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Abstract

Novel designs of serpentine michannel heat sink with both single irdetitlet and double inlet

outlet configurations with the application of secondary channels using fins are created to explore
their thermalhydraulic performancbased on total thermal resistance, average nusselt number
and pressure drop parameters which are being solved by COMSOL Multiphysics CFD software
in three dimensional spackhe single inlebutlet configuration thermdiydraulic performance

will be tested by embedding the different shapes of fins of obliquezitap and diamond with
different configurations each. The use of secondary channels are very effective in serpentine
channels in improving heat transfer and reducing pressure drop by allowing fluid passing
through it reducing fluid velocity as well as ieasing the surface area for heat transfer.
Similarly, for double inlebutlet configuration, diamond fins were used and similar trends

obtained where both total thermal resistance and pressure drop are reduced simultaneously.

For optimisation process, atsof Design of Eperiment(DOE) points (input design variables)

are created to be fed into COMSOL Multiphysics calculating thpubwobjective functions.
Radial Basis Function methedas usedo train thesurrogate model by learning thedationship

of input design variables with its correspondmgputobjective functionsSurrogate models
enable the prediction of output objective functions within specified design space of input design
variables without having to run further simulations using CFD so&wahich is time
consuming.The surrogate models created will be used for optimisation searching for optimal
solutions for both deterministic and probabilistic (Robust Design OptimisdiRiDO))
frameworks. Multi-objective optimisation process was conddcte create Paretoptimal
solutionsbetween conflicting objective functiondonte Carlo sampling (MCS) and Polynomial
Chaos Expansion (PCE) were utilised to create probabilistic distribution within every single
DOE points by specified means and standatdviationsto cdculate the distribution of
correspondingutput objective functionsased on outpuheans and standard deviatiarssng
previously developedurrogate models. Theutput means and standard deviations give the
information of the distributio of output objective functions to search for the solution which has
small standard deviation indicating flatten output distribution so that moving around the curve
does not change objective function significaniiie solutions of RDO has less performance

compared to deterministic solutions but more flexible to change.
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Mini-channel base ared []

Mini-channel crossectional aread ]

Effective area (available area for heat
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Specific dissipation rate[ i ‘Q &
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Chapter 1. Project background and motivation

The transistor usage from thetegrated Circui(IC) invention system in 1960s has increase
significantly[l]. Gor don Moore, Intel founder, deducec
empirical relation with an expression for the density of components that can be integrated within
microchps that increase by twicf] usually in every two years whenmore superior
performance for electronics deviashieved and until now the law has been very acewhich

can be seen iRigurel-1.

For the past twenty years of technological advancement, processing speeds have been improving
significantly. From this rapid development, very high heat dissipation from de@pesially
microwave weapon systems, high performance electronics for electrical vehicle, energy laser,
avionics, nuclear fission and fusion reactor and high performance comfinelscalised rate

of heat flow of energy per unit area which is also caetieat flux from microprocessors have
been greater than 100W/énmore than 1000W/cfifor defence system application (e.qg. lasers,
radars and microwave devices) and nuclear industries already exceeds 100D(Q8y/cm
Miniaturisation of devices and rapid improvement in technological advancement have also
contributed to the continuous increase of heat dissipation rate. High performance cooling
systems are essential to remove high heat fluxes to ensure that quakpdeent of
technological systems can maintain its performance without having being damaged or degraded
from very high temperature due to high heat dissipation. The use of liquid cooling has been very
important for an effective heat removal method congbaoeair cooling due to its high heat
capacity value carrying larger amount of heat away from electronic d¢4jces

The requirements of data storage is significantly affected from the growth of digital systems
usage, leading to the data centres size and er@ngsumption enlargement that house an
enormous infrastructure of digital systejss6]. For the last ten years, there has been an average
annual growth of 11% from the summation of worldwide energy consumption of 238 billion
kWh electronics cooling of data centres in 207D Estimated amount of 1.8% of electricity
consumption of data centres in the United States (U.S.) giving 82 billion kWiergjyest a cost

of $6.1 billion[8-10]. In the U.S., theavailability of electrical energy will diminish when yearly
energy consumption increases by 1% by year of J@2D Therefore, the management of
efficiency and power consumption of data centres is very crucial. By 2015, International

Technology Roadmap of Semiconductof$2] predicted that power dissipation of

1



microprocessor chip will top 270W and expected to exc@@@W by 2026. The thermal
management of electronic devices must be improve as future electronic systems such as radio
frequency (RF) power amplifier, Satellite, radar systems and central processing units (CPUSs) are
relying on the effectiveness on the caglisystems.
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Figure 1-1: Shows the yearly increase of transistor number. The blue line representing the
Moore's Law and red line representing the least square fit for the whole d4i8ket

The conventionaMicro-channel Heat Sink (MCHS)sing air as working fluid is not suitable

for cooling of high heat flux application due to its very low heat capft#l High heat flux
exceeding 100W/cArequires large area and high speed air flow for an effective codlorg.
cooling of high heat flux devices, heat sink of 2000 times bigger than area of device required.
The cooling of electronics using method of tploase flow such as vapour chamber and heat
pipes provide promising solution due to fluid rotation from pusnpot needed and the coolant

is confined within closed chamber. In tpbase cooling system, there are three main
components of evaporator, compressor and condenser. The evaporator will be placed in contact
with the heat source allowing heat to be absbtoening the fluid into vapour state. Then, the

hot vapour will be compressed by the compressor to be pushed through the condenser turning
back into liquid state to be sent to the evaporator again. However, these types of devices which
are capillarydriven is not suitable for cooling of high performance chips due to wick thickness
and pipe crossectional area limitationd5]. The utilisation of pulsating and loop heat pipes

are also unsuitable for high heat flux cool[g].

The use of liquid jet impgement for high heat flux dissipation application has been studied by

many researchers. Mudawar et[4l7] used dielectric fluid HFE100 to remove 150W/chto

200W/cn? of heat fluxes while Zhao et §1.8] used porous structured substrates with utilisation
2



of water impingement for 674W/cnof heat flux removal. But, ggiirement of high pumping
power leading to the risk of surface erosion caused by spray cooling integration with closed loop
system[16, 19]

Cooling method of flow boiling (twghase flow) anginglephase liquid are suitable for high

heat fluxes system (exceeding 100WZEii20] due to flow boiling uses large latent heat of
vapaisation but it can be unstable. The initial concept of MCHS fi@bh with advantages of
compactness, small mass, and large heat transfer surface area where Leonard an@28hillips
deduced that 60% of energy consumption can be reduced effectively. However, the increase of
high pressure drop and temperature gradients are required. The latter have been explored by
researchers lsause of their capability for high heat flux dissipation using very low pumping
power[23] and exploitation of liquid latent heat of vaporizatj@6]. But, for high heat flux, the

use flow boiling MCHS suffers from flow instabilities and fluctuation of pressure inducing large

reduction of heat transfer due to liquid dry {20, 24]

Figure1-2 shows the variation of convective thermal resistances for heat sourasf 4t

with different types of coolant using velocity range of 2m/s to 8m/s. Reduction from 100K/W to
33K/W of convective thermal resistanté, , when using air as working fluid for both natural
and forced convection. The use of fluorocarbquids as working fluid under the condition of
boiling heat transfefY  reduced to 0.5K/W.
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Convection
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Fluorochemical Liquids
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Fluorachemical Liquids [ ]
Water ]
Fluorochemical Liquids FHEFFE] Boil

oilin

Water R

l 10 cm? area

[ |||||M| |||||m| T™TTTT

0.0 0.1 1 10 10 100
RCOTHJ [K/W]

Figure 1-2: Shows the convective thermal resistances under 28 of heat sourci5].

1.1 Micro-channel heat sink with liquid as working fluid
Recently, the challenge of which is faced by thermal designer is to solve the miniaturization of
heat sink device due to limited space such as in laptbyere smaller heat sink can be fit in, the
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utilisation of restricted space suitable for smaller heat antkalso to reduce the generation of
noise from fans installed together with heat sink. An effective solution is on demand to remove
excessive hedrom electronics so that it will not heat up to reach the junction temperature
(maximum operating temperature). Based on this issue, different methods of liquid cooling have
been introduced splitting between direct or indirect contact styles. Aimanesdered direct
contact method where the electronics is being submerged into dielectric liquid for ¢a6]ing

For this work, the indect contact liquid method is used where the cold plate heat sink is a
separated device attached to electronics with liquid flows within removing heatI¢mpen
singlephase system). The use of cold plate heat sink provides an effective solutionrtg solvi
the key problem of oveneating electronic7]. The use of liquids for cooling offer higher heat
transfer{28] since they have larger specific heat capacities and thermal conductivities compared
when using air. Different liquids used for cooling include dielectric, ffinds and pure water
respectively.Micrechannel heat sink is an effective device for removing heat from chip
effectively[29]. To begin, Tuckerman and Pease have developed a miniaturised system called
micro-channel heat sink (MCHS¥hich has the ability of removing high heat fluxes without
having a significant temperature change due large surface area enabling heat dissipation
effectively[21] (refer Figure1-3). The substrate materials for MCHS are usually using copper
or silicon due to their higthermal conductivity and normally they are made by mfatwication
technology which has high precision and quality surface finish. The characteristic dimension of
MCHS is between 10um and 1000}i8®] allowing fluids to pass through. MCHS has the ability

to remove high heat fluxes due to its physical characteristics of high surface area to volume ratio.
Furthermore, small mass and volumevlEHS with large heat transfer convective coefficient

as well as small space of coolant makes it very suitable to be a highly efficient cooling system
for applications such as laser diode arrays, radars, laser mirrors (high energy) and
microprocessorf31]. The micrechannel hydraulic diameteq , has an inverse variation with

the average coefficient of heat transf&, , while pressure drop is inversgbyoportional to

the’ O [32]. The decrease of hydraulic diameter will definitely increase the rate of heat transfer

but with very much larger pressure drop.
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Figure 1-3: Shows the micrghannel heat sinKlustration[33] .

1.2 Problem statement

It is essential to grow an effective method for electronics cooling applicationability to
dissipate heat from electronics using MCHS has been the interest hyesaarcherd.he need

of miniaturised higkdensity heat flux remover is crucial as rapid advancement of
microelectronics technology leading to smaller components, which uses more number of
transistors emitting large heat energy inducing higher themmahanical stress towards
electrical componentf34]. The heating problem affects the miaiectronics performance,
reliability, design and cost significant[§]. The application of MCHS for electronics cooling

has been widely used fits capability of removing high heat flux. The key challenge is to search
for an effective cooling method using liquid as coolant in MCHS which is still greatly on
demand. The use of conventional straight miznannel heat sink conveys a significant peab

where temperature experience an increase along the-amarmel lengtf35]. To improve the
performance of MCHS as a cooling systenepmetrical design improvement as well as
boundary conditions configurations are requirdferent design of MCHS will affect fluid

flow structure which is one of the main reasons fghbr performance cooling systatue to
formation of vortex and reciantation region that breaks the boundary layer which has slow heat
diffusion, thus, by breaking the boundary layers the flow velocity near the boundary is higher

inducing increased rate of heat transtenwell as leads to more viscous losses



For this poject, an extension of research on the cooling ability under high heat flux of more
than 100wj @ &, using single inlebutlet serpentine mirthannel with fins is further
investigated continuing from successful previous W8&{ on utilising the thin secondary flow
reducing both total thermal resistance (the ability of a system or material to resist heat flow) and
pressure drop (the decrease of pressure as thefltwithg through a device osystemn)
simultaneously due to continuous breaking of boundary layers and fluid velocity is greatly
reduced. In this project, similar base serpentine desigf86yWill be adopted here but instead

of chevron fins, three different shape of oblique (SMOF), trapezium (SMTF) and diamond
(SMDF) fins are used. Each shape of fin will have four different configurations respectively (see
Figure 24, Figue 15 and Figure ). It can be seen that using fins creating secondary channels
technically changed the serpentine heat sink intefipiteat sink (see suthapter 2.8 for
comparisoih The performance of all serpentine raatiannel heat sink design wifins will be
compared with the conventional serpentine heat sink with plate fin (SMPF). Parameters used to
compare the performance of each design are are total thermal resistanpeessure drop/0,

and Average Nusselt numbeér,6 , respectively.
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Figure 1-4: Shows the design configurations of SMOF design heat sinks.



Figure 1-5: Shows the design configurationsSWITF heat sinks.
ﬂ inlet ‘ outlet

Figure 1-6: Shows the design configurations of SMDF heat sinks.
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The main reason of choosing the serpentine heat sink design for electronics cooling is due the
fact that the thenal and hydrodynamics boundary layers are periodically disturbed to enhance
heat transfer rate. But a significant increas@ressure dropccurs with the augmentation of

heat transfedue to drastic direction change of velocity of fluid around beneisting vortices

In addition, since the serpentibannel heat sink possesses sinusoidal like channel with bends,
the effective surface area, , which is the area available for heat to transfer from solid to fluid
domain is larger compared to the conventional straighnhnel heat sink for higher heat transfer

[36].

Furthermore, a published work on double datlet serpentine mirthannel heat sink (D
SMPF) has shown great superiority in terms of thermal performanceRmgfeel-7 (A)) [37].
They also considered througioles combining two separated mafiannels which reduces the
Y0 drastically and increasing the theragidraulic performance. Based on #r@wledge from
literature reviewsthe use of thin secondamghannelon D-SMPF heat sinkhas not been
researched yeThus, to further the research on the performance 8MPF heat sink, diamond
fins are embedded within the plate fin allowing the control of boundary layers for improved
thermal performance as well as reducing¥be Diamond fin is chosen since it offer the most
superior performance during the analysis onlsiimdetoutlet serpentine mirthannel heat sink.
The application of diamond fins with-BMPF heat sink is split into two major case studies. First
investigation will cover only on the effect of diamond fins$MDF) towards the EEMPF heat
sink while thesecond one will be the same as the first but with existence of thtmigh (D
SMDFTH) connecting the two separate serpentinetiannels (refefigurel-7 (B) and (C)).



Figure 1-7: Shows the (A) EBMPF (B) DSMDF (C) BDSMDFTH heat sinks.



1.3

Contributions of research

To mention all contributions for this work, it can be summarised as follows:

1.4

A)

B)

C)

D)

E)

F)

G)

H)

Completed the design of novel desigosdingle and double inletutlet serpentine mini
channel heat sinks with different shapes of secondary channels and thodesgih
Compared the thermdlydraulic performance of single inMetitlet serpentine mini
channel heat sink novel designs with nelage of secondary channels (oblique,
trapezium and diamond) with published work (chevron shig&})based on hydraulic
and heat transfer characteristics.

Compared the thermdlydraulic performance of double inletitlet serpentine mini
channel heat sink novel design with new diamond secondary channels with published
work by[37] based on hydraulic and heat transfer characteristics.

Compared the thermdydraulic performance of double inetitlet serpentine mini
channel heat sink novel design with new diamond secondary channels and-thwtasgh
with published work by37] based on hydraulic and heat transfer characteristics.

Used the parameters of heat transfer coefficient,, Average Nusselt number,o |,

total thermal resistanc¥, , and pressure drofD, to compare the performance between
heat sinks.

Created the surrogate models for optimisation studies using Artificial Neural Network
(ANN) method.

Used the deterministic optimisation process for both single and -ofjctive
optimisation by using the surrogate models created within Genetic Algorithm (GA)
framework.

Used the Robust Design Optimisation process for both single and-ahjdttive
optmisation by implementing uncertainty within the input design variables and
measured the distribution output using the created surrogate models by measuring the

statistical moments of means and standard deviations.

Summary of chapter

This chapter has prested that the importance of having powerful thermal management is

crucial for electronics cooling to ensure component of electronics can perform its function well

without having damaged by the excessive heat dissipation. The use of serpenticiearmei

heat sink has been proven for its superiority to remove heat effectively due to periodic breaking

of boundary layers for greater heat transfer. Some published work has considered using single

and double inlebutlet serpentine mirgchannel heat sink. Irnis work, both single and double
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inlet-outlet serpentine mirgchannel heat sink will be utilised with the application of using
secondary channel and throdigbles to reduce the total thermal resistance and pressure drop

simultaneously.
15 Work-scope

[ 0: Introduces the research motivation and lgaoknd informationThe objectives and workcope
for the thesis are outlined

Chapter 2 Perform the literature review related to the current work. The reviews compris
numerical methods and experimental works for fmingro scale heat sinks under the condition
single or twephase flow

Chapter 3The fundamentals of heat and fluid flow are presented such as convection heat
physical mechanism, types of fluid flow, concept of boupdayers, heat transfer and hydrau
characteristics and Performance evaluation criteria.

Chapter 4 Describes the numerical analysis such as meshing techniques, computational
governing equations, boundary conditi@msl assumptions as well as ppsbcessing.

Chapter 5 Explains the design optimisation procedure, formulation, Design of Experirr
sampling methods, surrogate modelling, and optimisation processes.

Chapter 6: Analysis ofhe single inlebutlet serpentinenini channel heat sink with differer
shapes of fins of oblique, trapezium and diamond. Parametric analysis conducted for tt
superior heat sink in thermal performance. Optimisation is conducted using both detieramali
robust design optimisations.

Chapter 7: Analysis of the double intatitlet serpentinenini channel heat sink with diamond fin
Parametric analysis conducted for the most superior heat sink in thermal perforr
Optimisation is conductedsing both deterministic and robust design optimisations.

Chapter 8 Analysis of the double inletutlet serpentinenini channel heat sink with diamond fir
and througkholes. Parametric analysis conducted for the most supesea@tr sink in therma
performance. Optimisation is conducted using both deterministic and robust design optimit

Chapter 9 Discussions and conclusions are explained as well as the future
recommendations.




Chapter 2 Literature Review

An enormous number of investigations have been made by researchers using the method of
numerical and experimental analysis on MCHS for cooling systems efficiency improvement. In
1981, researchers from Stanford Universituckerman and Pease, pioneered the first idea of
miniaturised cooling system using MCHS which possessed the capability of cooling high heat
flux systems without significant temperature change and being referred by many other
researcherf]. The MCHS device was firstly proposed with the application of very large scale
integrated (VLSI) electronics components utilising rectangular straight +oiaonel. Further

study consisting experimental arldeoretical analysis on heat transfer and flow structure
contributed to massive amount of information for a better understanding. The flow of coolant
within heat sink induced thermal resistance as well as pressure drop. Many cooling techniques
utilised formicroprocessor chips and IC cooling consisting jet impingements and heat pipes for
application of high heat flux dissipation systems. The MCHS device has been capable and proven
effective for high heat flux removal and maintaining the critical temperattieh is the
junction temperature of 86 to 100C [12]. In this chapter, a literature review regarding
different cooling devices and micahannel systems is presented.

2.1 Introduction to heat sink

The function of heatisk is as a heat exchanger where heat flows from heat source (e.g.
electronic devices) to heat sink to fluid within the heat sink (e.g. air or watdi3sipate the

heat. Heat sinks utilisation usually applied to high heat flux system such as powsistdra and
optoelectronics[39]. A simple heat sink usually consisting of fins series and thermal
performance improvement from fins surface area, fins thermal conductivity and coefficient of

heat transfef40]. The presentation of classification of Heat sink presentélchble2-1 [41].

12



Table2-1: Shows a heat sink classificatifpfil] .

Type of Applications

Heat Sink Advantages Disadvantages Examples
Air flow non-
dependent
Economical, readily  Limited power systems/Natu
Passive accessible and dissolution convection Metal plate
consumer friendly capacity Used for simple
power intensity
system
~ Comparing to 'I'D'éié's'i{ié""""';(')'v'\;; ''''''''''''''''''''''''''''''''''''''''''''''''
Semi type, for same are the di . Used for Finned heat
. : . issolution -
Active thermal resistance is moderate power sink

low ability is limited intensity system

....................................................................................................................................

and fan together giving L Used for high ,
Active higher heat dissolutior R_e||ab|||ty cost power intensity Fanﬂ_ns heat
. in long term sink
capacity compared to system
____________________________ PreviouS types
Even higher capacity o Used for high
Liquid heat dissipation Expensive, power intensity  Liquid cold
Cooling comparedo previous complicated system Constant plate
__________________________________ ypes o edtrequired
Phase L Expensive, Used for high Vapour
Heat is dispersed complex and . : .
Change power intensity  firmness phast
. equally large area
Cooling needed system change cooler

Referring toTable 2-1, there are five types of heat sink which are commonly used. Passive
cooling refers to cooling techniques which use very minimalggneonsumption for energy
efficiency enhancemerjd2, 43] Active heat sink considers force cooling with the help of
machinery such fan or pun4]. Semi active heat sinks are in between active and passive heat
sinks where the amount of energy used is not as much as active cooling but not as low as passive
cooling due to there are still presence of a purn fan but these mechanical devices only
operates when the temperature sensor achieved allowed maximum temperature pushing the fluid
through. Liquid cooling heat sink uses liquid as coolant which is very popular now due its
capability to remove high hefluxes since liquid has thermal properties of large specific heat
capacity. Phase change cooling involves the state change of a material medium which is

thermally conductive from gas to liquid and vice vdrss.
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2.2 Heat sink channel classification

Many authors have addressed thsue of channel size classificatibfehendale et aJ46] and
Kandlikar and Grandpt7] used hydraulic diamete) , parameteto classify tube or smallest
dimensions of other shapes of cross section.0’hie an important parameter because it affects
the flow of fluid inducing different flow resistances and rates of heat trarGfemnel size

classification can be referred tbable2-2.

Hydraulic diameter@ ) [m], of a rectangular cross section is as follows:

1D ¢ w 80

' 2.1

© 0 W O 2.1)
Whered s the cros sectional area of channel9n) is the wetted perimeter of channel
[m]; @ is the width of channel [m]O is the depth of channel [m].

Table2-2: Shows channel size classifications.

Mehendale et al. Kandlikar and Grande
(2000) (2003)
Conventional
Channels O @ia Conventional Channels O oad
Compact paa O ¢mma O
Passages Q4 & Mini-channels ol &
prma O pfta ©O
Mesaochannels pa & Micro-channels ¢ TUTIA
p & O ™ a 0O
Micro-channels p T'Té Transitional channels p 1 &
Transitional Micre p a O
channels p fT &
Transitional nane ™ & O
channels p' a
Molecular nane
chanrels O m a

Obot[48] regarded micra&hannels to hav®

Pidugu[49] and Bahrami et a]50].

p& & where is it also used by Bayraktar and

As a consequence, by only using channel size alone the differentiation betaemthannel

and micrechannel flows cannot be distinguished, thus, Kew and Corf@Hllsuggested the

use of confinement numbe€dg) as a transition criterion between micro and macroscale flow

boiling referring to Eq. (2.2)They proposed that &o between 0.1 to 10, the flow is within the
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transitional regne where characteristic length is in the same order as mean free path. In this
regime, the continuum and rarefiegaé molecules density is so small whtrere are less
collisions among them and gas behaviour acts like an individual molecules coltatiienas

a continuous fluideffects are importanfhe use ofCois very important because it gives the
information on the flow confinement degree where at@uthe flow of fluid is unconfined and

has the potential to exhibit the mixing and turbulémifbehaviour. On the other hand, at high

Co the fluid particles are more restricted with less mixing and turbulent flow behaviour

becoming more like a laminar flow.

& ¢ " (2.2)
Q" " 0O

where,, is the surface tension (N/mXis the acceleration due to gravity (R)/$ sand” , are

densities for liquid and vapour case (kg/m3). Eorvalue,Co > 0.5(microscale flow) an€Co

< 0.5(macroscale flow) where the transition occurre@at=0.5.
2.3 Natural and forced convection of MCHS

Many investigations have been made in the literature regarding MCHS using either natural or
forced convection of fluid flow. Here a detailed explanatiegarding the two conditions used

for cooling of electronics is given.
2.3.1 Natural convection method

Natural convection condition arises when there is existence of fluid convection current due to
body forces induced from density gradients withoutdd fluid velocity. Net body forces create

the free convection currents and buoyancy force. Usually, the body forces are affected by
gravitational field and density gradient is affected by temperature grafigpt$he advantages

of using natural convection are minimised cost, very sinigle of noise and manageable size
[53]. Natural convection together with radiatiare considered as passive cooling where it is a
weak heat transfer mechani§b4, 55]based orits dependability only on fluid buoyancy effect

due to difference in temperature in different parts of fliddtural convection is often used for
cooling electronics due to its benefits of silent, reliable and low cost. Air cooling is considered
as a aucial thermal design technique due to its cost effectiveness and reliability with safety when

utilised in antagonistic environmen&s, 57]
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2.3.2 Forced convection method

Forced convection condition arises when the flow of fluid is exerted using external force such
as pump, fan or atmpkeric windg52]. Generally, forced convection method has the highest
number of implementations from literature daets significant benefits and advantages as part

of a cooling syster{b8] where very high heat fluxes can be removed away from the system. The
main reason of utilisation of forced convection is due to its simplicityl@nccostas wellas
providing the traits of high quality and naomplex maintenand&9]. The most famous system

of cooling electronics is using forced convection liquid cooled MJ&0]. In general, forced
convection is more favourable over natural convection in cooling system as its ability to remove

higher heat fluxes with larger rate of heat tranfgét.
2.4 Conventional MCHS

In the years of 1981 and 1982, Tuckerman and He@a$eonsidered single phase heat transfer
system with the fabrication of miniaturised MCHS using water as coolant. From the first test
experiment, they proved that using forced convective flow through small volume silicon MCHS
has the capability as a cooling device for VLSI circuit. Heat sinkidated with series of
rectangular straight microchannels etched in 1érby 1cn? of silicon wafer. The channels are
separated with 50um thick wall and the dimensions of channels were 50pum wide and 302um
respectively. From thermal performance, the valu¥ ofhas a very low magnitude (0.09K/W)

per centimetre squared area using 1.84W of pumping power. The temperature of chip was
maintained to be below than Pwith the ability of dissipating 790W/cwof heat fluxes and

there was no phase change ocence. High pressure drop (220kPa) measured as large mass
flow rate required (5700kg/fnto remove 790W/chof heat flux. The increase of the substrate
temperature can reach®lfrom inlet water temperature of Z3resulting outlet temperature to

be 92C. Since the first invention of micfscale cooling devices, many studies and
investigations have been made further searching for room of improvement of MCHS

performance.

Another significant accomplishment when Phill[p8] continued furtheon the work in[21]
considering both regions of fully developed laminar and turbulent fibowstraight rectangular
MCHS using experimental study. Theterial of heat sinkas indium phosphide while water
flows through the channel. Dimensions of channel were ™8 ¢ &, O ™ e d and

0 ufa & respectively. Predictionsf overall'Y and characteristics of fluid flow obtained
using computer model developed (MICROHEX). TNe measured was in the order of

0.072K/(W/cn?) but higher pressure drop penalty with 2.5bar of excess in drop of pressure.
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From the investigtion of Kawano et a[62], they have considered the thidienensional (D)
numerical simulation and experimental analysis to study the pressure drop and heat transfer of
MCHS with straight rectangular design. From the setup of experimental analysis, an area of 15
x 15 mnf made up by 110 microhannels which are etched with silicon material substrate. A
fixed dimension of 5T m was set for the width of micrchannel. The micrghanrel height is

set to be at 18Pm or 370t m. From the experimental setup, the coolant used was water and an
assumption is made where the numerical simulations are set for fully developed laminar flow.
Measuring the loss of pressure, the chip is subjectacctmdition where no heat is applied. At

a range between 0 to 200 of Reynolds number, a good correlation is achieved between the
experimental and numerical simulations for pressure drop results but not for thermal resistance
when measured at the entrarafemicro-channel heat sink which differs significantly. The
discrepancies between thermal resistance results are due to the heat loss to surrounding from the
experimental setup. To add, within these conditions of low Reynolds number, they are
considered ureliable due to the large temperatimduced viscositygradients from the portion
atinlet location. At Reynolds number larger than 300, the pressure drop for simulations are lower
compared to experimental results. Thermal resistance experiences chdngdsoud
0.1K/(W/cn) along the mircachannel span between inlet and outlet when 100Wégrheat

flux is applied.

Fedorov and Viskantf3]; Qu and Mudawaf64]; and Li et al[65] investigated heat transfer

and fluid flow in threedimensions (&) using numerical arysis on silicon MCHS due to its

high melting point and good thermal conductor with straight rectangular -chenmnels,
continuing from experiments by Kawano et [&R]. From the esults in[63], almost uniform

trend of average wall temperature of channel along the direction of flow while temperature
gradient is very large at region close to thletiof micrachannel. On the other hand, results
from [64] showed that linear temperature rise in the region of fluid bulk and wall along in the
direction of flow. In[65], an explanation provided on why there is a difference in the trend of
wall temperature betweef®3] and [64]. From [64] the thermophysical properties such as
viscosity and density of water were assumed to be tempependent while if63] ignored

the assumption.

Wei and Joshj66] used stacked MCHS and numerically investigatethismal performance
(referFigure2-1). Optimisation study was conducted searching for the minifWunusing the
developed model of a simple network of thermal resistance . The pumping power and layers

number were maintained to be fixed. The oveYyallfor two layered micrechannel stack was
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less than single layered mieochannel by 30% dueotits doubled area of heat transfer.
Furthermore, channel length and number of layers effeét omvere also investigatedtrom

results, the optimal number of layers for stacked MCHS was 3 under constant pumping power
(0.01W) where lowest total theahresistance achieve@ihermal resistance of 0.213K/W was
found to be the minimal value for twlayered MCHS with optimal dimensions of fin and
channel width of 41pm and 107um respectively. The optimal inverse aspect &4tio

Djwo M ® w )is3.8.

Insulated cover

40 =
Coolant in é A |é| 'é - et @.ﬁ"
T ﬁu"
] 1 LA ©
] 1 LA

Prrrreteeret

Constant heat flux

Figure 2-1:Shows the stacked MCHS ifDBview[66].

Wei and Joshi67] continued by using numerical study to analyse the conjugate heat transfer of
multilayer MCHS. The heat sink base area was set to be 10mm x x10mm along with a range in
height between 1.8mm and 4.5mm (2 to 5 layé&fajiation of flow rate between 50ml/min and
400ml/min was considered. Investigation of layers number, aspect ratio, pumping area per unit
area and length of channel effects on optifdal were conducted with water as the working
fluid. The overallY was measured and computational analysis results were compared with

singlelayered MCHS.
2.5 Effect of surface roughness on MCHS performance

Using both numerical and experimental asaythe effect of surface roughness on shpdiase

liquid flow in micro-channels has been studied. Continuous miniaturisation of channel,
consideration of surface roughness has to be take into account especially in the region of laminar
flow. A significant role for surface roughness is to predict the fluid flow structure and it has

major effect on the laminar to turbulent transition of the flow.

Wu and little[68] used micreminiature JouleThompson refrigerators with cr@sections of

rectangular and trapezoidal to measure the friction factor for different gases flow of nitrogen
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(N2), hydrogen (H) and Argon (Ar). The experiment covers both regimes of laminar and
turbulent flow. Micrachannnels were etched either in siiar glass and sealed by using anodic
bonding with Pyrex material. TF@ values were ranged between 45.5um and 83.1um. A unique

feature of micrechannels is very relatively rough heat transfer surfaces.

- Giagss cover plate
Pyrex glusi cover plate "i
LY 3
4\ Ysar A_____ T
i /
Zsilicon substrate ZEtcned glass substrate

pressure

transducer
r—f-~———-—--
17 E LA
L]-—F -~ —=-4 /o Nest
Test channel Test component
Inlet Discharge chaninel
valve  Test Vi lve
component
Positive
displocement
Gas from
cylinder meter
Gas out

Figure 2-2: Shows the (A) Test channels crssstion (B) Test system and test channels
pattern[68] .

Using glass micrehannels, laminar to turbulent transition occurre@ext 350 with the absent

of heat treatmerand atRe= 900 with heat treatment. These transitions occur at an Rarly
compared with traditional transitional which occurredRat= 2300[69]. The reason for these
difference in transitional occurrence is due to theafbf relatively high surface roughness
caused by the fabrication technique and channel dimensions uncertainty. To compare the results
of friction factors data from experimental analysis with established correlation for macroscale
pipes, experimental relss show a higher value. However, an inconsistent trend observed from
results by Choi et a[70] and Wu and littlg68] who utilised N in both laminar and turbhent

regime flowing through micrtubes. The friction factors measurement for laminar and turbulent
region has lower value compared with the conventional correlations prediction. The equation for

correlations are as follows:
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The Darcy friction factor)Q, is dependent witRefor fully developed flow:

,‘ ot ., ..
Q — QEVYQ 2.3
v % CQOTT (2.3)

Colebrook[71] did an experimental analysis for smooth and rough pipes ghemgequation

for "Q under turbulent regime:

0 @®p
oX 'YQUQ

4% ¢l ¢ METTIIITIYQ pT (2.4)
FromEq.(6), Qi s dependent on rme,|l awh esree r® uigsh ntelses g 1
(m) andRe () ©0 for sniboth pipe giving Eq. (7):
P N ~

= ¢l I ¢&rQQ m™ (2.5)
Eq. (7) is representing Prandtl equatbnon Kar mandéds expression use
for rough friction factor shown in Eq. (8):
Lo g% (2.6)
Wu andLittle [72] further investigated the experiment on micro heat exchangers under both
laminar and turbulent regime using Bs working fluid to study the characteristics of heat
transker. Counterflow heat exchangers mictmannels fabrication utilised the same
photolithography method used in previous work vi@@thranges between 134um and 164um.
This type of channel possessed unique features such as asymmetric roughness (very rough
surface on part of channel walls while smooth on the other), large relative roughness and large
heat flux and temperature variatiover channel walls. For one sided heated channel, heat source
positioning has an effect on the heat transfer at laminar regime but not turbulent. Transitional
zone occurred at range of 1000Re < 3000. Twesided heated channel has largeb
compared to onsided heating.arger rate of heat transfer for roughened channel due to surface
irregularities increasing the contact area between solid and fluid, thus, heat transfer is improved
but friction factor is increasedBoth laminar and turbulénflow regimes, the measured
coefficient of heat transfer has higher value compared with correlations prediction which

represented by Eq2.7 7 2.9)[73] due to higher roughness of channels surface.
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06 MICYPOTQUEYQ pIiINT (2.9)
Where— is the viscosity correctionl; as wall temperature; as dynamic viscosity of fluid

(kg/m.s) measured from bulk fluid.

Wu andCheng[74] experimentally investigated heat transfer and friction factor under laminar
regime for silicon micrechannel with deionised water as working fluid using 13 different
surface conditionsThe micrechannels have trapezoidal and triangular esgsgions. Different
geometric has a significant effect on the Nusselt nuniigrand apparent friction coefficient
(C). Furthermore,Nu and C increase with increasing surface roughness and surface
hydrophilicity, and more significant increase at larggx Experimentally, linear increase
betweerNu andReat very low value oRe(10 <Re< 100), atRe> 100 (100 <Re<1500) the
increase rate oNu decreases. From experimenik$y dimensionless corlation andC are

represented in Egs. (2.1®.12) as follows:

At 10 <Re< 100

8 8 8 8
- w w - (@)
oy o -Yngzg v 8 : —_ —_ 2.10
DO O V| P o O (@) 0 ( )
At 100 <Re< 1500
8 8 8 8
. W W - @)
w oy [14 -Y-gjs 51 8 : R _ 2.11
DO O Ll P& o) 0 0 &1

At 10 <Re< 1500
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(2.12)

I O 0

For silicon surfaced ¢, 6 1T @0 v &

(b 38 w 38 8 0 38
V)

For thermal oxide surfaces: @&, 0 ULV 8,0 UL T&n

W, andO are the top width, bottom width and depth odpezoidal micrechannel
respectively.

Kandlikar et al[75] studied the effect of surface roughness on characteristics of heat transfer
and presure drop of stainless steel tubes with inner diameters of 0.62mm and 1.067mm using
distilled water as working fluid. Acid solutions used to etch the tubes to achieve three different
roughness for both tube diameters. For 0.62mm diameter the surfaceessighries between
0.00161 and 0.00355 while for 1.067mm diameter the surface roughness varies between 0.00178
and 0.00281. The value Beranges between 900 to 3000 for 0.62mm diameter \Ratanges
between 500 to 2600 for 1.067mm diameter. Surfacghmess effect on heat transfer and
pressure drop was negligible for larger tube but not for the smaller one. At 0.00355 relative
surface roughnest)e highest pressure drop and heat transfer was recorded.

From the literature review on surface roughngssceon MCHS performance, channel with
structured surface roughness enhance the rate of heat transfer due to flow modification and
increase in heat transfer area but with higher pressure drop pehadty can affect the fluid
effective viscosity in turblent flow to increase due to additional frictional forces but negligible

change in laminar flow
2.6 Effect of geometric parameter on MCHS performance

Different studies have been made by researchers to study the effect of geometric modification

on the thermlahydraulicperformance of MCHS as a cooling device.
2.6.1 Crossection channel shape effect on MCHS performance

A remarkable effect of size and shape of channel cross section on the thermal and hydrodynamic
performance of MCHS were reported ovee tyears. For this subchapter, different channel
shapes of rectangular, circular and triangular will be discussed to understand its effect on thermal

performance using both experimental and numerical analysis.

Jiang et al[76] used experimental method to investigate the behaviour of microfluid flow using
different shapes of microhannel ©oss section (circular, triangular, rectangular and

trapezoidal). Micrechannels were etched using silicon material and glass wafer utilised for
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bonding purpose. All shapes except circular bear the same range of height betwaenatsl4

46um, width betwee 25um and 100um and length between 2.5mm and 10mm. For circular
shape, the diameter is varied between the range between 0.008mm and 0.042mm with length
varied between 1cm and 10cm. Friction factor for experimental data showed good agreement

with theoretial equation.

Jiang et al[77] performed another study on MCHS with trapezoidal and circular-sexgson

shapes using experimental method under the regime of laminar flow and water as coolant. The
O isvaried to be between 35um and 120um \M#ranges between 1Re< 30. The coefficient

of friction shows good agreement between experimental measurement and theoretical prediction.
The Poiseuille numbed(¢ "®Y Nis affected by shape and sizef the cross section as well

as the length for trapezoidal case. The measurements of friction factor for experimental data has

lower value compared with conventional theory due to mitrannel surface roughness.

Qu et al[78] experimentally studied the characteristics of water flow through trapezoidal silicon
micro-channels with heating source on three walls. Theanges between 51um and 169um

and a sidewall angle at 54.The measurkfriction factor and pressure drop are compared to
the conventional laminar flow theory predictions at steady state condition. The pressure gradient
and flow friction in micrechannels from experimental data have larger value compared with
numericalcalaulations due to the surface roughness effect of mibemnels. Qu et a[79]
continue the experiments on the study of heat transfer characteristics for the same test sections
using trapezalal micrachannels and water as coolant. The data collected from the experiments
were compared with the numerical calculations from the solution obtained using conjugate heat
transfer analysis. From the comparison, the Nusselt nurNibeffom experimentatlata was
significantly lower than the numerical data due to the surface roughness effects on the walls of
micro-channel. To interpret the experimental data a roughkvissssity model was proposed for

both experimental and numerical studies. From thetsgeskperimental data and predictions
showed good correlation for botkiu and friction factor when an adjusted water viscosity

introduced taking account for micahannels surface roughness.

Zhuo et al[80] usedthefinite volume method (FVM) to analyse theBlaminar fluid flow and

heat transfer characteristics of symmetric silicon matrannels using trapezoidal and triangular

crosssections. Goodagreement achieved from numerical results obtained with data from

experimental analysis by Wu and Chejrg]. An assumption made for constant thermal

properties of theolid and water except the viscosity of water which is temperature dependent.

Numerically, the results show that highest intensity of heat transfer between fluid and solid
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recorded at the inlet of both triangular and trapezoidal «essons but decreasalong the
direction of flow. At fully developed region, the heat transfer coefficient for raheomnel with
trapezoidal crossection is higher than the triangular one which indicate the -sexg®nal

effect on thermal performance of miechannel syem.

Alfaryjat et al.[81] used three different cros®ctional profile shapes of hexagonal, circular and
rhombus MCHS (refdfigure2-3). With Reynolds number ranging between 100 and 1000 while
having constant heat flux of 500kW4nfrrom their findings, the rhombus profile shape MCHS

has the lowest average temperature distribution and top wall temperature due to the larger
rhombus crossectional area for higher heat transfer between solid and fluid domains. For the
smallest channelthe hexagonal profile shape MCHS possesses the highest heat transfer
coefficient and pressure drop compared to the other two profile shapes. Even though all of the
profile shapes has the same hydraulic diameter, looking as hexagonal profile shape MCHS, the
vertical distance between the top and bottom walls as well as horizontal distance between two
vertexes are significantly smaller compared to the other two profile shapes, hence, the hexagonal
profile shape lead to high velocity of fluid inducing highenwective heat transfer and friction
factor. The rhombus profile shape MCHS has the lowest both thermal resistance and friction
factor followed by hexagonal and circular profile shapes MCHS. To conclude, the hexagonal
profile shape MCHS, has the highesttiteansfer coefficient while having highest pressure drop
while rhombus profile shape MCHS has the lowest thermal resistance, pressure drop, friction

factor and temperature distribution.
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Figure 2-3: Shows the rhombus, circular and hexagonal cresstion profile shapes MCHS
[81].

Gunnasegaran et §2] investigated the effect of changing the cresstional profile shapes of
micro-channels on the thermhldraulic performance of heat sink. They have considered the
profile shapes of rectangular, triangular and trapezoidal respectivelyRigdee2-4). Different
geometrical parameters of height of chani@) width of channelp , andO were tested. From
their findings, at the smallest size®@f the MCHS with rectangular shape profile possesses the
highest coefficient of heat transfer value which is followed by trapezoidal and triashafzes.

The dimensionless parameters of width to height rati¢ 0) for rectangular profile, affects
the Poiseuille number (multiplication of friction factor and Reynolds number) significantly
where ato | 'O  0.974, Poiseuille nuber is the highest andatj 'O  0.391, the Poiseuille

number is the lowest. This is due the at highgr'O, the flow area decreases inducing higher
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vortex effect, thus, led to higher friction factor. For the ratios of hemtdp (G &), bottomto-

top (@ &) and lengtkto-hydraulic diameter{j ‘O ), the Poiseuille number decreases wig

and0j ‘O increases, andj ®decreases. For the triangular shape, the increase of tip Jangle,

will lead to the icrease of Poiseuille number. They have also concluded that overall heat transfer

augmentation can be achieved by using rectangular shape with trapezoidal and triangular shapes

come second and third.
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Figure 2-4: Shows the different micrchannel profile shapes of rectangular, trapezoidal and

triangular tested82] .

Wang et al.[83] also investigated the rectangular, trapezoidal and triangular shaped micro

channel profiles. They have concluded that miannel crossectional profile shape have

great effect onto the thermhydraulic performance of MCHS. From their findings, all profile

shapes with high aspect ratio, long wetted perimeter and €mailill lead to low total thermal

26



resistance and large pressure drop. The rectangular profile has the lowest total thermal resistance
while triangular is the highest and trapezoidal in between when they have the same porosity,
channels number, area@bsssection and . Even though, rectangular profile has the lowest
thermal resistance but with expanse of high pressure drop while the triangular profile has the

lowest pressure drop.

From this sukchapter, different crossectional profile shapesf channel have been tested by
researchers to study its effect on the performance of MCHS while comparing the numerical with
experimental resultsSome of the parameters such as Nusselt number and friction factor have
different values between experimerdald numerical resuldue to surface roughness eftdat
conclusion, le triangular crossectional profile has lowest pressure drop but highest thermal
resistanceThe crosssectional profile shapes ofiambusand hexagonal shows promising in
improvingthe heat transfer performance of heat sinll rectangular crosectional profile has

the lowest thermal resistance value with high pressure throg, for simplicity of this work the

rectangular profile shape is used.
2.6.2  Aspect ratios effeat® MCHS performance

Wang and Pen{4] performed experiments to study the heat transfer characteristics on six
singlephase micrachannel heat sink made of plate of stainless steelrdadmd convective
condition. The plate dimensions are 125mm long and 18mm wide. Eachchamael has the

same size of height (0.7mm) but varied widths. The length and thickness were 45mm and 2mm
respectively. Different combinations of miecbannel chiacteristics were tested (Height (mm),
Width (mm) and number of channels) (0.7, 0.8, 4), (0.7, 0.6, 4), (0.7, 0.4, 4), (0.7, 0.4, 6), (0.7,
0.2, 4) and (0.7, 0.2, 6). There were four or six mirannels possessing the same geometry
which are even distriied onto the plate. Deionised water and methanol were used as working
fluid with velocity of 0.2 to 2.1 m/s and 0.2 to 1.5 m/s respectively. Working liquid temperature
for deionised water ranges betweel.@nd 38C while methanol ranges betweer’@4and

19°C. From the results, a considerable insight and significant data obtained gives an
understanding on the behaviour of forced convective flow. The variation of heat transfer resulted
in three different trends observed when using the robhamnels. Forhe first trend using
combination of (0.7, 0.8, 4), coefficient of heat transfer has a smooth increase with temperature
of wall. For the second trend of (0.7, 0.6, 4), (0.7, 0.4, 4) and (0.7, 0.4, 6), the coefficient of heat
transfer has a steep increaséoat temperature of wall while having moderate increase at high
temperature of wall. For the third trend of (0.7, 0.2, 4) and (0.7, 0.2, 6), a decrease of coefficient
of heat transfer observed first and then increase moderately when temperature ofeaséohc
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A conclusion made where the characteristics of heat transfer for laminar and transitional region
are significantly more complex in comparison with conventional channel. The conclusion was
supported with fluid thermphysical properties change due the large variation of the
temperature of liquid along micrchannel length. The start of turbulent flow occurredRat
between 1000 and 1500 which is so much earlier for the flow of liquid in voi@onelsvhich

is commonly at Reynolds number of 408t beyond.

Peng et al[85, 86] studied the heat transfer characteristics and friction flow of rectangular
stainless steel microhannels with water as working fluid using experimental analysisOrhe

is varied between 0.133m and 0.367mm and aspect (&fjaganges between 0.33 and 1.0. As
the flow reached fully developed and steatiyte, measurement were taken for temperature of
liquid, flowrates of liquid, pressures of inlet and outlet, swféemperatures of wall and
substrate heat input. For the calculation of heat transfer coeffidigrat(micrechannel
downstream, two thermocouples used to measure the temperature of fluid athmaiunel inlet

("Ys ) and three thermocouples use&anl measure the local temperature of wal ) at
downstream end. From experimental analysis, deviation of value observed for heat transfer and
flow friction from experimental results with the classical correlations (refer EGs11%). The
laminarheat transfer occurred at 200Re< 700, and fully turbulent convective heat transfer
occurred at 400 Re< 1500. The size dD and® affect significantly on the fluid flow structure.

At laminar flow regime, experimental Nusselt numbdu, values las smaller magnitudes
compared with the predicted values and depende®ephNu is being toR€°2 At turbulent

flow, the experimentaNu has higher value compared with the predicted one even though the
trend captured by the correlation is correct. Taki@s ofh are affected significantly when the
values ofO and® are varied. The optimal value &ffor laminar and turbulent region were
0.75 and 0.5 to 0.75 respectively. For laminar and turbulent flow, the friction factor is
proportional toRe'%®andRe! "?respectively.

2.6.3 Inlet/Outlet arrangeent effect on MCHS performance

The maldistribution of flow caused by headers design and improper channels has a major effect
on performance of thermal and hydraulic parameters of MCHS. Flow of fluid entering on certain
direction can exit on another, deplerg on the locations of inlet and outlet port. For example,

fluid can enter from a direction of vertical inlet and exit from a lateral outlet or vice versa.

Lu and Wand87] considered five inlet configurations f Z-, |-, L-,  a-types (refefFigure
2-5) to study the effect of locations of inlet on the performance of hydrothermal opladés
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with multichannel. Dimensions of cold plates for all inlet configuratiwese the same with
length, width and depth to be 66mm, 60mm, and 7.8mm respectively. The diameters for both
inlet and out port were 5.8mm. Usingype inlet, uniform flow distribution was achieved with
smallest pressure drop and performance of heatfeiawas moderate. Qhe other hand; and

- type inlets gives the largest magnitude of pressure drop and high performance of rate of heat
transfer caused by impingement configuration. Maldistribution flow recorded usiagdZL-

type inlets configurations inducing low perfmance of heat transfer. These observations
featured by the recirculation of flow which induced the significant temperature difference along

cold plate surface and also maldistribution.
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Figure 2-5: Shows lhe inlet and outlet configurations (ajype; (b) Ztype (c) }type; (d) L
type; and (eli-type[87].

Chein and ChefB8] performed 3D numerical analysis on MCHS with different arrangements

of inlet/oulet. Six different arrangements are considered to investigate the heat transfer and flow
of fluid in MCHS using D, I, N, S, U and -Ypes (referFigure 2-6). Fixed size of all six
arrangements of MCHS with deptlength and width to be 0.5mm, 18mm and 6.2mm
respectively. The channel dimensions wére ¢ 1 TtohO T 70 e pua. The
horizontal arrangements of inlet/out(&, I, N and Stype), significant maldistribution observed
leading to noruniform temperature. This observation was caused by the recirculation at corners

of combining and dividing manifolds. On the other hand, thg/pe and Utype (vertical flow
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inlet) configurations provides smaller maldistribution of flow caused by the jet impingement
effect at surface of manifold supressing flow recirculation appearancinTop, the heat sink

with V-type configuration provides best performance of hydrothermal compared with other type
of configurations. All heat sinks investigated, highest temperature located at the heat sink edge

due to no heat dissipation by fluid convent

Figure 2-6: Shows the S, D, N, U andtype configurations for straight rectangular MCHS
[88].

Sehgal et al[89] studied the different flow arrangements effect on the performance of-hydro
thermal of straight rectangular MCHS using experimental method. The flow arrangements
utilised were Sype, Utype, amdl P-type (referFigure2-7). The arrangement of these inlets is
similar to the ones ifrigure 2-5 but with different dimension of inlet size, number of micro
channels usedheight and width of single mictchannel, heating power leading to different fluid

flow mechanisms as well as heat transfer and hydraulic charactefl$tesnagnitude of heat
sources used were 125W, 225W and 375W applied at heat sink bottom withR224 K121.

The Utype arrangement induces the highest rate of heat transfer compared with the other two
configurations. This is contributed by the fact thatylde arrangement provides longest path of
fluid flow giving the highest absorption of heat byifl. Highest pressure drop recoded when
using the Sype due to the direction of fluid changes in two bends. Usitgp® arrangement
provides the lowest pressure drop with acceptable performance of heat transfer rate, becoming

the optimal condition for ggications.

Figure 2-7: Shows the flow arrangements of straight rectangular MCHS with {gp¥ (b) S

type (c) Ptype[89].
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Vinodhan and Rajaf®0]carried out numerical analysis on newly constructed MCHS with four
different configurations comprising of four compartments where each compartment has distinct
liquid inlet and outlet plenums (refdfigure 2-8) and its performance is compared to
conventional MCHS. Under applied heat flux of 100 W/evith constant pumping power, the
thermal resistances of the new design configurations recorded are lowerrednith
conventional MCHS. The substrate temperature gradient also appeared to be lower relative to

conventional MCHS.
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Figure 2-8: Shows the schematic diagram for different configurations of heat sink.

Anbumeenakshi et al. performed experiments to study the flow distribution over multiple micro
channels with rectangular and trapezoidal as header geometries under different flow rates at
different inlet flow arrangements. From the experimental analysishtne used 25 rectangular
channels with dimensions of 100mm in length, 4.2mm in depth of channel and 0.42mm width
of channel. From their CFD study, the results is in agreement with experimental study. They
have found from experiments carried out where MBOMth rectangular header induce more

flow maldistribution compared with trapezoidal header
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From this sukchapter, the flow maldistribution affects the MCHS performance greatly to
deteriorate when inappropriate manifold designs are used. FfpelUnletarrangement from
[89], V-type inlet arrangement fro88] and kype inlet arrangemen87] have the highest
thermal performance. The-type arrangement is used in this work for both single and double
inlet-outlet serpentine mirgchannel heat sink for its high thermal performaircg89] and

smallest pressure drop [87].
2.7 Nanofluid effects on MCHS performance

Adding additives to working fluid has been one of the method to improve the heat transfer rate
in microfluidic cooling devices. Thus, one possible solution is by improving the working fluids
thermal conductivity. Nanofluids, i.e., nanoparticles are suspenttethe liquid such as water
ethylene glycol, oil and water, have been effective caused by improved thermophysical
properties, enhancing the coefficient of convective heat transfer since has larger viscosities and
thermal conductivities compared to cemtional fluids. Nanofluid comprises of base fluid and
nanosize particles (metallic or nemetallic). The standard nanoparticles used among by many
researchers consisting of metal, Ag, Au, Fe, Al, and Cu; metal oxide€uO, AbO3, F&Os4,

FeOs, SIO,;, TiO2, and ZrQ; nitride ceramic$ SiN and AIN; carbide cerami@sTiC and SiC;
carbon based materidlsgraphite, carbon nanotubes and diamf8id. The use of suspended
nanoparticles in liquids has been a tremendously researched due to the proven etaibilit

when nanoparticles with small volume fraction utili$@d].

Lee and Mudawaf93] performed an investigation on straight rectangular MCHS using two
different AbO3z nanoparticles concentration (1% and 2%) with water as base fluid on the effect
to coefficient of heat transfer. The miecbannels (twentpne channels) were etched apper

plate with dimensions of length and width to be 4.48cm and 1cm respectively-dVienoels
crosssectional area was 821um deep and 215um wide REveere set to be between 140 and
941 with total power ranges between 100W and 300W. The inlet tetummenaas set to be 30

with inlet and outlet pressure as 1-1.B6bar and 1.12bar respectively. The results consisting of
analysis on both singl@and twephase convective heat transfer.

From results, at the entrance region the heat transfer coefficgasnénhanced due to the high
thermal conductivity of nanoparticles, while at downstream only small effect of nanoparticles
on to the development of thermal boundary layer. Using 2% concentration@y iAlwater
improve the heat transfer by 13%. For tamsRe the increase in concentration of nanoparticles
would induced the increase in singlbase pressure drop compared to only using base fluid

(water). No clear influence recorded on the effect of increasing nanoparticles concentration to
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the friction factor. It was noticed that heat flux increment has no significant effect on to the
coefficient of heat transfer for pure water but significant effect observed when using nanofluid
and higher concentration of Az would give a greater effect. For singlgase turbulent flow
regime, weak heat transfer improvement when using nanofluids compared with laminar flow.
The coefficient of heat transfer has weaker dependence on thermal conductivity at high fluid
velocity and specific heat is decreased. Pressureiglioprease when using nafiaid due to

higher pumping power to push heavier liquid.

For two-phase cooling, the use of nanoparticles in MCHS is not recommended. Even though
these particles are very small, it can cause a catastrophic failure for thegxyaiem when

boiling reached when nanoparticles are deposited in large clusters near exit of channel because
of the localized evaporation. Nanoparticles will prevent coolant from entering the heat sink as

they will fill the entire space of microhannels.

Jung et al[92] investigated the effect of AD3: nanoparticles (170nm diameter) suspension on
the friction factor and coefficient of heat transfer in straight rectangularofti@nnels.
Different volume of fraction of particles were tested to study the effect of nanoparticles volume
fraction ¢ ) on the convective heat transfer and fluid flow structure. At 1.8% gAlolume
fraction within the base fluid (water), under liaar flow regime, the measured convective
coefficient of heat transfer improved by 32% compared to only using distilled water, with
tolerable rise of friction loss. Considering nanopatrticles volume fraction, the Nusselt number,

Nu, measurements for diffenenanofluids under the regime of laminar flow was correlated:

06 mdrpet?® YP0Oi8 (2.13)
Mohammed et a[94] numerically investigated the laminar nanofluids flamd characteristics
of heat transfer using MCHS with triangular shape esestion and aluminium as substrate.
Water is used as base fluid with suspension of different nanofluids particles such asOAg, Al
CuO, diamond, TiO and St 2% of volume fretion. From results, it is preferred to have
dispersion of diamond nanoparticles attaining the overall enhancement of heat transfer.
Furthermore, Ag nanoparticles dispersion in water provides low pressure drop and low wall

shear stress in comparison witlre water.

Even though, the use of nanofluid particles are very efficient in improving the performance of
heat transfer by increasing the thermal conductivity but the pressure drop induced is very high
compared to the use conventional liquid such as whlere are still challenges where particle

sedimentation, erosion, fouling and channel clogging occurs.
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2.8 Micro PinFins and Offsetrip Fins effect on MCHS performance

The application of micrscale protruded out of surface gin has been significantug to its
effectiveness in removing heat. Different crgsstion shapes of fins such as circles, squares,
rhombus, elliptical, eyeshaped, and ssi@ped are utilised. High thermal conductivity materials
such as aluminium, silicon and copper used as iaibsfThis type of heat sinks provide larger
surface area for heat transfer and flow interruption for better thermal performance due to fluid
mixing. For heat transfer improvement, micro-films can be represented by different sizes and

shapes as well aBfferent patterns of fins (staggered and aligned).

Peles at al[95] considered pifin micro heat sink studying its pressut®p and convective

heat transfer using experimental analysis and compare the thermal resistance with MCHS (refer
Figure2-9). From results, the thermoydraulic performance for pifin (cylindrical shape) heat

sink is greater than MCHS due to high heat fluxes removed without having large rise in wall
temperature across heat sink. For fin diameters larger than 50um, less sensitive thermal
resistance change towards fin diameter variation and short pins need talberusereased

efficiency.

Ab

Flow in Silicon

block tw

Figure 2-9: Shows the -® schematic view of micro piim heat sin95] .

Colgan et al[96] bondedsinglephase flow offset strip fin silicon micrchannel cooler on top

of high power density chip with heat flux value of 300WAdnefer Figure2-10). |[From their
analysis, offset strip fins provides several timgher heat transfer enhancement compared to
plain micreachannel, depending on the length of fin, but at higher pressure drop penalty. To
maintain reasonable pressure drop, the length of flow was kept short using several entry and exit

ports.
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Figure 2-10: Shows the rendered3 micro-channel cooler assemil96] .

Sin-Ho et al.[97] and Qu and SHHo [98, 99]experimentally investigated the heat transfer and
pressure drop charaetstics of singlegphase flow micro pifin heat sinks. Their work comprises

of an array of 1950 staggered square micrefipis, which has individual crossectional area of
0.2 x 0.2mm and height of 0.67mm. The work [87] considered the range Beto be between

93 and 634 while ifi98, 99] consideredRerange between 46 and 180 at two temperatures of
30°C and 60C. From the results of the experiment, Qu andFBiLcome otiwith more accurate

heat transfer correlations at Id®e(Re< 1000) as follows:

6o mrcg WP Oi) (2.14)

06 m8rg tY@P 01f (2.15)

WhereY Q is averagdke WaterPr at average water bulk temperature and average micro pin

h

fin temperature aré iy, and0 iy respectively term is called property correction

factor taking accourvaried property of fluid effect on heat transfer. The local Nusselt number,
Nu, prediction from the two correlation has mean absolute error (MAE) of 13.7% and 13.0%
respectively. The newly proposed correlation for friction factor of micrefipimrray (Q )

provides good agreement with 6.9% of MAE which is as follows:

N BIWQ? (18)
Nguyen et al[100] studied the behavioumd heat transfer improvement of nanofluid using
Al>03 nanopatrticles in distilled water on copper-fimheat sink using experimental analysis.
Two different particle diameters (36nm and 47nm) and varied concentration of nanoparticles
volume were considedein the experiment under singidase turbulent flow regime. From
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experiments, the increase of particle volume concentration resulted in decrease of the heated
block average temperature. At mass flow rates of 0.06kg/s, average temperature of heated block
has values of 40°@, 39.3C, 38.7PC and 37.% respectively for nanofluids with water at
particle concentration of 1%, 3.1% and 6.8% respectively. Coefficient of heat transfer increased
by 40% using 6.8% of particle volume concentration compared wheg dsstilled water.

Particle size influence on the heat transfer behaviour also investigated only by using 6.8% of
particle volume concentration. More rate of heat transfer achieved when smaller particle size is
utilised. Using 36nm particle diameter givegher convective heat transfer coefficients

compared with 47nm diameter.

Rubio Jimenez et aJ101] considered online and offset micro gin heat sinks in variable
configurations of fin density using numerical analysis for cooling IC with area of 10 x A0mm
For individual coniguration, it is split into three zones &f, Sll, and SllI with varied densities
(referFigure2-11). Water was used as working fluid with singlease under laminar flow for

flow condition which is nordevelopedFins number of 4748 was used with radius of 25um on
silicon substrate with thickness of 200 and divided into three different sections along the
direction of flow. The sizes of 20, 100 and 200um were used for width, length and height
respectively. Formathn of fins on the MCHS with 33 rectangular channels, 1.0 aspect ratio and

100um for space between channels.

Thermal resistance as low as 0.1K/W achieved at 0.45W pumping power when offset micro pin
fin is utilised. More uniform temperature profile accorsipéd using offset micro pifin
configuration compared with the online fin arrangement. This is due to the fact that large part of
fluid passing through straight gaps between fins which has less fluid disturbance breaking the
boundary layer. Fluid interion between water and fins walls is reduced greatly, affecting the
diffusion of heatHowever, it is not recommended to use offset micrefipimeat sink agven

large pressure drop is induced to cdolwn systento get thermal resistance lower thankO\W .

This will lead to inefficiency of the overall thermlaydraulic performance.
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On-line fin configuration
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Figure 2-11: Shows the configurations of online and offset micrefipitneat sin101].

Yu et al.[102] investigated the use of Piranha Pin Fins (PPFs) within reicamnel under
singlephase fluid flow (refeFigure2-12). The Reynolds number raeg between 508 to 2114
depending on the hydraulic diameter of channel. Using CFD analysis the conjugate heat transfer
model was developed where the correlation between experimental results is achieved. The
Nusselt number and friction factor calculated frBRF heat sink were compared conventional
straight pinfin channels available correlations. From their findings, PPFs heat sink possesses
higher friction factor compared to plain channel. However, the friction factor obtained is still so
much lower when aopared with friction factor obtained by Kosar et [403], Chilto and
Generauq104], Metzger et al[105], and Jacolpl06]. The of PPFs improves heat transfer due

to the heat spreads on a larger area mixing with cold region of fluid. To add, the PPFs extrusion

breaks the velocity fielthducing the separations and mixing for better rate of heat transfer.

Yang et al. investigated five different staggeredfpirconfigurations using both experimental

and numerical methods. The configurations include circle, hexagon, pentagon, sguare an
triangle geometries respectively. On the top surface of MCHS, uniform heat flux was applied
while the coolant used was deionised water. From the results, the staggered hexadmsal pin
heat sink shows the lowest thermal resistance while having theengstrature uniformity on

the top surface of the chip. On the other hand, the staggered circuigasgieat sink shows the
lowest pressure drop and while having flow that is continuous and stable. From the staggered

triangular pinfins heat sink, theighest blocking effect occurs when coolant flows due to the
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existence of adjacent pfins which contributes to the narrowest channel and back side area that

is very large inducing pressure drop increase
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Figure 2-12: Shows the Piranha Pin Fins (PPFs) heat sink defl§2].

Fromthis subchapter, it can be seen that4iims heat sink has the ity to transfer heat to
coolant effectively due to the large surface area and continuous breaking boundary layers
improving heat transfer. Within this work, the secondary channels are used within serpentine
mini-channel heat sink which technically congethe serpentine design into finned designs
which has been shown briefly in Chapter 1 which can be referred from Figui@ Rigure 17
respectively. The secondary channels help in breaking boundary layers continuously and

increase the area for heatrisfer to occur.
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2.9 Method of heat augmentation to improve MCHS performance

The use of MCHS with conventional straight rectangular has reached its limit for electronics

cooling due to the increase in surface temperature along direction of flow, whemneffiof

MCHS is limited. For convective heat transfer enhancement, flow disruption offers a good

solution to improve convective heat transfer with more homogeneous distribution of temperature

along direction of flow due thydrodynamic and thermal bounddayers are reinitialised.

The augmentation techniques are used to achieve the following objectives of: (1) prime surface
area reduction (2) approach temperature reduction for process streams (3) pumping power
consumption reduction (4) heat transfer cayammplification. In general, the mechanisms of

heat transfer augmentation can be categorised into three major division: (i) active method (ii)

passive method and (iii) hybrid methdd7].

Active method reques external power input to maintain enhancement of heat transfer
mechanisms. Passive method does not utilise external power sustaining the characteristics of
thermal enhancement and this method usually performed by increasing the heat transfer surface
area Hybrid method utilises both active and passive methods. In several applications, external
power supply is not easy to implement, thus not much potential owing to design complexity. The
applications of active method comprises fluid stirring, surface tuhraseeded light particles
disturbance by magnetic field, electrostatic fields, jet impingement, cam induced pulsation and
reciprocating plungers, efé08]. The applications of passive method include rough surfaces,
smooth surfaces, extended surfaces, additives for fluids, displaced enhancement devices, coiled
tubes, etd109]. For hybrid method, complex design is required which reduces the number of

applications.

Passive methods, inserts are utilised within flow passage increasing the rate of heat transfer
which is benetfiial and received more attention compared to active methods due to the absence

of power requirement aiding the enhancement. Passive method system is also very simple to be
manufactured110] and easily integrated with existing MCHS. Thus, passive augmentation

techniques review are presented for this section.
2.9.1 Corrugated channel effect on MCHS performance

One of the method to enhance the performance of heat transsergscorrugated channels such
as zigzag, wavy, serpentine and convergdmnergent. Utilising this method, flow mixing
between cold fluid at core region and hot fluid near wall of channel is impj@3dThe
operational principles are explained in this subchapter.

39



Tsuzuki et al[111] optimised the wavy, zigzag anes8aped fins geometry using CFD method.
From the study, angle of figuiding wing, length, thickness and roundness were varied. The
performance of thermal and hydraulic are measure using heat transfer and pressure drop
calculation. From results, the angle of fin parameter showed the most influence on the micro

channel heagxchanger thermal performance.

Sui et al[112] numerically studied the laminar water flow and heat transfer characteristics of 3

D wavy micrachannels with crossection of rectangular shapeder constant wall temperature

and conjugate conditions and constant wall heat flux (Refgmre2-13). From the figure, the
conjugate domain is described as differentdatmains with different thermal propersi which
coupled together suing heat transfer equations to describe the thermal energy transfer among
them From the study, generplrpose finitevolume based CFD was used to solve the Navier
Stokes equations. Dynamical system technique (Poincaré seasimy plane or surface where

fluid trajectory intersects periodicajlyvas utilised to analyse the fluid mixing. From results,
during the flow of liquid coolant through the wavy channel the secondary flow may change
considerably along the direction tbw channel. This will lead to chaotic advection based on
Poincaré sections technique, which will significantly improve the convective fluid mixing,
therefore, higher performance of heat transfer with greatly lowered pressure drop penalty

compared with cavectional straight micrghannels achieved.
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Figure 2-13. Shows the wavy MCHS cressctional view112].

Sui et al.[113] continued their investigation using experimental method to study the friction

flow and heat transfer of three wavy miarioannels with rectangular cressction using
deionised water as working fluid. The test pieces has dimensions of width and depth of 205um
and 4040m respectively and varied wavelength
made from copper with 6062 wavy micrechannels arranged in parall&he Reused ranges

between 300 and 800. Using wavy mictmannels had superior heat transfer performance
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compared to straight micichannels. Experimental analysis were also carried out for validation
purpose and good agreement achieved between expealmatat and-® conjugate simulations

results.

Mohammed et a[114] used FVM method to solve the numerical analysis-bf @eadystate

and conjugate heat transfer governing equations. Different channel shapes used (zigzag, curvy
and step micrehannels) to compare the performance of such channel with straight and wavy
channels (RefelFigure 2-14). To analyse the performance of MCHS, the parameters of
temperature profile, pressure drop, heat transfer coefficient, friction factor and wall shear stress
were used. From results, the pressure drop penalty of tested channel comparedrtoorah

straight MCHS is higher.

Figure 2-14: Shows the heat sink schematic view (a) zigzag channels (b) curvy channels (c)
step channelgl14].

Yong and Ted115] used numerical (CFD), theoretical and experimental study on heat transfer
of convergingdiverging channels with rectangular cregstions under fully developed flow.
They used 15 to 20 converghdgverging passages, with 15 to 20 convergiingerging
repeating units of each passage. Constant wavelength used at 1.5mrRiguekeR-15). The
simulations of heat transfer performed under constant wall temperature condition with water as
coolant. Different channel aspect ratios used to study its effect on recirculating vortices
transformation and flow behaviour. From results, optimal aspectafthannel is between 0.5

to 1.0.
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Figure 2-15: Shows the crossection and D view of MCHS with flow passages of
convergingdiverging typg115].

Also, they investigateche enhancement of heat transfer and pressure penalty of converging
diverging channels with varied amplitude ratios under constant sinusoidal profiles and curvature.
They showed that the improvement of thenmgdiraulic performance by 60% compared to
convertional straight micrechannels. Formation of a pair of symmetrical recirculating vortices

at both lower and upper furrows of channel (rdfegure 2-16). These recirculating vortices
enhances the mixing of fluidhas, improves the rate of heat transfer to reduce the temperature
further which is lower than conventional straight channel heat sink.

Flow

direction -

Figure 2-16. Shows the streamline plots at Re of 100 and[208].

2.9.2  Flow disruption effect on MCHS performance

The disruption of development of hydrodynamic and thermal boundary layers achieved by
introducing flow disturbance techniques. The disrupted flow creates instabilitiesngdbe
augmentation of flow mixing and rate of heat transfer. Many appropriate geometrical
modifications performed to side walls of conventional michannels to promote mixing of

fluid and flow instabilities. Periodic disturbance achieved by usingrugeedwall channel,

offset strip fins, reentrant cavities, ribs, grooves and hybrid of both ribs and grooves along the
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direction of flow which are proven to be effective to disrupt the flow. From the techniques listed,
creation of secondary flow is paske and boundary layer growth disruption, improved leading

edge flow mixing, thus, an increased rate of heat transfer is achieved.

Wirtz et al.[116] and Greiner et a[117] investigated the effect of-grooved micrechannels

on the pressure drop and heat transfer. From results, the Nusselt fvmled pressure drop

of V-grooved channel were higher compered to flat channels. Steinke adtik&g[118, 119]
Kandlikar and Grandgl20] suggested different techniqueoproting heat transfer in MCHS
comprising heat transfer area increment and mixing flow improvement utilising staggered and
interrupted strip fin design. From among the methods, wofklii] covers two techniques for
secondary flow generation in MCHS. Fréfigure2-17 (a), the design proposed includes cross
mixing from neighbouring liquid streams. From ithelesign, secondary channels were
introduced which promote the secondary flow between main channels and this application can
be used in different arrangements of plates and fins. Higore 2-17 (b), Venturi effet is
utilisedwhere fluid pressure is reduced when flowing through constricted section which in this
case is the secondary flow passdg®m these two methods, increasing fluid mixing improves

the convective heat transfer without having large pressoge d

Secondary
— Flow passage
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Figure 2-17: Shows the MCHS schematic view of (a) secondary flow channels (b) Venturi
based secondary flof&18].

The advancement of micihannel structures include douldgiered micrechannels[121],
stacked micrechannelq122], treeshaped micra&channel network§l23, 124] offset stripfin
micro-channelq125], Y-shaped bifurcation plate with miecahannel[126] and micro pinafins

[95, 97, 127, 128have been proposed enhancing the uniformity of temperature ensuring
temperature is well distributed over the entire domain to avoid localh@aging and pressure

drop reduction.
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Within this subChapter 21 and Chapter 2.92, the effect of using corrugated channel and
application of secondary channels have been discussed. These kind of designs will contribute to
the separating and reattachment of fluid breaking the boundary layers for higher heat transfer.
The use of secondary channel is very useful in diverting the flow from the main channel through
the secondary channels which not only improving heat transfer but also reducing pressure drop

by lowering down the fluid velocity within channel.
2.9.2.1 Interruptedwall channel

Xu et al.[129] used new silicon MCHS and compared its performance with conventional heat
sink based orthe distribution of temperature and characteristics of heat transfer using
experimental analysis. The novel work utilised straight MCHS with 10 triangular-chenmanels

along the direction of flow and 5 transverse trapezoid microchambers uses to dhstaitfht
micro-channels into six different zones (relRegure2-18). Transverse micrghannel is used to
disrupt the layer of thermal boundary inducing the coefficient of heat transfer enhancement. The
pressurarop reduced by 27% when using interrupted channel compared to conventional MCHS
design. Low pressure drop was induced by shortened flow length and very low water mass flow
rate. Different parameters of inlet temperature, inlet pressure, mass flow télukeand
pressure drop were varied which were i30C°C, 11 2bar, 534.8i 4132.85kg/m, 10 i
100W/cnt and 10i 100kPa respectively.
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Figure 2-18. Shows the MCHS cross section vié29].

Xu et al.[130] numericallyanalysed the conventional and interrupted channel MCHS studying
the conjugate heat transfer continuing their wofd 20]. From amlysis, mass flux and received

heat predictions were larger by 0.2% and 2% respectively in central channels compared to edge
channels. Redeveloping of hydraulic and thermal boundary layers at each separated zone
entrance, hence, rate of heat transfer mmed in MCHS. Smaller pressure drop in interrupted
MCHS compared to conventional heat sink. Good correlation achieved between numerical

analysis results and experimental data.
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Lee et al[131, 132]Jused the same technique aglib8], but the conventional straight fin miero
channels are split into oblique sections (réfgyure2-19), with one diredbn secondary flow.

The results for new arrangement of MCHS are compared with straight conventional micro
channel and there is an increase by 1.6 of the enhancement f&ter200 with slight pressure

drop penalty. The enhancement factor is defindnagatio of0 6  of oblique fins tol 6

of conventional straight channels. From results, the boundary layer in the main channels was

reduced by oblique sections, triggering thedeselopment of hydrodynamic and thermal

boundarylayersta each oblique findés | eading edge. Fu

of flow is diverted by oblique channels to adjacent main channels, thus, heat transfer was

improved.
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Figure 2-19: Shows the olue fins crossection[131, 132]

Lee et al[133] used sectional oblique fins within MCHS to improve heat transfer. Twablas
were utilised for design optimisation which are the fin pitch and oblique angle. From the results,

smaller of both fin pitch and oblique angle will induce enhanced rate of heat transfer.

Khan et al.[134, 135]investigated the plate heat exchangers for asymmetric and symmetric

chevron angle plates which mixed together with Reynolds number between 500 and 2500. From
the results of experimental analysis, the chevron angle and Reynolds number has significant
effects on the friction factor and coefficient of heat transfer. They have also used these results to

estimate correlation of friction factor and Nusselt number.

From this subchapter, the use of fins are very useful to induce secondary flow and breaking both
hydrodynamic and thermal boundary layer for improved heat transfer which is used in this work.
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2.9.2.2 Cavities in MCHS

Chai et al[136] performed numerical and experimental analysis on the characteristics of heat
transfer and pressure drop of MCHS with-&maped and triangular-entrant cavities. The
cavities are placed periodically with expanseamstriction crossections (refeFigure 2-20).

Ten parallel micrechannels used on MCHS with individual dimensionsiefth and width of
0.2mm and 0.1mm respectively. Thed  of periodic expansiconstriction crossections

has 1.8 times higher compared to straight rectangular fol@onel and acceptable pressure
drop achieved. This was due to the boundargriéormation interruption and larger heat transfer

surface area.

10 |

—
0.1 Rectangular microchannel
T SRR

— 005
Triangular reentrant

m cavities microchannel

Figure 2-20: Shows the rectangular, fan shaped and triangular reentrant cavities micro
channelqd136]. The dimensions are in mm.

For the periodic expansiesonstriction MCHS, low pressured drop recordedeless than 300,

but surged rapidlgt Remore than 300 (300 Re< 750). For component of thermal resistances,
convective and capacitive, showed descending trend when volumetric flowOrajeig
increased for all heat sinks. On the other hand, fixed conductive thermal resistance recorded at
allvalue of0  (referFigure2-21). To add, new design of heat sinks possessed lower convective
thermal resistance compared with the conventional design due to the coefficient of heat transfer

enhancement wheh is increased.
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Figure 2-21: Shows the graph of thermal resistance against punmmomger[136].
Deng et al[137]investigatedthesingphase and perf or mashapedr®@f h e a

entrant copper MCHS using numerical and experimental analysis Figtee 2-22). The heat
sinkdéds thickness, |4mngand20mmrdspestivallyt Heat sink is mad® mm
up of 1 4 -shaped radnttaet Imice¥iannels withO = 781um. Two inlet deionised

water temperatures used weré@@nd 60C atReranges between 1501100. Three different

heat fluxes applied a1CHS6s base ( 1332.Fd hénevapraposeénicio W/ m
channel, heat transfer is enhanced by BD% with reduction of thermal resistance by 22%.

The frictional factor ratios increase by 10%. The enhancement of heat transfer is due to the
separdbn of flow and fluid mixing caused by the throttling effect (fluid flow is restricted by the
narrow sl ot while sudden protrusion between
slot disrupted the layers of hydrodynamic and thermal). To adfbupoth micrechannels,
increase in heat flux would result in the decrease of pressure drop. Cases of higher inlet

temperature showed smaller thermal resistance.
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Figure 2-22: Shows the Computational domachematic diagram of reentrant miecbannels
[137].
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Within subchapter, the use of cavities within mietbannelare very useful to interrupt
boundary layer formation and increase heat transfer area which are useful to improve heat

transfer rate but with the expanse of higher pressure drop.
2.9.2.3 Ribs and grooves in MCHS

Liu et al. conducted an experimentaléstigation on the heat transfer and flow of fluid of
rectangular micrehannels with longitudinal vortex generators (LVGs). TReis varied

between 170 and 1200. The LVGs are installed in five of the rltaonels in the experiment

while the sixth oneas a smooth microhannel. The micrghannels were etched with silicon

wafer with diameter of 101.6mm and thickness of 0.55mm. The length, height and width were
20mm, 0.1mm and 1.5mm respectively while®ei s 0. 18 75 mm. LVGsos | €
were 0.4mm and 0.5mm respectively. Number of LVG pair and angle of attack effect were also
studied.

The transition of laminar to turbulent region using michannel with LVG occurred &eof

600717 720 while smoth micrachannel aReof 2300. The transition of laminar to turbulent
region occurrence can be delayed when changing the angle of attack of one pair of LVG. The
rate of heat transfer were increased using rmetr@nnel with LVG but at higher drop penalty.
From the transition of laminar to turbulent region, the performance of heat transfer was enhanced

by 97 90% with very large pressure drop increase by 369%.

Xie et al.[138] numerically investigated the thermal and fluid flow characteristics of silicon
straight rectangular MCHS with verticatdhaped bifurcation plates under the regime of laminar
flow. The bifurcation installed so th&twill not in contact with the walls of microhannels

(refer Figure 2-23), thus, this will increase the mixing of fluid. Size optimisation study was
performed using design variables of plate lengths and anglesdre Y-shapes bifurcation two

arms aiming to achieve the highest heat transfer while maintaining the pressure drop to be
minimal. The plate lengths were varied to be 10mm, 15mm and 25mm respectively while the
angles were varied to be $®®, 12¢, 15¢ and 180. The silicon MCHS has 100 micro
channels with 35 x 35mimsurface area and 35mm length for removing heat fluxes of
24.49W/cnt and water as base fluid. The fin, height and width of channel were 0.035mm, 0.4mm
and 0.315mm respectively whilethecoper at e and heat sink substra

The arm of bifurcation was set to be 0.15mm (fixed).
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Figure 2-23: Shows the schematic diagram of (a3haped bifurcation mickghannel (b)
vertical fin (c) Y¥-shaped bifurcation profile at 12@nd 180 angles[138].

The predictions from the numerical analysis showed that 2¥yshaped bifuration plates
within micro-channel possessed better performance compared with the other two other
bifurcations plates as well as traditional rectangular metrannel. There was a reduction of
thermal resistance by 41% achieved compared to straightgat@amicrechannel when using

Y -shaped bifurcation. haped with 1800f angle induced the highest thermal performance and
but with the expanse of increased pressure drop.

Chai et al[139] studied the effect of having offset ribs on sidewalls of MCHS on laminar flow
and heat transfer using numerical analysis. They considered five different offset ribs shapes
including semicircular, forward triangular, backward triangular, isosceiasgtlar and
rectangular (referFigure 2-24). From results, MCHS with forward triangular offset ribs
possessed the largest performance evaluation criteria (PIR€)ests than 350, but &emore

than 400 the mio-channels with semicircular offset ribs having the highest PEC.
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Figure 2-24: Shows the dimensions of all of offset fib39].

Ghani @ al. [140] investigated the heat transfer characteristics and fluid flow of MCHS with

sinusoidal cavities and rectangular ribs MCRR) using @ numerical analysis (reféfigure

2-25) . New designos

cavities, with rectangular ribs and conventional rectangular rettaonel. Usig new design,
the mixing of flow was heightened and larger area of heat transfer and flow compared with other
channels. This will help to significantly improve the rate of heat transfer and pressure drop

reduction. They also investigated three geomdtpaeameters of relative rib length, relative rib

per f or ma n c-ehanheh with simusoideh s

c

width and relative cavity amplitude to study the effect on pressure drop and heat transfer. From

results, at an increase in relative cavity, the Nusselt nurileincreases and friction factor

decreasedMoreover, when there is an increase in relative rib length and width rib length, the

friction factor and\u also increases.

Solid
Fluid

(a)
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Figure 2-25: Shows the MESCRR (a) schematic diagrams (b) geometric param§gtéfy.
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From the sukchapter, using ribs and grooves are very beneficial to improve heat transfer since
the flow is disturbed breakirgpundary layers but with the expanse of higher pressure drop due

the channel is constricted.
2.10  Serpentinebased channel on MCHS performance

Serpentindbased channel has been investigated by many researchers as its capability to remove
heat fluxes effectilg compared with conventional straight channel. The key idea behind
utilising the serpentinbased channel MCHS for electronics cooling because of the periodic
interruption on the thermal and hydrodynamic boundary layers at corner or bends. Thus, the
restat of both thermal and hydrodynamic layers periodically, disrupts the formation boundary
layer which constrain the rate of heat transfer in designs for MCHS. Using serpentine channel,
improves the heat transfer performance but at a large rise in presguréaadd up, serpentine
channel MCHS possesses large ratio of surface area for heat transfer to volume due to bends
compared with the conventional heat sink, leading higher absorption of heat from heat source

(e.g. electronics chiglL41].

Hao et al[142] considered gpentine channel heat sink with P8@end to study the thermal
resistance and pressure drop using thermal resistance network analytical model and CFD
analysis (refefFigure 2-26). Thermal resistance network modehsvused to obtain the total
thermal resistance by using equivalent thermal circuit method. The derivation of pressure drop
was based on the straight channel and bend loss which periodically disrupt the hydrodynamics
boundary layer. To consider the lamirfiow development and redevelopment effect, the
coefficient of bend loss is obtained as function of aspect rafgsfins widths and turn
clearances using threegime correlation. Experimental validation for the model conducted by
measuring the heat sifressure and temperature characteristics at diff@eahd parameters
geometry. Lastly, the pressure distribution and temperature Repf600, 1000 and 1500 are

studied using the model.
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Figure 2-26: Shows the schematic diagram of 180 bend serpentine channeD(aje8v model
(b) crosssectional viewW142].

The ratio of§ 0 was varied between 1 and 6 whilej O was varied between 0.25 and 2,
theReis varied between 1000 and 2200. From the experiments conducted, the eight heat sinks
with different valuesofd 0 ,0 j ‘O andRewere verified indicating that the model proposed

was accurate to predict the characteristics of heat transfer. The coefficient of bend loss was
independent oRe The pressure drop and thermal resistance were significantly depenBent of
while less depena on parameters of geometry. For the same heat silkeim&rease from

500 to 1500, the pressure drop also increased form 13kPa to 60kPa. Further optimisation process
can be implemented using the results obtained, noting that the model proposed works fo

p go QTME ULV VjO candpmmMYQ ¢CmT

Imran et al.[143] considered D serpentine minchannel heat sink (SMCHS) optimisation.

Four configurations o SMCHS (A, B, C and D) utilised (refeFigure 2-27). Different
configurations were analysed using both experimental and numerical analysis. All SMCHSs
have the same dimensions of channel with total channel leh@POmm and crossection of

® =4mm andO =5mm. The heat sink has dimensiorbof ® O as 150mm x 100mm

x 10mm. The SMCHS heat sinks have plates for cover and base with insulation at top surface
and uniform heating at bottom surface. Water is used as working Auld CFD technique

used to perform modelling on singbhase forced convection flow with water as working fluid.

The experiments conducted cover the analysis of mass flow rate of water and heat load on the
performance of SMCHS thermal and hydraulic patanse From results, the serpentines with

double inlet and outlet improved the performance of SMCHS significantly compared with single
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inlet and outlet. Configuration A has the worst distribution of temperature with the highest
pressure drop. Heat transtrhancement percentage using configuration B, C and D compared

to A were 136%, 104% and 91% respectively. Pressure drop enhancement using configuration
B, C and D compared to A were 28%, 50% and 47% respectively. The least thermal resistance
achieved wherusing configuration B. Good agreement between numerical and experimental
analysis with percentage difference of 11% and 8% for baseplate temperature and pressure drop

respectively.

.

0
0

B (injet water) WP (Outlet water)
Figure 2-27: Shows the @nfigurations of (a) A (b) B (c) C and (d)[D43].

Al i Neama et al.144] investigated the singlphase flow and hé&ansfer in serpentine micro
channel embedded in copper block with heat applied at the base using combined experimental
and numerical analysis. Four different configurations of serpentine channel utilised of straight
rectangular micra&channels (SRMs), sgle path (SPSMs), double path (DPSMs) and triple path
(TPSMs) multiserpentine rectangular mieohannels (refeFigure2-28 andFigure2-29). For
all serpentine channetonfigurations, a ® conjugate heat transfer models were developed
under both singkphase laminar and turbulent flows. The governing energy and flow equations
were solved by using finite elements method. All heat sinks has surface area dimensions of 41
mm X 45 mm with height (H) of 5.5 mm for straight and 6.5 mm for serpentine designs. The
straight channels have wid{tb ), depth("O ) and length(0 ) of 1 mm, 2 mm and 21 mm
respectively while all of the serpentine designs have wi@th), depth("O ) of 1.5mm and
2mm respectivelyThe0 6  and pressure drop predicted numerically showed good agreement

between experimental data. Using SPSM provides 35% enhanceraemt inwhen volumetric

53



flow rate is at 0.5 I/mmi. The total thermal resistance reduced by 19% when using SPSM
compared with the SRM heat sink. However, the SPSM heat sink induced very large pressure
drop compared to SRM, thus, suitable compromise between the rate of heat transfer and pressure
drop mustbe achievedThe DPSM and TPSM heat sinks has much lower pressure drop
compared to SPSM heat sink due to liquid pressure is being distributed amorapamnels,

hence, reducing the liquid velocity for lower friction factor.

Figure 2-28. Shows the SRM design with dimensions in[h4].
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Figure 2-29: Shows the SPSM, DPSM and TP&8igns with dimesions in mnjl144].

Further work by AINeama et al[145] who considered the use of chevron fins within single
phase flow serpentine mighannel heat sink with copper as substrate (SMCF) which can be
referred inFigure 2-30 to solve the high pressure drop issuglié4]. The three dimensional
conjugate heat transfer models were developed for both serpentinehammel heat sink base
design and the one with chevron fins. Both laminar and turbulent flow regimeast¥é.tFinite
element method is used to solve the flow and energy equations respectively. The copper block
has dimension for width x length x height of 38mm x 38mm x 4 mm respectively. The width of
channelw , height of channel® , and substrate thickne$®, are 1.5 mm, 2 mm and 2 mm
respectively. Using SMCF heat sink offers reduction in both total thermal resistance and pressure
drop by 10% and 60% differences respectively. th@ improved by 15% differencéhe
reduction of total thermal resistance amckease off 6 is due to the continuous breaking of
boundary layers while having larger heat transfer area for higher rate of heat transfer. The
reduction of pressurerap is due to the diversion of fluid through the secondary channels

reducing the fluid velocity within main channel.
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Figure 2-30: Shows the SMCF heat sink design and dimensions.

Cao et al[146] utilised the double inledutlet serpentine mirthannel heat sinkith (D-SMTH)
and without (DSMPF) throughholes for thermahydraulic performance study (ref€igure
2-31(A)). Three different inlet boundary conditions with the same configuration usiBiyIBF
with throughholes of BSMTH O0-8MT HD 6 B &S MaTnHl aeCtésted respectively
(refer Figure 2-31 (B)). For both laminar and turbulent regimes, three dimensional conjugate
heat transfer models were developed. All governing equations were solved using finite element
method. The heat sink substrate material is copper with dimension for width x length x height of
38mm x 38mm x 4 mm respectively. The ramiannel dimensions are made equal to the work
by Al-Neama et al[145]. Based on results, BMTH O06A6 heat sink design
of 0 6 by 13.7% when compared with the SMCF heat sinkld$]. D-SMTH 6 A0 heat
design has the loweSY compared toD-SMTH GO0 B&6SMTWHI 6DC6 heat sin
respectively. BSMTH 6C® heat sink de¥0icogmparddad3-SMIH gni f i
060BO6 heat sink.
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Figure 2-31. Shows the design for (AXSMPF and BSMTH (b) BSMTH configurations.

From this sukchapter, the serpentine michannel heat sink has the ability to reduce thermal
resistance and temperature uniformity due to large surface area from serpentine channel design

and continuous breakingf boundary layers periodically. Many different designs of serpentine
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channel heat sink has been explored with variation themggxbulic performance. Furthermore,

the use of secondary channels within serpentine channel heat sink has been proven ¢o improv
both thermal and hydraulic performance simultaneously due to larger heat transfer area and
continuous breaking of boundary layers while diverting a portion of liquid through the secondary

channels reducing fluid velocity leading to the reduction ofifmctactor.
2.11  Multi-objective optimisatiomnd surrogate modelling

From the reviewed works, it can be concluded that heat sink systems can be classified as a multi
objective optimisation problem where the desired objectives can be achieved based atethe rel
constraints and design variables respectively.cdmmonobjective functions used in the heat

sink application are often total thermal resistari¥e, pressure dropy0, mass,0 , and
temperature distribution, TSD, of heat sink where alheft will be undergo minimisation. Heat

sink miniaturisation will often induce largé) since smaller channel is used, thus this is also
important to the structural integrity of heat sink so that it will not burst. The objective functions
are affected byhe design variables used such as height of channel, width of channel, inlet fluid
velocity, fin angle, heating power and substrate thickness respectively. The utilisation of design
optimisation most often occurs within the automotive and aerospace isdusitice in many
occasions complex problems are always needed to be dealt with. Design optimisation offers
accurate optimisation techniques which is useful in reducing the time period for optimisation of
very sophisticated computational fluid dynamic (CERE)blem[147]. The computational time

for flow simulation can be reduced drastically for example utilising the scdtie wavelet
method providing highly efficient tresferring dynamic (interactions on miesoale level to
simulations of microscopic flow) surrogate modellifigi8] where wavelets are utilised to
decompose objective function into multiple scales and at each scale the solution is modified
iteratively. Furthermore, mulfidelity modelling can also be used to enable geea
computational powel49]. The multifidelity modelling combines both lovidelity and high

fidelity models evaluating the dgtive functions (output variables) to reduce time taken for
computation and resources as well as achieving accurate solutionsfitiélity modelling
includes adaptive sampling, model fusion and surrogate models techniques. Surrogate models
used both lw-fidelity and highfidelity models capturing the relationship between objective
function input design variables. Adaptive sampling utilises-fioelity model to study the
design space and recognising the regions where-fluglity model can used to perm
evaluation. For model fusion techniques, the multiples models predictions are used for obtaining

high accuracy objective function estimatidfor achieving statistical surrogates, Gaussian
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Process (GP) Emulators is very usefsP emulator uses theiginal simulation training data

for learning the probabilistic model of relationship between input design variables and objective
function The advancement of exploration of design space methods proving the feasible
timescales for largscale optimisationAccording to the work by Haftka et §l50], the use of

adjoint methods are effective to solve design problems with large number of desidpesaria
(more than 1000). For design optimisation problem with design variables of less than 100, the
use of surrogate modelling methods is more effective. Surrogate models such as Moving Least
Squares (MLS), Radial Basis Functions (RBFs) and Support Veeohikks (SVMs) are very
efficient for numerical noise minimisation that has a deleterious effeg13. The confidence
around intervals can be determined while the mixed categorical or continuous design variables
is solved efficiently{152]. The use of Supervised Machine Learning (ML) methods are very
efficient for complex fluid flow systems providing very effective surrogate modelling method.
Neural Networks (NNshnd RBFs arehe example of supervised MI153]. The surrogate
models developed with acceptable accuracy will be used within optimisation algorithm (e.g.
Non-Dominated Sorting Algorithril (NSGA-I11)) [154] searching for optimal solution(s) either

for singleobjective or multiobjective optimisations where for mutibjective optimisation the
compromise btween conflicting outputs must be achieved which is also called Pareto optimal
solutions (seeChapter 5for further explanation of optimisation algorithm and surrogate

modelling method).

To conclude, using thmethods of surrogate modelling such as NN, RBF, MLS and SVM is
beneficial to estimate the output variables accurately from the variation of input variables within
the design space while reducing computational time significantly and surrogate modelling will
be used in this work due to the number of input design variables used are less than 100.

2.11.1  Deterministic optimisation of miecbannel heat sink

Optimisation process are very important for achieving the superior performance of heat sink.
Husan and Kim[155] considered the microhannel heat sink with silicon as substrate for
optimisation. To ensure high accuracy and less time consumption, they utilised the surrogates
for immediate approximain. From the surrogate model developed, fin widih | , channel
depth (O ) and width (0 ) are chosen as design variables while having objectives to be
pressure drop and thermal resistance respectively. The design variables werenfazadiby
dividing bothw andw with"O to ber and—respectively. Working fluid chosen was water
where the properties are calculated as function of temperature which was suggested by Li et al.
[156] initially. They have exploited the use of Design of Experiment (DOE) points to create
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surrogates based on the polynomial method. Usingdahelominated sorting genetic algorithm

I (NSGAII) algorithm (evolutionary algorithAbased on biological evolution concept), the
surrogate models are used for optimisation and creating the Pareto optimal solutions. From their
findings, the pressure drop(() and thermal resistanc® () are greatly affected by the change

of ' and—respectively. From the plotted Pareto optimal solutions, it gives a flexibility for more

choices of different constraints of manufacturing and design.

Chen et al[157] use the same design as Li ef{ah8] who uses serpentine channel heat sink for
optimisation purposes. The design variables chosen wangtare of boundary condition (inlet
fluid velocity) and physical dimension change (fin width (), height (O ) and width of
channel ¢ ). The corresponding objectives for the optimisation framework/arand'Y
respectively. Usig artificial swarm fish algorithm, the dataset for the Pareto optimal solutions
are created and being compared experiment&iiyilarly in [156], Pareto optimal solutions

show a conflictingelationship betweeMd and'Y .

Reddy et al[159] investigated the thermdalydraulic performance of pifin heat sink using -3

D conjugate heat transfer model for integrated circuit cooling. Thénsrare varied with three

different shapes of symmetric aiitfband convex lenses and circles respectively (feigure

2-32). The integrated circuit is having dimensions of 4mm by 3mm with uniform heat flux of

500 W/cn? applied underneath. The surrogate modelling is basgdeHar dy 6 s Mul t i g u
(includes multiple quadratic termd$3adial Basis Function method while having Genetic
algorithm to create the Pareto optimal solutions. Design variables chosen are the cross section
pin fin, chip height and fluid inlet velayi while the pumping power and maximum surface
temperature as objectives. The use of symmetnyex lens shape piin offer the most

minimum pressure drop.
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Figure 2-32: Shows the p#iin heat sinksvith different shapes of fin (a) Circular (b)

Symmetric airfoilc) Symmetric convex with only half of t@mputationablomain[159].

Al-Neama et al[144] optimised serpentine mizhannel heat sink. Tlgehave used two design
variables of channel numbes ( ) and width of channeb§ for the minimisation of bottY0

andY simultaneously. The generation of DOE points is based on the Optimal Latin Hypercube
(OLHC) sampling method which Wibe used for the creation of surrogates. Moving Least
Square (MLS) estimation method was used to perform surrogate modelling while having
polynomial of second order bagdulti-objective genetic algorithm (MOGA) is utilised based

on the surrogates credtesearching forPareto optimal pointsAl-Neama et al[38] also
investigated the effect of using chevron fins within serpentine-omnanrel heat sink with an

aim to reduce both total thermal resistance and pressure drop simultaneoushpbjéative
optimisation takes place with obliqgue angle of fi}, (channel numberd( ) and width of
channel ¢ ) as design variables respigely. Same methods 4%44] to create DOE points

and surrogate modelling are being used here. MOGA framework will be used to perform
optimisation for bott0 and’Y . Conflicting objective gives room for designers to choose the

appropriate values for specific applications.

Shi et al.[160] utilises secondary channel teduce both thermal resistance and pressure drop
(refer Figure2-33). They have used the design variables as an angle of secondary chgnnel (
secondary channel half pitch and width of secondary channel whiah moemalised with
respect to the width of micrchannel a§ and respectively. The use of shows the most
significant effect towards the therrfaydraulic performance of heat sink. From the optimisation
process, the reduction of both pumping power #retmal resistance can be achieved with

22.9% and 28.7% differences respectiwghen compared with conventional smooth channel.
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Figure 2-33: Shows the micrghannel heat sink with trapezoidal finagpe[160].

So many other studies have been conducted involving optimisation ofchianmel heat sink

[81, 161, 162] To improve the hydrothermal performance of michannel heat sink, Ahmed

and Ahmed[163] and Fan et al[164] modifies the dimensions of geometry to perform
optimisation. From the recent review by Ahmad et héythave not included the works related

to the optimisation with uncertainty for the desired design variables. This methodology is very
crucial when dealing with manufacturing errors due to the variation of geometry or changing in
boundary conditions whicban definitely effects the performance hydrothermally. The use of
uncertainty within design variables is so important for industry like aerospace and automotive
which practice critical safety.

2.11.2  Probabilistic optimisation of miecbannel heatisk

The two major classifications of uncertainties are called aleatoric and epistemic. For aleatoric
uncertainty, the word originates from Latin
Different names of aleatory uncertainty includes typg (e name comes from classification
system by International Organization for Standardization (IS{educible or stochastic
uncertainty. This type of uncertainty gives the representation of process or system randomness
for example parameters of gedmyewhich are varied caused by the imperfectness of
manufacturing, property constants of material which are uncertain and unpredictable conditions
of weather. Probabilistic theory can easily be used with this kind of uncertainty which is physical
in nature For the other kind of uncertainty called epistemic which originates from Greek word
giving the meaning of knowledge. Other names for epistemic uncertainty are type (B) and
uncertainty which is reducible. Epistemic uncertainty occurs when knowledgeaoedatding
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a field is limited. The lack of understanding of a physical phenomenon or not enough
experimental data for distribution of probability are classified as epistemic unceftegbty

167]. The applicatiorof uncertainty within optimisation framework is very useful for to create
designs which are reliable or robust. The use of uncertainty in optimisation can also called
probabilistic optimisation, nedeterministic optimisation or optimisation under uncetiai
(OUU).

For the last twenty years, the use of probabilistic optimisation method has been increasing. Two
major different formulations of probabilistic design optimisation are ReliaiBiitged Design
Optimisation (RBDO) and Robust Design OptimisatiBDQ) respectively (refdfigure2-34).

RBDO method uses the probabilistic analysis and optimisation method to ensure the products
design are within the reliability requirements while RDO aims to ensure the mitimisathe

effect of uncertainty on system performance benchmd®®, 169] During early 1920s, in

order to increase the production of crops within the agricultural sector, Kisheloped the
method to create DOE with statistical feature. The father of robust design, Dr. Genichi Taguchi,
who found the robust design fundamen{al&0].

Probability density A(f)
limit state
robustne
i reliability
— T T T T 1 Performance, f
E(f)
Figure 2-34: Shows the comparison between robustness and reliability based on probability
density functiorf168].

Previously, structural analigsand optimisation field use probabilistic framework study very
extensively. Doltsinis and Kar{§68], introduced stochastic parameters for the optimisation of

structures usingobust design technique. From the structural response (objective function)
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sensitivity which is measured by means of mean and variance, it is affected by the perturbed
equations under the analysis of stochastic study. They have structured thebjectiie
optimisation using probabilistic framework to perform minimisation of the mean and standard
deviation of the objective functions. The scalar optimisation problem is derived from the multi
criteria optimisation framework and based on optimisation algordahgradient based method
where the solution is acquired. Marano ef{Al.1] considered optimisation of structure using

both deterministic and probalsitic framework for a comparison study within the application of
single tunes mass damper (TMD) device. Under the probabilistic optimisation, that studied both
system performance as well as the uncertainty parameters that affect the sensitivity. From the
probabilistic optimisation influenced design, different solutions are acquired compared to the

deterministic solution, but more robust.
2.11.2.1  Probabilistic optimisation for other field

From the reviewed literature, some researchers have utilisedptbhbabilistic design
optimisation of the aerodynamic field both the statistical moments (mean and standard deviation)
of objective functions minimisation from the pset design variables under uncertainty. Zhao et

al. [172] used numerical method performing probabilistic optimisation for supercritical airfoil
under the conditions of transonic and laminar flow in high region Reynolds number. In order to
predict the bandary layer from the transition of laminar to turbulent flow, they have used the

[ —transition and shear stress transport (S&X) 0 turbulence models for analysis
methodology. Kriging model was used to create surrogates and after that it was used within the
multi-objective optimisation framework of NSGIto search for Pareto aptality solutions.
NASA0412 airfoil type was utilised with the Mach number as an uncertain variable. From the
comparison of airfloil which has been optimised using probabilistic framework, the achievement
of natural laminar flow is possible while havingetldrag coefficient to be reduced. Using
probabilistic optimisation framework also enables the airfoil drag and its divergence
characteristics to achieve a compromised relationship. The values of mean and standard

deviation can be balanced using the moliflective optimisation framework.

Shahbaz et a[170] considered the Rae 2822 airfoil for probabilistic optimisation stuusrev

probabilistic density function was used to creatgdanumber of random samples around each

point of input design variable¥he objective function used were the mean and variance of the

coefficient of drag @ ‘R while the angle of attack and Mach number as design variables

respectively. Using the MC saiing method on the design variables, the mean and variance

were calculated for the corresponding objective functions based on the surrogates formed using
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a Kriging model. Results from probabilistic optimisation were compared with the actual CFD
data, andjood correlation obtained. Tle(&xperience reduction in range between 37.48% and

30.19% respectively when different values of Mach number and angle of attack used.

Chakraborty et al. proposed ledelity (LF) and high fidelity (HF) polynomial correlated

function expansion (PCFE) dar the framework of differential evolution algorithm (DEA). The

LF method is used to calculate the properties of performance functions statistical moments while

HF method is used to find the solution optimisation study. To quantify the performance of the

two newly suggested methods, it was used under the three critical RDO studies, measuring its
performance based on the efficiency and accuracy which in return give more superiority
compared to conventional met hods salesltandas t ¢
Kriging. Using LF method, the estimation of the initial state for RDO problems can defined first
which is very efficient. Next, large scale problem such as hydroelectric dam can be solved using

LF and HF methods.

2.11.2.2  Probabilistic misation of conjugate heat transfer system

Bodla et al.[173] and Sarangi et aJ174] used the probabili optimisation to optimise the
micro-channel heat in terms of its therniidraulic performance. Bodla et H73] used heater

block together with pifin heat sink under the condition of impinging flowhe numerical
method ged to analyse the heat sink was based on CFD analysis and optimisation solutions are
calculated using gradieibtased optimiser called Fletch&eeves conjugate gradient method
(negative gradient is combined with previous search direction so that new deaontion can

be calculated)Surrogate models are created based on the generalised polynomial chaos (gPC)
method which can reduce the computational time of CFD softwaie gPC works by using
polynomial expansion to approximate stochastic processhwimeolves the choosing of
orthogonal polynomials as basis functions. The combination of polynomials expands the
stochastic process which can be utilised to statistical quantities of means and standard deviations
The probabilistic optimisation study ugiakota optimisation platform is based on the nested
approach. Uncertain input parameters can be assessed effectively using probabilistic
optimisation framework within Dakota. The use of robust probabilistic optimisation framework

is to reduce the systefhaictuations when input variables are varied while the reliable framework

deals failure probability when design variables are uncertain.

Sarangi et al[174] considers the parameters of geometry of manifold rebiannel heats sink
for probabilistic optimisation. From their investigation, they used pérmadium model and

simple unitcell model for numerical study. Both deterministic gwdbabilistic optimisation
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framework have been used to search heat sink optimal geometries while having reduction for
both pumping power and thermal resistance respectively. The same probabilistic study as in
[173] is used here=rom the comparison between deterministic and probabilistic optimisation,
heat transfer will be the highest when inlet to outlet ratio is three.

2.12  Chapter summary

The literature review has shown a substantial amount of extensive analysis orthamnel

hed sinks for electronics cooling for the past thirty years using sipiggese flow. Analytical,
experimental and numerical investigations were utilised to assess the thermal and hydraulic
performance of mini/micrehannel heat sink with different shapes gedmetries, working

fluids and materials for substrate based on their behaviours of heat transfer and fluid flow. The
predictions from numerical and experimental analysis has successfully discovered the
essentiality of using singlghase forced convectiomith liquid as base fluid in microhannel

heat sinks compared to conventional heat sink (air cooled heat sink and heat pipes) due to their
ability to removehigher heat fluxes. However, miecohannels having large hydraulic diameter

has low heat transfeoefficients (heat transfer coefficients and hydraulic diameter are inversely
proportional to each other). Thus, having higher heat transfer coefficients would mean higher

pressure drop induced due to more constricted channel resulting in higher ppomperg

Two-phase flow has not been mentioned extensively in the review since our focus is really on
singlephase flow. To sum up, singpase flow has been the popular choice of researchers due

to its effectiveness but there is still plenty room for iaygment.

From the literature review, analysis made from the year of 1981 to 1999 uses mainly more on
the analytical and experimental side. Starting from the year 2000, massive amount of works

exploit the use of numerical simulations study and evolutioalggrithms analysis.

A wide examination on the behaviours of heat transfer and fluid flow using the conventional
micro-channel heat sinks with micghannel crossection shapes of trapezoidal, triangular and
rectangular, the use of miepn-fin heat shks and many other structures of channel between

the inlet and outlet boundaries such as zigzag, wavy and curved are investigated. Very few
studies on serpentine channel heat sink have been found in the literature covering multi
serpentine channel with botound and 18@egree sharp bend channel. Minimal research on
different new configurations of serpentine channel heat sink are shown in the literature and only
one study that covered serpentine channel heat sink with chevrdi4biswhich has been

proven effective in enhancing the heat transfer while reducing the pressure drop at the same time.
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The use of fins are essaily converting the serpentine miahannel heat sink into almost like

a pinfin heat sink design which is very effective in removing heat from systéwst of the
research on serpentine channel heat sinks only covers the singtmubtidét oundary conton

but very little number of papers covering the analysis on doubledatkdt boundary condition
serpentine channel heat sifi&7, 143] and only one paper considers using threhgles
connecting two separated serpentine channels which is effective in reducing total thermal

regstance and pressure drop simultaneo[SH.

The use of serpentine channel heat sink is still in its infatage which has to be explored
further understanding its behaviour in terms of fluid flow and heat transfer characteristics as well
as pressure drop. Thus, the current studies focus on discovering further of using different shaped
fins (oblique (SMOF), tipezoidal (SMTF) and diamond (SMDF) shaped fins) in single-inlet
outlet serpentine channel heat sink on thefinyalraulic performance which are used by
researchers for only straight channel heat §bR%, 132, 175.78].

Furthermore, there is only a single study on double inlet and outlet serpentirgharinel heat
sink with throughholes[37] but no application of secondary flow through secondary channel
utilised together with double inletutlet serpentine mirchannel heat sink which will be
analysed in this investigation work {BMDF heat sink). Next, the use of thgh-holes utilised
together with the same double intaitlet with secondary channel {EMDFTH). All results
from the novel design will be compared with the conventional base serpentineharimel heat
sink designAll serpentine heat sink design with¥e rectangular crossection profile since it is

the most efficient in transferring heat and has a simple design.

The serpentine mirghannel heat sink designs with the most superior themgdriaulic
performance will be used for deterministic and pralistle optimisation framework study. All
results are extracted from the numerical analysisbfc®@mputational simulations of conjugate

heat transfer model available in COMSOL Multiphysics v5.4.
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Chapter 3 Heat and fluid flow fundamentals

3.1  Introduction
The basic concepts comprise of the convection heat transfer physical mechanism, fluid flows
types and boundary layers of velocity and therfia¢ heat sink characteristics of hydraulic and

heat transfer are presentaelow.

3.2 Convection heat transfer

The heatransfer phenomenon can occur through fluids by means of conduction or convection
based on the existence of any bulk fluid motion. If there is motion of bulk fluid, convection heat
transfer occurs (refdtigure3-1 (a) and (b)) while conduction will occur if there is no motion of

bulk fluid (referFigure3-1 (c)). In reality, the heat transfer by convection includes conduction
and fluid motion. The movement of heat stdrtsm the hot surface of solid to the lower
temperature fluid layer at surface by means of conduction and further transfer of heat to the next
layer of lower temperature fluid compared to fluid layer by the surface by means of fluid motion.
Therefore, it ca be concluded that the heat transfer by convection has significantly higher rate
compared to conductida79].

20°C

S m/s Warmer air

— AIR rising

" 0, AR P 0, X

— 50°C e v A -

] \

= d O NP) AN
(a) Forced convection (b) Free convection

No convection
3 currents

AIR

(¢) Conduction

Figure 3-1: Shows the heat transfer mechanism from hot surface solid to the cool air of

surrounding through conduction and convectjdri9].
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Convection heat transfer is dependent on the properties of fluid such as fluid vé¥paigr(sity

("), thermal capacityd ), thermal conductivityQ and dynamic viscosity {. In addition,
geometrical shape, surfaaaighness and fluid flow type also affects the rate of convection heat
transfer. Thus, convection heat transfer has a complex mechfiiSinAs the temperature
difference between hot surface and cold fluid increases, the rate of convection heat transfer
increases and can be defined by Newtonds | aw

0 E 4 4 (3.1)
WhereE is the average convective heat transferjs the heat transfer surface ardajs the

surface temperaturd; is the ambient fluid temperature.

3.3  Fluid flow types basic concept

Fluid mechanics ishe major component of convection heat trandlieid flow types are further
explainedto achieve better understanding on fluid flow behaviour that affects the convection
heat transfer enhancem¢h?9].

3.31 Viscous, stokes and inviscid flow

If fluid viscosity is taken into account, it has a significant effect on the fluid flow behaviour due
to the internal resistance, it is called was flow.The Reynolds number is commonly smaller
than 1 which makes the viscous forces is much larger than inertial forces, but inertial forces is
still significant and important. For stokes flow, the inertial forces are considered insignificant
comparedo viscous forces where particles of fluid move very smoothly and slowly with no
eddies or turbulence are induc€&nh the other hand, inviscid flow holds the assumption of no
viscosity due to its effect is unimportant for certain flows and it is negigibl

3.3.2 External and internal flow

External flow can be described as fluid moving around or over an object with no constraints
from the adjacent surfaces. For internal flow, the fluid is moving through a channel, pipe or duct

where it is surroundedytconfined surfaces.
3.3.3  Compressible and incompressible flow

Flow of gas that vary in fluid density is considered compressible flows such as jet engines, rocket
motors and higispeed crafidue to changes in velocity, temperature and pressure gausin
significant change on properties of fluihe density of fluids that are constamtvery small

change is considered an incompressible flow which is true for fluids at low speeds and pressure
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change has negligible effect on properties of fluid. gtfficiently low of air velocity, it is also

modelled as incompressible flow.
3.3.4  Laminar and turbulent flow

Laminar flow occurs when the fluid particles streams in parallel layers with disturbance between
them. Fluid patrticle layers are moving withianixing among them inducing predictable flow
pattern and highly ordered. The Reynolds number of laminar flow for internal flow is commonly
at less than 2300 and external flow at less than 200080the other hand, turbulent flows
comprises of chaoti@tal fluid velocity fluctuations, inducing fluid layers disruption and-non
orderly flowcausing fluid mixing in many directions and formation of eddies as well as vortices.
Turbulent flow occurs at high speed where the inertial forces dominates the ¥moesswith

high Reynolds number (more than 4000 for internal flow or more than 500000 for external flow).

3.35 Natural and forced flow

Forced convection or forced fluid flow occurs when the fluid is forced to flow using external
mechanical devicsuch as pump or fan (reféigure3-1 (a)). Natural convection (thermosiphon
effect) depends on the buoyancy effect of fluid where warm fluid goes up (less mass due to low
density) and cold fluid goes down (higttEmsity) (refelFigure3-1 (b)).

3.3.6  Steady and unsteady flow

Steady flow occurs when the properiés$luid (velocity, pressure, et not change with time.
For unsteady flow, the flow of fluid having atacteristics of fluid (velog pressure, etc) which

is at anypoint change with time.
3.4  Hydrodynamic and Thermal Entrance Region

For straight rectangular minor microchannel, in order to calculate the coefficient of heat
transfer (Q and pressure droy0, it is very crucial to identify the three major developing flow
structure of thermally developing flow or/and hydrodynamic fully developed flow or both
occurring at the same time. The type of flow can be identified by calculdtentehgth of

hydrodynamic entry({ ) first. Thed is defined as the distance between entrance of channel

and to the location where merging of hydrodynamic boundary layers occurHimefes 3-2).
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Figure 3-2: Shows the developing flow (hydrodynamic and thermal) followed by fully

developed flow (hydrodynamic and thermal) within channel under isothermal corjdBi@n

At the entrance region, the profile of velocity devalofhydrodynamic developing flow).
Velocity profile has the shape of parabolic curve at the region of hydrodynamic entrance. This
profile will stay the same until the flow has reached the fully developed hydrodynamic flow.
Within the regime of laminar flongccording to Shah and Londfi81], they have proposed an

accepted equation to calculate the which is as follows:

0 0 8Yeo (3.2)

Where dimensionless hydrodynamic entry length is denoted byhich is dependent to the
channel gometry aspect ratid § x EA® A— and it is set to be 0.05 before reaching the

conditions of fully developed floyd82]. For rectangular channel, under the regimeaofihar
flow the value ofd can be calculated using equation proposed by Shah and L{t8ibn

which is as follows:

0 e MY mrr Y (3.3)
The entry length of thermal () is also need to be calculatad. has the definitiorf distance
of entrance of channel to the location of merging of thermal boundary layer around centreline
(refer Figure 3-2). Thermal developing flow is located at the entrance region where the
temperature profiledevelops. When the flow is thermally fully developed, thermal profile stays
the same. Under the flow of laminar regirie, is calculated also using the equation proposed

by [181] which is as follows:

0 O sYyeo & i (3.4)
Where the dimensionless length of thermal entry is denotéd bwhere the value is set to be

0.05 based on the proposal of Lealaf183] under the conditions of fully developed flow.
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Looking at the region of fully developed flow both thermally and hydrodynamically, the values
of coefficient of heat transfei(J and friction factor'Q stay equal along the channel length and
are the lowest respective]§¥84]. The temperature and velocity profile developed at the same
time is called simultaneously developing flow (reéfegure3-2). The value of friction factor and
coefficient d heat transfer vary along the direction of flow when simultaneously developing
flow occurs. FromTable3-1 by Rohsenow et a]185] shows the relationships between velocity
and temperature distributions, boundary layers, flow types, fricticiorfand Nusselt number

(0 9 respectively.

Table3-1: Shows the types of flow.

Hvdrodvnamic Flow Dimensionless
y y direction  Friction Thermal temperature Nusselt
Type of Flow Boundary . U
I velocity factor  boundary layer distribution in number
ayer S
distribution the flow
Fully developed Developed Invariant Constant Developed Invariant ~ Constant

flow
Hydrodynamically
developing flow
Thermally
developing flow
Simultaneously
developing flow

Developing Variant ~ Variant
Developed Invariant Constant Developing Variant Variant

Developing Variant ~ Variant Developing Variant Variant

3.5 Boundary layers

The boundary layer concept is crucial in order to understand the heat transfer by convection
between a surface and flow of fluid over it.tms section, the velocity and thermal boundary

layer are described.
3.5.1  Velocity boundary layér ()

FromFigure3-3, it shows the formation of velocity boundary layer when fluid is flowing over
a flat surface. The-axis is representing the direction of fluid flow over flat surface whieig
i s representing the perpendicular flow of

leading edge, fluid velocity is uniform indirection.

Fluid particles velocityd) at first layer (adjacent to flat surface) has zero velocity due-sipo
condition. The first layer will affect the next adjacent fluid layer motion due to the frictional
forces presence from the difference in velocity between fluid layers anddleissp continues

onto the next layers. At a certain distance from the flat surface, the velocity reaches the free
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steam velocity ). This specific distance is the thickness of boundary layerwheno

T80 &Y . Velocity boundary layet () comprises four different flow regions which are laminar
sublayer, buffer layer and turbulent layer and free stream region. The laminar sublayer is a very
thin layer located just above the flat surface and it is also called viscous suldiayerthe lfiid

velocity increases linearly. The laminar sublayer is the closest layer to the solid boundary where
on this layer fluid viscosity dominates other properties of fluid. Laminar sublayer thickness
depends on the fluid viscosity, velocity and solid boupdarface roughnessThe buffer layer

is the layer adjacent to the viscous sublayer and turbulent flow is beginning to déwalop.
buffer sublayer, the fluid velocity increases quickly where fluid flow becomes more turbulent
and has thickness severahés thicker than laminar sublayer. The overlap layer is where the
significant turbulent fluctuations occurs where fluids velocity fluctuates more randomly and
fully turbulent flow. The free stream region has a large distance to the flat surface @vhere

Y. The fluid viscous region is at the flat surface where the fluid velocity i Z&8j
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Boundary layer thickness, &

Figure 3-3: Shows the development of velocity boundary layer on flat sy&Z6¢.

3.5.1.1 Effect of Transition on Local Heat Transfee@icient

Based orFigure 3-4, it is showing the local coefficient of heat transf€) &nd thickness of
velocity boundary layer () for a flow over a flat plate which has a constant temperature
(isothermal).The] is the thin fluid layer formed at solid boundary which has fluid velocity
going from zero to freestream velocifjhe formation of is based on the mrslip boundary
condition. Thé is consisting of laminar sublayer, buffer layer and overlap layer respectively
(see sulsection 3.5.1).To explain simply, boundary layers can be recognised as layer of
insulation. Rate of heat transfer is increase when the boundary layer thickness decreases and vice
versa. In the region of laminar flow, the coefficient of heat transfer has a very high value around
the region of entrance since the thickness of boundary layeero. When the value pf

increase there should be a decrease in the coefficient of heat transfer. Reaching the turbulent
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regime, mixing of fluid occurs (cold and warm fluid mixes) inducing an increase of coefficient
of heat transfer. When the increase again, the dfieient of heat transfer reduces. Looking at

the region of transition, local coefficient of heat transfer increases drastically even though
thickness of boundary layer increases. Explaining this phenomena, the turbulent mixing starts at
the transitionalegion mixing. The mixing of fluid is the greatest during the first stages due to
the thin boundary layer. After that, moving through the plate thickening of boundary layers

continue to rise while fluid mixing still happening but rate of heat transfer alsayradually.
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Figure 3-4: Shows the thickness of velocity boundary layer variation and coefficient of local

heat transfer flow over constant temperature flat p[afj .

3.5.2  Thermal boundary layer ()

From Figure 3-5, cold fluid is flowing with thermal boundary layer formation at certain
temperature uniformity’{ ) over hot flat surfac€Y). Thermal boundary layer possesses similar
formationanalogy of that velocity boundary layer but with temperature difference between flow
fluid and flat surface. The flat surface with heat energy with reach thermal equilibrium with the
flow of fluid layer next to it. The energy exchange will occur with thgtdluid layers and so
on. The thermal boundary layer temperature gradients can be expressed as follows:
Y
4 4

As the distance from leading edge in the direction of flow increases, the thermal boundary layer

T80 0 (3.5)

thickness increases, since the heat transfer effects penetrate further into the flow of fluid. The
conditions and convecohn heat transfer at any distance of x from leading edge are related through
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the application of Fourierdés | aw ad mabe f
follows:

TQ'Q'Y TQ’Q'Y

Q6 Q6 (3.6

Where Q and'Q are the solid flat surface and fluid thermal conductivity respect[t&§§].

R T. Free stream

Thermal
boundary
layer

—X - '['\ —>
Figure 3-5: Shows the development thermal boundary layer on an isothermal flat surface
[186].

3.5.3 Boundary layer separation

To understand the separation of boundary layer phenomenon, the flow of fluid around cylinder
is considered du® its importance in many engineering applications such as circular pinned heat

sinks, shellandtube heat exchangers, bundle circular tubes heat exchangers, etc.

The free stream velocity( ) andupstream velocityd) around cylinder that dependeott the

x distance from the point of stagnation are shown (fféigure 3-6). At stagnation point-{

), the fluid velocity is equal to zero. During the acceleration of fluid flow due to the favourable
pressure grdient (Q O,Q & r[ﬁQ ﬂ,Q & 1), flow of fluid will the maximum velocity a? fl,Q &

1, then deceleration of fluid flow occurs from adverse pressure grag?é'?:k%o TlﬁQ H,Q &

) (referFigure3-7). As the velocity gradient decreases due to deceleration, at certain point it

will reach the value of zer(p(QQ o m) at surface which known as tkeparation point.

At separation point, there is no sufficiency of momentum overcoming #éssyre gradient and

fluid movement continuation downstream is not possible. Furthermore, the fluid flow that keeps
on coming is preventing the flow back upstream, hence the separation of boundary layer must
occur. At downstream region, the boundary laggesates from surface and behind the cylinder,

there are formation of vortices and reversed flb86].
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Figure 3-6: Shows the separation of boundary layer and eddies formation at region of
downstreanj186].
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Figure 3-7: Shows the velocity profile with pressure gradient and sefergiint on cylinder

[186].

3.6  Surface thermal Conditions for heatrtséer by convection

Using constant wall temperature boundary condition and constant heat flux boundary condition,
these two conditions can approximate the thermal conditions on surface which is explained
below. ReferringFigure 3-8, along the tube length, the temperature variations based on these
two conditions is explained. Let say, a tube having diamétearid length§) with fluid flowing

through while having heat convection through the wall of tube, thdysteav energy balance
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equation is applied for a controlled volume of fluid (réfegure3-8) which has been proposed

by Bergman et a[32] as follows:

dq{'anv
Ty \:" ‘_:f Ty + dT;
|
e, T, -I C.v (mp G, (T; + dT;)
ri | : ,JTw
-.x ———
dx |

L

Figure 3-8: Showshe tube with fluid flowing througim a controlled volum¢33].

Heat flow rate through wall + Energy inflow rate = Energy outflow rate

™ as® 8y ad® Y QY (3.7)
Through convection heat transfer, the heat appli¥d ( ) to the controlled volume of fluid is
as follows:
(94 n o (3.8)
Where the ten' Q6 0 'Q.c¥he perimeter of tube is denotedy m] . Based on New

of cooling, heat transfers through convection moving from wall of tube to the stream of fluid can

expressed as follows:

n QY vy (3.9
Using substitubn method, Eq. 3.9 and Eq. 3.8 are substituted into Eq. 3.7 resulting as follows:

ay 0
Qw ad

oY Y (3.10)

3.6.1 Constant Wall Heat Flux (CWHF) Boundary Condition

The wall temperatur€ Y) has a linearalationship with the mean temperature of flundg;() in
the region fully developed flow. Thus, the difference between these two temperature is fixed
(referFigure3-9 (a)). On the other hand, the varied nonlinearly in the fluid flow developing

region.

Under the applied constant wall heat flux (CWHF) boundary condition, the coefficient of

average 2 ) and local Q) heat transfer remained the same within the region of fully
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developed flav. This is caused by the constant fluid properties when fluid flows. The derivative

of Eq. 3.9 with respect tis derived as follows:
aQy Qv

Based on the differentiation of Eq. 3.9 to become Eq. 3.11, it can be deribht the gradient

(3.11)

“Y "Y does not change and the profile of temperature along the tube remained fixed.

3.6.2  Constant Wall Temperature Boundary Condition

From Figure 3-9, the behaviour of the tgmrature plot for constant wall heat flux (CWHF)
boundary condition is different compared with constant wall temperature (CWT) boundary

condition.

Applying integration of Eg. 3.10, two locationscf mandw 0 will give the temperature of

Y Yy and’Y Yy  respectively:

Q'Y Y b
Q4G 3.12
Y Y a® w (3.12)
h
e i
@ty — (3.13)

Where'Y, "Y, Q 0, & andd are wall temperature, fluid temperature, coefficient of heat

transfer, surface area, mass flow rate and specific heat capacity of fluid.
Heat transfer rate can be expressed as follows:
n @Y Y a8 "V “Yh (3.14)

Since the fluid has constant wall temperature boundary condition, the coefficient of heat transfer

is not changed and can be factored outside integral (see Eq. 3.15).

Substituting the term af & from Eq. 3.13 into Eq. 3.14 will result as follows:

@YY (3.15)
The logarithmic mean temperature difference is denotéd Yywhich is expressed as follows:

gy Yo Y Y ¥y
s "Y "Yﬁ i T y,Y (3 16)
a SW VY

WhereY’Y Y "Y; and¥Y'Y Y "Y; respectively.
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To get Eq. 3.16 from Eq. 3.12, the derivation is assumed whestat heat transfer rate along

the length of wall that affect the fluid temperature distribution.
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Figure 3-9: Shows the variation of axial temperature within a channel; (a) Fixed surface heat

flux (b) Fixed temperature of surfa¢e3].

3.7 Different types of Thermal Boundary conditions

The thermal boundary conditions are categorised into three different types. First type, the
boundary condition of wall tengpature is constant, T, where the wall temperature is uniform
circumferentially and axially. Heat flux boundary conditions are the other two types of thermal
boundary conditions. The first wall heat flux boundary condition, islilyhen the wall heat
transkr per unit area is unchanged leading to wall temperature varies with the rate of heat
transfer.The second wall heat flux boundary condition, H2wigen the wall heat transfer is
controlled by coefficient of convective heat transfer depending on thmeeggoand properties

of fluid flow. From Shah and London, they have proposed the Nusselt nuinBecdrrelation

for T, H1 and H2 boundary condition respectively which are as follb8%]:

Vo xdtTp CBHP

(3.17)
b TR LPPHL ME TWTY
00 Yrop cBrrgp
8 o8ty wwo ¢8 X v pd8ru XY (3.18)

™ Y ¢p
0o g op pBTTT
® o@XxWYu pudpyTfo px&¢ PO (3.19)
X @Co
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3.8 Heat transfer and hydraulic characteristics

The characteristics of airflow and heat transfer comprises Reynolds number, total thermal
resistance, pressure drop gaiformance evaluation criteria (PE@jaximumbase temperature

of heat sink (temperature efectronic$, temperature and fluid velocity distribution along the
serpentine channel heat sink. These parameters are crucial to perform the heat sink design

evaluation which can be obtained from flow simulations The factors are as follows:
3.8.1 Reynolds numbeR§

The Reynolds numbeR@ is the ratio of inertial forces to viscous forces which can be expressed
as follows:

" YO

YQ

(3.20)

Where” is the density of of fluid (water) [kg/fy Y is the inlet water velocity (m/3; O is

the hydraulic diameter of channel [m] (refer Eq. 2.1is the water viscosity [kg/m.s].
3.8.2 Prandtl numbert( )

The Prandtl number0()) is a parameter within convection heat transfer analysis which is
dimensionless.0 i is the measure of fluid relative ability for energy and momentum
transportation. The definition af i is the measure afatio of diffusivity of momentum to

diffusivity of heat which can be defined as follows:

01 — (3.21)

Where the specific heat capacity and thermal conductivity are denotied py/kg.K] andQ
[W/m.K] respetively. The Prandtl number can also be defined as the ratio of velocity boundary

layer { ) to the thermal boundary layér () to the power of ¢ which is as follows:

s (3.22)

Where¢ must always be a pdisie number. Referringrigure 3-10, the plots ofd i against
temperature at atmospheric pressure for different fluids are shown. At lawp and within
laminar flow regime, velocity boundary layer is thinner pamed to thermal boundary layer,
meaning fluid has a low viscosity (e.g., mercury) and high conductivity (thermal energy can be
transported easily compared to momentum energy transport). Fob highp, the velocity

boundary layer is thicker comparedhbetmal boundary layer where fluid is viscous (e.g., engine
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oils) and norconductive (momentum energy can be transported easily compared to thermal

energy).

10°
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10°
@
-Q . .
g 10? \ engine oil
c
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72
io* air
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Figure 3-10: Shows the Prandtl numbeb () agairst temperature for different fluid&87].
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8y = 8 8y < Byp

(a) (b)

Figure 3-11: Shows the thickness off hydrodgma and thermal boundary layers @)i>1
(b) U i< 1[33].

Under the regime of turbulent flow, fluid random fluctuations affects the development of
boundary layer significantly but molecule diffusion does not. The thicknesses dfduottary

layers are equal where
3.8.3  Average heat transfer coefficiét ()

The average heat transfer coefficiet () [W/m?.K] can be calculated as follows:

N - (3.23)



Wheren is the tothheat flow supplied through the MCH8 ( 1 6 wherer] is the heat flux

applied at the bottom surface of heatsink [W/amddé i s t he heated surface
bottom surface) [}, 0 s the effective aread( formula is based on design of heat sink

used) [M], "Y};, is the average wall temperature of mitiannel [K] andY;; s the fluid bulk

average temperaturéyf; Yy Yy Q) K]
3.8.4  Aveage Nusselt Numbeb (6 )
The Average Nusselt numbér 6 ) can be expressed as follows:

2 % 3.24
o 0 (3.24)

WhereO is the hydraulic diameter [MQ is the average heat transfer coefficig/m?2.K]

andQ is the thermal conductivity of water measuretvat [W/m.K].

Using water as coolant and under the condition of-fxded heated channel while having fully
developed laminar flow, Shah and Londd81] proposed the correlation of Nudgsaumber

eqguation as follows:

66 UYgop cdrrgp
8 o8ty o ¢8& x v p8ru XY (3.25)
T Y @Fp
Based from Eq. 3.25, it useful to calculate the Nusselt number for the geometries that are
regularly used under the condition of temperature of circumferential wall isdnetdxial wall
heat flux (H1 boundary condition) that is uniform with the heat load of heating on four surface
sides[182]. Under the thermally fully developed flow condition within theinar regime, the

correlation of Nusselt number under the boundary condition of H1 is as follows:

0o Yop pYPYo
O ook v@pt uvdep ¢°
Using the case of heating for three sides of surfaces, which is the real boundary condition, under

(3.26)

the thermally developing flow where the Nusselt number can be calculated basecktation

proposed by Phillipgl88, 189]which is as follows:

. . ey VO 0
00f Wi 0 0f WP =8 . (3.27)

= 5

6

Where under the condition of fully developed region, the Nusselt numbers fesidedr and

threesided heating are denoted byo  and0 6  respectively. All of these values
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can be easily determined using Eg. 3.25 and Eq. 3.26 respectively and using data proposed by
Phillips [190] which can be referred fbable 3-2. The aspect ratio varies between 0.1 40d

respectively

Table3-2: Nusselt numbeunder laminar regime with fully developed flow condition. The
three and four walls experience heat transfer under the H1 boundary condition along with

uniform heat flix axially[190].

6 2 56 r 606 f e P 050 5 06 ¢
O N N ,,O N N
0 8.235 8.235 0.9 3.62 -—-
0.1 6.785 6.939 1 3.608 3.556
0.2 5.738 6.072 1.43 3.75 3.195
0.3 4.99 5.393 2 4.123 3.146
0.4 4.472 4.885 2.5 4.472 3.169
0.5 4.123 4.505 3.33 4.99 3.306
0.6 3.895 -— 5 5.738 3.636
0.7 3.75 3.991 10 6.785 4,252
0.8 3.664 -—- H 8.235 5.385

At a distancan for the foursided heating under the condition of thermally developing region,
the Nusselt number is denoted byo ;. Based on the data ifable3-3, thel 6 values can
be obtained which is suggested by Phil[i89, 190] Thel 6, is calculated based on different

of distance of dimensionless thermal axidl) (@and inverse aspect ratid*() respectively.

Table3-3: Nusselt numbeof developing flow in laminar reginj@89, 190]

8 8 07’ T[fp 07’ P 0’ C 8° @ 8% 1 6°* p T
0.0001 31.6 25.2 23.7 27 26.7 31.4
0.0025 11.2 6.9 9.2 9.9 10.4 119
0.005 9 7.1 7.46 8.02 8.44 10

0.00556 8.8 6.86 7.23 7.76 8.18 9.8
0.00625 8.5 6.6 6.96 7.5 7.92 9.5
0.00714 8.2 6.32 6.68 7.22 7.63 9.3
0.00833 7.9 6.02 6.37 6.92 7.32 9.1
0.01 7.49 5.69 6.05 6.57 7 8.8
0.0125 7.2 5.33 5.7 6.21 6.63 8.6
0.0167 6.7 491 5.28 5.82 6.26 8.5
0.025 6.2 4.45 4.84 5.39 5.87 8.4
0.033 5.9 4.18 4.61 5.17 5.77 8.3
0.05 5.55 3.91 4.38 5 5.62 8.25
0.1 5.4 3.71 4.22 4.85 5.45 8.24
>1 5.38 3.6 411 4.77 5.35 8.23
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The average Nusselt number under the condition of developing laminar flow can be calculated

when the effect of thermal entrance is considevhich is as follows:

66 BC 56, (3.28)
of

Copeland[191] proposed the corrdian of Eq. 3.28, who used the data frg&81]. The

expression of distance of dimensionless thermal axialig as follows:

w
Y'a) €O

Under the flow of fully developed laminar region, the Nusselt number can be calculated using

& (3.29)

equationproposed by Copeland91] specifically for rectangular miniand micrechannel
which is as follows:

00 j g p 'O 18 g (3.30)
Under the H1 boundary conditions, based on the heating ofsltteé and fousided wall of a
rectangular micrehannels where Hwu and Qud92] found a new correlation forThe
correlation has the ability to perform prediction of heat transfer for laminar region with-single
phase flow and undergoes thermally developing region. The correlation equations for-the four
and threesided heated wall under the conditions of thelyndkveloping region are set as
function of inverse aspect ratio and dimensionless thermal axial distance respectively which are

as follows:

66r 06 5 W pm & & 8 ° 8 °° (331

66r 06 5 W pm & & 8 ° 8 (3.32)
From the correlations proposed p392], it is being compared with two other proposed
correlations from other resediers. Substituting the Eq. 3.31 with the one proposed by Phillips
[189, 190] a good agreement was obtained. Another correlation comparison with Lee and
Garimella[193] was made. They have considered the usage of CFD software to find the solution
of conjugate heat transfer under the laminar flow regime for rectanguteao-channel. They
have set the H1 boundary condition for the heat sink with the influence of thermally developing
region for foursided heating in order to calculate the average Nusselt numberéwhsnearied
to between 1 and 10 respectivelynder the thermally developing region, the average Nusselt
number can be calculated if the distance of dimensionless thermal@yis smaller than
length of dimensionless thermal entrariGe ). The equation of average Nusselt number is as

follows:
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Z

06y ———— O wherep 8° pmanded (3.33)

The formula oo andd tod can be calculated as follows:

¥ PE X UPT TEMWPT PRTICPT
w 8 8 8

VBIPpTPT PR OQWPT PHPFTUP T (3.34)

) 6 6
T8TL @ WP
8
5 cs(te)xpn O&XSTPH X <PeTp" 18 x ¢ (3.35)
§ T® O wp (3.36)
MTPT T

P& : P C@CGCP B QYp T (3.37)
5 x&nppﬁ)p p@)oo(p?ktoot (3.38)

0
To obtain the thresided heating wall Nusselt numberg ; is substituted into Eq. 3.27. When

o & , assumption ofuily developed is assumed. The Eq. 3.26 is used for the calculation of

Nusselt number under the condition of micteannels with thresided heating walls.

For smooth circular tube, Dittus and BoeltE94] proposed the calculation of Nusselt number
under the condition of turbulent flow for the case of michannel with rectangular cress

section. The Dittudoelter equation is as follows:

00 @Y P i (3.39)
The value ot is equals to 0.3 and 0.4 when the wall is cooling and heating the fluid respectively.
Petukho\195] also considered smooth circular tube under the condition of turbulent flow which
is thermally fully developed where the cdatéon equation is as follows:

% Ya i
0o = (3.40)
5 p& o 0T p
P
Where the value af can be calculated using as follows:
8 wnm_ T o (3.41)

P8I X YQ p pHi
Based on Eq. 3.40, the Darcy friction factof@fcan be calglated as follows:

MM TWDbTYQ pHt whereommrniYQ v pTt (3.42)
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To consider the effects of region of thermal entrance towards 4tieonel, AlArabi [196]
used the circular tube with both constant heat flux and wall temperature where Roksaho

[185] proposed the coriaion equation of Nusselt number as follows:

5
(o}
For the region of thermally developing turbulent flow, The Nusselt number is dendtel as

where the value a has the forrala as follows:

"
o ™Yo (3.44)

The complete equation for the Petukhovds <co

which is thermally developing is given as follows:

Qe
rv A &
VO oY ) v P
WTTT l[&)O' L.
_PBLX — P& 5 0T p
& YR p opul v o (3.45)
n 8
0) OTTMMTT
o ™Y -yo
—
) —vo

The friction factor within the Eq. 3.45 must be used based on the equationtdetbyl and 6 s o

Eq. 3.46/197] to consider the surface roughness effect which is as follows:

A

ey
Q & pad € Q (3.46)

o o
To add, an adjustment can be made towards the Bttefer equation based on-Alr abi 0 s

proposed correlation equation including the effects of flow which is thermelleloping. The

980
Y0

&la

use of DittusBoelter equation is originally for smooth surface which can be modified to include
surface roughness based what has been proposed by[l88ijisvhich is as follows:

0

3.47
e o (3.47)
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The functionot 1@ § 18 . From the findings by Norris, the increase of surface roughness

will not led to the increase of Nusselt number whep—— T. The is calculated

based on the Haal acnhdadnsn eelqousa twiotnh fhboot hmiscnmooo t h
correlation by DittusBoelter under the flow of turbulent with thermally developing conditio

can be modified to be as follows:

8 8
00 Y P i —— 0
. (3.48)
0 CTITT
o @Y vhH
0) l_ 0_
V1 B

Gnielinski, [199] proposed the empirical correlation equation based on the Petukhov equation
(Eqg. 3.40) which is as follows:

?Q YQpmdi
b6 — (3.49)
Q ~»
P p@(? N

The Gnielinski correlation equation is only true whéithas minimum and maximum limit of
o p mandofu p Ttwhile 0 ihas to be lower than 2000 anigtrer than 0.5. Under the flow
of fully developed turbulent, the smooth circular tubes will have Fanning friction fatfor (
based on what is proposed by Filonef&@0] which is as follows:
M p® P IYQ o ¢ wheret mmmYQ v p mandm®
. (3.50)
i pT
The regionof thermal entry effect consideration will be added where this will change the Eq.

3.49 to what has been proposed by Kakac ¢2@1] which is as follows:

? YQprndi 0

P p& =0T p

(3.51)

alle]

The equation of Gnielinsifil99] is being utilised by Phillipg190]jfor the Nusselt number
prediction based on the region of tuilnt developing flow in circular duct.
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YF cquyaib (3.52)

o -
06 mrpcp =

3.8.5 Total thermal resistance analy¥s )

Heat is transferred by means of conduction and convection from the chip tinkead heat
sink to coolant respectivelj202]. The capability of micre&hannel heat sink for cooling
electronics is measured by using parameter of total thermal resisvang€W]. 'Y is defined

as ratio of temperature difference fromattenics die along module to coolant fluid per watt of
energy transferref203] which can be referred to Eq. (3.53).

w ™
Y h "y Y Y
°on (3.53)
0 P P '
N QD oy
O MihQ 'Y Y g Y g
Y Y 5 Y i

Where 'Y is the heat sink maximum base surface temperature "¥]; is inlet
temperature of fluid [K]p is the heat sink base surfaceafnf]; i} is the heat flux applied at
base [W/n]; "O is the thickness of substrate [n1D is the thermal conductivity of heat sink
material (copper) [W/(iiK)]; 'Q is the average heat transfer coefficient WA

Q - - with 6  as the effective area available for heat transfed];[m
h

“Yi isthe average is average surface base temperature [KYjands the average is average
fluid temperatureK] “Y; Yy "Ys ] ;& is the total mass flow rate through the
channel [kg/s]d@ 7 Y & with & as crosssectional area of channd; is the fluid

specific heat capacity [J/(kg.K)]easured atY;

At low thermal resistance, the electronics temperature rise is minimised. For a system, the total
thermalresistanc& , can be defined as the addition o
dependent on thermabnductivity and material thickness referring to Eq. (3.53). Hragare

3-12, conventional cooling method using MCHS under forced convection with water as base
fluid. Symmetry boundary condition used to simpltig tMCHS, and thermal resistance analysis

is illustrated. Shao et §R04] investigatedhe main thermal resistances on MCHS friéigure

3-12. Conduction thermal resistance for bottom base of heat sink and fiixé arg  and
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Y  respectively. Convection thermal resistance for bottom base of heat sink and fins wall
are’Y andY | respectively.Y is the thermal resistance degdent to bulk

temperature rise. From Eq. (3.53), the individual component of conduction and convection

thermal resistances are presented.

}“WW/Z”F*WC"/Z*{

Tf rout
Tf-out
<& L
S
Rpuir
RCORT),I',:.H_ E
R, : S
CONV, £y :E Rco'm;',basg
3 R H
Reona,sin R, cond,fin 2
Symmetry
v4 _x ZRcond. poge Reond,pase
Z Tbase
q e Tbase

Figure 3-12. Shows the networks of thermal resistar[6&3.
3.8.6  Pressure dropl)

Pressure dropYQ) is defined as the pressure difference between inlet and outlet of heat sink as

follows:

~ ~

YO O 0 (3.54)
WhereY0 is the differege in pressure between inlet and outlet (pressure drop) [P&] and
ando is the inlet and outlet pressure of fluid of heat sink [Pa]. The Eq. 3.54 will be used in

Chapter &since single inlebutlet channel is used.

For Chaper 7, double inletoutlet mintchannels are used with separated serpentines, therefore,

the newly constructedd formula is as follows:

Yo 0 5 0 i O E 0 R (3.55)
For Chapter 8 almost similar heat sink design executed compared with the desttirapter 7
with a slight difference of adding througfioles connecting two separated serpentines, thus, the

suitable Y0 formula can be defined as follows:
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.. U 5 0 0 no 0 s
i h h h h (3.56)
C
3.8.7  Temperature standard deviation (TSD)
Temperature distribution standard deviatiori"{)@an be calculated as follows:
w BY Y (3.57)
0

Where“Y is the local point temperature at each node of the mesh“Yrid,is the average
temperature of the whole heat sink ands the number of nodes within the mesh gid.Y'®
calculated to quantify the tgoarature uniformity of the heat sink. Lower magnitudévo¥ gives

an indication of higher uniformity of temperature distribution along the domain of heat sink.

3.9 Performance evaluation criteria (PEC) index

A thermathydraulic performance evaluation crite (PEC) index[205, 206]is utilised to
perform the enhancement of heat #f@n effectiveness using serpentine channel heat sink with
fins and taking account the penalty paid from the calculated pressure drop. The initial formula
of PEC was firstly introduced using the terms of friction factors and Nusselt numbers as
contrasted masures of hydraulic and thermal characteristics. In this work, the PEC index is
presented using the term of direct computed quantities which are equivd204,i206]to the
average Nusselt numbér 6 ) and pressure drop/{)) proposed if145]. Thus, PEC index is

presented as follows:

s o5 Y JY i O
000 === . R— _
YO Y0 ! G (3.56)
Where'Y and’Y j are total thermal resistances of the conventional serpentine
heat sink and novel design serpentine heat sink respectiely. andY0  are the

pressure drop of the conventional serpentine hat sink and novel design serpentine heat sink
respectively O and'Q, are he ratio of thermal resistance and pressure drop of the novel

design to the conventional design.

3.10 Chapter summary

Within this chapter, the fundamentals of heat and fluid flow for this work are presented.
Fundamentals from basic concept of fluid flow, bdary layers and characteristics of heat
transfer and hydraulic are explained in det&its. this work fully developedto ensure constant
velocity profile across channel and symmetric fldarced convectiormnternal incompressible

(to reduce computatiah time) flow is considered. Unsteady flow is assumed to ensure
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simplicity of CFD models. Turbulent flow model is used for validation and optimisation analysis
while laminar flow is used for theletailed analysisto compare the thermdlydraulic
performane between different heat sinkand parametric analysign order to reduce
computationatime. Breaking of boundary layers analysis are important to use for studying its
effect on improving heat transfer around secondary channels. The Reynolds parabeger

is used to vary the fluid velocity within the CFD software. The parameters used to compare the
thermal performance are Average Nusselt number and total thermal resistance while for
hydraulic performance, pressure drop parameter is used. The Perfofavaheation Criteria
parameter is used to calculate the overall thehgdtaulic performance of heat sink by

including both thermal and hydraulic parameters in one equation.
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Chapter 4 Numerical Analysis

4.1 Introduction to Numerical analysis

Computaional Fluid Dynamics (CFD) numerical analysis method has been widely used to
analyse the complex mulphysics systems comprising heat transfer, fluid flow and mass
transport study using computeased simulation. To give an example, CFD is exploited in
electronics industry for energy systems and heat transfer optimisation for electronics cooling.
Discretised partial differential equations (PDEs) are formed using CFD to search for
approximate solutions of governing equations for fluid flow and heat trafisfen the
predetermined elements grid giving a certain corresponding number of points within the
boundary of geometr207, 208]

For the current problem, all CFD models are solved using the-&l@taent method (FEM)
utilised by COMSOL Multiphysics version 5.4 which is very suitable for problems relating
multiphysics and it is stable compared to other numerical methods. The Galerkin method used
by COMSOL Multiphysics converts the PDEs into integi@eme of FEM209]. The FEMis

a numerical method, utilised governing equations integral form as its startingZi@htThe
algebraic form of governing equations using FEM are being discretized over domain entirely.
An element is th smallest suigeometry consisting nodes (refégure4-1). From this elemental
analysis, the interaction between adjacent elements induced continuous change in various
propertied211].

_"‘-\
Element

Edge '\

Node

Figure 4-1: Shows the typical nsé of finite elemerj211].

Three major stages using Chbcarrying out numerical analysis modelling of heat transfer and

fluid flow [208] can be referred schematicallykigure4-2.

1) Preprocessing: In this initial step, the geometry is defined which are the

computational domain, stdlomains from the entire domain (generation of
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Pre-processing phase: @en filled
Simulation phase: Brown filled
Postprocessina phase: Bie filled

grid), the fysical and chemical phenomena selection, the properties of fluid
and solid are defined and boundary conditions specifications.

2) Simulation phase (processing): The governing equations of heat transfer and
fluid flow are solved simultaneously within the ddmaof computational
analysis.

3) Postprocessing: The analysis of results obtained from numerical solutions are
carried out. This comprises the analysis results, plots, graphics, animations and
writing full reports presentation.

Geometry domain
‘ ‘ construction and
generation of grid

Boundary conditions
_ and properties of fluid

I and solid specification

Improve the quality of mesh, perform

boundary conditions and fluid and solid
inspection properties inspection, check th No
time steps, iterationsolution method, and
convergence controlled parameters

E——
a«»

Yes ’

Figure 4-2: Thestages of CFD simulation.

93



4.2 Preprocessing (Generation of grid)

COMSOL Multiphysics version 5.4 utilises FEM solving PDE equations for both regimes of
laminar and turbulent flow. Mesh generation ofrdhin for computational analysis consisting of

two different types of 2D elements (which are called quadrilateral and triangular respectively).
To solve 3D models, mesh is generated initially to discretise the entire domain using four main
element typesfdetrahedral (tets), hexahedral (bricks), triangular prisms (prisms) and pyramids

which can be utilised in different combinations. Element types can be refefgpire4-3.

Pyramidal

|

Rectangular

[\

Triangular

Hexahedral

Figure 4-3: Shows the different element types in 3D spata].

From Figure 4-3, the use of pyramids element type only in creating mesh transition between
hexahedral andetrahedral element types. For complex domain geometry, higher difficulties
faced in creating the mesh using bricks due to very low mesh quality and difficult pressure solver
convergence. For the present work, the tetrahedral mesh is applied to theaméne which

also the default element type provided in COMSOL Multiphysics. For higher accuracy, second
order tetrahedral mesh is used due to the existence of mid nodes (white filled nodes) between

nodes (black filled nodes).

4.2.1  Mesh of structurexd unstructured grids

The generation of mesh can be divided into three major methods of structured, unstructured
mesh and combination of both which is sole affected by the shape of geometry. Commonly, the
geometries with simple design would use the stimect mesh. Unstructured mesh uses 3
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elements irFigure4-3 and it is more favourable than structured mesh due to its flexibility to
assemble the elements freely for highly complex geometries and domain decamp®sibt
required[213]. The advantage of structured mesh is less numerical diffsgnaethe grid has

well defined geometric shape which can be aligned with direction ofWlove having so much
lower computational power to run @ppositely, the unstructured mesh has the advantage of no
domain decomposition and easily applied for very demgeometries. Referringigure 4-4,

the difference between structured and unstructured are showb.in 2

(b)

Figure 4-4: Shows the (a) structured (b) unstructured mies2D spacd33].
4.2.2  Quality of mesh

Mesh quality § ) affectssolution accuracy and COMSOL is capable to automatically check
the quality of mesh element under both regimes of laminar and turbulent flow. Since the current
work involves complex geometry, the whole domain is meshed using freestetthblements.
COMSOL uses the combination of Delaunay and front algorithms for free tetrahedral element
filling around domains. At contact surface between solid and fluid boundaries, boundary element
solver is used to create boundary element m@sia refinement is applied on small geometry

and curved edges to capture the solution at high accuracy.

For the regime of laminar flow} for tetrahedral element is calculated by COMSOL using
the following formula:

X low
MM Q0 Q 0 qQ 1q°8
Wherewis the volume ani2, Q, "Q, "Q, 'Q andQ are theelement lengths of edd@14]. To

0 (4.1)

have high element quality, thie must be more than Otb achieve reasonable edge ratio,

volume ratio and aspect ratio avoiding stretched or distorted elements.

For the regime of turbulent flow, thveall lift-off value in viscous unitsuf ) can be calculated

using the following formuld§215]:

(4.2)
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The wall lift-off value { ) is the distance between the wall and the closest boundary layer mesh
of the fluid (refefFigure4-5). Theu is the fluid knematic viscosity and is the friction velocity

defined as the following formula:

6 6D (4.3)
WhereQis the Von Karman constant m@ p fpr wall lift-off); 6 is the empirical constant

© T8t Q[215]. Node

I'd
Mesht i
1

Figure 4-5: Shows tk distancg from wall to the nearest boundary layer mesh.

The w value has a great impact on the solution accutacyesolve the boundary layers
effectively. To achieve the highest accuracy the valuw ofust be equal to 11.06 according to

[215] based on the point where viscous sublayer meets the logarithmic layer (region where fluid
flow is observd near surface or wall boundary where the fluid velocity profile is characterised
using logarithmic relationship between distance from boundary and fluid veloGing
recommended range of value is between 11.06 and 300 suggesteflb§] because from

their findings beyond 300, the results of simulations becomes less reliable and accuracy since

near-wall region resolution is lacking.

4.3 Processing (Computational model)

The modelling of 3D flow and heat transfer of mamannel heat sink (MirCHS) was
established based on the assumptions in subchapter 4.4.1. The fluid flow is modelled using the
govening equations (continuity and Naw8tokes momentum equations) for both regimes of
laminar and turbulent flowf he derivation of governing equations starts from compressible flow
going to incompressible flow by applying assumptions for simplicity whicdiscussed in
detailed under subhapter 4.3.1.

4.3.1 NavieiStokes Equations
The heat transfer and fluid flow of MK@HS are solved by the governing equations of
continuity, momentum and energy for both fluid and solid domain which describeliioasfo
[208, 216]
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4.3.1.1  Continuity equation
In 3D space, the continuity equation is as follows:
T

! !

— — 0 —"u — "0 1 4.4
Tol w T w T a (44)
The vector form of Eq. 4.4 can be written as follows:

T ” e

— . n8"" T (4.5)

T o

Where” as the density of fluid (kg/fy 1 is the gradient operator ardis the vector of fluid
velocity which are as follows:

-
Q —
!

: h "1 60MQLTQLTQ
Tw ! w .

Whereo, 0 andV are the compomd of velocities in 3D space for directions®f , w and

a . Referring to Eq. 4.4, it applies for the case of compressible and unsteady flow in 3D space.
Thus, to have an incompressible flow, the terma-af equal to zero dsis constantegardless

if the flow are either steady or unstedd$7]. Therefore, Eq. 4.5 can be reduced as follows:

ngl T (4.6)
4.3.1.2 Momentum equation

The momentum equation under laminar flow (singhase) is as follows:

TT—:‘) ngl vl N N8k éy (4.7)

Whereq 4 is the vector of body force per unit volume (N)rdue to gravitational force§ is the

pressure of fluid (Pa); is the viscous stress tensor (Pa) which can be expressed as follows:

TOT T
T1fr:; (4.8)

For compressible Newtoniaruftl, Eq. 4.7 is expressed as follows:

-
T— "Ingl  nfp ng* non Songr g d | (4.9)
ro o

Where' as coefficient of molecular viscosityas unit diagonal matri>|; as vector of gravity

m¥s)§ "QQ "QQ "QQ. The formula of straimate tensor, , is as follows:

A B (4.10)
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To get viscous stress tensdrthel is multiplied by* which yields,t ‘1 -* n8& £.To

achieve incompressible flow, the velocity vectoradgence is equal to zero&® ), thus Eqg.
4.9 can be simplified to be as follows:
Tl

" o "“In gl nnong‘ n N d | (4.11)

EqQ. 4.11 can be further reduced into component form whertonstant which is as follows:

x-direction:

,dJo, 16 16 16 1T, 16106106 |
o To% o' Ta o fo o g 1o 4113
y-direction:
S N S B A B S S S
T %% 0% T o io Ta . “@11p)
z-direction:
”T_ ” OT_U DT_() UT_U
o 1 Tw T a

‘ 4.11
hLTO 16 To @19
Ta To T Ta '

The equations fo4.11a, 4.11b and 4.11c are the momentum equations in 3D space for

incompressible and unsteady flow. The vector form of these equations is as follows:

- )
A L "1 (4.12)
T 0

When the term of— 11, the flow of flud is assumed steady.

The compressible and unsteady Newtonian fluid momentum equation under turbulent flow

(singlephase) is as follows:

uI
nT_ ” "|81 "I

ng pE ¢ ¢ NN ngl & (4.13)

Co &
6_ Q €y

To capture the physics well for conjugate heat transfer m@&le], turbulence model is used

to solve the governing equations for singlease turbulent floj218, 219]since it predicts flow
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separation better and works well with flow near wall region where the development of adverse
pressure gradient. TR | turbulence model has two additional variables: specific dissipation
rate,] (pAi and turbulent kinetic energ§Xa 7i ) with respective transport equations which

is as followq220]:

” — ” u|8.1 TQ L’?‘) T z,,_| ’7er8 ¢ ¢ ”Z rl’rQ (4'14)

T -
] ” "|8-l = ? ” rl 8 ‘ ‘ " rl
o Tl T 1 (4.15)

The turbulent viscosity and production term arecdiews:

: " — (4.16)
;
R op v S C, ~
0 n“Ign’  n’l — ngl =" 038l (4.17)
o o
The parameters of empirical turbulent model constants are as f¢Hbdjs
a . . W . W
2% PR By BR o 2 @as)
SRy C C pcu pmT

4.3.1.3 Energy equation
The energy equation conservation under laminar flow (siplgése) can be expressed in

Cartesian coordinates which is as follows:

) , Ty Ty o Y r oy rty (4.19)
O — O—. U—, U_—, : ; , :
T UT a Tw Tw Ta 5
Where'YU ,"Q oy ,0 — andfz are the fluid absolute temperature, thermal conductivity,

specific heat and viscous dissipation function as follows:

g ¢ 10 10 1K
“To fo T
rotuv roro toro (4.20)
Twlow Taol ow T o1 a
¢r 61 o010 v
o T_ooT w'! a Tl
From Eq. 4.19, it can be expressed in vector form as follows:
A S Ty .
"0 o 3"y ng8a'y ‘ zdq’l (4.21)

For solid domain, conduction heat transfer occurs which can be expressed as follows:
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From Eq. 4.22, it can be expressed in vector form as follows:

ng' oy m (4.23)
The energy equation conservation under turbulent flow (siplggese) can be expressed as
follows:
LY A T o
"6 1By N8 Q Qny (4.24)

WhereQ and'Q are the thermal conductivity of solid and fluid respectiv&yis the thermal

N 8 ..
conductivity for turbulent flow Q —— wherev i as turbulent Prandtl numbg21]. At

1T, the flow is considered laminar.

4.3.2  Conjugate heat transfer

The heat transfer through conduction and convection in solid and fluid domain are coupled by
the temperature and heat flux continuity at fluid and solid walls interfacacsurfThe
temperature distribution within the domain of fluids and solids caused by solid and fluids thermal
surface interaction can be expressed using the model of conjugate heat transfer. The fluid and
solid conjugate heat flow can be referredrigure4-6 with interface wall where solid wall and

fluid have equal temperaturéyf Y . Fourierbés |l aw is wused to

interface wall which is as follows:

Q— Q— h 6 0 0 = (4.25)

Figure 4-6: Shows the conjugate heat transfer between fluid and solid domains.
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4.4 Boundary conditions and assumptions

4.4.1  Assumptions
In order to simplify the numerical solution and reduce computation time effectively, several
simplifications have been apptl using published studi¢81, 63, 64, 141, 222, 223[The

assumptions are as follows:

1) The heat transfer and flow of fluid are assumed steady anddimeasional.

2) The fluid flow is incompressible and singdha fluid is consideredbr the simplicity
of CFD models

3) All surfaces of MiniCHS are assumed to be adiabatic (no heat flow) except the bottom
wall where the heat flux is applied.

4) The natural convective heat transfer and radiation effect are neglected.

5) Viscous dissipation effect is neglectsihce there is small conversion of mechanical
energy to thermal energy caused by fluid layers frictional forces.

6) The channel having smooth surfaitee to only CFD analysis conducted to reduce model
complexity.

7) 66Niop66 velocity bou'hyd a)with teenpenatiiie dfisatidwale p p | i

eqguals to temperature of fluid at solid boundaxy ( “Y ).

Summarisation of boundary conditions for creation of model of conjugate heat transfer are
shown inTable4-1.

4.4.2  Boundary conditions

The simulations of the MirCHS are based specified boundary conditions as follows:

1) The inlet flow boundary condition is fluid inlet velocit)y (& 7i) specified based on
Reynolds number. The inlet temperatute) (is set to be; w@y w (¢ ™0). Under the
regime of turbulent flow, théQ 1 turbulence model is used. Thus, the turbulent
intensity (O) and turbulent length scal@ () at inet boundary has to be set. For all
simulations, the value 8@ and0 are specified to be bandmdt O respectivelyj214].

2) The pressure outlet boundary condition (fluid is assumed coming out to open
atmosphere):

n n m

3) To simplify the models, the all surfaces on the heat sink except the bottom eCM$i

are considered adiabatic (no heat flow):

=8 QY m
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Where= as the outward normal vector with respect to the domain boundary.
4) Uniform heat flux is aplied at the bottom wall of the MWCHS as follows:
«8 MY
Wherer is the heat flux applied to solid boundary.

Outlet
p=p,=0

Adiabatic wall

SIDE VIEW T, = 293.15K

‘ t 4 Uniformheatnux 4 t t

—k VT = q"

Figure 4-7: Boundary conditionsf 3D domain serpentine channel wiihs with copper (grey

domain) and water (blue domain).

Table4-1: Boundary condition$or the model of conjugate heat transfer.

Boundary Location Condition
Thermal At inlet “Y="Y =293.15K (fo water)
Q —  m(for solid)
At outlet QO —  m(for water)
QO —  m(for solid)

At all walls except A -
6 v 0 Tmai

bottom
M — m
1Y
At bottom wal Q T_ n
a
Hydrodynamic At solid-fluid interface No penetration and rslip
0O 0 U Tai
N — "Q — , wheret is perpendicular to the wal
At inlet 6 O
L 0 mai
At outlet O U ™ ©
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4.5 Discretisation schemes

COMSOL Multiphysics uses the approach of fully coupled or segregated solver for solving the
governing equations. For ndimear problems, the segregated solve rexliterations. The
segregated solver also can utilised the direct or iterative linear solvers. The Jacobian matrix is
being split by segregated solver into qarbblems which is based on the type of degree of
freedom (DoF). The number of variables assigf@dsolving either linear or nelinear
algebraic system that describes the operational unit is the degrees of freedom. The computational
time and memory required to compute a solution is significantly depending on the degrees of
freedom number. For cowgd solver, governing equations are solved simultaneously while
segregated solver solves them sequentially. For this work, the segregated solver is used to

balance the accuracy and memory requirements growth.

Within the COMSOL Multiphysics software, threescretisation elements types can be choose
from which are P1+P1, P2+P1 and P3+P2 which is discussed as follbaisléa-2:

Table4-2: Discretisation element types.

Element types Velocity field Pressure field
P1+P1 Firstorder Firstorder
P2+P1 Seconeorder Firstorder
P3+P2 Third-order Secondorder

For this work, thé1+P1 element type will be used together with quadratic elements for temperature
field. Many rumber of CFD studies only used relative error tolerance between the ordet tof 10
10°. Typically, using smaller relative error tolerance will results in the increase of accuracy of
solutions but with higher computational time. Thus, for this work trevergence occurs between

the order of 10 to 10° with 0.5 relaxation factor.

4.6 Postprocessing

After the solutions of governing equatiamsing continuity, NavieStokes, energy and transport
equatiors obtained using the boundary conditions and assangpspecified, the analysis of
results are carried out. However, to ensure the reliability of the results, it is crucial that the mesh
verification and validation studies are accomplished. The mesh study will be explained in the

results section ihapter6 to 8
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4.7 Chapter summary
In this chapter, numerical analysis process are introduced. The numerical method process used

in this project can be summarised as follows:

A) Initially the design of the micrghannel heat sink solid and fluid domains can be
construced using design software such as Computer Aided Design (CAD) software or
built in design tools within CFD software.

B) The solid and fluid domains are assigned according to the materials used which in this
work will be copper and water.

C) The heat transfer motiuwill be utilised for both solid and fluid domains while the fluid
flow module will be assigned for fluid domain only to solve the conjugate heat transfer
analysis.

D) The governing equations like continuity, Navi&tiokes, energy and transport equations
will be used for solving the heat sink physics.

E) All outer surfaces except bottom surface of heat sink will have adiabatic condition where
no heat transfer occurs to exclude heat loss to surrounding. Heat flux is applied only at
the bottom surface of heat kifor flow of heat.

F) At inlet boundary, a perpendicular to boundary of fully developed flow condition with
specified velocity magnitude is applied to ensure steady state flow where properties of
flow does not changing along the direction of flow. At ouletndary, pressure outlet
is set to zero to indicating boundary pressure is equal to the atmospheric pressure to
simplify the mathematical equations for faster and stable solution.

G) The meshing technique will include using unstructured mesh for domaietdiation
based on the tetrahedral elements. The meshing is must have conformal mesh between
solid and fluid boundaries to ensure accuracy of solutions. Finer mesh will used for fluid
domain and mesh refinement applied around bends and secondary chEnmiBatsto
ensure the simulations can capture complex flow phenomena, resolving boundary layers,
fluid separation and reattachment as well as vortices.

H) Segregated solver with1+P1 discretisation element typssised to balance between the
growth of memoy requirements and computational time and order of relative error

tolerance between the orderi@f* to 10°.
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Chapter 5 Design optimisation

5.1 Design optimisation formulation

The process of optimisation aims to achievedp@gmal solutiondor a certain desigproblem

while obeying specifiedconstraints[224]. For many application of engineering such as
construction and design would require the designers to ensure that maximum performance of
results can be achieve@25, 226] A complete optimisation problem is comprised of
objective(s), design variables and the design space constraints. The objective(s) are the output
parameters of a system which should be minimised or nisednOne or more than one
objectives to be optimised is called singl@ective optimisation and multbjective
optimisation respectively. For mulbbjective optimisation, it often occur that the objectives
conflicts each other where minimisation of aigective would result in the maximisation of the
other and vice versa. For the design variables, they are used to obtain the corresponding
objectives. Design variables are chosen based on the application problem specifications. Next,
design variables cabe of either two forms whether it is discrete or continuous. The design
variables must be within design space which has an upper and lower limits called constraints
where the feasibility of the design totally depend da26-227].

The goal is to search the design variabdgsyhich minimises or maximises the single objective
function, "Qw , for singleobjective optimisation or muHbbjective optimisation;Oe . The
objective tinctions are the output results from CFD analydigch are total thermal resistance
(see suksection 3.8.5), pressure drop (see-sabtion 3.8.6) and mass of copper heat sink (see
appendixsectionA 4 for volume formulx The formulation of the optimis@an problem can be

expressed as follows:

(Minimisation or maximisationy "Oe MeFQeMBQ o

e THMiI W phghB e

Qe TMHIMi W phghB M

o whwBhy MLE0Y wherew @ ®

« o Loy (5.1)
Where™Q e and"Q w are the inequality and equality constraints which has to be satisfied,
while = and-L are the design ansearchspace respectively from the corresponding design
vectors ofe and«.  is the design variable at a specific pdthich has lower and upper limits

of w andw respectivelyln this section, the process of optimising the heat sinks exploiting the
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CFD enabled optimisation is explained in detail, from design variables selection stage to the

optimum dsign of heat sink obtained.

5.2 Optimisation problems classification

The categorisation of optimisation problem can be divided into two major division which are
deterministic and probabilistic optimisatiof228]. For singleobjective function, the
deterministic optimisation can be split into three categories depending on the design variables
data structural type either discrete or continuoubath combined togethefhe method of
deterministic optimisatiors based on the assumption where the results of Pareto optimality is
known with the real precision. In many occasions, the deterministic results are possible to be
implementedwithin physical world for manufacturing but sometimes it is not possible due to
manufacturing constraints such as tolerance and measurement Bmu@sto solve this issue,
probabilistic optimisation framework offers the opportunity for more flexible solutions which is
more feasible in real life engineering problems. Furthermaohabilistic optimisation can be

split into two major method of robust and reliabHdiigsed optimisations respectiveljhe
presence of constraints on design variables will define the optimisation framework whether it is
a constrained or unconstrained lpieon [225, 229231]for both deterministic and probabilistic
optimisation frameworkBased on the optimisation problem nature, it can either be local or

global optimisation.

5.3 Design of Experiments (DOES)

To build he response surface (metendel) over a certain range number of design variables, the
use of Design of Experiments (DOE) points is exploited. Medael is known as surrogate
model where the relation between the input and output is estimated. Differdradsetf
creating the points of DOE can be utilised such as Full Factorial, Random, Latin Hypercube
(LHC) and Optimal Latin Hypercube (OLH@32]. For this study, the OLHC is used based on
several advantages compared to other methods. The reason on the choice of OLHC is due to its
effectiveness giving uniform sampling within the whole design space witbakiedesign points
count. It is crucial to fill the whole design space obtaining the highest accuracy of response
surface within the range of design variables as well as to achieve the reduction in performing
expense of each experimd@83]. In addition, the lackingn DOE points number will induce

low quality response represemtat and reduces the accuracy of metadel. Creating the DOE

points requires appropriate design parameters to build the response surface.
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5.4 Sampling and Probability Distributions

The motivation of using the sampling and probability distributions are to eensnst
effectiveness when collecting data. Furthermore, accuracy and precision can be achieved
estimating the means, variances and proportions as well as making predictions based on past
data or for future eventswWhen certain values are drawn probabdaty (probability
distribution), it is called a sampling procd284]. The distribution of probability can also be
converted in the form of cumulative curve (refggure5-1). Distribution of probability explains

by where random variables are assign to its own probability values usisgtpreathematical
functions. Model historical and experimental data are some of the applications where probability
distributions can be usddr generating the estimation or prediction and large number outcome
analysis (e.g., Monte Carlo simulations). Normal or Gaussian and Weibull distributions are the
examples of parametric distributions where parameters data fitting is established.

0.40 1.0

@ ()

0.30

0.254 0.6

0.204

0.15] 041

0.104
0.2 +

Probability Density Function (PDF)
Cummulative Probability Distribution

0.054
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-5 -4 -3 -2 -1 0 1 2 3 4 5 -4 -2 0 2 4
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Figure 5-1: Shows the (a) probability density function (PDF) (b) cumulative form of PDF
[235].

Referring Figure 5-1, it shows the plots of Probability Distribution Function (PDF) and its
corresponding cumulative form. To give a beafplanation, let say we hade T, looking at
Figure5-1 (b) it can be seen that cumulative probability distribution gives a corresponding value
of 0.5 meaning 50% of data starting from the nmegjativevalue hae been added (ref€igure

5-1 (a) for area under the graphat ). Similarly whenw T, cumulative distribution
shows 0.26 value meaning 26% of the data are below at 1€ while the other 74% of data

aboveat®  T®.

To measure the sampling method efficiency, it cabdsed on threeriteria of unning time for

simulationsjteration numbeandaccuracy Therefore, it can be concluded as inefficient if the
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sampling method requires longer time and largeration number. Common methods of

sampling are Monte Carlo and Latin Hypercube samplings.

Based on Zack$236], he described the unceartyy fundamental theory. Let the random
variables vectotd @ o 8 &1 under the variability of probability density function (PDF)
and cumulative distribution function (CDF) (refeéigure5-1 for plots) The PDF and CDF are

denoted by) ¢ andd &w respectively.

To compute the probability @b, the area under the curve is calculated based on the linsits of

andw respectively. The calculation of PDF is as follows:

Died & o N 0w 0 ® (5.2
Using Gaussian distributions, it will be used in this work with a description of the value of mean
‘ @ and standard deviatian @ to perform the estimation of random variable®ty and

W Qi values. The equations 6 & andw @ w are as follows:
Oh ‘o ONOQ® (5.3
VOB , ® ONOQw (5.9

5.4.1 Monte Carlo Sampling Method (MCSM)

From a probability distribution, the generation of random samples often exploitee NCarlo
sampling method. Common complex problems which exhibits probabilistic behaviour uses
Monte Carlo sampling methof37]. Many generating random samples algorithms are
accessible using probability distribution of different types. High randonwiess using Monte

Carlo sampling methods, where samples that have been generated are distributed randomly
within the distribution of input range. Within the distributions region where the chance of
occurrence is higher, this is where samples are more lgeotuabe drawn. FrorRigure5-2, a

new random number where individual Monte Carlo sample use which is in between 0 and 1. The
input distributions can be recreated when sampling has enough iterations. Referringthéy

middle of the distribution where all five samples are distributed, led to no samples at the outer
ranges meaning not simulations occur in these regions. The sampling within these regions is
important since it influences the outcome. But haviny W@w probability, small iterations of
Monte Carlo sampling might not be enough to sample these outcomes with sufficient quantities
in order to have probability representation which is accurate enough. Therefore, the use of Monte

Carlo sampling method (M&M) requires a very large number of samples to approximate the
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probability distribution accurately and small number of samples has shown some issues before.
Often, the approximation of the Monte Carlo sampling issaéficientfor the actual probability
distribution. Since MCSM uses the memdegs system, samples points that are newly generated

is not based on the previous sample points that has been generated. From this issue, different
distribution methods have been developed with less sampling neeadgxred to the MCSM

such as théatin Hypercube sampling (LHS).

Five Iterations with Monte-Carlo Clustering
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Figure 5-2: Monte Carlo sampling for 5 iteratior238].

5.4.2  Latin Hypercube Sampling (LHS) method

The application of Latin Hypercube sampling (LHS) was introduced to replace the MCSM for a
more efficient, random and simple sampling methdt Wwetter sampling variabl¢239, 240]

The LHS method is then further studied by Iman Con{24t]. Based on the conclusion made

by Swidzinski et al[242], the effectiveness of LHS method is five times more powerful
compared to traditional methods in terms of yield estimatiooe LHS only need 200 points
compared to MCSM which requires 1000 pointee method of LHS utilised the stratified
sampling technigue to achieve the decrease in simulations number computing the uncertainty of
response. The method of stratification he tequal division of random variables distribution
function (Refer vertical axis ifrigure 5-3) to become nofwverlapping segments where the
computer running number is based on the intervals number with an ammpriove the design

space input variables distribution. In contrast with MCSM, the LHS method is to ensure the
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creation of input distribution with high accuracy without having to iterate with large number of
samples. LHS uses the method of taking the safmpie an interval at a time while having the

new sample taken from a new segment instead of the same segment. To compare with sampling
based on MCSM (refefFigure 5-2), the use of LHS method for sampling has a Jagher
accuracy since the whole input probability is approximated with less number of iterations (refer
Figure5-3) [243].

Five Iterations Of Latin Hypercube Sampling
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Figure5-3: Shows the Latin Hypercube Sampling (LHS) fae fierations[238].
5.4.3  Latin Hypercube Sampling (LHS) method with mdilthension variables

LHS generate théendependent variable random samples, () using grids with only one
sample generated for each column and row. For each variablenfi® , individually will be

created into onéimensional space and then it will be pooled together intedivm@nsional

space (refeFigure5-4 (a)). The domain of design for LHS will be split into orthogonal grids
with equal length of elements of N number only if the variables are distributed uniformly. The
use of LHS method is more advanced as vellighly efficient compared to MCSM. The points
generated by LHS are randomly placed throughout the design space within the square grids with
a condition where there are no equal values for any two points of the same parameter. Therefore,
for each row andcolumn of a point will be uniquely placed without having any other
duplications. With the same accuracy as MCSM, LHS method only need 20% tded9%
numberof simulation iterationf238]. Still, the exploitation of LHS method is entirely dependent

to the application problem. Under the mudimensional (more than two) grid with N number,
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the subvolumes can be speciflesimilarly when only with twalimensional spadey specifying

the range of each of the N dimensioBased on the grid with N number of dimensions, the sub
volumes placed in each row and column only exist once without repetition. BaSegliozb-4

(b), under the mukdimensional grids of N number, the sublumes (represented by the black
cubes) can be compared to the crossvialillustration. The sample will be chosen randomly

to be placed to a specific siblume. It is very crucial specific satmlumes are chosen to avoid
inter-dimensional spurious correlations or sample spreading throughout the whole design space
which can have the risk of generated samples from grid do not represent the entire design spa

ay / /
‘ A A LA

Q=2,0 =4

Figure 5-4: Latin Hypercube Sampling (LHE38].

Filling up the design space with a diagonal manner distribution waefiditely satisfy the LHS
criteria, but the other empty spaces would be left out. Different techniques can be used to ensure
the correlations reduction within the designs of LHS. Fragure5-5, the correlation reduction

is shown using LHS method wit®@ 2 and( 10 respectively.

I
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wTr e
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Figure 5-5: Shows the LHS correlation reductif238].

111



5.4.4  Optimal Latin Hypercube Sampling (OLHS) method

From the explanation in previous sabapter 5.4.3, LHS method functions by dividing the
parameter of design with N intervals of equally sized and only once of occurrence of each
parameter value. Different types of Latin Hypercube sampling can be divided into two major
methods of Random Latin Hypercube (RLH) and Optimised Latin Hypercube (OLH). It is
required for uniform sampling of DOE points distribution to ensure the surnogatel quality.

The use of RLH or conventional LH sampling design is only based on the number of DOE points
and factors, N, of the input data. Referringrigure5-6 (a), using the conventional LHS method

the DOE pints are arranged randomly causes some unfilled areas within the desigi24phce
Samples that are clumped together when using conventional LHS can solved by increasing the

distance between design points usingl2eEglais criterion as follows:

S (5.9

The two sample points distance is denotediby . Using permudtion genetic algorithm, Eq.

5.2 can be minimised to achieve Optimised Latin Hypercube sampling.

The aims of OLHS method are to eresthat factors level number is equal to the DOE points
number while having only one experiment point on each level. Furthermore, the distribution of
DOE points are ensured to be very uniform within the design space.Hwgane5-6, it can be
observed that using OLHS method provides more uniform distribution of design points for the

two design variables @b andw .

10 - - 10
o

op ap
Figure5-6: (a) LHS (b) OLHS for 100 design points for 2 design variald4s].

112



Under optimisation process, the aamy of the results are significantly dependent to the
distribution of DOE points. The DOE points also will be used to create surrogates er meta
models for computational cost reduction. The surrogates then utilised for optimisation purpose
creating ParetorBnt which will be discussed further under stitapter 5.5

5.5 Surrogate modelling

Using the DOE points extracted from using the OLHS method, the output results of system will
then be calculated using CFD models created. The CFD results with its associ&t¢ediDe

will be exploited for the creation of surrogates. The use of surrogate models (Response Surface
Model (RSM) or metanodels[246]) can be utilised to map the relationship of the change in
inputs to the outputs of a system without having further CFD simulations which is very time
consuming247]. By using surrogates, the output at new untested input can be predicted easily
as long as within the limits of the desigrasp. The numerical noise effect and missing data can

be reduced by using surrogate modaks, 248] Surrogtes will be used within optimisation
framework to search for global minimum of objective function from associated design variables.

A good distribution of DOE points will be very useful to have accurate surrogate rii>tigils

The creation of surrogates are usually based on two major different schemes of interpolation
based or approximatieibased. Different methsdunder the approximation basecheme are

least square, moving least square and polynomial response surface. The use of approximation
based models are very easy to work with as well as cheap resources and parameter sensitivity is
straight forward, but, \wer accuracy of results especially when dealing withlimegar system.
Approximationbased models does not do interpolation of sample points and type of function
provides limitation to the approximatiq849]. Method that used interpolation technique are
Kriging function, Radial Basis Function (RBF) and artificial neural network (AIREQ)] where

the surrogates fmed will pass through all DOE points. For this work, the ANN method will be

exploited for surrogate modelling.

5.5.1 Radial Basis Functions (RBFs)

To reduce the computational simulation resources, surrogate models can be used based on Radial
Basis Fuctions (RBFs) methof251]. Since RBFs have the capability of Alamear systems

and arbitrary behaviour functions prediction as well as handling-aioteénsional design space

with scattered points. Surrogate models can be easily constructed usingriRBpelation

scheme from the DOE point&52]. Based on the design variable$X) and¢ number of DOE

points, the estimation @bcan be defined as follows:
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The design variables and DOE points are givewby & o B &w  corresponds
to the® g hoy B &w whereQ ph8 &. The prediction oty can be for every

points of® can be defined as follows:

W 6 _Di (5.6

Where the prediction of true response function is denoted by, at ‘@h number of basis
function the weighted coefficient is denoted_bysamples number is denotedéythei it

is the Eucledian distance between testing pband’Q samplew givenas ¢ A 06 A&
thus, Eqg. 5.%an be modified tbe as follows:

W w _nm ok (5.7

The matrix form of the whole RBFs can written as follows:

S OE DM O0AE E rm. O0A& _ W0
nm O O0AE R oA E nm. 0AE _ W W
2 ~ Fas ~ ~ ~ (5.8)
2] é E é e é
nm O AE MM OAE 8 NM., 0 & _ W W
The short form of matrix 5.8bove can be reduce to be as follows:
P8 Ow (5.9

The working pnciple of RBF is based on interpolation where to get exact RBF approximation

for each point of DOE, theveights,_ , are chosen accurately. For examplé, codQ « 0

where'Q pF8 &. The values of can be calculated usingettequation of linear matrix as
follows:

_ i o (5.10
Where the Gram matrix is denoted/by  with formula of? i nA 0 A& The function of

RBF has different forms which listed as follows:

1) Cubic,%ihd 1 @
2) Thin plate pline,%if 1 1 1®i
3) Gaussian¥%if A @D

4) Inverse multiquadric,%oi M —

5) Multi-quadric%eifd Wi @
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For this work, the cubic function of RBF is used whem o4& f A 0 £. The cubic

RBG parameter of calibration is denotedf hyBased on the relatively simple Lea@@aeOut

(LOO) calibration, the value of is determined for individual surrogate model. The left out
sample of each point of RBF function will be exploitedvalue prediction at the point of DOE
which has been omitted. The predicted and actual DOE points discrepancies will be calculated
using Root Mean Square Error (RMSE) will then be minimised with respect to the parameter of

I for intervals which is suitabl[253]. The RMSE formula is defined as follows:

'YD"Y'OOB ®» O (5.1)

Where the DOE points is denotedlbyand the predicted and actual response values are denoted

by w0 andw respectively.

5.5.2 Mowng Least Squares Method (MLSM)

Surrogate model can be formed using Moving Least Square Method (MLSM) which can reduce
the computational time and resources. Even though, limited number of CFD solution formed
from small number DOE points, MLSM can capturdatienship of inputs and outputs
effectively. Numerical noise issue from results obtained by CFD software also address when
using MLSM surrogate modellin@54].

The design variables and DOE points are giveiby @ o I8 gy corresponds
to the® g hoy B W whereQ ph8 &. The prediction ofycan be for every

points of can be defined as follows:
W w 1 0 (5.12)

Where the true response function is denotedly, Weight decay function is denotedlby
which is used to determine the basis functioi@htposition and samples number is denoted by

¢. The formula of is as follows:

1 Aob 4+ (5.13)
Where Euclidean distance betweesting pointwandQ samplec is denoted by G

A 0 A£and fit parameter closeness is denoted-by

Significant influence of—on surrogates which is very impantato choose from. Manual
estimation of—will induce numerical noise due to inefficient fit which will be required for tuning
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resulting in reduced numerical noise effect. The determinatiervafl be based on the LOO
calibration method mentioned inlsahapter 5.5.1. The sarparameter of RMSE (refer Eq. %.8

will be used here.

5.5.3  Artificial Neural Network (ANN)

Based on biological nervous systems, the Artificial Neural Network (ANN) for creating
surrogates has been a very important technifjue structure for ANN model is the combination

of the input layer, hidden layers and output Ig2&5]. The number of hidden layers can be one

or more respentely. Hidden layers has the function of learning the relationship between the
input and output layers respectively which has the ability of mapping the highijnean and
sophisticated relationship between input and output parameters. ANN has the laigers

which has its own number of neurons specified individually, each neuron will hold a certain
specific weight. The neurons has a network connectivity between them and activation function
is used to guide the neurons for mapping the relationshipekatimput and output parameters

accurately.

5.5.3.1 Understanding the concept of neuron

To easily understand the concept of training an ANN model, a simple ANN model with only one
neuron is constructed (reféigure5-7). The model comprises of input values, weights, bias,
transfer function and output values. Any predicted values from ANN model will be compared
with the actual values extracted from CFD software. Percentage difference between predicted
and actubvalues that are less than 2% are considered very accurate, but higher than that will
need an adjustment between weights and bias fafare5-8) using backpropagation method.
Explaining backpropagation methotirstly, during forward propagation the input design
variables are fed into the network where using the current weights the output is calculated. Then,
the relative error is calculated between predicted output and actual data. After that, using
backward popagation, the relative error calculated is being propagated back into the network
where error derivative for each weight is calculated using differentiation chain rule. The update
of weights is conducted based on the error derivative with respect toveigti. On the opposite
direction of gradient, the weights are adjusted by multiplying with the learning rate for weight

size update. The processes are repeated until accurate solution achieved.
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Figure 5-8: The Artificial Neural Network (ANN) diagram of cont{@b6].

Using mathematical operations, network training of neuron calculating the output results which
will satisfy the target solution based on the input variables. The transfer function coverts vector

to scalar function by adjusting theput values weights to be as follows:

@ ©8 ©8 ©8 o8 888 (5.14

The structure of ANN model will have hidden layers with at least one layer. Figume 5-9,
the input layer, hidden layers (contain neurons) and output layer are shown schematically. The

process principle of using ANN are listed as follows:

1) The vectors of both input (DOE points of design variables) and output (objective
functions) data are prepared.
2) The initial dataset (DOE points) of design variables are split into training and validation

sets.
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3) The architecture of ANN model &ructured by specifying the number of hidden layers
and number of neurons per hidden layer.
4) Training of ANN model.

Different methods available including supervised, unsupervised and reinforcement learning can
be used to train the ANN model by adjusting the wmigles connection weights. Using the
method of supervised learning, adjustment for the camipweights are made from evaluation

of both data from the training and predicted data from the ANN model r¢26it$ Back
propagation introduced by Rumelhart et [258] uses optimisation algorithm based on the
gradient desent method which also exploits the algorithm of supervised learning for weights
connection adjustment achieving error minimisafi@d9, 260] The algorithm of Stochastic
Gradient Descent (SGD) reduces the error of fmopagation between estimated and actual
values by adjusting the connection weidB&l]. SGD only uses small random subset of training
data to minimise the lost function efficiently while avoiding being stuck in local minima which
faster than gradient descent optimi§ére minimisatio of cost function is performed based on

SGD method which is as follows:

QEi o ) 0 T0 (5.15)

The accuracy of the ANN model is measured by comparing the predicted data with test data

which is as follows:

Qi i o 0 70 (5.16
Where the tested functions number is denoted by

Another parameter used to measure the accuracy or discrepancy of a model-g&tizaer
value which ranges in between 0 to 1 where closer to umnligates close relationship and vice

versa[262]. The determination coefficienty() is defined as follows:

Y oop : (5.17)

Theo is defined a®
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Figure 5-9: Shows the Structure of Artificial Neural Network (ANN) model.

5.6 Optimisation

To search for global minimum point the surrogates developed will be used within the
optimisation famework. From the inspiration of biological evolution, natural selection is used
within the Genetic Algorithms (GAs) for optimisation process. The use of GAs are mainly for
the search of global optimum based on the problems which has both constrained and
unconstrained conditiof263]. Optimisation based on the random population is the method of
GAs determining the optimal solution for current solutions for new generation ofosludy
applying the random chang64]. Many different kind of optimisation problems can be solved
using genetic algorithm methodsimetimes an optimisation problem is not able to be solved by
standard optimisation algorithms such as stochastic objective functiordiffementiable
discrete dataset and highly nimear systenj265]. Global minimum(s) can be easily searched
within entire design space using GAs methods. Even though, using GAs is vemnefiici
searching the global minimum, sometimes it is more realistic to find the local minimum instead
due to manufacturing constrairiiscause sometimes at global minimum the use of equipment
and materials can be very costly and hard to be avail@bleearch for local minima, another
method can be used such as robust optimisation which will be explained further under sub
chapter. In this work, Nedominated sorting Genetic Algoritrth(NSGA-I11) will be used since

it offers nondominated sorting, an dbt strategy, it uses the approach for parameterless problem

and very efficient for optimisation problem with constraints to handled.
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5.6.1 Understanding Genetic Algorithms (GAS)

Repetitive modification of individual solutions population which hbgen randomly generated

is the first principle step of genetic algoriti@64]. Selecting the individuals from current
population tdoe parents for producing the next generation of offspring is second step. Then, the
evolution of populations will occur for the following generations in order to search for the
solutions which is optimal. The process of Genetic Algorithms is explainedhatbally in
Figure5-10, involving different stages of creating initial population, producing next generation

of offspring by means of selection, crossover and mutation and termination.

Initialize
Population

¥

[ Fitness 14

Calculation J‘

i

I Creating the Next
I Generation Process
I

Selection

I

I

|

|

|

| [
I I
: ¥ :
as : | Crossover \ :
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Results ] I I
| v |

| M ) 1
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Figure 5-10: Shows the flow chart for the working process of genetic algorithm mg6&6H

From the first step of Genetic Algorithm where potential solutidnsye generated. Individual
solution are being generated randomly to be the first population off) ) F8 dm and
0 ApMmpMBansm where'Q phc8 @population size an®@ phcHB &inumber of
design variables. Thg has the range wherg®i @ 1 1N @i ®. Population size is
denoted by) € | , number of desig variables are denoted byé and the design variables

lower and upper limits are representedibgpi @andr @1 @ respectively.

To measure the performance of chromosome created by GAs individually, fithess fusiction i

utilised to perform the assessment where it need to be optimised. Higher values of fitness
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function obtained if chromosome quality is high. The formulation of fitness function can be

structured as follows:

€01 TTTHNTTHT Ml /B &iQn (5.19
Wheret is the number design variables.
To explain in a detailed manner, GAs will generate the population randomly, which will force
the fitness function to evaluate the whole first population. This is to ensure the determination
suiteble parents to produce children by passing the genes. Higher solution quality will have
higher value of fitness function. Commonly, individuals will be chosen based on the parents that
has the best value of fithess function. An improved generation wileiy produced from the
initial population based on the chromosomes. To perform identification of the best quality
parents giving the best chromosomes, the calculation of fitness will be conducted. Next
generation classification will be based on the ttdferent substeps of following:

a) Selection stage: The chromosomes with high fithess values will be chosen to produce
offspring.

b) Crossover stage: Using the parentsd chr omo
children.

c) Mutation stage: For an inddual gene, random mutation is introduced.

From step 2, where the determination of individual fithess is completed, the step 3 will cover
the criterion satisfied function assessing the entire population fitness. For the last step of step 4,
the search fobest population is terminated when criteria is met. The criteria can be either
generations has reached the maximum number, time limitation or solutions that are acceptable
obtained (refeFigure5-10for algorithm). The generation of new population is made up of two
populations of last generation which has high fitness quality and new children from the
crossover and mutation process. Looping through the algorithmFigumne5-10, after the best
individuals obtained the algorithm will converge and the problem will have their optimal
solutions[267].

5.6.2  Singlebjective Optimisation

After the surrogate models have been developed for each objective function, thelsjecliee
optimisation will only cover single objective function at one without optimising the other. The
weakness of optimising only singe otfjee is that, while optimising one objective will lead the
deterioration of performance of the otH@68]. One of the way to solve this issue is by
combining the objectives together using weighted sum approach where weight factor is
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associated to each objective depending on their importance but it not covered in this work since
Pareto optinsation is chosen. This condition singlBjective optimisation is not feasible for
certain applications if only one objective optimisation is considered. Thus, the study ef multi
objective optimisation is more applicable to search for design variablesggbalanced

performance of mulobjectives which is the Pareto optimal solutions.

5.6.3  Multiobjective Optimisation

The concept of muHobjective optimisation is to search the most optimal solutions
compromising between conflicting objectivesrRhis work, the surrogates developed using
RBF and ANN for each objective function studied will be used within the ‘objéctive
optimisation framework. The mulabjective optimisation will provide the Pareto optimal
solutions for different objectivetested. Both RBF and ANN surrogates will be used within
Platypus optimisation package in Python with optimisation algorithm of NBGAe function

of Pareto optimal solutions is to provide flexibility to the designers choosing between competing
objectives for at least to minimise all of them. The solutions from deterministic optimisation
study often lead to only absolute results without taking into account that there might be other
solutions that perform as good but at different design points. The fatiorubf multiobjective

optimisation can be constructed as follows:

(Minimisation or maximisation§ "Oe

"MehMQeMBQ e

Qe THMi W phiB ke

Qe mHMi Q phehB

e By vLE0Y (5.19

¢ o Loy
The variable ofg and m are the input design variables and objective functions number. The
number set of equality and inequality constraints are denotg@auge respectively. The design
and goal space are denoteddbgnd-l respectively where the and« are design vectors. The

function of equality and inequality are representedby andQ e respectively.

Deterministic solutions afin result in a design where it is not feasible for manufacturing due to
restrictions from tolerances to manufacture. Therefore, solving this issue, uncertainty
guantification is added within design variables to search different design points that gise almo
equally superior performance. For the next-shhpter, the optimisation with uncertainty

guantification is explained in details.
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5.6.4  Optimisation Under Uncertainty (OUU)

Optimisation Under Uncertainty (OUU) includes the process of adding amggrvithin the

design points and measure the performance of it, and after that optimisation is pef&éitned
270]. OUU is split into two major methods of robust design arlicbiity-based design
respectively. Robust design aims to search for the design that is insignificantly affected by the
small change of the geometry under the condition of uncertainty while relidiaktyd design

takes into account of failure probabyjliivhen obtaining the optimal solutions of the design.

5.6.4.1 Robust Design Optimisation (RDO)

The method of Robust Design Optimisation (RDO) performs minimisation of performance of
system sensitivity towards the application of uncertainty onto tlsggmlenput variables
contributed by the factor of environment or manufacturing conditigi$]. For this work,
aleatoric uncertainty is used which contributed by the manufacturing tolerances causing
uncertainty. Using probabilistic framework, uncertainties are included by imposing the normal
distribution around a design point (refEérgure 5-11 showing the optimisation robustness
working principle) contributing to distribution of outp(® It can be observed even though the
normal distribution of both inputs are similar but each of them results into differ@ures of

normal distribution of the outputs where one of them has more steep curve compared to the other
indicating high gradient regionThe application of uncertainty will definitely affects the
responseQto be varied and has to go for quanation and minimisation. The robust design

from uncertainty application which has been optimised must have a balance between the system
mean and variance performance (Pareto optima]#yR]. The formulation of RDO is as

follows:
QQabB 0 wo Qi "QQQI
G Q¢ Q4 Q0 Q&R h, "Qafd (5.20)
[ 6 QOF0E
Where performance function mean value and standard deviation are den@ie@ baynd, "Q

respectively. The maximunmiit of standard deviation allowed is denoted,by
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T+ T2 + 22 T

Figure 5-11: Shows the Robust Design Optimisation (RDO) prind®rea].

The RDO is mainly used to stu the response variation when input design variables are
subjected to uncertainty while identifying what parameters are causing them. To perform

uncertainty study, &ew assumptions are to be followed as follows:

A) Individual design variables will be subjed with Gaussian distribution.

B) The magnitude of standard deviation will be between 5% to 10% away from the value of
mean[274] because the range is considered appropriate to be large enough having
meaningful variabity degree but not too large causing unrealistic input values.

C) The normal distribution is set to follow thesgyma rule where one, two and three sigma
away mean are set to have the percentage of 68%, 95% and 99.7% respectively. The

illustration of normadistribution can be referred tigure5-12.

68%
95% |
Mean Mean Mean Mean Mean Mean Mean
+3(SD) +2(SD) +SD +SD +2(SD) +3(SD)
— 99.7% _

Figure 5-12: Shows the normal distribution applied onto the input design varigbis.
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Initially, let, 1 * N 8 andd¥ = ‘R,
Then, theld has a finite value of variance, U w andO & as follows:

S 7
Vlc“ ”

P 5 0 T Qw
Vic- . (5.2

: ‘_p wQ 7
I/IC“”

O Qw

’Q(b‘

The simplification of variance similarly can be defined as follows:

AHD Aw (5.22

E ”
The standard deviatiop, of @ can be calculated hy nHOD.

The optimisation using RDO method will often target to minimise the objective function(s)
based on the design domain{get. To search for robust design, the optimisation is performed
to compromise between mean arghstard deviation (noise factor) of output. The RDO method
utilises the surrogates searching for objective function that is least affected by the input
parameters uncertain variatigd76]. The input pameters that are uncertain has standard
deviation values which are adjustaf&7]. Performing robust optimisation, surrogates are used
based on published work of Jin et [@78], Nejadseyfi et al[279], Shin et al[280]. The key

steps of performing the robust design optimisation are as follows:

A) The robust design optimisation problem is formulated based ethefireed design space,
design variables, objective functions and constraints.

B) From the preset DOE points, each DOE poimtdl be subjected by uncertainty forming
a normal distribution of pointdhe new sets of points will be within the initial design
space for deterministic solution.

C) Each DOE point will be fed into the CFD model to calailite objective functions or
use the preonstructed surrogates from the deterministic solution.

D) Utilising the distribution output objective function calculated, the mean and standard
deviation can be computed for each DOE p¢@@8]. The calculation of mean and
standard deviation can be performed using either Monte Carlo Sampling (MCS) or
Polynomial Chaos Expansion (PCE) methods (refer subchapters 5.6.5.3 and 5.6.5.4)
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E) Surrogates are created for the newly calculated mean and standard deviation to map the
relationship between the input and output data.

F) The surrogates will then be fed withinetloptimisation algorithm for optimisation
process to minimise the conflicting mean and standard deviation results which is called

the Pareto Front.

The flow chart of robust design optimisation can be referré&digiare5-13.
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Figure 5-13: Flow chart for the steps of robust optimisation process.
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5.6.5

Description of Uncertainty

To measure the product quality (Measuramelasured quantif281]), uncertainty measurement

is used as a fundamental process. Using the measurement uncertainty expression guide (GUM)

for assessing and measurement uncertainty reppitirggn beused to perform uncertainty

evaluation providing complete guidance, framework and reference point in an uncertainty
estimation282].

GUM methodology can listed as follows:

1) Theinput sources antheasurangre defined respectively. The input sources variables

2)

3)

identification which affects the measurement estimation either directly or indirectly is

conducted.

Input sources results prediction is carried out by model modelling. IMuztielling help

to establish the relationship of the input and output sources and capturing the influence

of inputs towards the measurements, thus, uncertainty can be predicted very well if strong

model is developed.

Input sources uncertainties estimatigstimation for all input sources are needed where

there are two type methods to quantify the uncertainty evalufi®®, 284] The

methods are as follows:

A)

B)

Type A: From the observation repetitions where the uncertagntalculated. The
parameter used for this is usually standard deviation of measurements that have been
repeated285]. Let say, the dataset is representedolbwhere repeated data is given

by w, ®é . @ and number of readings is denotedéyProbability distribution

standard deviation can be calculated using formula as follows:

O (5.23

The uncertaity 6 w is represented as follows:
[ @
%3
Type B: measurement of uncertainty is basadnonstatistical procedures. Very

0w

(5.29

careful uncertainties estimation for input sources of Type B will be based on
observational analysis or isatific judgement with high accuracy, utilising the

procedure of measurement from the collections of data.
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5.6.5.1  Uncertainties Propagation

The uncertainties propagation law (LPU) is the law which the GUM framework is based on
where calculations arsimplified based on the set of approximations and it can be used for
different models range. The measured quantitgoals function of design variables with

number and using firsirder Taylor series to express thancertainty are as follows:

® "Qoho B g (5.25)
. T Q, T"QT"QT,“ﬁb 5.2
0 o 0 q o Td)oosu) (5.26

Based on Eq. 56 since there is no input variables correlatitve second term is neglected due
to the crosgerms of partial derivatives products can be assumed to bevharo redwees the

equation of be as follows:

T_"Q

: 5.2
5 0 (5.27)

—a

If the relationship between the inputistes and output is ndmear where Bortversion of the
Tayl ords series expanrosderdoes natrhasitle ahility & pdrferm ms
propagation error correction. There are numerous restrictions when using the GUM method
[286-288] which are as follows:

1) Model must be linear for valid use of GUM methods, highbyrlinear model is not

solvabl e using Tayl or ds ser i-eaderteemspaeresi on

propagation of error cannot be correct€de GUM method is not suitable for current
work as nodinear datasets are being used

2) The same marar of input sources is required for application of GUM methtidme
or more input sources have uncertainty or sensitivity are larger compared to the others,
GUM method is not valid to use due to overall uncertainty domination and hard to get
accurate reults.In addition, when the is no symmetric properties of input quantities

distribution, GUM method is also not valid to be used.

From the limitations mentioned above, different solutions can be used for input quantities
probability distribution propaagion such as numerical and analytical integrations and numerical

simulations (i.e., Monte Carlo methods).
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5.6.5.2  Monte Carlo simulations

The use of Monte Carlo simulation (MCS) is a substitute approach instead of using GUM method
when it does not wrk. With different model measurements, MCS has the upper hand compared
to the GUM method providing more fast, robust and reliable resdudt$o its ability to deal with
nortlinear complex modelWhen dealing with nofinear models, MCS has the abilitg t
perform an estimation of it. Based on the information available in terms of quality and reliability,
the uncertainty study can also be achieved using different methods. Using MCSM, random
sampling is applied on the design variables (input data) to ebtée desired objectives (output
data). If the number of samples for probability distribution is sufficient, then accurate desired
output can be calculated. The normal distribution is used onto the input data where the values
are quantified in terms of @iset mean and standard deviation respectively. Based on respective
PDF, the generation of random drawn numeric value is conducted by MCS for individual input
[289]. The Gaussian distribution of PDFs are plotte#igure5-14 with fixed value of Tt

and varied values qf to be 0.5, 1.@nd 1.5 respectively.

0.8

0.6+

G(x)

0.2+
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Figure 5-14: Shows the PDF with different values of standard devid#60].
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5.6.5.3  Polynomial Chaos Expansion (PCE) method

The RPlynomial Chaos Expansion (PCE) method is initially propsed by Wiged]. PCE

method utilises the Hermite polynomials and random variables obeying the normal distribution
to solve stochastic processes. Cameron and M@%®| validate the exploitation of Hente
polynomials to be used as orthogonal polynomials. From the introduction by \Wa&igr
stochastic processes are solved by using Hermite polynomials chaos approach where it is
implemented to be orthogonal polynomials. This method has been very effective for many
engineering analysei293-296]. Al t hough the method by Weine
problems are present due to A@aussian based method and convergence [&9ie 298] To

solve this concern, new polynomial chaos method based the collaboration of \ékegris
presented. Using the suitable orthogonal polynomials basis wherproblems are solved
instead of when using initial proposal\&iiener Hermite Polynomial®iethod[299, 300]

The input design variables @fand output objectives obfor a stochastic system is considered.
Referring Table 8L, the scheme proposed by Askey and its linkage to the orthogonal polynomial
groups with its corresponding unique input disition are shown. From Eq. 5,28e surrgates

of the objectives are developed using the orthogonal polynomials n{8tigd

DO O o ® (5.29
Where the trocation order is denoted Iy coefficient is denoted by and at thécth order of

orthogonal polynomial is denoted py.

PCE model can be approached from two sides of different methods either using regression or
pseudespectral projectionBy using generated evaluations and samples, regression method
functions by fitting the PCE model into[R02]. On the other hand, Pseudpectral projection

method achieved the correspondent coefficient apprdiamby applying rules of quadrature.
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Table5-1: Shows the Orthogonal polynomial basis scheme by Askey and specified density

function linkage with stochastic input variab[@8€3].

Type of Density Function Orthogonal Weight function Domain
Distribution Polynomial
basis
Normal P o Hermite'0Q & @ Hh Ho
—AQODb — Aob —
" G G
Beta P ® p @ Jacobil " w P ® p ® pip
q 61 ph p
Uniform 0.5 Legendred & 1 pip
Exponential Q Laguerred Q mh Hb
Gamma wQ Generalised ®'Q mh H
31 p Laguerred
5.65.4  Uncertainty Quantification (UQ)

The study of Uncertainty Quantification (UQ) is based on the application of uncertainty onto the

input variables achieving a set of output values. The probability distribution applied around input

data will lead tothe probability distribution of output data. Initially different parameters

representing the design variables are introduced and then each design point within each design

variable will have a normal distribution. For every new design point in the disbrbdata will

then be fed into the CFD software for solutions but this will consume very high computational

power and time. Thus, surrogates which have been developed earlier will be utilised for

predicting the output results from the new input valuesi@mepoints).

The Monte Carlo method is applied to obtained the propagated distribution where for every input

data will have a normal distributed data which will be calculated through the CFD model or

surrogates for thousands of iterations. After thatotitput PDF distribution will be calculated

based on the standard deviatjoand mean using the following formulas:

b
;
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5.6.5.5 Method of Rmst Design Optimisation (RDO)
For Robust Design Optimisation (RDO), theean of outputs (refer Eq. 5)2@ndergoes
minimisation. The solving of robust optimisation problem requires uncertainty with surrogates

and confidence intervals. RDO formulation ssfallows:

G Q¢ Qa Qi ‘GO NE & p1
@GN m (5.31)
[ 00 OEDO, , and, .

Where the range ¥ Tip .

5.7 Chapter summary

Within this chapter, possible design formulation is explained in details. Different sampling
methods are reviewed. The concept of surrogate modelling is also introduced where
computational time and resources can be reduced drastically without having to siorthate

CFD models. Furthermore, optimisation techniques covering deterministic and probabilistic
framework were also presented. The methods that will be used to solve optimisation problem in

this work can be summarised as follows:

A) The DOE points of inpudesign variables will be based on the chosen physical
parameters defining the heat sink. The DOE points are created using Optimal Latin
Hypercube Sampling methodAdzeEglais optimality criterion) ensuring even
distribution of points within the design ape specified for each design variable. The
number of points should be at least 10 to 15 times the number of design variables for
acceptable representation of points distribution within the design e

B) Using the DOE points created, these points will be used in CFD software to calculate the
corresponding of chosen output (objective functions) which in this work will total
thermal resistancéY( ), pressure drop¥Q). For mass of copper heat sirk (), the
calculated is based on the analytical method proposed {cheydters of 6.5, 7.5 and 8.5
respectively.

C) Based on the DOE points of input design variables and calculated objectot®ns,
the Radial Basis Function (RBF) and Artificial Neural Network (ANN) methods will be
used to map the relationship between input and output variables creating surrogate
models.

D) The surrogate models will be utilised within optimisation algorithi8@4-Il) to search
for optimal solution for both singleand multiobjective deterministic optimisations.

Only single solution will be obtained for singddjective optimisation while for muki
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E)

F)

objective optimisation a Pareto optimal solutions are obtateetpromising between
conflicting objectives.

To include uncertainty study based on Robust Design Optimisation (RDO) method,
Monte Carlo simulation method and Polynomial Chaos Expansion (PCE) methods are
used to quantify the normal distribution with spesdfistatistical moments of standard
deviations and means (the DOE point itself) applied on every single DOE points. The
distributions will be used on the pdeveloped surrogate models to calculate the
corresponding distribution of outputs objective funatiowhere also the statistical
moments calculated.

Surrogate models are further developed between the original input design variables with
newly calculated output statistical moments. These surrogates will be used to find the
Pareto optimal solutions betee means and standard deviations searching for optimal
output of means which has corresponding small standard deviations indicating the output

curve at that particular position does not have very steep gradient.
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Chapter @ Design optimisation afingle inlet

outlet serpentine mirgchannel heat sinks

6.1 Introduction

From the previous work on the analysis of serpentine-aiiannel heat sink performance both
thermally and hydraulically, it was found that using serpentine channel heat sink offdrs goo
heatremoval ability compared to conventional straight channel heat sink and offers better
temperature distribution. Using single path serpentine-aiiannel (SPSM) provides better
thermal performance compared to double path (DPSM) and triple path {(Tdegdéntine mini
channel[144]. But using SPSM design induces very large pressure Nfopyp to ten times

larger compared to straight rectangular rahannel (SRM) design. From the findingsermal
enhancement comes at the expense of very high pressure drop. In order to reduce the magnitude
of pressure drop while improving the rate of heat transfer, the SPSM design has been modified
by researcher with addition of integrated small chevronviinEh was proven to be effective

for pressure drop reduction and simultaneously enhancing the coefficient of heat {B8]jsfer

The additon of small fins within serpentine channel heat sink is still at its infancy level which
needs to be explored further since adding fins generate secondary flow improve heat transfer and
reducing pressure drop significantly at the same time. Thereforeydhifocuses on the use of

novel design of oblique, trapezium and diamond shapes fins within serpentirehamnniel heat

sink where the fin shapes have only been used by researchers in straight channel.

To explore further on the performance of serpentin@-channel heat sink with fins, different
shapes of fins are tested including oblique, trapezium and diamond fins to study the effect on
thermal and hydraulic performance of heat sink. The tests on secondary channel within straight
channel using fins & been explored in the literature covering oblique fir&l, 132]and
trapezoidal fing175, 176jwhich has been proven effective to improve heat transfer and reducing
pressure drop simultaneousliyhe use ofdiamond shape has not been utilised enough for
research in heat sink study where diamond shape vortex generator used to induce flow
disturbancg177] and diamond shape perforation for pin fin heat $i#8], thus, to explore
further using diamond shape, diamond fins creating secondaryrflsgrpentine minchannel
heat sink is investigated for the present wdmkthis chapter, the descriptions of novel designs
of heat sinks are presented. The CFD solutions will be presented using post processing tools by
COMSOL Multiphysics v5.4. Four ajor parameters utilised to test the performance of heat sink
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are pressure drop/0, total thermal resistanc& , Average Nusselt Numbet, 6 , and
PerformancdcvaluationCriteria (PEC) respectively. Design optimisation process is performed
on serpentine minthannel heat sink with fins that gives the most superesnthl performance

while having very high perfornmae hydraulically.

6.2 Design descriptions of single inletitlet of serpentine mirghannel heat sink with

fins
For current work, single inletutlet serpentine mirthannel heat sink is investigated
numericaly for plate (SMPF)pblique (SMOF), trapezium (SMTF) and diamond (SMDF).fins
Each type of serpentine miohannel with fins (excluding SMPF) has four different
configurations4A, -B, C andi C) which are completely designed using COMSOL Multiphysics
v5.4geometry tools. In order to make a fair performance comparison between serpentine mini
channel heat sink with different shapes of fins, all heat sinks share the same height of channel
("0 ), width of fin (@ ), width of channeld ), area offootprint (® 0) and thickness of
substrate’Q ) respectively. The heat sinks are made from copper and uses water as cooling fluid.
The serpentine mirghannel heat sink with fins (excluding SMPF) has continuous plate fin with
7 smaller fins embeddeper row. The dimensioning of SMPF is showrkrigure6-1 while for
four different configurations of SMOF, SMTF and SMDF heat sinks can be referFegure
6-2, Figure6-3 andFigure6-4 respectively. The detailed dimensions for all heat sinks are listed
in Table 6-1. To have a fair comparison kbeien the performances of heat sinks, all
configurations of SMOFs, SMTFs and SMDFs are having their fins spread out equally within
the plate fin. To provide good balance between pressure drop and heat transfer, Suga and Aoki
[305] recommaded the range of louver angles betweentot v. All heat sinks with oblique,
trapezium and diamond fins will have the same fin angle, of T v which is within range
proposed irf305] and secondary channel lehgd , of & &. For Figure6-1 to Figure6-4,
the blue domain represents the fluid (water) and grey domain represents the solid part of heat
sink (copper).
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Figure 6-1: Shows the detailed dimensioning for SMPF heat sink.
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Figure 6-2: Shows the different configurations of SMOF heat sink design.
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Figure 6-3: Shows the different configurations of SMTF heat sink design.
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