer
using the second technique occurs as a result of increasing theat transfer area or
improve the thermophysical properties for the heat sink material or the working

fluid, like extendedOOOAZAAAh OOAAOAA OOOZAAAR OxEOI
etc. (LéalQ @ @d 2013 and Al-Asadi 2018). The designers might use the active
technique, passive technique, or a combination of both of them. A brief review of the
active and passive heat transfer augmentation techniques will be given in the

following sections.

2.3 Active Enhancement of Heat Transferin 4 g5 4 v

2.3.1 Forced Convection

In thermal management, the thermal convection is the main mode of heat transfer
utilised to cool the electronic components. This kind of heat transfer can be forced
convection or natural mnvection, depending on whether there is an external means
to move the fluid or not. The heat sinks under natural convection have been used
AodOAT OEOAT Uh OOAE AO OOAE OEA OO0OCtioha 1 A&
(2008); Yu'Q @ §2010) and HuangQ @ &2014). However, the heat sinks utilising
the forced convection has become more prevalent and regarded as a promising
solution in thermal management due to its ability to cool the electronics is superior
to that of the natural convection (Pi'Q @ & 2018). Several studies, like the work of
Peles’Q ¢ &2005), Ho'Q @ &2010) and SohelQ @ &2014), have employed this
mechanism with heat sinks to tackle the problem of high heat flux generated within

electronic componens.
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Furthermore, fluid flow within heat sinks could be laminar or turbulent; however,
studies of the microchannel under Ilaminar flow was the dominate
(Adham Q @0 & 2013 and Ahmed ' Q @0 & 2018). The reason behind that could be
attributed to the belief of the researchers that the performance of microchannel heat

sinks is better with laminar flow than turbulent flow.

2.3.2 Nanofluid Technology

Nanoparticles have also beemvestigated as a mean of enhancing the heat transfer
(Palm'Q @ g 2006); however recent results showed that the increase in thermal
conductivity of the nanofluids comes at the price of pressure drop and also do not
deliver these benefits in practice Alkasmoul'Q @ ¢ 2018). Besides, other studies
have shown that the nanoparticls' presence causes some issues like erosion,
particle sedimentation, nanoparticle agglomeration, clogginghe channel over time
and fouling (Lee and Mudawar, 2007 and YQ @ & 2008).

2.4 Passive Enhancement of Heat Transferin 4 g5 v

Heat sinks havebeen usedas an effective cooling technique foelectronic systems.
The modes of heat transferinvolved to cool the electronic chips are mainly
conduction and convection. Basically, the heat is transferred from the electronic
component to the base ofhe heat sink by conduction. This heat, then, conducts from
the bottom of the heat sink to its fins. These fins are in contact with the cooling fluid
that, in turn, convey the heat away by convection, free or forced convection,
Fig.2-2 (a).

In the heat sink research community, researchers have chosen the concept of
thermal resistance as a criterion to assess heat sink. Researcher groups aim to
reduce the overall thermal resistance, thus improving the heat transfer and
maintaining the junction temperature of the electronic components within safe
working temperature of 85 to 1003 (AhmedQ @ &2018). The thermal resistance
network for the heat sink is depicted inFig.2-2 (b).
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Fig.2-2 Schematic diagram of the heat sinkl®wing (a) the involved heat
transfer modes and (b) the thermal resistance network.
The summation of the individual thermal resistance of all the layers of the heat sink
IS equivalent to its overall thermal resistance. So that the total juncticto-fluid
thermal resistance (Y ) consists of the junctionto-case('Y ), the caseto-thermal
material ('Y ), the thermal materiatto-heat sink (Y ), and the heat sinkto-
coolant ('Y ). Thus, the overall thermal resistance could be expressed
mathematically as in the following equation:
y y

Y T Y Y Y Y Y Equ. 2-1

To improve the heat sink performanceit is necessary to enhace its heat transfer
mechanisms by reducing the thermal resistance of conduction andonvection

modes. The conduction thermal resistance for the heat sink base can be written as
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the ratio of its substrate thickness (O) to the thermal conductivity () and the area

of the heat sink 0 ) as shown below:

Y ~L Equ. 2-2

Qb

So, reducing this thermal resistance needs tminimise the 'O and/or maximise the

6 andQ +1T hAO ¢mpmnQs8

On the other hand, the convective thermal resistance of the heat sink can be defined
as the reciprocal of the heat transfer coefficient’Q) times the effective heat transfer

area © ) as shted bellow:

: P
Y oD Equ. 2-3

As a result, to augment the convective heat transfer it is required to mitigate this
thermal resistance which can be achieved hyaximizing the ‘Qand/or 6

In the literature, there is a good review for the passive technigques used to enhance
the heattransfer for microchannel heat sink which has been accomplished recently
by Sidik Q @ &(2017). In the following subsections, however, a review of some
previous works devoted to investigating theeffect of the coolant type, substrate
material, shape of the channels and other factors on the performance of

microchannel heat sinks will be presented.

2.4.1 The effect of Coolant Type

Air-cooled heat sinks are used widely to cool elewnic system due to their
simplicity, reliability, and low cost (Al-damook, 2016). Numerous studies have been
conducted to investigate and improve the performance of the aitooling heat sinks
like the recent studies of Al-Damook’Q ¢ &2015), Sakanova and Tseng2018),
KhoshvaghtAliabadi'Q ¢ &(2018) and Aghakhani'Q @ &(2019); furthermore, an
interesting review can be found in an article by Khattak and Ali (2019). As the power
of electronic systems increased, thegformance of the traditional air-cooled heat
sinks become limited and insufficient to meet the recent and future cooling
requirements of the electronic circuitry of the forthcoming years. They also suffer

from noise problem. They also suffer from noise poblem (Khattak and Ali, 2019 and
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Wang, 2017). Therefore, researchers are trying to find alternative solutions to
eliminate these shortcomings.

One of the attempts is to use liquid coolant instead of air to overcome the
shortcomings of aircooled heat sinls. In early 1980s, Tuckerman and Pease
suggested water as a coolant in microchannel heainks for cooling high heat flux
devices which have better performance and compact size in comparison with the
forced air-cooled system. This superior performance isuk to the fact that water has
higher specific heat capacity and higher thermal conductivity than air, and thuss

a high heat transfer coefficient(SalmanQ @ &2014). Also, watercooled systems
need much lower flow rates. However, using water as a coolant for cooling electronic
devices is risky due to the possibility of leakage issue that causes system damage.
Therefore, considerable attention to degin the water-cooled heat sinks should be
given (AdhamQ @ &2012).

Other studies have employed alternative coolants like the study dfdhamQ & &
(2012) who reported an analytical optimisation study of the hydrothermal
performance of a rectanglar heat sink using ammonia gas as working fluid. Their
results demonstrated ammonia gas as a coolamfbr the rectangular microchannel
heat sink is promising. The results also showed an enhancement in heat removal
capability where the thermal resistance reluced significantly fromm& ¢ @Tw for
air to & p Wfw for ammonia gas under the same operating conditions.
Furthermore, they achieved a substantial reduction in the total pressure drop from

LV @ @ ¢anduw® Q@ @ cfor ammonia and air respectively.

2.4.2 Effect of substrate thickness and structural material

Some researchers have investigated the effect of substrate thickness and structural
material on the thermal performanceof the microchannel heat sink. For example,

+T hAO j¢mpmnq AT AT UUAA 1 Oi Af@ Bfivdtdr flow inslE A AT |
rectangular 0 6 "OtY explore the effect of the material type and wall thicknessn

the heat transfer characteristics. He modelled conjugate heat transfer in
microchannels of size ¢ m'ntd ¢ 1 TTA) with substrate thickness (O) in the

range ofp mta p 1 1t Tmade of different materials, i.e. Polyimide, Silica Glass,
Quartz, Steel, Silicon and Copper. The flow has been assumed to be laminar with

Reynolds number’Y Q ¢ m m He concluded that the thermal conductivityand
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thickness of the substrate have a crucial effect on the heat transfer as it increases
with increasing thermal conductivity and decreasing the substrate thickness.

The study of LéalQ @ &2013) reported a numerical analysis of the conjugate heat
transfer of water flow inside partially heated microtubes. They considered two wall
thicknesses QAR ¢ @I and TPIT@) and three different materials (stainless
steel, copper and silicon). They assumed laminar flow with Reynolds number up
to ¢ m.tTheir major findings confirmed that the heating source position has a
significant effect on the behaviour of the local Nusselt number while the wall
thickness, wall material and the Reynolds number did not affect it.

Another study by ShkarahQ @ &2013) explored numerically the effect of three
different substrate materials, i.e. silicon, aluminium and graphene, on the thermal
performance of a singlephase microchannel heat sink. Water was used as the
coolant fluid with non-temperature-dependent thermd properties. Three
dimensional CFD simulations based on the finite volume method Ow () using
"00 YO p twere performed for solving the governing equations of the straight
microchannel heat sink. The study revealed that graphene offered the lowest
thermal resistance among the investigated materials.

GunnasegaranQ @ §2010) conducted a numerical analysis research on heat
transfer and pressure drop in trapezoidal microchannel heat sinks using different
types of base nanofluids and four types ob 0 ‘OSubstrate materials (copper,
aluminium, steel, and titanium). They employd the finite volume method to solve
the three-dimensional steady, laminar flow and heat transfer governing equations.
They reported that great heat transfer enhancement can be achieved by
manufacturing the heat sink substrate from steel (high thermal diffsivity material)

and using waterbased nanofluids (low Prandtl number0 i) as coolant.

2.4.3 Double layers (Multi -layers Heat Sink)

To produce reliable microelectronic devices with long lifetime, the issue of nen
uniform wall temperature distribution should be addressed. One of the proposed
solutions is the concept of a doubldayered microchannel heat sink Q0 0 6 'OY
Fig. 2-3, which has been suggested by Vafai and Zhu (1999). They used a counter
current flow arrangement for the cooling purpose. The study analysed the thermal

performance andthe temperature distribution for the proposed structure and
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optimised the geometrical design parameters. In comparison with the orkayered
structure, the two-layered design can substantially reduce the streamise
temperature rise on the base surfae and the pressure dropThis study has been
followed by several investigations that employed multlayers to enhance the
performance and obtain uniform wall temperatures of the heat sinks such as the
studies of Wei and Joshi (2003), Skandakumaran et §2004), LevacQ @ &(2011),
Deng'Q @ 0(2019).

Qutlet

Fig.2-3 Schematic diagram of the designed doubliyered microchannels heat
sink proposed by Vafai and Zhu, 1999.

2.4.4 Flow Passages Filled with Porous Materials

The hydraulic and thermal performances of the porouamicrochannel heat sinks
(porous-0 6 "O’¥fior electronics cooling have been given considerable attention by
researchers. The idea behind inserting porous metallic materials into a
microchannel is to increase both the local velocity mixing of the cooling fluid and the
surface contact areao-volume ratio which lead to improving convective heat
transfer (Singh’Q @ &2009). Significant effort has been devoted to determining the
effect of configurations and porosity conditions on the hydrothermal performance
of porous-0 0 "O"Ysuch as the work of Jian@ ¢ &2001), Hung and Yan (2013),
Hung'Q @ §2013) and DehghanQ @ §2016).
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2.4.5 Effect of the Geometry of the Heat Sink Microchannel

As can be seen in the literature, several attempts have been made to improve the
overall thermal performance of microchannel heat sinks through modifying its
channel shape. This has been done by employing different microchannel geometries
such as rectangular (KawancQ @ &1998; Vafai and Zhu, 1999 and XQ @ & 2000),
circular (Nonino 'Q @ & 2009, SingtQ ¢ & 2009 and SoheQ @ &2013), square (Mo
‘Q 00§ 2005, RaimondiQ & 2013 and AbdollahiQ 6> 8§ 2014) and trapezoidal
(McHale and Garimella, 2010, Ch'Q @ &2012 and QUQ @& &2001). The purpose of
these changes was to increase the effective area available for heat transfer and
mitigate convective thermal resistance (AdhanQ © &2013). For instance, to stdy
the influence of geometrical parameters on microchannel heat sink performance,
GunnasegararQ o &010) carried out a three-dimensional numerical analysis of
conjugate heat transfer and fluid flow in channels with a rectangular, triangular and
trapezoidal crosssections,Fig.2-4. Water was used to remove the heat from the hot
surface of the heat sink. The governingquations were solved using the finite
volume method and the investigations of the steadgtate laminar flow were
performed in the range of Reynolds number 10000. The authors disclosed that
the heat sinks having the smallest hydraulic diameter have better thermdilydraulic
performance.
Later, Wang ‘Q @& (2016) investigated numerically the effect of different
geometries, i.e. rectangular, trapezoidal and triangular shapes on the heat transfer
and fluid flow characteristics of microchannel heat sinks. The coolant was de
ionised water while the maerial of the heat sink was oxygerfree copper. They
showed that the rectangular microchannel has the best performance compared to
the other geometries.
As seen in the open literature, another direction of improving the performance of
0 0 'O"Y4 by using curved path channels. For instance, one of the studies that
investigated the effect of the path shape of the microchannel on the heat sink
performance has been done by Mohammed @ &(2011). They examined
numerically the effect of zigzag, curvy, anstep channel shapes on the heat transfer
and fluid flow in the microchannel channel heat sink made of aluminium and cooled
by water. They concluded that the zigzag shape, in comparison with other
configurations, has the best heat transfer but this at thexpense of high pressure
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drop. Furthermore, the pressure drop in all the studied shapes was higher than that

of the conventional straightd 6 "Q"Y

(b)
Fig.2-4 Schematic of microchannel heat sink with different channel shapes
investigated by Gunnasegara’Q ¢ §2010).

Some researchers tried to improve the performance of he conventional
microchannel heat sink by replacing the straight channels with sinusoidal channels
such as the study by Su2 @ §2010). They reported a threedimensional numerical
simulation for laminar liquid-water flow and heat transfer to assesswavy
microchannels with a rectangular cross sectionFig. 2-5 (a). They assumed the
substrate to be silicon and the applied heat flux to be constant. The numerical results
revealed that there was a considerable immvement in the heat transfer
performance of the wavy microchannels in comparison withthat of straight
channels for the same cross section. According to the authors, the augmentation in
heat transfer is due to generating secondary flow (Dean Vortices) viitvariable
patterns, i.e. changing in number and location of the vortices, along the flow
direction which creates chaotic advection and enhances the convective fluid mixing.
Besides, they noticed that the pressure drop penalty was small in comparison toeth
significant enhancement in the overall heat transfer. They also investigated the

changing in the relativewavy amplitude Fig. 2-5 (b z ii & iii). They found that
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increasing the waviness along the flow direction galead to an increase in heat
transfer performance and consequently a reduction in the temperature rise of the
chip along the flow direction. They were also able to increase the waviness at
specific locations of higher heat flux to promote the heat transfewhich is beneficial
for addressing hot spot issue. For the two new designBjg.2-5 (b z ii & iii), it is of
interesting to highlight that the authors also recorded an improvement for the heat

transfer enhancemant factor and pressure factor with values from (1.71 to 2.95) and

(1.38 to 2), respectively.

conjugate
domain

ii)
(b)

Fig.2-5 Schematic of wavy microchannels (a) characteristic dimensi@n and (b)
change in relative wavy amplitude along the flow direction of the novel designs
i) constant wavy amplitude, ii) increased relativewavy amplitude, and iii)
locally higher at high heat flux regions wave amplitudeReproduced from
Sui'Q @ &(2010) with permission).
Interestingly, the same authors conducted an experimental study S ¢ §2011)
to investigate the hydrothermal performance of sinusoidal microchannels with
rectangular crosssections. They used déonised water to cool the copper heat sinks
that containing 60-62 wavy channels. Each microchannel consisted of 10 identical
wavy units with average width, depth and wavelength of about v Tt&t 1T dland
¢® a a, respectively, while wavy amplitude was changingdiween 0 and¢ v ‘W&
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The range of Reynolds numbers considered in their experiments was from around
300 to 800. They also performed a conjugate hetransfer simulation, using theCFD
software package (OO0 "YOJi fgr the specified test geometries andooundary
conditions used in the experimental part of their study and compared the results
from the two methodologies. The comparison showed a reasonably good agreement
between the experimental and numerical results. They also demonstrated that the
heat transfer performance of the wavy microchannel that they studiedas superior

to that of straight baseline microchannel and the pressure drop penalty was
noticeably less than the heat transfer enhancement. The enhancement in the
hydrothermal performance confirmed the conclusions of their previous work (Sui
'Q 8 &2010) about the advantages of using a heat sink with wavy microchannels

over those using straight channels.

2.4.6 Vortex generators (Turbulators)

Researchers have conducted several studies to enhanceettheat transfer in
conventional microchannel heatsink by adding different geometrical features,
which are termed as vortex generators @ "Oj. These geometrical modifications
increase the cooling surface area for convection heat transfer mechanism andyl

a role in disturbing the flow and forming vortices in the stream (EbrahimiQ o &
2016 and AFAsadi 2018). The vortex generators could be formed in different shapes
OOAE AO CcOI 1T O6AOh xEIT CObhdaal)CAcdo@ithtoth®€ET O ¢
orientation of the vortices' axes with respect to the fluid flow, vortex generators can
be classified into two categories. The first kind is named transverse vortex
generators ("Yw JOn which the rotating axes of"Yw fre perpendicular to the
direction of the main fluid flow. The other type is termed as longitudinal vortex
generators (0 W)@ which the rotating axes ofd ware parallel with the main fluid
flow's axis, therefore it is also known as stream wise vortices. It has also been shown
that using 0 w "Paugments the heat transfer performance better than employing
("Yo "P(Wang'Q @ &2002, Wu and Tao, 2008 and Ahmed & &2012).

The literature is rich with the studies that investigated the use of vortex generators
such & HsiaoQ 0 &2014), Kim Q ¢ &2011), Datta’Q @ &2016), Al-Asadi’Q & &
(2016), LiQ 0 &2016), ZhangQ @ §2019) and Datta’Q ¢ §2017). Recently, Chai

and Tassou (2018) presented a comprehensive review of the experental and
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numerical studies that addressed vortex generators of variant types to enhance the
thermal performance of the airside surface of heat exchangers. A review for the
more relevant researches in the field of microchannel heat sink is given below.
Wang'Q @ §2007) experimentally studied the heat transfer and pressure drop in
narrow rectangular mini-channels with length (), width (@) and height (O of
WTTTT ¢BA a, respectively, while the length § ), width (w ) and height
(O)oftheb w™Qilerepma@ c¢ad& pHa & with an angle of attack of

I v 1t JThey used deonised water as working fluid with Prandtl number Pr = 4

Z 5. Their findings showed that heat transfer could be enhanced by 145% if
longitudinal vortex generators w "@re used, but it will be accompanied by a larger
friction factor than that for the smooth channel.

Cheng (2007)conducted computational fluid dynamics(CFD simulation of fluid
flow and heat transferin a stacked two-layer microchannel heat sink with enhanced
mixing passive microstructures. The width (o ), height (O ), length (0), fin
width (& ) and base thickness¢;q 1T £ OEA [ EAOI AEATT AT O «x
vnnmn tih om t1 AT A orxhefght (OhAdGekeh HvaIGEA 10U 8 £
¢nm AT A on ti AT A OEA OEA DPEOAE xAO pme
conjugated model to simulate the conjugate heat transfer between the heat sink and
fluid. He studied the effect of the ratio of embedded struate height to microchannel
height (@O ) and fluid property on the thermal performance of microchannel
heat sink in their investigation. The Reynolds number was fixed @t & while the
ratio ("Q0 ) was changed fromtép oto & @ He compaed his results with
previous works and concluded that the stacked twdayered microchannel heat sink
with multiple passive microstructures has a better performance than those of
smooth microchannel, single and doubléayer. Cheng attributed that to the
presence of the multiple passive microstructures which enhance the mixing
mechanism and thus augment the heat transfer and reduce the thermal resistance.
Furthermore, increasing the ratio (0 'O ) leads to a decrease in thermal resistance.
Liu Q@& (2011) conducted experimental research on the hydrothermal
performance in a rectangular microchannel with longitudinal vortex generators and
cooled by deionised water for Reynolds nunbers in the range fromp v p ¢ T 1T
The dimensions of the height 0), width (@ ), and length (0) of the rectangular

microchannels were respectivelyp ' mtéd, p v Tt T, and ¢ Tt d. In their
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investigation, six different configurations of the microchanel test chips with a
different number of pairs and angles of attack of theé w "@iere considered. They
also highlighted that the rectangular microchannel withd @ "@buld enhance heat
transfer up to p ¢ Wor laminar flow and up to w 1t Kor turbulent flow, compared
with the smooth rectangular microchannel, while causing more significant pressure
drop which might reach o Hor laminar flow and p ¢ wfbr turbulent flow.

Chen Q @ &(2014) extended the work of Liu Q@& (2011) by exploring
experimentally the hydraulic and thermal characteristics of rectangular
microchannels having longitudinal vortex generators § w "DiThede-ionised water
was the working fluid, and the Reynolds number varied frono v o p v 1T Tthey
designed and fabricated terrectangular microchannel test chips to study the effect
of the height of0 & "@nd the aspect ratio on the heat transfer and pressure drop of
rectangular microchannels with passive microstructure. The rectangular
microchannels were manufactured in two &pect ratios @ vand 18t ¢ ¢ Yheir
results showed that the enhancement in heat transfer performance was
p @zx & Pando8zt & Pfor microchannels with aspect ratios ofridt ¢ @axd
& yrespectively but the penalties for pressure drop were raised ®z p L&y band
e®Z T X P respectively.

Ebrahimi 'Q 00 &2015) performed three-dimensional simulations using an open
source computational fluid dynamics codey 1 ‘Q & "O(t0 explore the effects of the
Reynolds number and different geometrical configurations on thermdnydraulic
performance of microchannels withO w "Oirhey validated their numerical results
with experimental data from the literature and achieved a deviation of less than
10%. In their study, five different configurations of the microchannel with varying
angles of attack of tha)w "Ohave been investigated for Reynolds numbers between
p tand p p tiThey reported that the Nusselt number for microchannels has
improved by ¢ ¢ v lwith T o 1 lncrease in the friction factor. Moreover, they
concluded that introducing thed w "@icreases the required pumping power. They
also noticed that increasing Reynolds number leads to an increase in the heat
transfer and friction factor.

Another investigation has been conducted by Ahsadi ‘Q ¢ &2016) to analyse
numerically a three-dimensional conjugate heat transfer problem under laminar

flow conditions within a microchannel equipped with vortex generators at its base.
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They explored the effect of spanwise gaps of cylindrical vortex generators (@ "Pi
having halfcircle and quarter-circle crosssections on the thermathydraulic
performance of the microchannel heat sink in their study. This heat sink has a length
(0) of 25 mm and height {O) of 0.9 mm. The radius of the vortex generators was
varied up tot T4, and the distance betwen the vortex generators (@ ) was

T & a. Three different configurations of the cylindrical vortex generators have been
used in their investigation, namely, fullspan, centred and split. Th® w ‘€@vers the
full width of the microchannel in the full-span while it is shorter for the other two
designs with gaps. Their results showed that the best model among those being
studied was the centredd w 'Which demonstrated a significant reduction in the
thermal resistance and a smaller increase in the rpssure drop penalty in
comparison to the fulkspan® @ ‘@sign. On the other hand, the splii @ @sign has
a similar performance like the fullspanned design.

Continuing with their work, Al-Asadi'Q 6 &2018) carried out recently a numerical
simulation for two different models of a microchannels heat sink to examine the
impact of geometry and type of coolant on the heat and flow characteristics. They
employed perforated pinned heat sink (PPHS) in the first model. In contrast, in the
second mode] they suggested different shapes, i.e. circular, triangular and
rectangular, of vortex generators and distributed them along the microchannel base
with a specified distance between them. The flow was laminar with a range of
Reynolds number betweerv 1o ¢o 1.7They used air and water as a working fluid.
The results revealed that no significant augmentation in heat transfer could be
achieved by using water in0 0 "O'ONevertheless, the proposeds "Oshowed a
potential enhancement in heat transfer whichcould help in tackling the challenges
of cooling the electronics. They also noticed that all the suggesteéd’Ohad provided

a substantial improvement in heat transfer performance but at the expense of a
higher pressure drop.

Another numerical study has been performed by AlAsadi ‘Q ¢ &(2018) to
investigate the gaps in cylindrical vortex generators @ w )n the heat transfer
enhancement in platefin heat sink microchannels. Their results demonstrated that
the gaps between each end of the vortex gerators and walls of the channel help

improve the heat transfer and mitigate the pressure drop as compared to fedipan
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0 w.They also concluded that the endap arrangement is superior to the other
arrangements in their study.

More recently, Hosseinirad ‘Q @ &(2019) performed numerical simulations for
water flow through a minichannel provided with various nonuniform transverse
vortex-generators ('Yw "DiThey conducted experimental measurement to validate
their numerical results. They concludedhat the presence of Yo "@i minichannels
improves the thermal performance in comparison to the smooth channel. They
attributed that improvement to the increase in cooling areainterruption of the
thermal boundary layer and chaotic mixing. Furthermoe, they observed that
employing "Yw "®#ith non-uniform heights affects heat transfer and pressure drop
characteristics. The best heat transfer can be achieved by arranging théo "@i the
long-to-short order.

The literature is rich with the studiesthat investigated the use of vortex generators
in microchannels system such abisiao’Q @ &2014), Kim 'Q ¢ §2011), DattaQ o &
(2016), Al-Asadi’Q @ §2016), Li 'Q @ §2016), ZhangQ @ §2019) and DattaQ o &
(2017). Recently,Chai and Tassou (2018) presented a comprehensive review of the
experimental and numerical studies that addressed vortex generatorsof "Oj of
variant types to enhance thethermal performance of theairside surface of heat

exchangers

2.5 Serpentine M icrochannel Heat Sinks

Serpentine microchannel heat sinks have received considerable attention as they
have demonstrated an attractive performance of low thermal resistance and
pressure drop due to periodical interruption of the flow at the bends of the dmnels.
This interruption causes a periodic break of the thermal boundary layer, and as a
consequence, the heat transfer performance is enhanced in serpentine channels
(Hao Q @8 2014). This configuration has been employed in different thermal
system applications such as flow batteries (Gundlapalian d Jayantj 2019 and
Lee Q@& 2019), battery cell (Deng Q@& 2018), compact heat exchangers
(Southall Q @& 2008), underfloor heating/cooling systems,turbine blade/vane
internal cooling, on-chip cooling (Liou 'Q @ & 2018), solar thermal collector (Joy
Qg 2016; MossQ g 2017 and SinghQ @& 2019), and proton exchange
membrane fuel cellsNeto'Q ¢ &2019).
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Li'Q ¢ &2013) presented an optimisation study for the channel configuration of a
serpentine channel heat sink with 180bends,Fig. 2-6, through employing a mult-
objective genetic algorithm based on NSGHW to produce a Pareto front. The
geometrical parameters were the aspect ratio of the crossection of channels
(& "Ofw ) and the ratio of fin width to channel width (& ¢ To ). They
considered laminar flow, i.e. Reynolds number in the rang@(m m Y Q ¢ o 1), 10
avoid any influence ofY ‘@n loss coefficient (i.e. to ensure that the loss coefficient is
independent of Y ‘2

To explore the hydrothermal performance of theheat sink in their investigation,
they developed analytical models to obtain the overall thermal resistance and the
total pressure drop. They formulated the total thermal resistance using a thermal
resistance network model which is based on the equivalerthermal circuit method
and determined the pressure drop by considering a straight channel along with the
bend loss. Their proposed correlation of pressure loss coefficient for sharp bends
wasvalidfor(p & @and@ v @ ¢).

The objective functions of the optinisation problem were the pressure drop 60)
and the thermal resistance Y ), while the design parameters to be optinsed were
the number of channelst 0 ¢ %t channelwidthind & (p ® 1), channel
height in ¢ & (¢ O v ) and the inlet velocity in&d7i (m w ¢). The
optimisation problem was subjected to constraints of fixing lengthly o @ &),
width (w0 o q@ &) of the heat sink and the thickness of base platé ( p & &).
The study showed that optimizing the channel parameters and the inlet velocity
could minimise simultaneously thermal resistance and pressure drop. They
validated the optimisation results for five representative solutions using CFD
simulations. It is found that the relative error between the objective functions
extracted from the Pareto front and those from the CFD simulations are in good
agreement with maximum error less thanx® Pexcept for one design § p 7@
W ¢q®da a, 0 vandw T YPwfi) where the difference was 12%. They
attributed that discrepancy to the fact that the value of the ratio of the width of the
AET AT A xEAOE 1T &£ OEA AEATTAI | B m8poq |

coefficient correlation.
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Fig.2-6 Schematic of the heat sink with serpentine channel: (a) top view, (b) sd
view, and (c) isometric view (Reproduced fronii A @8 2013with permission).

In another study, HaoQ © &2014) investigated the same heasink configuration of
Li 'Q ¢ &2013) work. They also developed analytical models for the overall thermal
resistance and the pressure drop to explore the hydrothermal performance of the
serpentine channel heat sinks with 180bends. They formulatedthe total thermal
resistance using a thermal resistance network model which is based on the
equivalent thermal circuit method. They also determined the pressure drop by
considering a straight channel along with the bend loss as the bends break the
hydrodynamic boundary periodically. The validation of the numerical results has
been performed experimentally by measuring temperature and pressure
characteristics of heat sinks with Reynolds number in the range(Tt T ¢ ¢ 7xand
eight heat sink configurations with different geometric parameters. These studied
geometric parameters were the aspect ratio of the crossection of channels
(p & o) and ratio of fin width to channel width (0.25 < b < 2). The authors have
demonstrated that the bend loss coefficient is highly dependent on the geometric
parameters of the channel, i.e. a and b, while it is independent of Reynolds number.
In contrast, they have illustrated that the thermal resistance and pressure losses are
strong functions of the Reynolds number but less sensitive to the geometric
parameters. They found that the total pressure drop penalty increased from &Q0 @
to @ QD when'Y Qaised fromu TP L T T
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Another investigation has been implemented by ANeamaQ @ &2017) where they
studied numerically and experimentally the effect of four different designg;ig.2-7,
for the b © "Odv its hydrothermal performance. The first design had an array of
straight rectangular microchannels (Y'Y 0),i Fig. 2-7 (a), while the rest had single
( "YU "YU),i double (OO0 "Y0) and triple path multi-serpentine rectangular
microchannels (YD "Y, Fig. 2-7 (b). They employed the conjugate heat transfer
model for the laminar and turbulent flows for each design in their study. They were
successful in achieving an enhancement in the average Nusselt number upto b
and a reduction in total thermal resistance op w Fat a volumetric flow rate of
& o @ i for the "YD Vi comparison to the straight rectangular microchannel.

This improvement, nonetheless, was accompanied by a high pressure drop.

(@)

i B p 1= 2.0 ] Water Inlet Water Outlet  Water Inlet Water Outlet
7 O &
' I\A U \ 1 s
=% e 2 A\ : ) { L
> )

(b)

Fig.2-7 Different minichannel heat sinks studied by ANeamaet al. (2017):
(@) "Y'Yband (b)"Y0 "Y{OOU "Yiand"Y0 "Y({Reproduced with permission).
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In another study of Al-NeamaQ @ §2018) they modified their previous work by
introducing chevron fins to the serpentine microchannel heat sink design to provide
a secondary path that aimed at improving theerformance of thed 0 'QFig. 2-8.
They tested the effect of the channel widthd ), number of main channels{c) and
AEAOOI T EET 8 @) oh hé ydidh&rmal Eh@rdcikristics of the water
cooled minichannel heat sinks. They demonstrated that providing finstructures
reduces the thermal resistance and the pressure drop by 10% and 60%,

respectively.

Fig.2-8 Geometries investigated by ANeama( w §2018):
serpentine rectangular with plate fins,"Y0 6 O™ "Qleft), and serpentine
rectangular with chevron fins,"Y0 6 "C™% "(Right) (Reproducedwith
permission).

Imran ‘Q o &2018) carried out a numerical and experimental investigation of the

heat transfer and fluid flow of serpentine minichannel heat sink Y0 6 "DWrth four
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configurations, Fig.2-9. The heat sink was made of copper and water was employed
as a coolant. In their numerical part, they used the finite volume technique to
simulate laminar singlephase flow through the "YO 6 "OTheir numerical results
were validated against the experimental measurements and they were in good
agreement. They conducted the experimental study under the conditions of flow
rate in the range ofr® TG , the heat load betweert 1 T TMdE and inlet
temperature of o tat. The length, width and base height of the heat sink were
puddatp mata AT @ &, respectively, whereas the channel width was & &
and the height wasv & &. All the heat sinks models were manufactured having the
same channel total length ofrf@oa . The study revealed that Nusselt number
increases significantly with increasing the mass flow rate while it slightly rises with
increasing heat flux and this behaviour agrees with the findings of AleamaQ o &
(2017). The pressure drop for all the configurationsvas increased as the mass flow
rate increased. They concluded that the proposed heat sinks, i.e. configurations B, C,
and D offered better performance than the conventional serpentine one, i.e.
configuration A. Comparing the performance of studied configurations, design B
offered a maximum heat transfer enhancement @ o @ while Design Cshowed the

best pressure drop enhancement ab 1T b

(®)

&, © (@

D (Inlet water) ™) (Outlet water)

Fig.2-9 The four corfigurations of the serpentine microchannel heat sinks
studied by Imran 'Q ¢ &2018) (Reproduced with permission).
The serpentinechannel design has also been employed in battery thermal
management systems (BTMS) to maintain battery temperature stdly. For

example, Jiagianget al. (2018) conducted a numericalstudy to improve the designs
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of the serpentinechannel cold plate for cooling higkenergy battery cells utiised in
electric vehicles. They developed models for the thermal resistance and graire
loss to characterise the hydrothermal performance of the cold plate in their
investigation. For the optimisation procedure, they considered the thermal
resistance and the pressure loss as objective functions and defined the width of
channelda AT A OEA OAAEQOO | A ab Hdsign Avaridbles. Ahep O
recommended selecting larges values fax andi to help in producing an optimum
structure for a serpentine-channel cold plate design with the best cooling effect and
the minimum pressure loss.

More recently, AlNeama (AtNeamaQ @ & 2018) explored the suitability of water
cooled serpentine rectangular minichannel heat sinksi( 6 "O™or cooling gallium
nitride (GaN) high-electron-mobility transistors (HEMTS) cevices. They developed
a CFD model to simulate th&aminar flow conjugate heat transfe problem and then
validated the computational results against their experimental measurements.
Their research aimed at investigating the effect of volumetric flow rate, heat
spreaders and heat spreader materials on the temperature of the chip.

Different materials have been used in their study, namely graphene, diamond,
silicon carbide (SiC) andsilicon (Si). The size of the copper heat sink block was
pTa pma ¢d&a while the minichannel width (w ), the minichannel
height (O ) and wall width (& ) are respectivelyr W ahp® a d AT #® wa 4.
The heat flux dissipated from the GaN HEMT was ) coofo & (The total power
dissipated from the GaN HEMT wag 1 ).

To mitigate the hot spots, the authors used a nanocrystalline diamond (NCD) layer
with a thickness of¢ & Anounted on the top surface of the GaN HEMT. They found
that using a graphene heat spreader witlt v & #ick along with NCD layer can
lower the maximum chip temperature fromp ¢&3 Ok @& i®m comparison with

a serpentine 0 0 'OWithout these heat spreaders. Also, the simulation results
demonstrated that the effect of the heat spreader thickness for theéuglied materials
differs from one material to another. For example, moderate benefits were gained
from increasing the heat spreader thickness for diamond while there were no
remarkable benefits from increasing the thickness of the SiC heat spreaders more

thano 1 10 . @n the other hand, increasing the thickness from i QNp Mm@ A
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for Si heat spreader, which has a relatively low thermal conductivity, causes the

maximum chip temperature to jump from¢ tx Ok v 0. 3

2.6 Optimis ation of Microchannel Heat Sinks

2.6.1 Deterministic Optim isation of Microchannel Heat Sinks

In order to get the best performance for the heat sink, a noticeable effort has been
dedicated to optimizing the shape of the heat sink. Husain and Kim (2008)
investigated numerically the optimisation of a silicon microchannel heat sink. In
their study, they had exploited surrogate modelling to save time and reduce the cost
of numerical computational resources. They selected three geometric variables, i.e.
the microchannel width (o ), depth (O) and fin width (& ) and combined them in
two design variables by normalizing with the channel depth, i.e{ « 7O) andn

( @ ¥O). They optimised the heat sink performance by formulating the multi
optimisation for the thermal resistance and pressure drop. They employed water as
a coolant and took into consideration the dependency of the thermal properties on
temperature following the proposal of Li et al. (2007). They constructed a
polynomial surrogate mocel using the design of experiment (DoE) points of the
design variables and values of the objective functions which had been evaluated
numerically at each DoE point. This model has been employed to conduct the
optimisation process for the objective functiors and produce global Pareto optimal
solutions using the evolutionary algorithm (NSGAI). They concluded that the effect
of the two design variables was significant on the thermal resistance and the
pumping power for the microchannel heat sink. They founthat the Pareto optimal
solutions have a good spread over the range of the design variables which gives
more flexibility in handling the design and manufacturing constraints.

Another optimisation investigation has been performed by Chei® ¢ &2014) to
explore the optimum designs for the serpentinechannel heat sink which was
studied by Li'Q ® §2013). They defined the height and width of the channel, width
of the fin, and the inlet velocity as the design variables with the tat thermal
resistance (Y ) and the pressure drop ¢0) as the objectives of the optirisation
problem subjected to the constraints of constant width and length of the heat sink.

In their work, the artificial swarm fish algorithm with a variable population size was
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used to obtain Pareto optimal solutions and they had validated these results by
conducting experiments. The results were presented pictorially as a Parefoont,
which is a trade-off between total thermal resistance and pressure drop.
Reddy M ® 8&(2017) carried out a numerical analysis for the threedimensional
conjugate heat transfer problem of a heat sink with piffins (shaped as circles,
symmetric airfoils, and symmetric convex lenses) used in cooling an integrated
circuit. A uniform heat flux ofu Ttdxj ¢ & was applied over the entire footprint, with
size oft o0& &, and a centrally locatedT® 1@ & &, hot spot with uniform
heat flux of 20T T j ® &. The goal was to find the optimum sizes of the pifins in
addition to the average speed and inlet pressure for the cooling fluid that miniise
simultaneously the pumping power and maximum substrate temperature while
constraining the maximum temperature to be below 85°C. The optiisation strategy
was based on a surrogate mael multi-objective optimisation and employed the
genetic algorithm as the optiniser to obtain the best tradeoff solutions, i.e. the
Pareto front. The study found that the pirfin with symmetric convex lens shapes
produce the lowest pressure drop, followedby the symmetric airfoil and circular

cross-section pin-fins.

Injey "/

(a)

(b) (¢)

Fig.2-10 Half domain of the micro pinfins heat sink with: (a) circular, (b)
symmetric airfoil, and (c) symmetric convex cross section$§Reproduced from
ReddyQ @ &2017) with permission).

Later on, AFNeamaQ @ §2017) performed the structural design and optinisation

of thermal performance of the serpentine minichannel heat sink for cooling the
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electronic equipments. The goal was to find the chafnl 6 O & E)AaBdEthej
number of channel ( ) that minimise the two conflicting objectives, i.e. the total
thermal resistance (Y ) and the pressure drop ¢0). They used the @timal Latin
Hypercube (OLHC) approach to generate the DoE pts that were utilised in
generating the surrogate model. The surrogate model type was Moving Least
Squares (MLS) approximation with a second order base polynomial. They employed
the multi-objective genetic algorithm ¢ € "Qdmethod to find the global mhimum of
the surrogate models and their results were presented graphically as a Pareto front
for the two objective functions.In another study of AIFNeama (2018), they modified
their previous work by introducing chevron fins to the serpentine minichannel leat
sink design to provide secondary paths that aimed at improving the performance of
the 0 6 "Q'Wig.2-8. They performed an optinisation process for the watercooled

i ETEAEATT AT EAAO OET EO Eln YDdiodertf chadel® E A
O AT A AEAOOT 1T 8P Theyhded tNeOAHC folsapripld thg design
space and MLS to generate the surrogate models. They performed the surrogate
based optimisation utilising the multi-objective genetic algorithm. Their
optimisation results have been summaised in the Pareto front curve hat helps
designers in selecting appropriate compromises between the conflicting
performance parameters of0 6 "O"Y0 "Qi.e. the pressure drop and the thermal
resistance.

Recently, Shi'Q ®&(2019) conducted a multiobjective optimisation for the
geometrical parameters of arb 0 "OWith the secondary flow,Fig.2-11, to minimise
the thermal resistance and pumping power of the heat sink under constant water
mass flow rate. They selected the ratio of secondary channel width to microchannel
width , the ratio of half pitch of secondary channel to microchannel witit | |,
and the tangent value of secondary channel anglg as the design variable for the
optimisation problem. They concluded that the design variable has the greatest
influence on the performance of theb 0 O comparison to the other design
variable, i.e.T and [ . According to the authors, the thermal resistance and
pumping power can be reduced by 28.7% and 22.9%, respectively, by optimizing

the structure parameters.
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Fig.2-11 Schematic diagram of the rrﬁz:)rochannel heat sink (a)3D full geometry
(b) computationalomainand (c) top view of thecomputationatiomain
(Reproduced from ShiQ @ §2019)) with permission).

There are other studies that dealt with theoptimisation of the 0 ¢ "O3vch as the
investigation of Knight'Q ¢0§1992), Hung'Q @ §2012) and Alfaryjat Q ¢ §2014).
Besides, optimisation of the microchannel heat sinks by varying the geometric
dimensions has also been carried out in ordeto improve the hydrothermal
performance of the heat sink, like the studies of Ahmed and Ahmed (2015) and Fan
‘Q 00 §2014). A recent review foroptimisation of the thermal design of heat sinks
has been conducted by Ahme® @ §2018) and they did not mention any work that
considered the uncertainty in the input parameters for optinisation microchannels
heat sinks, e.gvariations in geometrical shape due to manufacturing errors or in
operating conditions, and their effect on hydrothermal performace. Producing
robust designs which are insensitive to the variations of the input parameters is vital

for some applications like safetycritical applications, e.g. the aerospace industry.

2.6.2 Robust Design

There are numerous sources uncertainty in the heatisk and in the modelling

context the uncertainties have been classified as either aleatory or epistemic. The
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root of the word aleatory is Latin alea which means the rolling of dice. Therefore,
aleatory uncertainty (which is also known as type(A), stochastic uncertainty, or
irreducible uncertainty) represents an inherent randomness of the system or
process such as the variability in geometric parameters due to manufacturing
processes, the uncertainty in material property constants and uncertainty in
weather conditions. This type of uncertainty is physical in nature and probability
theory can be used to mathematically model this kind of uncertainty due to its
probabilistic nature. On the other hand, the root of the word epistemic is Greek
9 R A1 A Z s Amge) whichhniz&n® Khdwledge. So epistemic uncertainty (which is
also known as type(B) or reducible uncertainty) refers to a lack of information or
data about the appropriate value to use for a quantity at the time of decision.
Imperfect understanding of phyical phenomena or physical coupling, and
inadequate experimental data to accurately describe a probability distribution are
both examples of epistemic uncertainty Romero’Q @ 8§ 2004; Sahinidis, 2004;
Oberkampf and Ferson, 2007; Der Kiureghian and Ditlevsen, 2009; Bodla
Q& mmpand ShahbazZQ @& 2016). Including the uncertainties within the
optimisation helps in obtaining robust and reliable designs. Tisi type of
optimisation is called the nondeterministic optimisation, probabilistic optimisation

or optimisation under uncertainty (OUU).

Non-deterministic optimization has attracted increasing attention during the last
two decades. This type of optimizatia has two different design formulations that
consider the probability in the response of the system, namely Reliabilitased
Design Optimization (RBDO) and Robust Design Optimization (RD®j)g.2-12. The
former seeks a safe design in the presence of parameters' variability, while the goal
of the second kind is to produce a design insensitive to the uncertainty associated
with design variables (Doltsinis and Kang, 2004 and Papadrakaki% ¢ &005). The
start of robust design dated back to the early 1920s when Fisher was working on
developing the statistical design of experiments (DoE) method to increase the yield
of agricultural crops. During the 1950s, the Japanese engineer Dr. Genichi Taguchi,
which is known &0 OEA OOEAOEAO 1T £ Ol AOOO AAOGECT 8
design,(ShahbazQ o &2016).
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In previous works, robust optimization in structural design have been widely
studied. For example, Ditsinis and Kang (2004) proposed a new method to
investigate numerically the robust design of structures with stochastic parameters.
In their proposed approach, they evaluated the sensitivity of the mean and variance
of structural response based on the pdurbed equations for stochastic analysis.
They also formulated the robust design optimization of structures as a mutti
objective optimization problem aimed at minimizing the expected value and the
standard deviation of performance. Thereafter, the multcriteria optimization
problem has been converted into a scalar optimization problem and solved using a
gradient based optimization algorithm. Later on, Maran® & §2010) conducted a
comparison between conventional deterministic and robust optimum degjn
methods used in structural optimization. They employed the problem of the
optimum design for mechanical characteristics of a single tuned mass damper
(TMD) device as a case of study. To perform the robust design strategy, they
included not only the absdute performance of the system but took into account its
sensitivity to the uncertain parameters. The comparison revealed the importance of
conducting a robust design as it provided solutions which differed from the

deterministic one.

Robust Design in othe Disciplines

As the literature shows, robust design has been widely utilised by researchers in
aerodynamic design optimization with the aim of minimizing the statistical

moments, i.e. mean and variance, of the objective function over alterations of
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uncertain design parameters. For example, Zal@ ¢ §2014) studied numerically
the design robustness of a transonic, high Reynolds number laminar flow
supercritical airfoil. They used” —transition model along with the shear stress
transport (SST)™Q 0 turbulence model to predict the transition region for a
laminar-turbulent boundary layer. They employed a surrogate model based on
Kriging models to reduce the cost of evaluating the objective functions and used the
non-dominated sorting genetic algorithmil (NSGAII) to search for the optimum
solutions of the multi-objective problem. The type of the airfoil was NASA0412, and
the uncertain variable for the robust design was the Mach number. They analysed
and compared their results of the optinised design with original airfoil and found
that natural laminar flow can be achieved on a transonic supercritical airfoil leading
to considerably decrease in the drag coefficient. They noticed the importance of
introducing robust design to achieve a compromise between the drag and the drag
divergence characeristics of the airfoil. They also achieved a tradeff between the
mean value and the variance by employing a mutbject evolution strategy.
ShahbazQ @ §2016) have implemented a robust aerodynamic design optimization
for a RAE 2822 airfoil to reduce the statistical mean and variance of drag coefficient
(Cd) over two uncertain input variables, namely the Mach number and angle of
attack. An inhouse code, PMNS2D, has been employed to calculate the CFD model
response for the airfoil design. The statistical parameters and probability density
functions of the design response quantities have been extracted using an
inexpensive Monte Carlo (IMC) apprach with a kriging surrogate model to assess
the robustness of a candidate design. To judge the accuracy of the surrogate model
in their study, they compared theCFDoutputs for the aerodynamic coefficients with
predicted values using the surrogate modelrad found them accurate. They achieved
a reduction in the objective function, drag coefficient (Cd), around g ( kRand

o @ w lfor the combination of the angle of attack and Mach number uncertainties
under normal and LHS distributions respectively.

Recently, Chakraborty A @8(2017) have suggested two new methods to solve
robust design optimizaton (RDO) problems. The first one is the lovidelity (LF)
polynomial correlated function expansion (PCFE) based differential evaluation
algorithm (DEA), and the seconds the high-fidelity (HF) PCFE based DEA. In each

one, they combined polynomial correléed function expansion (PCFE) with
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differential evaluation algorithm (DEA) in which the first was to calculate the
statistical moment properties of performance functions while the second was
employed to solve the optimization problem. In order to assess &performance of
the proposed approaches, they have been applied to three benchmark RDO
problems, and the accuracy and efficiency of their results were outperforming the
popular techniques, i.e+ OECET Ch 4 AUI tén€od podth@drafkuce. AT A
They stated that the low fidelity PCFE based DEA could be used to obtain an initial
estimate for the RDO problems ast is highly efficient. Furthermore, they
demonstrated the capability of the suggsted methods in solving large scale
problems like the RDO of a hydroelectric dam.

Uncertainty analysis for building energy assessment, according to Tidh @) §2018)

in their review, is now considered one of the active field researches. This trend is
because the thermal performance of buildings is affected by several variables which
are inherently uncertain like weather conditions, residents' behaviour and thermal
properties of the building envelope. Different areas of building energy analysis have
been extensively studied using uncertainty analysis such as life cycle analysis,
impact and adaptation to climate change, sensitivity analysis and optimization, to
name of few. The two main methods of uncertainty analysis, i.e. forward
(uncertainty propagation) and inverse (model calibration) uncertainty
guantification have been employed in building energy assessment. The focus of the
first type is to quantify the uncertainty in the system outputs (e.g. energy use or
carbon emissiong propagated from uncertain input variables through
mathematical models puilding energy modelg while the second type of the
uncertainty quantification aimed at predicting the unknown variables through
mathematical models from measurement data. On one hand, the literature is
showing that the most widely used methods for the forward uncertainty analysis
are the Monte Carlo samplingbased, nonsampling, and nonprobabilistic. On the
other hand, the frequentist and Bayesian approaches have been employed
extensively in the inverse uncertainty analysis (TiarQQ ¢ &2018).

Huang'Q @ &(2017) proposed a new strategy for optimal sizing of the heating,
ventilating, and air-conditioning (HVAC) systems under uncertainty in both load
demand and capacitysupply side from a lifecycle point of view. At the design stage,

the uncertainty in HVAC system sizing comes from different sources such as
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inaccurate prediction of system operating cet and energy performance due to the
lack of information about the operational data and building's peak load demand.
With the classical method of HVAC system sizing procedure, the designers are
dealing implicitly with uncertainty by choosing a safety facto to minimise
professional risk, which produces an oversizing system. In the suggested method,
however, the authors studied the uncertainty on the cooling supply side and
demonstrated its importance for proper HVAC system sizing. In their investigation,
they employed MonteCarlo simulation to produce the statistical distribution of the
predicted peak cooling load while they used an open source software called
EnergyPlus to generate the lifecycle performance data for the HVAC system.

In order to reduce thenumber of the Monte Carlo simulations for producing a robust
system sizing of nearly/net zero energy buildings (ZEBs), Zhan@ @ 8(2018)
proposed a responsesurfacemodel-based system sizing method. Three design
criteria namely, the annual energy math ratio (AEMR), selconsumption ratio
(SCR) and initial investment have been selected for their study. These criteria
depended on three design points: annual energy demand, photovoltaic (PV) energy
generation ratio and daily energy demand. The energy piErmance evaluation of
the system has been performed using a popular building simulation tool called
Y'Y U "Y..0hé authors have constructed the response surface model, polynomial
regression model, for the overall performance, i.e. the weighted performance of the
design criteria, based on Monte Carlo simulations for 29 specific design points.
These ponts have been determined by the design of experiments, B@ehnken
design. The predicted value of AEMR and SCR were in good agreement with actual
values, and the percentage of errors were, respectively® and p&. Exploiting the
established response sudce models, the performance has been evaluated, and the
optimal design has been chosen. Their results showed that the proposed
methodology had mitigated the computational load required to identify the optimal

design

RobustOptimization of Microchannel Hat Sinks

In the literature, two studies on the importance and applying theptimization under
uncertainty (OUU) for microchannels heat sink have been conducted by Bodla
‘Q ¢ &2013) and SarangiQ @ &014). The study of BodlaQ @ &013) performed
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optimization under uncertainty (OUU) for both heater block and pirfin heat sink
with the impinging flow. They used Ansys Fluent for the numerical analysis and
Dakota, an opersource software, to implement the optimization. To mitigate the
cost of the CFD simulations, they utilised surrogate models obtained from
generalised polynomial chaos (gPC). Besides, they used the nested approach within
Dakota to perform the uncertainty quantification (UQ) for the optimization loop.
They concluded that this metlwdology, i.e. optimization under uncertainty, is a
powerful tool to produce a robust and reliable design if the input parameters are
uncertain. The robust design aimed at minimizing the fluctuation in system
performance resulting from the variation of thesystem input, while the aim of the
reliable design is producing a design with low probability of failure under
uncertainties.

Later, SarangiQ & &(2014) studied the geometric parameters of the manifold
microchannel heat sink. In their study, two different computational analysis
methods, a simple unitcell model and porousmedium model, were employed.
Furthermore, they conducted conventioml deterministic optimization along with
probabilistic optimization to determine the optimal parameters of the heat sink
geometry that maxinmise heat transfer performance while minimizing pumping
power. They utilised the same framework of the OUU used indhstudy of Bodla
Q 0 §2013). They quantified the conservative nature of the probabilistic design
method by comparing the deterministic and probabilistic optimization
methodologies. They concludedhat the maximum heat transfer occurs when the

ratio of the inlet to outlet length is 3.

2.7 Gaps in knowledge and the aims of the current
research

Based on the published literature reviewed in this chapter and to the best of the
author knowledge, no previous study has examined the influence of adding half
cylindrical vortex generators to the sidewalls or the channel's base for the
serpentine minichannel heat sink. Furthermore, there are some aspects suchthe
number of fins ('O), the fin length to the secondary channel lengthY ) and the fins
offset ("O) in the study of AFNeamaQ @ 6(2018) that need to be covered. Besidea
simpler design, such as the hybrid rectangulaelliptical shaped fin for replaang the
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chevron fins, need to be explored. Thiterature also showed that no study applied
the OUU for the serpentine minichannel heat sinks. Therefore, thithD study will
try to bridge these gaps. Before addressing these, some heat transfer and fluiifl

fundamentals related to the current research will be presented in the next chapter.
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Chapter 3 Heat Transfer and Fluid Flow

Fundamentals

3.1 Introduction

In this chapter, an overview of the basic concepts of heat transfer and fluid flowrf
the microchannel heat sinks are given. These concepts represent the basis of the
work that will be carried out in the following chapters.Firstly, a review of some heat
transfer and fluid flow basics will be provided in sections3.2and 3.3. In section3.4,
the hydrodynamic and thermal boundary layer concepts will be explained.
Furthermore, sections3.5 and 3.6 present a brief description of the flow entrance
region characteristics and the conjugate heat transfer problems. After that, sections
3.7 and 3.8 provide the governing equations for the modelling of microchannel heat
sinks beside the assumptions and boundary conditions for the problem under study.
A summary of this chapter will be given in sectio 3.9.

To study the tydro-thermal performance of microchannel heat sinksiumerically or
experimentally, there are several characteristics that need to be evaluated including
Reynolds number, Prandtl number, Nusst number, the average temperature for
the base of the heat sink substrate, overall thermal resistance, fluid velocity
distribution, fluid pressure drop and the pumping power of the fluid. Therefore, it is
worth reviewing some of the heat transfer and flud flow fundamentals in the

following sections.

3.2 Heat Transfer Basics

Heat transfer is the process of transferring energy from one region to another when
a temperature gradient exists. There are three modes of heat transfer: conduction,
convection and radidion. Basically, conduction heat transfer takes place across a
solid (or a stationary fluid) due to the presence of temperature difference in the

medium. While the heat transfer by convection occurs between a solid and fluid, in
contact, at different tempeature which it can be free convection (buoyancy force

causes fluid motion) or forced convection (external source forces the fluid to move).

Finally, the heat transfer by thermal radiation is the process in which two solid
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bodies or more (not in direct physical contact) at different temperature exchange
thermal energy. The space between the bodies could be a vacuum or could be filled
with gas or liquid (Sachdeva, 2009 and Cengel, 2014).

Microchannel heat sinks mainly dissipate the generated heat in electras through
two modes of heat transfer, i.e. conduction and convection. With the presence of
temperature differences across the heat sink, heat is transferred from the source to
the fluid in the microchannels. The fluid that flows inside the channels, imin, takes

the heat by convection and rejects it to the ambient. The rate of heat transfer by

AT T AOCAOETT EO APGPOAOOAA AU &1 OOEAOGO 1 Ax
0 ™ u Equ. 3-1
0
where 0 ,"Q 0 and Y, 0 respectively represent the rate of heat transfer by

conduction, the thermal conductivity, the heat transfer area, the temperatures on
solid sides and wall thickness. According to the thermal resistance concepithhas

been used in heat transfer analysis, the conductive thermal resistance is:

Y — Equ. 3-2

Heat sinks are usually manufactured from a high thermal conductivity material with
alarge surface area to reduce the conductive thermal resistance and hence improve
the thermal performance of the heat sinks.
/T OEA 1T OEAO EAT Ah OEA OAOA T &£ EAAO OOAI
law of cooling:
0 W Y Y Equ. 3-3

where 0 ,h,A,"Yand ™Y are the rate of heat transfer by convection, heat transfer
coefficient, the heat transfer area, surface temperature and fluid temperature,
respectively (BergmanQ @ 82011 and Cengef ¢ &2012). The convective thermal
resistance can be written as:

: p
— Equ. 3-4
Y 0B q

In convective heat transfer studies, a commonly usenondimensional parameter is

the Nusselt number which is the nondimensional form of heat transfer coefficient.
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This parameter is defined as the ratio of convective heat transfer to conductive heat
transfer:
#1 1 OABABAOAT O@A O

ho o DABREOAT DAL Equ. 3-5
VO %771 A BB AOAT OBAO a

Nusselt number is used to assess the enhancement of heat transfer caused by

convection relative to conduction heat transfer.

3.3 Fluid Flow Basics

Fluid mechanics plays aital role in analysis of convective heat transfer; therefore,
it is worth presenting the basic concept briefly here. In fluid mechanics applications,
there are generally twokinds of flow namely the external flow and internal flow. The
external flow refers to the flow of unconfined fluid such as flow over a surface of a
plate, pipe and ball. In contrast, the internal flow represents the flow of a bounded
fluid like the flow in ducts and pipes. In microchannel heat sink, since the cooling
fluid is bounded by channel walls, it is classified as internal flow.

The flow, furthermore, can be laminar, transient or turbulent depending on its flow
velocity. When fluid flows smoothly and its layers do not interact with each other,
the flow is called laminar. On thecontrary, if the flow is highly disordered and
characterised by velocity fluctuation then it is termed as turbulent flow. The
transient flow represents the intermediate flow state between the laminar and
turbulent flow. Osborne Reynolds in the 1880s perfoned an experimental
investigation to study the flow regime in pipes and found that the ratio of inertial
forces to viscous forces in the fluid affects broadly the flow regime. This ratio, then,
is termed the Reynolds number Y and it is used to identfy the flow type and
determine the transition from laminar flow to turbulent flow (Cengel, 2010,
BergmanQ @ & 2011 andCengelQ @ & 2012). Reynolds number R€ is expressed
as follows:

v OF QI BEIGERIY O o e
00l O | : qu. 5

here ” is the density of the fluid, 'Y is the average flow velocity,O is the

characteristic length of the geometry and is the dynamic viscosity.
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For internal flow in a circular pipe, the characteristics length of the geometry used
in Reynolds number Re is the diameter of the pipe whereas it is the hydraulic

diameter Dn for noncircular pipes. The hydraulic diameter is defined as:

TO
0

0 Equ. 3-7

where & and0 are respectively the crosssectional area of the pipe and its wetted
perimeter.

Different factors affect the value of the critical Reynolds numbefY'Q, at which the
flow transits from laminar to turbulent, such as fluid velocity, surface geometry,
surface roughness, the temperature of the surface, and the type of fluid, among other
things. For external flow over a smooth flat plate, the critical Reynolds number for
the different regimes are as follow (Cengel, 2010, Bergm&n & & 2011 ard Cengel

Q 00 &2012):

Laminar flow regime : YQ pm
Transitional flow regime : pt YQ o prTt
Turbulent flow regime : YQ o pm

while for internal flow in circular pipes, the values of the critical Reynolds number
are listed here(Cengel, 2010 and Bergma ¢ &2011):

Laminar flow regime : YQ corm
Transitional flow regime ; onmYQ tnm
Turbulent flow regime ; YQ 1mnm

3.4 Boundary layer concept

In order to understand the convective heat transfer between a moving fluid and a
surface in contact, it is necessary to understand the concept of boundary layers
which was introduced by Ludwig Prandtl in 1904 (Sackleva, 2009 and O'Malley,

2014). There are two kinds of boundary layers which are encountered in convective
heat transfer. hydrodynamic boundary layer and thermal boundary layer. Some

details about these boundary layers and the related concepts are givenlte:
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3.4.1 Hydrodynamic boundary layer

The concept of the boundary layer is applied in internal and external flows. The
boundary layer is a thin layer which can be defined as the flow region in the vicinity
of the contact surface where the viscosity effects arsignificant. Within the
boundary layer, the fluid velocity is slowing down in the contact surface vicinity and
becomes zero at the surface itself (the nslip boundary conditions). Outside the
boundary layer, there is no velocity gradient. For the externalow, Fig.3-1(a), the
boundary layer over the surface is freely growing because the fluid has a free surface
(Cengel, 2010 and Bergma® @ &2011).

Similarly, for internal flows such as the flow of liquid entering a circular pipe,
Fig.3-1(b), it can be seen that the flow is divided into two regions: the hydrodynamic
entrance region and the lydraulically fully developed region. The first covers the
region from the pipe inlet to a point at which the velocity profile becomes fully
developed and its length is termed the hydrodynamic entry lengtid . At the
entrance of the pipe, fluid enters vith uniform velocity and its particles within the
layer that is in contact with the pipe's wall become stationary as a result of the no
slip conditions. As Fig. 3-1 (b) depicts, the boundary layer thickness grows
continuously in the flow direction until it meets the centre line and fills the entire
pipe. A little farther downstream, the flow becomes fully developed, i.e. the velocity
becomes fully developed and remains unchanged; therefore, this region is known as
hydrodynamically fully developed. In this region, the velocity profile has a parabolic
shape in the laminar flow while it is somewhat flatter in the turbulent flow. This
difference in velocity profile can be attributed to the fact that the wall shear stress
effect is not as large in the turbulent flow as in the laminar flowfig.3-1 (b), (Cengel,
2010 and BergmanQ @ &2011).

3.4.2 Thermal boundary layers

In a similar manner of developing the hydrodynamic boundary layer as a result of
fluid flowing over a surface, a thermal boundary layer evolves due to the
temperature difference between the flowing fluid and thesurface in contact with it,
Fig.3-2 (a). Within the thermal boundary layer, there is a temperature gradient, and
the fluid particles in the adjacent layer to the surface are in thermal equilibrium with

the solid bady (Cengel, 2010 andergmanQ ¢ &2011).
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Fig.3-1. Schematic of typical boundary layer (a) external flownd (b) internal
flow.

In the same way, the thermal boundary layer also exists in internal flow if theris a
difference in temperatures between the fluid and the bounding surfaces.
Furthermore, two regions can bedistinguished for this confined flow, i.e. thermal
entrance region and thermally fully developed regionkig.3-2 (b). The shape of the
fully developed temperature profile is fixed, however, it takes a certain pattern
based on the imposed wall conditions, i.e. constant temperature or constaheat

flux, Fig.3-2 (b).
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Fig.3-2. Thermal boundary layer of cold flow: (a) over flat plate an¢b) inside
pipe.

3.4.3 Significance of the Prandtl Number

Prandtl number (0 i) is a nondimensional parameter which destibes the relative
thickness of the velocity and the thermal boundary layers (Cengel, 2010) and can be

expressed as:

Ui - — — Equ. 3-8

here’,| ,*,”, Qand & are respectively kinematic viscosity, thermal diffusivity,
coefficient of dynamic viscosity, mass density, thermal oaluctivity and specific
heat at constant pressure of the fluid. The kinematic viscosity describes the ability
of a fluid to transport momentum by diffusion whereas thermal diffusivity describes
the ability of a fluid to transport energy by diffusion (Nells'Q @ & 2009). From the
definition of Prandtl number, it is clear that it is a function of the properties of the
fluid itself and does not depend on the state of flow condition of the fluid (i.e.

whether the flow is laminar or turbulent flow).
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The Prardtl number for fluid changes with temperature and its values range from
thanp 1 for liquid metals (like Mercury) to more thanp 1 for heavy oils (such as
engine oil) (Nellis'Q & &2009). Allgases have Prandtl number(( i) values between
0.7 - 1 which implies that the velocity boundary layer thicknessi() is equal to the
thermal boundary layer thickness | ) and this indicates that both momentum and
heat dissipate through the fluid at about the same rate. However,af@Q p, like in
liquid metals, it indicates that the thermal boundary layer thicknessi() is larger
than the velocity boundary layer thickness]() and hence heat diffuses very quickly.
In contrast, when0 @ p, as in engine oils, the thermal boundary layer thickres
( ) is thinner than the velocity boundary layer thicknessi() and as a result, the
heat diffusion will be very slow relative to the momentum.

For laminar boundary layers, the relationship between the Prandtl number,
thickness of the velocity | ) and the thermal { &) boundary layers can be expressed

mathematically as (BergmarQ o &2011):

- 0 i Equ. 3-9

here the exponents §) is a positive number. According to (Equ.3-9)), it can be
illustrated that for gases that haved O pthen] 1 , for liquid metalswith0 @ p
then| 1 1 and for oilswith0 ® pthen] L7 .

3.5 Flow Entrance Region Characteristics

When fluid flow is accompanied with heat tansfer in internal flow, the state of the
hydrodynamic and thermal boundary layers affects directly the calculations of
pressure drop (@0) and heat transfer coefficient {Q inside conduits. For laminar
flow in ducts, four types of flow based on boundariayers developments have been
distinguished, these are the fully (hydrodynamically and thermally) developed,
hydrodynamically developing, thermally developing, or simultaneously developing.
The same types of flow exist in turbulent duct flow, but their themal and
hydrodynamic entrance lengths are much shorter than their corresponding lengths

in laminar duct flow (RohsenowQ @ &1998).
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Table 3-1 Types of hydrodynamic and thermal boundary layers developments in duct flow (Rohsend@ ¢ & 1998).
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Shah and London (2014) proposed two formulae to estimatéhe hydrodynamic

entry length (0 ) and thermal entry length © ). These are:

0 0 8 8YQ Equ. 3-10
0 0" 80 80 Q Equ. 3-11

where 0 and 0° are the nondimensional hydrodynamic and thermal entrance
lengths and they are both 0.05 (Kandlikar et al., 2014 and Lee et al., 2005).
While0 Q@ Y@ i) a dimensionlessnumber termed Pedet number which

represents the advective transport rate to mass diffusion rate (g D/L)).

3.6 Conjugate Heat Transfer Problems

Whenever a domain consists of more than one suftomain and its heat transfer
problem is governed by different differential equations the conjugate heat transfer
becomes an essential tool to solve this kind of problems. In the current study, the
fluid comes into contact with solid walls of the heat sink channels and exchange
heat; therefore, the conjugate boundary condition should bepplied at the fluid-
solid interface to solve this heat transfer problem numerically. Accordingly, the
continuities of temperature and heat flux at the interface between the solid walls

and the fluid are appliedFig.3-3, which canbe expressed as follow:

Temperature: Vi ="V Equ. 3-12
) L 1Y 1Y

Heat flux (Fourier® law): Q T ¢ QT_é Equ. 3-13

Velocities (No slip condtions) : 6 0 0 T Equ. 3-14
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Fluid Domain, Qf T¢

Fig.3-3. Conjugate boundary conditions betweerthe solid and fluid.

3.7 Governing Equations for microchannel heat sinks

In the current study, theCFDtechniques will be employed to solve the convective
heat transfer problem in minichannel heat sinks. The generéded form of the
governing equations which are used to represent the conjugate heat transfer and

fluid flow problem are given below ¢ 0 0 "YU 0
Continuity equation:
e ng”"w® m Equ. 3-15

Momentum equation:

b

” w8 P n) n8‘ n¢gP neP

Equ. 3-16
- nd®0 O
The energy equation for the fluid:
LT NI .
"0 o w8y ngaony o Equ. 3-17
The energy euation for the fin:
"0 l:,—OY n8dQn"y 0 Equ. 3-18
where ¢®,”  ,6 ,0,"Yand Qare respectively the velocity vector, the density, the

viscosity, the specific heat, the fluid pressure, the temperature and thermal
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conductivity. The subscript"Qandi refer to the fluid and solid respectively. TheO

and 0 are respectively the body force and the heat source/sink per unit volume and

time.

For steady state laminar flow with no heat generation the above equations can be

re-written as:

Continuity equation:

ng”w 1

Equ. 3-19
Momentum equation:
W8 " P ng n8‘ nep Equ. 3-20
The energy equation for the fluid:
8”6 Y ngQny Equ. 3-21
The energy equation for the fin:
ngQnyY m Equ. 3-22

3.8 Assumptions and Boundary Conditions

To simplify the numerical simulations of the current investigation, some

assumptions were made following previous works such as Qand Mudawar (2002a
and 2002b), LeeQ @ &(2012), Lee Q @0 &(2013), KuppusamyQ ¢ &(2014), Al-

Neama (2018) and others. These assumptions are as follows:

1.

a B 0N

The flow is singlephase,incompressible,and laminar.

The heat transfer and fluid flav were assumed to be steady state.

No radiation effects.

The internal channel walls were assumed smooth.

All the external walls of the heat sink were assumed to bésulated
( €D M"Y 1) exceptfor the part supplying the heat flux, underneath

the minichannel heat sink, i.e. £ O ""Y 1. Foreasy comparing with
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experimental and numerical work of AINeama (2018), ther] is set to be
o @o & & in this work unless stated otherwise.

The fluid temperature at the inlet is¢ 1 3

The noslip conditions are applied.

The outlet boundary conditions are seta® 0 18

© © N o

The thermo-physical properties of the fluid such as! , 6 , and Qwere
assumed to be temperaturedependentand thed 0 0 "Ybuid-in equations

of these propertieshavebeen used.

3.9 Chapter Summary

This chapter has been devoted to reviewing some of the concepts and fundamentals
related to the microchannel heat sinks such as the heat transfer modes, fluid flow
basics, the boundary layer concepts. Besides, in this chapter,ettgoverning
equations that control the heat transfer and fluid flow have been stated. All the
above represent the bases for the current investigation including the numerical

simulation which will be illustrated and implemented in the following chapters.
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Chapter 4 Computational and Optimis ation

Methodologies

4.1 Introduction

This chapter presents the computational methodology to perform the numerical
analysis and theoptimisation procedure for exploring the performance of different
designs of the serpetine microchannel heat sinks i.e.the smooth serpentine heat
sink and the serpentine heat sink with secondary channels. In sectiof2, an
overview for the main stages of performing aCFD numerical analysis will be
presented. Then, sectioa4.3to 4.5 provide a brief description for the optimisation
strategy which includes the types ofoptimisation, software used, the surrogate
basedoptimisation approach and the validation of surrogate model. After that, the
robust design employed taconduct in this investigationis introduced in section4.6.

Finally, section4.7 provides a summary of the chapter.

4.2 Computational Fluid Dynamics (CFD) Methods

During the last decades and as a result of the considerable developments in the
computer industry, many computeraided engineering (CAE) software have
emerged to become a popular resealctool to investigate complex engineering
systems by solving different differential equations associated with engineering
problems. The engineering problems that involve flow phenomena are simulated
using a group of software programs known collectively asomputational fluid
dynamics (CFD. The CFDcan be defined as a branch of fluid mechanics which
employs numerical techniques to obtain approximate solutions of problems
involving fluid flow and heat transfer (Zikanov, O., 2019). Example of commercial
CFD software include COMSOLWMultiphysics®, ANSYSCFX ANSYS-LUENT and
STARCCM+whereas the other are free and open source software likegpenFOAI@
and Palabos In the present work, COMSOMultiphysics® has been selected to solve
the current problem because ithas a strong capability to model multiphysics
problems and has also been successfully employed by researchers in other relevant
studies such as the studies of HaQ © & (2014), AFNeama (2018), and Turgay and
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9AUgAal g1 O j ¢ mp Y GRpensigedimeSavitpari Ahde flaxdIa thanA © O
real physical experimental testing, but sometimes they are not as accurate as
experiments. Using the CFD techniques, designers can model, simulate and predict
system performance before manufacture (Joseph, 201&nd Versteeg and
Malalasekera, 2007). In CFD simulations, the set of governing mathematical
equations in the form of partial differential equations (PDES), such as conservation
of mass, momentum, energy and species, for the physical problems are first
discretised. Then, they are solved numerically to predict approximate solutions of
the studied governing equations (Versteeg and Malalasekera, 2007 and Joseph,
2016).

In general, a typicalCFDsimulation study is divided into three main stages, namely,
pre-processing, processing and pogprocessing. An overview of these stages is

given below:

4.2.1 Pre- processing

Before starting a numerical study, it is essential to define the modelling goal and
identify the domain of the problem. Furthermore, aCFDsoftware that is capable of
solving the considered problem should be chosen. Then, the investigator needs to
specify what to solve and how to solve it. The first question can be answered
through:
U Creating the geometry that provides the computational domain for the prdem,
U Specifying the governing equations, that represent the physical problem, in this
study (Equ. 315to Equ.318).
U Imposing the boundary conditions and materials properties.
Whereas answering the second question needs to illustrate the solution strateg,
which include:
U Discretisation of the computational domain into small elements (Meshing), and
U Specifying acceptable error tolerances for monitoring the convergence of the
calculated solution of the problem.
All the above steps are called prprocessing.
Creating the geometry can be accomplishe@ither using a geometry builder
included within the software or using external computeraided design (CAD)

software such asY¢ & "QQs® and fieen export it to the CFD software.
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Meshing is the process of generating a collection of nasverlapping sub-domains
by partitioning the original solution domain. Accordingly, various discreisation
methods are available to mesh tb computational space, and the most commonly
used are the finite difference method (FDM), finite element method (FEM) and finite
volume method (FVM). The finitedifference is considered as the oldest one which
is used for numerical analysis, and it is sudtble for obtaining solutions on structured
meshes, i.e. simplgeometry. This approach is based on the differential form of the
governing equations, and its numerical calculations occur at each node of the
discretised domain.

In contrast, the finite volumeand the finite element methods deal with an integral
form of the governing equations and they can be used to generate the grid for
complex geometries. The finite volume approach decomposes the computational
domain into a discrete number of cells, each @fhich is treated as individual control
volume. The conservation equations arepplied to each control volume, and the
calculations are accomplished at a node located at the centroid of each control
volume (Maneeratana, 2000).

In the finite element approad, the model body is sukdivided into many smaller
regions called finite elements which are interconnected at nodes common to two or
more elements and/or boundaries (LewisQ @ & 2004). This techniqgue utilises the
OOEADPA £EOT AOGET 1 6 epf@dent thd aldewbthel ddpénlientArdridble O
throughout each element. The calculations are performed within the generated
Al AT AT 00 AO Gaukskpoirs@ AAT 1T AA O

Studies showed that the finite element technique needs longer computational time
and more memory storage than the finite volume (Jeong and Seong, 2014; and
400CAU AT A 9 A tavdvarjthe finfehelergentgegh@ique is welsuited

to solve multiphysics problems (Pryor, 2011).

4.2.2 Processing

In the processing stage, th€FDsoftware follows aset of steps to solve the problem
which is defined in the preprocessing step. Solving multiphysics problems with
0 U 0 "YUish accomplished using either fully coupled or segregated solution
approaches. In the former, a single large system of equatiorntaining the

unknown and the coupling between them is formed and then solved at once within

Page |- 60 -



each iteration. In contrast, when employing the segregated solver, the problem is
subdivided into two or more segregated steps in which each step represents agia
physical process. Then the segregated steps are solved iterativalyd within a single
iteration, the solution of the segregated steps is performed sequentially. In
0 U 0 "Y(the default setting for a 2D model is the fully coupled one while for 3D
models it is the segregated approach. The segregated approach is faster than the
fully coupled (Tabatabaian, 2015 and 0 0 "Y#anual, 2018).

4.2.3 Post-processing

In the final stage of the numerical solution, i.e. pogbrocessing, the results are
prepared for the analysis and physical interpretation by presenting them as tables,
graphs, contour, animations and plots.

Before starting to acquire data, it is necessary to chkowvhether the predicted
numerical results are reliable or not. This can be implemented through the
validation and verification processes. Therefore, the goal of these processes is to
assess the accuracy and reliability of the CFD simulation solution. Meaisig how
accurate the computational outputs are in comparison with the experimental results
is called validation. Whereas comparing the accuracy of computational results
against highly accurate numerical and analytical solutions is called verification
(Oberkampf and Trucano, 2002). If there is a discrepancy between the results of the
developed CFD simulation from one side and the previous works on the other side,
then a number of steps should be followed to tackle this issue such as improving
mesh quality,inspecting the solutionmethod, checking the boundary conditions and

fluid properties.

4.3 Formulation of Optim isation Problems

Optimisation can be defined as the procedure or methodology of finding the
optimum results under certain circumstances or constraing for an engineering or
economic system (Rao, 2019 anBlerriam-Webster,2020). In different engineering
aspects, i.e. design, construction and maintenance, many managerial and
technological decisions need to be taken by engineers to achieve the maximum

benefit or/and require the minimum effort (Arora, 2004 and Rao, 2019).
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An optimisation problem consists of three main parts: objective function, variables,
and constraints. Thefirst essential part, the objective function, represents the
guantity that needs © be maximised or minimised, and this may be one quantity
(single objective function problem) or be more than one (multiobjective function
problem). In the second category, the different objectives are usually conflicted,
which means that the variables tlat maximise one of the objectives mininise the
other objectives. The second crucial part of the optimeation problem is the
variables, also called design variables, which are a set of unknowns used to define
the objective function and constraints. The seldion of these variables depends
mainly on problem specifications and other functional requirements. These
variables could be continuous or discrete. The third important part of the
optimisation statement is the constraints of the problem which are a setfo
conditions that allow the unknowns to take specific values but exclude others. These
constraints must be satisfied to make the design feasible (Arora, 2004; Parkinson
‘Q ®&2013 and Rao, 2019).

Mathematically, a typicaloptimisation statement can ke written as follows:
"0QE@QI "WEE "Qddp e M8 Equ. 4-1
0 Qo Q& "Qa b QQ BOFRLADYC Qe Equ. 4-2

i 00 REDG 0 ODLRSG 0 INCEEWPA @& Qb divdNRNoe 6 ©F

~ v

Qe 1h 'Q mipkths 8 &Q Equ. 4-3
Qe 1 Q riplthB 8 dmn Equ. 4-4
O 0 Equ. 4-5

4.4 Classification of Optimisation Problems

Optimisation problems can be categorised in different ways. Based on the variables'
nature, for example, the problems could be divided into deterministioptimisation
and stochasticoptimisation or optimisation under uncertainty (NEOS, 2020). The
deterministic optimisation for a single objective function can be grouped into two
main branches, according to the type of the design variables, continuous and

discrete. The assumption in the deterministicoptimisation is that the data for a
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given problem is known precisely. In reality, these data cannot be known with
certainty; therefore, the optimisation under uncertainty can be used to find a
feasible solution for almost all of the data and optimal in some sense. Besides, there
are two important categories for the optimisation under uncertainty: robust
optimisation and the reliability-based optimsation (NEOS, 2020). The optinsation
problem could also be constrained or unconstrained based on the existence of
constraints on design variables (Arora, 2004Coello 2006; Kumar, 2009 and Muthu,
2010).

Besides, they could be global or local optirsation strategies based on the nature of
the optimisation problem. Most engineering problems are considered as nelmear,
constrained and multrobjective optimisation problems (Arora 2004; Coello 2006;
Kumar, 2009 and Muthu, 2010).

4.5 Optimisation Algorithms

No single efficient approach exists to solve atiptimisation problems (Arora 2004).
Therefore, many methods have been developed to solve specifiptimisation
problems. The appropriate choice of theptimisation technique depends mainly on
the kind of the optimisation problem itself (Parkinson'Q @ & 2013 and Rao, 2019).

An overview of the most popularoptimisation techniques is given below.

4.5.1 Derivative Based Optim isation Methods

Derivative basedoptimisation methods employ differential calculus techniques to
locate the optimum points. Therefore, these methods are very heficial in
determining the optimum solutions for smooth functions, continuous and
differentiabl e functions. Several methods can be found under this category such as
Newton-Raphson method, LevenbergMarquardt, and steepestdescent method
(Frohlich and Hasenauer, 2019 They are good for local search in the vicinity of the
optimum solution. However, he derivative based classicatechniques have limited
application for the practical problems due to the discontinuity and/or non
differentiability of the objective functions involved in reallife problems (Arora,
2004, Kumar, 2009, Rhinehart, 2018 and R&2019).
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4.5.2 Derivative Free Based Optim isation Methods

During the last four decades,scientists have developed derivative free based
optimisation methods that have been used extensively to find the optimal solution
of complex engineering problems such as desigand operation engineering
problems (Rhinehart, 2018). Most of these modern techniques are inspired by
nature and biological systems and they use stochastic approaches to explore the
entire design space. Among the notraditional methods of optimisation are particle
swarm optimisation (PSO), simulated annealing (SA), ant colony optisation
(ACO), neural networkbased methods (NN) and genetic algorithms (GAs) which
only rely on function evaluations in performing the optimsation. The simulated
annealing () and the genetic algorithms (GAs) can find the global optimum
solution very efficiently (Arora, 2004 and Rao,2019); however, they are not
effective in finding the optimum solution for large numbers of design variables of
more than 100 (HaftkaQ @ & 2016). For the current investigation, the number of
design variables is less than five; therefore, the GAs has been selected in the present
study to implement the optimisation procedure. A brief description of this method

is given below.

Genetic Algorith ms

Due to its robustness, efficiency, and flexibility, besides avoiding getting trapped in
local minima, the genetic algorithm (GA) is regarded as one of the most useful
optimisation techniques (Khan et al., 2013). The GAs, invented by John Holland in
the early 1970s, is a searcibased optimsation technique. This algorithm is inspired
by the mechanics of biological evolution. The GA mimics the survival of the fittest
among individuals over consecutive generations to find a solution to the problem.
The implementation of the GA can be described as follow (Arora, 2004; Coello, 2006;
Kumar, 2009 and Deb, 2012):
U The algorithm is started by selecting a population of individuals so that each one
of the individuals represents a feasible solution to the problem.
U Then, use these individuals tdind the fithess function. The higher the fitness
the better the solution.
U Parents are selected to reproduce offspring for a new generation. The selection

process of individuals depends on their fithess function values from the
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previous step. The fitter individuals have more opportunity to reproduce. The
reproduced generation has a combination of properties of two parents. It should
be noted that old generation dies, and the new generation has the same size as

the older one.

4.5.3 Optimisation software Used

An opensource toolkit called DAKOTA (Design Analysis Kit faDptimization and
Terascale Applications) has been selected to conduct tlogtimisation process in
this study because it is a useful software foroptimisation and uncertainty
quantification (UQ). DAKOTA toolkit is provided by Sandia laboratory to do a
parametric analysis for design exploration, model calibration, risk analysis,
optimisation, uncertainty quantification and other facilities (DAKOTA, 2020). All the
instruction s and commands of doing a specific investigation, writing the output to a
specified file or declaring the variables can be usually set in Dakota input file. For
more details about the use of this toolkit, the reader is recommended to consult the

manuals ard the official website of DAKOTAHttps://dakota.sandia.gov/).

4.5.4 Surrogate -Based Optim isation

For realistic engineering optimisation problems, the evaluation of the response
function could be computationally very eyensive or complicated andakes hours

or days to implement one simulation. These barriers could make the coupling of the
simulation model with an optimiser prohibitively time -consuming and require
tremendous computational resources. To tackle this issuesesearchers have
employed an alternative optinisation methodology which is called surrogatebased
optimisation (Joseph, 2016 and Dakota, 2020). Surrogate models, which are also
known as metamodels, or response surface models (RSM), represent inexpensive
approximation models which are used to explore the variations inresponse
quantities over the regions of the input variables space. Consequently, the
surrogate-based optimisation approach relies on replacing the actual
computationally expensive functions wih approximate surrogate models and the
search for the optimum solution is made directly on the approximated model. As a
result, implementing optimisation problems which require hundreds, or thousands

of function evaluations will be less expensive.
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The optimisation toolkit used in this work, Dakota software, supports three
categories of surrogate models: data fits, multifidelity and reducedrder model
surrogates (Dakota, 2020). For the data fits, there are two types of approximation
surrogate models: intepolation techniques like Kriging (KG) or Gaussian process
model, and radial basis functions (RBF)and regression approaches such as
polynomial regression (PR), multivariate adaptive regression splines (MARS) and
artificial neural networks (ANN)(Forrester ‘Q @ & 2008; Ahmed and Qin, 200%and
Ben Salen'Q @ & 2017). For each fitting technique in Dakota, a different numerical
method is utilised to compute its internal coefficients. For instance, the kriging
surrogate model employs maximum likelihoa estimation (MLE) to determine its
correlation coefficients, while the polynomial surrogate model utilises the least
squares method that uses a singular value decomposition to calculate the
polynomial coefficients (Dakota, 2020).

To generate a surrogate radel, samples of the design space should be extracted
using one of the design of experiments (DoE) methods such full factorial design,
Monte Carlo design or Latin Hypercube. Then, the response values at these selected
points can be produced by performinghe CFD simulations. The combination of the
DoE points and their corresponding response values is called a training set or build
points. Employing these training points, the surrogate model can be constructed
using surrogate model techniques like linear moels or artificial neural networks.
The accuracy of a generated surrogate model could be verified by comparing the
response values from the surrogate model against the actual values produced by
computer simulation (crossvalidation). The following subsectioms give an overview
of the design of the experiment and the approximation surrogate model techniques

employed in this study.

4.5.5 Design of Experiments (DoE):

Sampling is the process of selecting individuals from a population under study so
that the results from the sample can be employed to make a conclusion about the
population. The need for samplinggmerges from the fact that testing every member
of the population of interest is usually impossible as it is very expensive and time
consuming. To obtain reasonale results, the sample should be well selected and

evenly distributed. Therefore, the design of experimentéDoE) techniques can help
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the designers explore the parameter space and identify the significant factors that
affect asystem's performance. Conse@ntly, this can give the decisiormakers a full
insight into the interaction between design variables and the product's performance
and help improve the design before manufacturing (Cavazzuti, 2012 and
Montgomery, 2017). Studies have recommended that the immum number of
samples should be no less than ten times theumber of variables (Swiler and
Giunta, 2007).

4.5.6 Monte Carlo Sampling Method

Monte Carlo method can be used as DoE technique to generate random sampling for
the design variables domain. In this gproach, generating a new sample point in the
design space does not consider the previously created sample points. Therefore, it
could generate samples very close to each other, or concentrated in a specific region,
while leaving another part of the designspace unsampled Cavazzuti, 2012 and
Dakota, 2020). Therefore, it could be inefficient.

4.5.7 Latin Hypercube Sampling Method

The Latin Hypercube design sampling is one of the spati#ing DoE techniques in
which the design space is filled uniformly and randonyl. In general, spacdilling
approaches are considered as a good selection for generating surrogate models
(Montgomery, 2017). For sampling two variables, the Latin square design technique
is used to generate random samples so that each row and column tady a single

sample,Fig.4-1.

DV2 DV2 *

DV1 DV1
Fig.4-1 Latin hypercube sampling (a) Five samples (b) Ten samples.
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For more than two of variables, the Latin Hypercube sampig (LHS) technique, an
extended version of the Latin square design which can sample from multiple
dimensions and multiple hyperplanes rather than two parameters and a single
plane, is employed Cavazzuti, 2012Montgomery, 2017and Dakota, 2020).

In this investigation, the Latin Hypercube design approach has been exploited to
generate the required sample for producing the surrogate model used in the

optimisation process.

4.5.8 Surrogate Model: Gaussian Process (GP)

As stated above, several types of approximatiomodels are available as a cheap
alternative to replace expensive numerical simulations. In this thesis, the Kriging
model, also termed as Gaussian process (GP) (Dakota, 2020), has been used to
generate an approximation for the expensive simulator. This med has been named
after the South African geologist engineer Danie Krige who proposed it in the 1950s
as a tool to predict the distribution of minerals. Matheron established the
mathematical formulation for the Kriging surrogate model in the 1960s atheron,
1963). Although the Kriging model has developed in spatial statistics and
geostatistics communities, it has been widely employed in engineering applications
as a fitting surrogate for expensive computer simulations during the p century.
Kriging surrogate model has emerged in reliability studies by combining it, for
example, with the importance sampling method (Echar® ¢ & 2013) or Monte
Carlo simulation (Echard’ Q@& 2011). It has also been employed in global
optimisation (Husain and Kim, 2010), uncertainty propagation problems
(Romero Q@& 2004 and Janusevskis and Riche, 2010and robust design
optimisation (ShahbazQ & &2016)
To clarify the relationship between the highfidelity expensive compuer
experiments and a cheaper surrogate model, let us suppose that the outputs of the
numerical analysis code can be expressed as:

0 Qe Equ. 4-6

here y represents the quantity of interest, and the ector e stands for the inputs
design parameters.
An approximation model, on the other side, can be formulated as:
®w Qeh e "Qw Equ. 4-7
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where denotes a vector of unknown parameters whictare estimated using the
build points employed in constructing the approximation model ¢) (Echard’Q o &
2011; EchardQ @ &2013 and Dakota , 2020).

In Kriging, the approximation model consists of a combination of two parts as given
in Equ. 48. The first is the trend function (also known as global model), usually low
order polynomials, that interpolates all training points; and the second is thécal
deviation (a Gaussian process error model) that is used to capture the deviation
from the trend function (Ahmed and Qin, 2009; Kin® @ &2009; Mohammadi, 2016
and Dakota , 2020).

Q
WwW | 0Qe Qe Equ. 4-8
Qo
here| represents the coefficients of basis functionQ e and & e is a normal
distribution with mean and variance ofrtand, , respectively Kim Q @ & 2009.

The correlation of the deviation at each point of the sample can be defined as:

HEe Mo 4 Yehe N
o v Equ. 4-
HQ phtiof &t qu. 4-9
'Y o he Qwn —o o h Equ. 4-10

here ¢ represents the number of samghg points and& denotes the number of
design variables. Accordingly, the design variable at thi@ sampling point and the

& design variable is written as @ . In Equ. 4.9)Y 6 b  refers to a correlation
function between any two sampling points which is usually described by a Gaussian
correlation function. This correlation function can be formulated as in Equ. 4.10, and
its correlation coefficients,—, can be estimated using the maximum likelihood
approach (Li and Sudjianto, 2005; Ahmed and Qin, 200Kim Q @ ¢ 2009 and
Dakota, 202Q.

4.5.9 Surrogate Model Validation: Efficiency and Accuracy

Accepting or rejecting a surrogate model depends on its efficiency and accuracy. The
efficiency can be assessed by measurindné required time for predicting the

function values; whereas the accuracy can be assessed by checking the goodness of
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these predictions (Hamad, 2006). In the present work, the efficiency of the
constructed surrogate model was excellent as it gives the ewations for the input
design valuewithin a few minutes while the CFD simulation model takes hours to
generate the results for the same inputs.

On the other hand, the accuracy of the generatesdrrogate models has been checked
by comparing the extracted function values from the surrogate model at unknown

design variables against those obtained using CFD simulation software.

4.6 Robust Optim isation

Optimisation under uncertainty (OUU) can bedefined as the design process that
considers the uncertainty in designvariables to produce a design less sensitive to
these uncertainties, i.e. robust design. To illustrate this idea, suppose that the
optimisation process results in two designs with a response of A > Big.4-2. By
taking into consideration the uncertainty in design variables, the global optimal
design(A) shows great sensitivity to the variations in input variables while the local
optimal design(B) displays less sensitivity to such variations in design variables. As
a result, design(B) could be better than design(A) if the worst-case performance is
the target rather than the optimal performance (McClarren2018). Consequently, to
produce a robust design, anoptimisation under uncertainty (OUU) procedure
should be mplemented which includes propagating uncertainties from the input
parameters to the quantity of interest. Before proceeding with the description of the
optimisation under uncertainty procedure, it is useful to give a brief overview of

some related statistcal concepts.

4.6.1 Random Variables

Random variables can be defined as a variable whose value is obtained by a random
experiment. These variables are associated with cumulative distribution function
(CDF) and probability density function (PDF) that provide kepieces of information
about such variables. The cumulative distribution function (CDF) is the probability
that a random variable®is less than or equal to a given valuéy and can be written
as:

Ow L W Equ. 4-11
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On the other hand, the probability density function (PDF),"Qw , also known as
density of continuous random variable, describes the relative likelihood of a random
variable ®wto have a specific valuev(Kiran, 2017). For example, the probability of

random variable cto fall within the limits of ¢and dcan be expressed as:

0 ® o QOO Equ. 4-12

det_opt: deterministic optimum

ORD : optimum robust design

Af:lct;upt

| | P
| ; : |
oo .
P am ~—
i i x
Xdet_opt i \y\x‘jm)

Uncertainty of design
variable

Fig.4-2 Schematic forthe concept of the: global optimal design (point A) and
robust design (point B).

4.6.2 Uncertainty Quantification

Optimisation under uncertainty aims to quantify the uncertainties of a given
system's response function resulting fromthe uncertainties in its inputs. These
uncertainties of the inputs could be due to the geometrical discrepancies resulting
from manufacturing tolerances, the variation in materials' properties or insufficient
knowledge of the ambient conditions. The unagainty quantification techniques
determine statistical information for outputs such as mean, standard deviation and
probability distribution function. Different approaches have been used to quantify
the uncertainty like Monte Carlo methods, reliability méhods and polynomial chaos
expansions.
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4.6.3 Monte Carlo Simulations ( MCS

Monte Carlo simulation has been used extensively for quantifying uncertainty in
numerous fields, like finance and business, applied statisti@nd engineering, due
to its simplicity and ability to accommodate large number of variables. Furthermore,
the convergence of tha) 6 ¥ independent of the numberof uncertainties, i.e. the
dimensionality of the problem (Cook, 2018).The main disadvantage of this
approach is that it is very slow;however, this can be overcome by using the
surrogate model to implement it as has been done by the study of Shaht@m &
(2016). Therefore, it has been adopted in this work to quantify the uncertainties in
the output parameters. Using this approactthe mean and standard deviation of a

quantity of interest (Qol), f, overK samples can be estimated as follow:

Q, Equ. 4-13

Equ. 4-14

where, represents the’Q sample from design space.
To perform the Monte Carlo simulation technique, the following procedure can be
followed:
U Creating largenumber of random samples using appropriate samplingnethod
such as the Monte Carlo sampling and the Latin Hypercube design sampling.
U Performing the simulation code, the original numerical simulation or the fit of
the simulation data (surrogate model), foreach random sample. In the current
work, the surrogate model has been used.
U Computing the statistics of output distribution, i.e. the mean and the standard

deviation, from the simulation results

4.6.4 Optimisation under uncertainty

In section4.3, the formulation of deterministic optimisation is presented. In real life,
the variation of the operating conditions and minor manufacturing errors for
engineering systems are not avoidable. Therefore, the need for performing design

under uncertainty has become a necessity of critical engineering designs
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(Chend ®& 2012). Besidesoptimizing the quantity of interest, the optimisation
under uncertainty is aimed at minimizing its variance. Considering the uncertainty
in design variables and boundary conditions, the OUU problem could be formulated
as a sumcombination of mean and standarddeviation (Jin'Q @ & 2003 ; Shahbaz
‘Q 0 &2016 andCook, 2018)

00 @QI "W "Qoddp ¢
e oo 8w Equ. 4-15
000N Q¢ "Qa 10H 'QQ SOORUCED: T
Q = —= Equ. 4-16

YO 0 BEDG 6 O DR @ 0 INCEMR fibad £ | 0 ThdNRENG® d O |

Qe 1h "Q mipkhB 8 &Q Equ. 4-17
Me mh 'Q miplthB 8 &) Equ. 4-18
O ® Equ. 4-19

For more than one objective function, the optirsation problem could be formulated

as:
a Q¢ Qa, Qe Q Equ. 4-20
0'mMid
,Q - ” _
,Q - ” ,

The application of this approach will be illustrated in the next chapters.

4.7 Chapter Summary

As this study is devoted mainly to exploring the CFibased Optimsation of the
serpentine minichannel heat sink, the related computational methods and
optimisation strategies have been reviewed in this chapted 0 0 "YMiltiphysics®

has been seleted to be the simulation tool due to its ability to solve the current
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problem as demonstrated in the study of AWaaly (2015), AINeama (2018) and Al
Asadi (2018).

This chapter also presented a brief overview of the steps of performing CFD the
simulations which includes the preprocessing, processing, and pogtrocessing
stages. Regarding the optimsation, the surrogate-based optimsation strategy has
been explained and adopted in the cuent investigation because it saves time and

effort in obtaining results.
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Chapter 5 CFD-enabled Optim isation of the

Serpentine Minichannel Heat Sinks

5.1 Introduction

This chapter focuses on investigating flow and heat transfer in simple serpentine
minichannel heat sinks with plate fin (Y0 6 "O™9 Pthrough studying the channel
height which has not covered by the study of ANeama (2018) and adding
cylindrical vortex generators which has not been addressed before, as shown in
Chapter 2. Accordingly, the organisation of this chapter is as follows. Sectiér
presents the CFD simulation setup, which includes a description of the geometry,
the governing equations and the boundary and operating conditions for the problem
under consideration. Followed by a test for the&lependency of theresults on mesh
size as well as the validation of the numerical results are described samesection.
After that, the influence of the channel width and height and the impact of
introducing vortex generators on thermal resistance and prssure drop of the
serpentine minichannel heat sink is addressed respectively in sectioris3 and 5.4.
In addition, this chapter includestwo optimisation procedures, ie. the deterministic
optimisation and the optimisation under uncertainty which are tackled in sections

5.5t0 5.7. Finally, a summary of this chapter is given in sectidn8.

5.2 CFDSimulation Setup:

5.2.1 Geometry description and boundary Conditions

Fig.5-1 shows a 3D geometrical model of the serpentine minichannel heat sink with
plate fins (YO 6 "O™ Dthat was investigated by AINeama, 2018. A cooper heat
sink block with a square based 0 o yi &) and height (O 1 & &) has been
used and 12 minichannelswith width ( w ) of p® & & and height (O) of 24 &, have
beencreated in the block to allow water circulation. Two heaters were attached at
the base of this heat sink to mimic the heat generated by the chip processors of the

electronic systems.
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Fig.5-1 Geometrical model: (a) 3D geometry, (b) top view and (c) side view

A finite element method based CFD software calle@ O 0 "Y 6 Multiphysics is
used to solve the fluid flow heat transfer governing equations which also implies
solving the conjugate heat transfemproblem, Equ. 5-1 to Equ. 5-4 (Fedorov and
Viskanta, 2000 and TofQ o &002).

Continuity equation:
ng” W M Equ. 5-1
Momentum equation:
W8 7 P ng  n8nep Equ. 5-2
The energy equation for the fluid:
W8 "6 Y ng8any Equ. 5-3
The energy equation for the fin:
ngQnY T Equ. 5-4

The numerical modelswere run at constant heat flux ofo o fo & provided by the
attached heaters at the bottom of the heat sink. The water enters at temperature of

¢ 1t ;nd exits at the outletwith pressure of 0 10 @ i.e. outflow condition.
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5.2.2 Mesh Independency Test

A mesh independence study was needed to explore the effect that the mesh size has
on the simulation results. Two different mesh element types, i.e. hybrid émi-
structured) and unstructured mesh, ae used to accomplish this testFig. 5-2. For
this task, the following boundary conditions have been designated for the heat sink.
A power of (100 W) is applied at the bottom of the heat sink tenimic the IC chip.
The fluid enters the heat sink with a temperature of (20°C) and Reynolds number of
(1600). Different criteria have been used to select the appropriate element type and
size and improving accuracy according to the available computationaésources.
These criteria are the number of elements (NOE), the average element quality
(AEQ), the time required to complete aCFD simulation, the physical memory
(Ph.M.), the number of degrees of freedom (DOF) and the relative difference for both
the'y and¥0, calculated based on the finest mesh.
Table 51 summarises the key characteristics of the mesh analysis for the
unstructured mesh (A) and the hybrid mesh (B). For each mesh group, four element
sizes ranged from coarsest to finest meshes wewpplied and examined. In group
(A), default meshes, generated automatically by th€EOMSOlsoftware, named as
normal, fine, finer,and extra-fine, have been tested. In contrast, meshes in group (B)
were set manually and given namefMesh-01) for the coarses one and (Mesh04)
for the finest one. For both groups, increasing the density of the grid leads to an
increase in the precision of the numerical simulation outputs but at the expense of
the computational resources and the time required for completing aisiulation.
For group (A), it can be noticed that the relative differences in botkhe thermal
resistance and pressure drop were respectively reduced from 5.22% and 9.96
i OOET ¢ O.10i Al 1T AOGEqQq O o8tchb AT A o08xo0o
consumed for obtaining the results was increased from(9 min for the coarsest
mesh) to (4 hr and 05 min for the finest mesh). Similarly, for group (B), the relative
differencesin’Y andY0Ox AOA AAAOAAOAA AEOIT I 8w IANGE x 8
Ol mn8c¢ AT A p80gdw Ij DOEdHpcredRe@rhdEquired time for
implement the simulation from (14 min) to (1 hr and 56 min). As a compromise
between the results precsion and the available computational resourceon one
hand and time on the other hanch OE AOOGOMEANQE | CcOi OBrooq Al
(group B) are selected for further verification and validation.
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5.2.3 Validation of the Numerical Simulation Model

To validate the present CFDsimulation model, the current numerical results have
been compared against the numerical andxperimental study of AFNeama (2018,
Fig. 5-3. The current CFD outputs were obtained using two different mesh
approaches, i.e.the unstructured and hybrid meshes. It is evident that the
comparison of thecurrent CFDresults obtained from both meshdesigns against the
previous work shows a good agreement with a difference of less than 9% ¥ and
12.3% inY0. As the unstrutured mesh shows better predictions than the hybrid
mesh with a difference of less than 5% incomparison with the previous

experimental observations, therefore it is adopted for this investigation.

(b)
Fig.5-2 Mesh techniquedfor the mesh independency study: (ahybrid meshand
(b) unstructured mesh.
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Table5-1 Mesh dependence test for the serpentine microchannels heat sink.

No Mesh Resolution NOExp it AEQ time (H: min) PhM.(GB) DOFxpit Y +7  %diff. () Y0[Pa] % diff. ()
Group (A): Unstructured mesh
1 Normal 0.222 0.6524 00:09 2.77 257,173 0.34587 5.22 5415 9.96
2 Fine 0.446 0.6553 00:17 3.46 469,985 0.34477 4.89 5594.4 6.97
3 Finer 1.201 0.6613 00:53 4.97 1,145,301  0.33995 3.42 5789.4 3.73
4 Extra fine 4.341 0.6653 04:05 13.1 3,725,212 0.32870 ------ 6013.8 --—----
Group (B): Hybrid mesh
1 Mesh01 0.247 0.6649 00:14 2.94 402,423 0.34048 0.50 6266.4 7.45
2 Mesh-02 0.433 0.6745 01:04 4.19 714,523 0.34064 0.45 6105.3 4.69
3 Mesh-03 0.880 0.6772 01:56 6.33 1,485,503 0.34151 0.20 5930.5 1.69
4 Mesh-04 1.225 0.6848 03:42 8.81 2,137,690 0.34218 ----- 5831.8 W --—----
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Fig.5-3 Comparison of the present work against the work of ANeama(2018):
(@'Y and (b) Y.
With the CFD simulation model validated against the work of Aleama’Q &
(2018), the original results of the current work, ie. the effect of channel height and

adding cylindrical vortex generator, are presented in thdéollowing sections.

5.3 Effect of Channel Width and Channel Depth

The effect of channel width @ ) and depth (O) of the serpentine minichannel heat
sink, Fig.5-1, were explored to reveal their impact on the overall thermal resistance
and pressure drop of the considered heat sink. To examine the channel width effect

on the heat sink performance, its values were changed in the ranfrem p & & to
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¢ & & while the channel depth was fixed at & &. However, to test the influence of
the channel depth, this design variable has given values from® & & to o @
whereas the width of the channel has been kept @® & &. The other dimensiors
and boundary conditions were taken as in sectio®.2.1 The results are presented
graphically, inFig.5-4 to Fig.5-7, in termsof thermal resistance {Y ) and pressure
drop (Y0) in addition to the temperature, velocity and pressure distributions for
selected mass flow ratesq ) which ranged from&d & vQitoa ¢"Q.

By inspectingFig.5-4 (a) and Fig.5-5 (a), it can be noticed that the overall thermal
resistance increases with increasing channel width and depth. It is also clear that
the rate of change of the thermal resistance is affected by the flowte magnitude,
the higher the flow rate the lower the thermal resistance. Att  ¢8t"(Xi , for
example, the Y increased from T® ¢ WFw and T® p YwFw

to @ v Tand T v TO@FW by increasing respectively thew and "O in their
prescribed range of change. Besides, at constant channel width, it has been noticed
that the maximum increase in thermal resistance due to change in channel height
wasu® o Rtd T UX whereas it wasu® bforthe & p& Ui

On the contrary, a decrease in pressure drop penalty with increasing thie and"O

is obserwed for all the studied flow rates,Fig.5-4 (b) and Fig.5-5 (b). The current
investigation shows that the maximum reduction in pressure drop achieved was
94.92% forO ochdaatw p®dG aanda ¢Gi.

The above behaviour for the performance criteria could be attributed to the fact that
the increase in the considered design variables, i.@. and O, leads to providing
additional flow section which results in lowering the Reynolds number, i.e.
decreasing in cooling fluid velocity inside the minichannels, for a given flow rate.
Therefore, the ability of the fluid to transfer the heat from the source underneath
the heat sink and reject it out to the strounding will reduce. This can be seen clearly
by comparing the maximum magnitudes of the velocity, the pressure, and the
temperature for different values of w and O , shown in Fig. 5-6 and
Fig.5-7.
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Fig.5-4 The variation in (a) thermal resistance and (b pressure drop due to change in

channel width for different mass flow rate ancO ¢ & a.
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Fig.5-5 The variation in (a) thermal resistance and (b) pressure drop due to change in

channel depth for different mass flow rate ancw  p® & a.

From Fig. 5-6, for example, it can be noticed that the maximum velocity in the

channel with depth'™O  p& uw &, Fig.5-6 (a), isT& yix 7i where as it is reduced to
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@ Y 71 by increasing the channel deptht6O o & &, Fig.5-6 (b). This reduction

in the coolant velocity affects adversely the heat transfer anegksults in raising the
temperature of the heat sink byg 0 from ¢ T i to o T W It is worth stating that the
velocity vectors are scaled and coloured with respect to the velocity components in
the x-direction, i.e. u, for all the figures presenting theelocity field in this thesis.
Furthermore, the results reveal that there is also a reduction in pressure drop
penalty where it falls dramatically from a8 CQO ¢t ¢8t XQU &y increasing the
channel depth from™© p& uw G to O o8ta 4. It should be noted here that

these results were obtained foro  p®& & danda  p& Ui .

m/s m/s
0.8 0.35
0.7 0.3
0.6 0.25
0.5
0.4 0.2
0.3 0.15
0.2 0.1
0.1 0.05
0
0.1 0

-0.05
sV. %

(a) (b)
Fig.5-6 Velocity vectors at the middle of the minichannelsi.eU @0 and the middle
of the first channel for: ()0 p& uwx dand (b)'© o8td & bothatw pda &
andd p& UK.
In the same way, the channel widthFig. 5-7, had similar efects to those of the
channel depth. As a result of increasing the channel width from& & to ¢ a &, for
instance, the fluid velocity and pressure drop were respectively reduced from
@ @ Fi and 13 Q0 do ™@ @ Fi and ¢8t XQU (while the temperature was

increased fromo T too T G
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0.2 0.1
0.1 0.05
0 0
-0.1 -0.05

(a) (b)
Fig.5-7 Velocity vectors at the middle of the minichannels, i.0 @0 for:
@w p8tdaand((b)w ¢8td abothat'Q ¢8ta dandd p& UCT.

5.4 Effect of Vortex Generators

As has beerstated in the literature review section 2.4.6, several studies, such as
Liu Q 0 §2011); Al-Asadi (2018),Hosseinirad’Q @ §2019) and Cheng, 2020, have
employed vortex generators within the microchannel heat sinks to improve their
heat transfer performance, however, it has not been used with the serpentine
minichannel heat sink. Therefore the effect of the transverse seracylindrical vortex
generators on the thermal-hydraulic performance of the serpentine minichannel
heat sink with plate fins (YO 6 "O™ "Dis investigated in the current study. Two
designs have been tested; in the first one, the vortex generators were attached to the
sidewalls, whereas they were added on the minichannels base in the second design.
The considered flow was lamnar with Reynolds number range from 500 to 2250.
The results are presented in the following subsections.

To evaluate the benefit of using thev "Oj the thermal-hydraulic performance
criterion (0 %#has been employed. This criterion might be defined a$¢ ratio of
the heat transfer enhancement to the pressure drop penalty of the new design in
comparison to the smooth serpentine (Manc& 60§ 2012; AhmedQ & & 2014;
ZhaoQ @ & 2016; AlAsadi, 2018 and AINeama, 2018). Mathematically, it an be

expressed as:
0ops 00 006
0 77 . N
Yo

Equ. 5-5
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where 0 6and Y0 represent the averag Nusselt number and the pressure drop for
the compared models, i.ethe smooth serpentine {Y0 6 "O0™¥ "Pand the one with

®O("YD 6 O™ "O & "l The average Nusselt number can be determined using:

0

. Equ. 5-6
0] 0 q

The QO and'Q are the average heat transfer coefficient, the minichannel hydraulic

diameter (—8) and the fluid thermal conductivity, respectively. The™Q is

obtained at the average fluid temperature “Y which is calculated based on fluid

temperatures at the inlet “Y; andoutlet “Y; . The heat transfer coefficient, on

the other hand, is determined by:

= 0
O _ _ ]
5 N ~ Equ. 5-7

where the 0 is total heat imposed over a part of the heat sink bottoniy ~isthe
average minichannel base temperature and is the available surface area for the
heat transfer. In the current investigation, as the top surface of the serpentine
channel has been assumed to be insulated, the heat is transferred through the other
three surfaces of the channel to the cooling fid. Consequently, the effective heat

transfer area (© ) can be calculated using the followingquation:

0 -0 0 Equ. 5-8

here, — and® are the efficiency and the area of the fins whereas denotes

the minichannelbase. The efficiency can be calculated as follows:

0 W@ 80
a 80

, ¢Q
@ L ea

where 'Q is thermal conductivity of the solid.
The areas in (Equ. 8) can be determined as:
op 0 Y w D
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0¢q r Y Y 0 p
oo ¢ =Y w Y Y
0 op 06¢ 0o

ot ¢ 0 Y 0

o “Y Y O pO

op TY Y ¢y O
O0x Y Y O

o] 0T Ou 0@ Ox
0 -0 0 Equ. 5-9

For vertical vortex generators:

oy ¢ 8 0 D ¢i 80 0 p
9}

bw “1 8 U “180 0 p
0 0
0 0 oy Lw
0 -0
o Equ. 5-10
0
For horizontal vortex generators:
vpmm ¢ 80 0 D ¢i 80 0O p
vpp “i 80 o D “i 80 0 p
0 0 VP TT VP P
0 0
0 -0
o Equ. 5-11
o

5.4.1 Vertical Transverse Vortex Generators Attached to the
Sidewalls

Fig. 5-8 shows a srpentine minichannel heat sink equipped withvertical semi
cylindrical vortex generators ( Y0 6 'O 'O w ®"0j, with a radius of
I 1P g uoé W d & and height of O ¢ d& &, attached to its
sidewalls. Thesew w "Okere distributed on both sides of the channel in two
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arrangements: (1) staggered("YO 6 'O0™ "O ® "Y®)Jig.5-8(b), and (2) in-lined
(YD 6 "O™ O o "Ow) ®iig.5-8(c).

For the staggered pattern, the number ofo @ "@ias 5 on one side and 4 on the other
side. The distance between anyo w "@in the same side wasx ¢® 0O while the
distance betweenw w "Obn one side aw another on the opposite side was
Q T® & . Moreover, for thein-lined configuration, the number ofc w "@i each
channel was 5 with a distance ofi betweenany two of them. The other dimensions
are as stated in sectiorb.2.

For the two studied cases of thev w "Oihe influence of Reynolds number on thermal
resistance, pressure drop and PEC is illustrated Fig.5-9 andFig.5-10. As expected,
increasing Reynolds number (Y'Q leads to a decrease in thermal resistance,
Fig.5-9(a) and Fig.5-10(a), which can be attributedto the decrease in the surface
temperature of the minichannel heat sink. In contrast, the pressure drop,
Fig.5-9(b) and Fig.5-10(b), increases with increasingY ‘@nd thisis consistent with
the internal flow theory, which states that:

5 Equ.5-12

Yo
Furthermore, this investigation reveals that adding vertical vortex generators
(@ & "Pto the serpetine minichannels (YO 6 "O™ "Pleads to a decrease in the
overall thermal resistance,Y . Depending onY'QQ  and the arrangement of the
w w "Qithe achieved improvement in'Y was in the range of 4% to 11% in
comparison to that without vortex generators, serpentine smooth minichannels.
This enhancement can be mainly assigned to the contribution of the additional
surface area (28%) provided by the w @ "®@ heat transfer. However, this advantage
is accompanied by aemarkable increase in pressure penalty ranging from 30% to

200% due to the contraction in the flow passage at the locations of the w "Oi
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(@)

(b) . .;!:

Fig.5-8 Serpentine minichannel heat sink equipped with ertical traverse vortex

|

I VG

(©)

A

generators: (a) 3D viewshowing the @ "Qi(b) top view with an enlarged view'Y0 6 OY

0 "0 ®"Y @id (c) top view with an enlarged view for'Yd & 0™ "0 & "O®."Oi

On one hand,for example, the in-lined w w "Carrangement uncover that the
reductionin’Y at'YQ ¢ ¢ vamdfori =0.1, 0.2 and 0.3 was respectivelysr b,
oB andp @ Paccompanied with an increase in pressure penalty af v Rp Y Rnd
¢ 1 Y.PONn the other hand, the staggered) w "Gtonfiguration shows that the
reduction inY for the same conditions, i.e.Y'Q ¢ ¢ vamd fori =0.1, 0.2 and
0.3, was respectively® b u% andp & bwith increasing in pressure drop (/0)
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of o x Pe & and p p v.PAll the above percentages haveelen calculated with

respectto the smooth serpentine minichannel heat sink, i.e. withouto "Qi
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(In-lined VVGs Design)
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Fig.5-10 Effect ofReynolds number on(a) thermal resistance, (b) pressure drop and
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To assess the benefit of adding the w "Ghe performance evaluation criteria (PEC)
index was used, and the results are presented fig.5-9 (c) and Fig.5-10 (c). For
the staggeredw w "Q@irrangement, Fig. 5-9 (c), it can be noticed that the PEC are
greater than 1 for all studied ranges ofi and’Y ‘@nd the maximum PEC reached
to p@® Xor i T a aand’Y'Q ¢ ¢ v These results mean that the presence of
the w w "Garranged in staggered is beneficial for improving the hydrothermal
performance of the considered heat sink. However, for the ilined ® w "Oi
arrangement, the findings show that they can offer good enhancement except for the
design with i T8 W & where the PEC was less than 1 foV'Q ¢ mmnim
Therefore, thebest design among the studied cases for the two arrangements is the
one with i ™A a.

Fig.5-11 and Fig. 5-12 present the velocity vectors in thew @D | AdtddA ocd &
for the staggered and the idined w @ "@irrangements withi =7® wndn® a &,
respectively. It is found that the presencef the w w "@isturb s theflow, reduces the
boundary layersthickness, and helps in mixing the fluid which results inppromoting
the heat transfer efficiency from the solid walls to water andconsequently, reduce
the maximum temperature of the heat sink.

Fig.5-11 shows the velocity vector in the channels without and with vertical vortex
generators. For the smooth straight minichannelFig. 5-11(a), the fluid particles
following in smooth paths layers and tlese layers slide smoothly on each other with
no mixing. Introducing the w @ "@in the sidewalls of the serpentine minichannel
with the staggered arrangement,Fig. 5-11(b and c), interrupts the flow at the
locations of thew w "OFor this arrangement, an increase in maximum fluid velocity
from 1o @ Fi for the smooth channels tg8t 1 i for the channels withw w "@ff

i @ & G is observed. This increase in velocity reflects on the heat sink
maximum temperature (Y ) and the pressure penalty of the coolant where the
"v  falls from o T @to o T @, while the pressure raisesfrom Y& Q0 t p ¥ Q0 ©
for the same minichannel conditions.

Using the inlined configuration in distributing the @ w "@in the sidewalls of the
channel has a clear impact on velocityig. 5-12, and pressure loss. For the same
boundary conditions and comparing to the smooth serpentine minichannel heat
sink, the fluid pressure penalty increases ta; ® QU (oe., by p w @)Hor in-lined

& @ "Qihereas it wasp ¥ QU (be. byp p mHor staggeredo o "Oi o .
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The reason behind that is the large periodic contraction in channel width at the

locations of in-lined & w "@ comparison to the staggeredo w "Oi

0.8
0.6
0.4
0.2

-0.2
-0.4

(©)

..___--____________
- ———————

Fig.5-11 Velocity vectorsinthe w ¢ D1 Adtq” od @, for staggeredm o "Git
Y'C p x wwith: (a) smooth channel (b)i p® & & and (c)i odta a.
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Fig.5-12 Velocity fieldinthew ¢ D1 Aatd” o u &, forinlined ® @ "@it'YT p x v
with: (@) i p® & & and (b) i odta a.

(b)

5.4.2 Horizontal Transverse Vortex Generators Attached to the
Channel Base

For further exploration of the effect of the w "Oion the performance of the
"YO 6 "O™ "Ohorizontal transverse vortex generators 0aO)) at the bottom of the
minichannel instead ofthe sidewalls have been employed;Y0 6 "O™% "O "Ow Big.
5-13. The investigated radius of the seratylindrical vortex generators,i , was in
the range from T & & to M@ & & with a height of 'O ™ w . The Reynolds
number of the coolant was less than or equal to 2250 to maintain laminar flow and
its inlet temperature was¢ 1t 3 The heat flux applied underneath the heat sinkas

o @ T0a.
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Fig.5-13 Serpentine minichannel heat sinkequipped with horizontal traverse vortex
generatorsat the base of the minichannels"Y0 6 O™ "C "0 JX(a) 3D view showing
the channd base with"Ow "Q{b) side view of the channel and (c) top view with an

enlarged view for the'Ow "Oi

The impact of the'Ow "Qin the thermal-hydraulic characteristics of the studied heat
sink is presentedin terms of'Y , Y0 and PECFig.5-14. It can be noticed that there
is asignificant reduction in overall thermal resistance('Y ) in comparison to that of
the "YO 6 "O™ "@rithout "Oc "Qiut this reduction is offset by anoticeableincrease
in pressure drop penalty. At 'YQ p ¢ vand i ™ a a, for instance, the
thermal resistance was lowered byt () Rvhile the pressure wasraised by 19pb .

Besides, the increase in the radius of the vortex generator () results in a slight

increase in thermal resistance with a remarkable rise in pressure penaltyhe study
has exhibited, for example, that the improvement in thermal performancg€Y ) was
shifted fromu ¢ Bo v T By increasng thei from T & & to T & &, whereas

the pressurepenalty elevated fromp o T  Rinder the same conditions.

Page |- 95 -



(HVGs Design)
0.6 4 —m— SMCHS-PF
== r,=010mm
N —A— r,.=015mm
S 05+ —k= r,.=020mm
E VG -
& —e— .. =025mm
QB; 0.4 rye = 0.30 mm
<
k7
3
(a) =
= 0.3 4
B
oy
=
=
0.2 4
0'1 T T T T
500 1000 1500 2000
Reynolds Number, Re
(HVGs Design)
200009 | —m—  sMCHS-PF
== r,;=0.10 mm 4
—A— 1, =0.15mm
= 15000 | —*— ry=0.20 mm
% —8— 1, =0.25mm
4 - - =0.30
3 Iye mm
£ 10000
b £
]
(b) :
o 5000 4
04
T T T T
500 1000 1500 2000
Reynolds Number, Re
1.10
(HVGs Design)
- - - SMCHS-PF
- ®- r,=010mm
—A— 1, =015mm
- — - o —*— r,=0.20mm
. -
’ .. —*— r=025mm
, <
1.05 - ’ Tl
/ -~
O d A T e
—_— - -
& AT s, el
(©) P——
" * * * F—"
i "
“o—a
\_\\0
1004 L - e - k& ___________
< T
O\__Q
L] L] L] L]
500 1000 1500 2000

Reynolds Number, Re

Fig.5-14 Effect of Reynolds numbepn: (a) thermal resistance, (b) pressure drop and
(c) PEC for'YD 6 O™ "C "'Ow 0
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Furthermore, the reduction in"Y due to introducing the Ow "Qkduces the heat
OET EGO | AgEI O GAiopd ddDOOXD BWEOG ¢ o (for the
YO 6 "'O™ "O 'O "With i ™® W &), i.e,11.33%, as shwn in Fig.5-15.

Similar to the case of theb w "Oihe abovemprovement in thermal performance can
be attributed to the disturbance caused by introducing théOw "Qihich break the
boundary layers and augmentfluid mixing near the solid walls Fig. 5-16. This
influence is increased by increasing the as depicted inFig.5-16(b). However, as
stated above, there is an incrase in the pressure penalty by including th&w "Gind
increasing its radius,i , Fig.5-14(b).

Moreover, the "'Ow "Qienerate longitudinal vortices which in turn push the fluid
from the bottom toward the centre of the channel with the flow direction, helping in
transferring the heat from the solid walls to the cooling fluid. This behaviour can be
identified easily by comparing the centre of the fluid vortices for the smooth
serpentine heat sink Fig. 5-17 a) with those containing Ow "Owhere it can be
noticed how the vortices centre shift upward as shown ifrig.5-17 b and c. However,
the regions behind the'Ow "Ghave stagnant zones which generate hot spots as
illustrated in Fig.5-18.

Assessing the benefits of employing th®©w "QOhas been implemented through the
PEC, shown ifFig.5-14(c). The PEC values are, for all designs, above 1 except for the
one which hasi ] w a with 'YQ p v mhrhas also been noticed that PEC
for the studied designs increased to a maximum point then decreased, and the best

performance can be achieved using Mpaawithy vomYQ primm
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5.5 Deterministic  Optimisation of the Serpentine
Minichannel Heat Sinks

This section addresses theoptimisation of the hydrothermal performance of the
serpentine minichannel heat sink with plate fin {YO 6 "O™% "D Consequently, both
single- and multi-objective optimisation will be formulated and explored in the

following subsections.

5.5.1 Single-Objective Deterministic Optim isation

In the study of AFNeamaQ @ §2017), they did not address the height of the channel
in their optimisation study, therefore, it is considered in this investigation. In the
first stage, a singleobjective function deterministic optimisation for each quantity
of interest for the "YO & "O™ "Oi.e’Y and Y0, has been performed. Thelesign
variables were chosen to be the width7 zand the height( zof the minichannel. It is
assumedthat7 5 7 » 08td& a . Theoptimisation problem for the 'Y has been

formulated as:

"0Q¢ 7 i0€ Q4
Equ. 5-13
Yéd Qe "Qa Y (o ,0)
whereas, the one for thé/0 has been written as:
"0Q¢e 7 i0€ Qi
o Equ. 5-14
Yéd Qe Qd Y0 (0w ,"0)
Both optimisation problems are subjected to:
Equ. 5-15
P88 74S¢8Tm
P88 (4,So8m Equ. 5-16

As the optimisation strategy is a surrogatebased optimisation methodology, the
design space has been sampled using the Latwypercube sampling method to
obtain spacefilling points that represent the whole space with relatively few sample
points (50 points), Fig.5-19.
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Fig.5-19 Design of experimentsand validation points used to build thesurrogate model
for the "YO 6 "O"¥ "@esign

Then, the# & 8 U 0 "Yinddel for"YD 6 0™ "Qwith 'Y'Q p v it o go T d
and”Y ¢ 18 ) was run at each point of theDoEsto generate the response of the
model. After that, the metamodel(Gaussian Processodel) for each ofY and Y0
was constructed Fig. 5-20, based on theseDoEs points and their corresponding
response.In these figures, the black points are heat sink's performance at the DoE
points while the green pointsrepresent the minimum values of these responses.
The accuracy of thosesurrogate models was assessed by the crossalidation
method, i.e. comparing their responses against thosetbie CFDmodel at new design
variables, the blue stars irFig.5-19. The results,Table5-2, demonstrate a very good
agreement with a maximum difference op® o P Based on this assessment, the
constructed surrogate models can be consided as excellent candidates to replace
the expensive CFD model to predict th& and Y0 of the heat sink under study.
Then, the optimisation procedure for each function, i.e. the thermal resistance and
pressure drop, has been run using the genetidgorithms (i ¢ Y find the design
variable values that minimses these objectives and the results areshown in
Fig.5-20 and Table 5-3.
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Fig.5-20 Surrogate model for the performance criteria 0"Y0 6 "0™¥ "@esign:

\mm\

Pressure Drop, AP [Pa)

(a)'Y and (b) ¥0. The red points are the training points, while the black (Labeled as

CR) points are the validation points.
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Table5-2 Comparison of the responses evaluated by tHeFDsimulation and the

approximation surrogate model (cross-validation).

Design o _
) CFDPredictions Surrogatemodel % diff. ()
_ Variables
Point - o
Y Yu Y Yu .-
7k (a 5 s Y Yo
[KIW] [0 @ [KIW] [0 ®

CR 1.10 1.25 0.40363 14471.0 0.40325 144520 0.09 0.13
CR 1.30 2.25 0.37590 5393.9 0.37644 5405.1 0.14 0.21
Ch 140 1.75 0.36662 7657.1 0.36582 7703.0 0.22 0.60
CR 160 200 0.35295 5950.7 0.35134 5995.9 0.46 0.76
CR 170 268 0.34811 3726.2 0.34778 3710.8 0.10 0.41
CR 1.85 255 0.34139 3923.9 0.34112 3902.5 0.08 0.55
CP 190 1.84 0.33527 6869.2 0.33526 6736.9 0.00 1.93

Table 5-3 Globalsurrogate-basedsingle-objective optimisation results for the thermal resistance

and pressure drop.

Case Objective function GlobalOpt. 7 ala &l (ala a]
1 Thermal resistance,Y [UF®] 0.330 1.994 1.127
2 Pressure drop,30 [0 ¢ 3061.289 1.997 2925

5.5.2 Multi -Objective Functions Deterministic Optim isation

In this subsection, a surrogatebased multiobjective deterministic optimisation for
the'Y andY0 has been conducted to examine the effect of the channel width and

channel height on these outputs of interest. Theptimisation problem could be

written as:
"0'QE 750 ¢ O
Yéd Qe Qa Y (w,0)&Y0 (0 ,0) Equ. 5-17
Y6 o QO p 897 ;SC 8 Tr Equ. 518
p88(sS08m Equ. 5-19
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As in the previous subsection, thgenetic algorithm (& ¢ "Qdas been employed in
the surrogate-basedoptimisation process and the results argresented graphically

in the form of Pareto front along with their DoE poins, Fig.5-21.

The points on the Pareto front are nordominated in the sense it is impossible to
decrease theY without increasing the Y0 and vice versa. Therefore, these points
represent a compromise betweenthe optimised objective functions Accordingly,
the designers can use the Pareto front to choose the appropriate design in which the

goal of their design is satisfied.

=== Pareto Front
25000 4 * DoE-Points
* @ Design Points P, ..., P,
¥ CFD Validation for Points P, ..., P,
20000 + *
=) *
& P
: ¥ .
= 15000 : *
5 1 pe x *
st
a | *
o *
> Pf“u* * *
@ 10000 i % +* *
—
o P4t H * * * *
p.® * .
TR *x % i x X .
5000 pox x4 N, % * *
2N +* *
B x x XA
l:’1
0 T T T T T T T T T T
0.32 0.34 0.36 0.38 0.40 0.42

Thermal Resistance, Ry, [K/W]
Fig.5-21 Pareto front for the presaire drop and thermal resistance of the

YO 6 'O O
Sevendesign points O -0 ), Fig.5-21, were selected randomly on the Pareto front as
representatives for the purpose of demonstrating the accuracy of the metamodelling
method. The channel width and heighwith their corresponding responses have
been tabulated inTable 5-4. The numerical solutions have been obtained at the
design variables of these points and presented in the same table. It is obvious that
there is a good agreemenbetween the results of thesurrogate model with those of
the CFDsimulation with a relative difference lessthan 3.1% for both two objective
functions in the present case. It can be noticed that all the selected optimum points
occur with 7 5 e ¢ & & while the ( 5z varies from p® & & to ¢& 1 &. Tominimise

the thermal resistance, channel height should be chosen near the lower limit of the
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studied range of the channel height, but this will at the expense of the raise X0,
and vice vesa.

Table5-4 Validation of the metamodeling methodfor the "Y0 6 "C™% "O

Design Variables Surrogate model CFDPredictions % diff. ()
Point Y i Y Y0
7 & (& . .. Y i)

[K/W] [0 o [K/W] [0GY

1.999 2.837 0.338 3141.4 0.337 32414 034 31

1.999 2.237 0.334 4909.7 0.335 48199 0.22 1.86
1.999 1.896 0.332 6603.3 0.332 6535.8 0.18 1.03
1.999 1.632 0.331 8754.8 0.332 8715.7 0.08 0.45
1.999 1.261 0.330 14778.3 0.329 14825.0 0.46 0.31
1.999 1.423 0.331 11479.2  0.330 11511.0 0.25 0.28
1.999 1.151 0.330 181224 0.329 18128.0 0.17 0.03

Fa) °

Q

c

o O O O o o o
S ~

5.6 Deterministic Optimisationof 4| 4 g |3 14 ¥

The single and multi-objective optimisation on the serpentine minichannel heat
sink's hydrothermal performance equipped with vortex generators has been
applied in this section. The "Y0 6 'O™ O Yo '@id YO 6 'O "O 'O "Oi

designshave been selected to implement tis optimisation strategy.

5.6.1 Single-objective Optimisation for {4 ' |5 4 7w
{432k a0y

For the frpentine minichannel heat sinks equipped with staggeredvertical vortex
generators ("YO 6 "O™ "O ® "Y®)@ind horizontal vortex generators ("Y0O 6 "O"Y
0 "O 'O "Qithe singleobjective optimisation has been performed for theY , Y0
and PEC. The design variables were thadius ofthe vortex generator § ) and the
distance between vortex generators ¢ ), Fig. 5-8(b) and Fig. 5-13(b). It is also
assumed thatQ T™® a . Accordingly, the three optinisation problems were

formulated as:
"0Q¢ i Oed

Y& Q¢ "Qa Y (G La) Equ. 5-20
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Yéh QE Q6 Wi oLa) Equ. 5-21

Yéi Q¢ QA PEC(i ,a ) Equ. 5-22

Based onthe design configuration, theseoptimisation problems were subjected to

two different design variables ranges which are written as:

For"YD 6 "0™ "O Y @@isign:

n8$Q -ST80 Equ. 5-23

pSa Spm Equ. 5-24

For"YD 6 0™ "O "'Ow "Qlesign: nm8sQ ST8 v Equ. 5-25
p83 ST 88U Equ. 5-26

As in the previousoptimisation section, the Latinhypercube sampling technique
has been utilised to generate 50 points in the design spata each studied degyn,
the red triangles in Fig.5-22. Following that, the quantities of interest i.e.Y ,Y0
and PEC were obtained using the CFD simulation model for the
YO 6 '0™% "0 @Yo Oiand YO 6 'O 'O 'Ow0i, with YQ poum ,
° omiodand’Y ¢ 18 ,at each of these BE points. Then, the DoE points
and their corresponding simulation outputs(training points) were used to construct
the surrogate model(Gaussian Process modgfor each objective functionFig.5-23.
The validation of these surrogate models was implemented by comparing their
results against theCFDpredictions at new design pointsthe blue starsin Fig.5-22.
The comparison shoved that the obtained data from the two methods, Table 5-5,
were in good agreement and the maximum difference was less than %1 which
validated the constructed surrogate models.

After that, the single-objective optimisation with genetic algorithms (i ¢ Nb&as
been employed to find thedesign parameters that produce optimum performance
for "YO 6 'O™ 'O ®" Yo "@hd "YU 6 "O™ "O 'O "Odesigns. The results are
presented inFig.5-23, Fig.5-24, Table 5-7 and Table 5-8; and validated against the

numerical predictions with a maximum difference ofu bfor the pressure penalty.
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Fig.5-22 Design of experimentsand validation points used to build thesurrogate model
for the: (a)"YD 6 O™ " ® Yo ®@id (b) YO 6 "O™ "C "'Ow "Qlesigns
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Table5-5 Surrogate model validationfor the “Y0 ¢ "0™% "O & "Y @isign

DVs Surrogate Evaluations CFDPredictions % diff. ()

No o _— <
a i Y Yo PEC| Y Yo PEC| Y Yo PEC

VPi| 5 0.15| 0.325 8680.3 1.22]0.325 86915 1.21|0.04 0.13 0.36
VR | 3 0.28 | 0.312 164824 1.26|0.311 16699 1.27|0.38 1.30 1.19
VP | 2 0.12 | 0.317 9728.6 1.36|0.318 9400.2 1.33|0.41 3.49 221
VPR | 7.25 0.27 | 0.323 10519.6 1.20|0.323 10729 1.17|0.15 195 1.92
VB | 7.25 0.15| 0.330 81169 1.16|0.330 8317.3 1.15|0.05 2.41 0.31
VPhs | 8.75 0.13 | 0.333 7693.0 1.15|0.333 7535.3 1.13|0.13 2.09 1.34
VP, | 31 0.2 | 0316 12076.8 1.28 |0.316 12169 1.28|0.12 0.76 0.24
VR | 2.2 0.25|0.312 16055.8 1.27|0.311 16739 1.25|0.20 4.08 1.18
VR | 1.9 0.16 | 0.314 11506.6 1.34|0.315 11448 1.32|0.18 0.51 1.36

Table5-6 Surrogate model validationfor the "Y) 6 'O0™ "O "Ow "Qlesign.

DVs Surrogate Evaluations CFDPredictions % diff. ()

No s _— o
O i Y Yo PEC| Y Yo PEC| Y Y0 PEC

HP. | 415 0.12 | 0334 7265 1.16 |0.334 7411 1.17]0.23 197 0.72
HP. | 1.9 0.15 | 033 7967 1.228| 0.33 7917 1.21|0.08 0.63 1.16
HP; | 3.5 0.175|0.331 7835 1.192|0.331 7936 1.19|0.11 1.27 0.22
HP, | 25 0.25 |0.327 8669 1.238|0.327 8837 1.25/002 19 0.6
HPs | 3.25 0.275|0.327 8622 1.242|0.327 8717 1.25/0.12 1.1 0.35
HPs | 435 0.325|0.327 9181 1.252|0.326 9255 1.26|0.13 0.8 0.37
HP; | 2.75 0.375|0.323 10059 1.289|0.323 10107 1.29|0.04 0.48 04
HPs | 2 0.425|0.321 11026 1.337|0.321 10890 1.31/0.09 1.25 1.98
HPy | 3.1 0.45 |0.321 10929 1.328|0.322 10970 1.32|0.02 0.37 0.65
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Fig.5-23 Surrogate model for the performance criteria 0°Y0 6 '0™ "C @ "Y® "Oi

design: (a)’Y , (b) Y0 and (c) PEC
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Table5-7 Globalsurrogate-basedsingle-objective optimisation results for 'Y ,30 and PEC of the
") 6 OVD O @Yo @Esign

- - %
Objective CFD

Case GlobalOpt. ¢ aa i aa diff.
function Predications
()
1 Y [0Tw] 0.299 1.077 0.358 0.302 1
2 30 [0 @ 7051 7.952 0.1 7427 5
3 PEC 1.112 9.937 0.145 1.110 0.2

Table 5-8 Globalsurrogate-basedsingle-objective optimisation results for'Y ,30 and PEC of the
YD 6 "0™ O 'O "Glesign.

Objective Global ] % diff.
Case ) ¢ ad i aa CDFPredications
function Opt.
1 Y [0Tw] 0.318 1.502 0.499 0.3176 0.1
2 30 [0 @ 7102 4.137 0.1 7235.7 1.8
3 PEC 1.35 1.998 0.496 1.34 0.8

It has been noticed thatyY and 30 are conflicting objectives, for example, to obtain
a desgn with minimum 'Y (18 wwoj w ), Table 5-7, was accompanied by a high
pressure penalty ofo @ o QU0 énd vice versa. This behaviour can be attributed to
the fact that the design with minimum’Y in this study had 41vortex generatorsin
each channel with a radiugi ) of 0.36 mm and the distance between any two of
them (& ) was 1.077 mm which increased the effective heat transfer area to be
¢ p thud (increased by 16% with respect to"YO 6 "O™ "Q. This helped in
reducing the thermal resistanceby p & Pand hence augmenting the heat transfer
between the solid wall of the heat sink and coolant. However, this affected the
pressure drop adversely where itwas raised byt ) ¢ iP comparisonto that of the
YO 6 'O O

In contrast, the design with minimum pressure penalty had only 5 vortex generators
for each channel withi TP a a anda & W a. Therefore, the increase in
pressure drop was about;, ¢ Rompared to the pressure drop forhe"Y) 6 0™ "0

but the reduction in'Y wasonly ¢& P
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The PEC which combines the effect & and Y0 in one parameter has also been
optimised. It has been concluded that the maximum PEC, as showrTatble 5-7 and
Table 5-8, occurs withi ™ T ®a and a oo § & for"YO 6 'O™ "O
W "YW @sign whereas they werei ™ w@a and a p& wd a for
YO 6 O™ "O "Ow "Qlesign This design is consideredhe best one in the studied

ranges, which offers the optimal use of introducing the vertical vortex generators.

5.6.2 Multi -objective optim isation for {4 5" |5 1 7 qawd
{430k 2wy

Following the same procedure in the previous sections, theurrogate-based mult
objective optimisation for the'Y and Y0 using the geneticalgorithm (& ¢ "Qdas
been performedto look for the optimum design.The optimisation problems for the
YO 6 'O O @Yo ®id"YD 6 "0™% "O "'Ow "Alave been formulated as:

"0Q¢ I 0t @

"Yé4 Q¢ QA Y (i L& )&Y0(i L&) Equ. 5-27

Depending upon the design type, theseptimisation problems were subjected to

two different design variables ranges which are written as:

For"Y) 6 "0™ "O ® "Y® @@isign:

n8m S mE Equ. 5-28
pSa Sp Equ. 5-29
For"Y0 6 "O™% "O "Ow "Qlesign: : :
9 nem. S me Equ. 5-30
p83 ST 38U Equ. 5-31

By utilising the surrogated models generated in the previous sectiorkig.5-23 and
Fig.5-24, the optimisation process was implemented and the results are depicted in
Fig.5-25.

Five points from Pareto front curves, 0 to O (Fig. 5-25(a)) and (0 to (O
(Fig.5-25(b)), have been selected as optimum design candidates. These points have

also been validated by comparing them againsthe CFD predictions and they
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showed a good agreemenwith maximum difference less than 2.6%Table 5-9 and
Table5-10.
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Fig.5-25 Paretofront for the pressure drop and thermal resistance (a)
"YO 60 'O"% 'O @Yo @id (b) YD 6 0™ O Ow "Oi
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Table5-9 Performance of theYO & "0™ "C & "Y Tof the selected optimum designs located

on the Pareto front P1 to Ps as shown in Fig5 22.

Design Variables Surrogate model CFDPredictions % diff. ( )
Point Y Y0 Y Y0 "
¢ aa 1 aa . . Y Y0

[K/W] [0 ® [K/W] [0 ®

1.030 0.101 0.305 12159 0.306 11850 0.04 2.6
1.689 0.102 0.309 10993 0.310 10825 024 15
2.675 0.102 0.314 9813 0.313 9787 0.12 0.3
3.688 0.101 0.319 8834 0.320 8854 0.29 0.2
8.245 0.100 0.329 7074 0.329 7139 0.19 0.9

©

Fal

-

OOQOOO

(=

Table5-10 Performance of the’Y0O & "0™ "C "Ow "Gor the selected optimum designs located

on the Pareto front HP. to HPs as shown inFig.5-25.

Design Variables Surrogate model CFDBPredictions % diff. ()

Point | o Y i\ Y i ! "

¢ aa I aa KW ¢ (KW i ¢ Y Yo
(0, 0.496 1.529 0.3179 11812 0.318 11920 0.03 0.91
(O 0.406 3.203 0.3218 10211 0.322 10352 0.06 1.36
( Og 0.184 1.541 0.3276 8326 0.328 8339 0.12 0.16
(0, 0.118 1.771 0.3302 7656 0.330 7683 0.06 0.35
(0, 0.102 4.218 0.3352 7123 0.335 7264 0.06 1.95

From Table 59, all the optimum designsof the "YO 6 "O™ "O ® Y "€n be

achieved by setting to @ & &. However, changing the distance between thgOi

affects the hydrothermal performance criteria For exampled can be selected to
be p8t ax & to minimise the 'Y to ™® m0Xw , but a high pressure drop of

p ¢ p 0 daccompanies it.On the other hand, to obtain a minimum pressure drop,
a should be settoy® T @ a.

Regarding the"Y0O 6 'O™ "O "'Ow "Gdesign, changing and & affect the heat

sink's optimum performance under consideration. Therefore, the minimuniY can

be achieved by adjustingx andi to m& wd@ a and p® ¢ @a , respectively.

However, to obtain a"Y0 "O"YD "O "Ow "Qdesign with minimum Y0, & andi

should be set respectively ta® m@ ¢ andt& p @ d.
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5.7 Optimisation under Uncertainty for{ 4 g5 ||} 3

5.7.1 Uncertainty  Quantification  for the Performance of
{4 Fa i

As mentioned in section4.6, the main difference between theoptimisation under
uncertainty procedure and that of the deterministicoptimisation is the uncertainty
analysis task. This step aimed at characterising the uncertainties of the output
response, in our case thehermal resistance('Y ) and pressure drop(30) of the
YO 6 "O™ "®aused bythe uncertainties of the inputs such as the design varialde
and boundary conditions.The probabilistic characteristics used in robust design are
the mean‘ and standard deviation, (Wang and Yu, 200% As in the study of Bodla
‘Q © &2013), the channel width (@ ) and the channelheight ("O) were treated as
uncertain inputs in the current investigation and had the probability distributions
defined in terms of* and,, , asillustrated in Table 5-11. The"(in the table represents
the 'Q DoE point.

Table 5-11 The uncertainty associated with the inputdesign variables

Variable Distribution “Cda , aa
7 & Normal W MT8TMGU
(& Normal (g mT8TCU

Before extracting the statistical méerics for the responsestheir dependenceon the
number of samples used within Monte Carlo simulatiorfd 6 YYhas been assessed
Fig.5-26. It is clear that there is no change in thstatistical moments evaluation by
increasing the number of samples more than 500000, therefore this number of
samples has been adopted tonplement 0 6 7Y

Based on the distributions of the uncertain input parameters presented ifable
5-11, the Monte Carlo simulations, descrigd in section 6.4.3 havebeenapplied at
each DoE point to quantify the correspondingtatistical moments (* and, ) for the
thermal resistance and pressure dropThe mean of each response was in excellent
agreement withits corresponding original CFDresponse with a difference less than

@t T and 1 Yor the 'Y and 30 respectively. Therefore, the surrogate models for
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the and‘y are identical to the surrogate models shown irFig.5-20; however,

Fig.5-27 shows the standard deviation for each response.
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two design variables@ and™O .
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5.7.2 Single-Objective Optimisation for Qy |and Qy |

After obtaining the statistical moments for the'Y and Y0 at each of the 50 sample
points generated previously, the singleobjective optimisation for the standard
deviation of each quantity of interest for the’'Y0D 6 "O™ "®as been performedThe

design variables were the width 7 zand the height( z of the minichannel. The

optimisation problem for the,,  has beenformulated as:
"0Q¢ 7 i0 € Qz
"Yéd Q¢ Qé , (0 ,0) Equ. 5-32

whereas, the one for the y has been written as:

Y& QE Q6 Ly (& ,0) Equ. 5-33

The above optimsation problems were subjected to:

PB8T/ S ¢ 38 Equ. 5-34

P8BS 08 Equ. 5-35

The genetic algorithms included within the Dakota toolkit have been utilised to run
the optimisation procedure for each function, stated in Equ.82 to Equ. 535. The
results are shown in Table 512 and Fig. 5-28. Therefore, the obtained design
parameters represent the robust design for théYD 6 O™ 'O A comparison
between the designs at the global optimum and the robust designs are illustrated in
Table5-13. It can be noticed that the difference in the performance of these designs
is small, and this could be attributed to the low deviation applied to design variables.

The scenario could differ if a larger variation were assigned to tise variables.

Table5-12 Surrogate-basedsingle-objective optimisation results for,, and,,
. . . ‘D
Case Objective function Opt. Value . .
[ a] [ a]
1 Std Dev of hermal resistance,, [0V7Tw] ™1 pon 1.995 1.898
2 Std Dev of pressurarop,, [0 19.539 1.876 2971
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Fig.5-28 (a) thermal resistanceand (b) pressure dropsurrogate model showing the

global minimum (red point) and the robust designat the minimum ,, (green point).

Table5-13 Comparison between the global optimum andrte robust optimum for the thermal

resistanceand pressure dropevaluated at & and O
Case Objective function Opt. Robust Opt. Global % diff. ( )
1 Thermal resistance,Y [07® ] 0.331 0.330 0.3
2 Pressure drop,30 [0 3186.729 3061.289 4.1

Page |- 121 -



5.7.3 Multi -Objective  Function Optimisation for Hy @ , Hy}p
and Qyt

In this section, the multrobjective optimisation for the statistical metrics of each
performance criterion has been implemented.To achieve ths task, the multi

objective optimisation problems for the statistical mean and standard deviation of
the'Y andY0 have been formulated as stated below:

For thethermal resistance(Y ):
"0Q¢ 7i0€ Qi
Yea Qe Qa ‘ w A0 ®&:Q (w ,0) Equ. 5-36

For the pressure drop(Y0):

"Yéd Q¢ QA “yo © FO OE& Qp(w ,0) Equ. 5-37

These problems were subjected to:

p 83V ;S¢ 81 Equ. 5-38
p 8T ;;Sc8m Equ. 5-39

As in previous sections, the multiobjective optimisation process has been
conductedemploying the genetic algorithms embedded within the Dakota software
and the results are illustrated inFig.5-29 and Fig.5-30. The Pareto frontscurves of
the statistical parameters considered are depicted inFig.5-29(a) and Fig. 5-30(a).
Three different points oneachPareto curve (two on the extremes of the curve and
one atits middle) have been chosepas shown in the figures to compare between
the global optimum design andthe robust designs,those obtained by taking into
account the uncertainty associated with the geometric design variableslhe
comparisons areillustrated in Fig.5-29(b) and Fig.5-30(b) and it can be seen that
for the two objectives, these three points are located between the global
optimisation and the robust design obtained fronmthe single-objective optimisation
previously. Likethe previous reaults, the design points are close to each other, which
means that the small deviation associated with the design variables has not strongly

affected the performance.
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Fig.5-29 (a) Pareto front and (b) surrogatemodel of 'Y showing the global minimum

(red point) and the robust designat the minimum ,, (green points).
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