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Abstract  

The drive to continuously scale microprocessor performance, coupled 
with the lack of Dennard scaling for supply voltage, has presented two 
specific challenges to the further advancement of information 
technology (IT) . First, the operating costs of large data centers that 
are the key providers of IT-related services, have been steadily rising 
due to increasing air-cooling overheads, and are reaching 
unsustainable levels. Second, the ever-increasing transistor densities 
in integrated circuits and development of multicore architectures are 
pushing both the chip power densities as well as chip thermal non-
uniformities. Liquid cooling at the chip level holds the potential to 
address both these challenges. 

This thesis focuses on water-cooling of microprocessors, with 
emphasis on efficient waste heat recovery from data centers and 
efficient cooling of highly no n-uniform current and future chip power 
maps. The waste heat recuperation problem is investigated at the chip 
level through detailed thermo -hydrodynamic analysis of hot water 
cooled manifold microchannel (MMC) heat sinks. A systematic 
approach to optimize the operating conditions of such heat sinks, in 
order to achieve trade-off between exergetic efficiency of heat 
recovery and chip thermal reliability, is developed. On the cooling of 
non-uniform chip power maps, a novel hotspot -targeted and highly 
energy efficient cooling concept is presented. The concept involves 
adaptation of the microchannel heat transfer structure as well as flow 
distribution across the heat sink to the chip power map. A passive 
flow throttling approach for tuning the flow distribution is proposed 
that is insensitive to the configuration of the manifold used to supply 
the coolant. The proof of concept is demonstrated through 
experimental investigation of the embedded microchannel heat sinks 
based on this concept under realistic multicore microprocessor power 
maps. It is shown that this approach can significantly reduce chip 
temperature non-uniformity and a similar performance cannot be 
feasibly achieved by conventional microchannel heat sinks. General 
rules of design and a one-dimensional  model based approach for 
quick design of hotspot-targeted microchannel heat sinks are also 
discussed. 
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Zusammenfassung  

Das Bestreben zur andauernden Steigerung der Leistung von 
Mikroprozessoren in Verbindung mit dem Fehlen einer Dennard -
Skalierung für die  Versorgungsspannung wirft zwei spezifische 
Herausforderungen für die zukünftige Weiterentwicklung der 
Informationstechnologie (IT) auf. Erstens steigen die Betriebskosten 
von Datenzentren, welche die wichtigsten Anbieter von IT-Diensten 
sind, aufgrund des steigenden Mehraufwands für Luftkühlung stetig 
und erreichen ein unvertretbares Niveau. Zweitens erhöht die 
ständige Steigerung der Transistordichte in integrierten Schaltungen 
und die Entwicklung von Mehrkern -Architekturen die 
Leistungsdichte und die thermischen Inhomogenitäten am Chip. 
Flüssigkeitskühlung auf Chipebene birgt das Potenzial, diesen beiden 
Herausforderungen zu begegnen. 

Diese Arbeit konzentriert sich auf die Wasserkühlung von 
Mikroprozessoren mit dem Schwerpunkt auf effiziente Abwärme -
Rückgewinnung in Rechenzentren und effiziente Kühlung von stark 
ungleichmäßigen, derzeitigen und künftige Prozessor-
Leistungsverteilungen. Das Problem der Rückgewinnung von 
Abwärme wird auf Chipebene mit Hilfe einer detaillierten thermo -
hydrodynamischen Analyse von Heißwasser gekühlten Wärmesenken 
mit Mikrokanal -Verteilern (MMC) untersucht. Ein systematischer 
Ansatz für die Optimierung der Betriebsbedingungen derartiger 
Wärmesenken wird entwickelt, um einen Kompromiss zwischen 
exergetischer Effizienz der Wärmerückgewinnung und thermischer 
Zuverlässigkeit des Chips zu erreichen. Für die Kühlung inhomogener 
Prozessor-Leistungsverteilungen wird ein neues, höchst 
energieeffizientes und hotspot-orientiertes Kühlkonzept vorgestellt. 
Dieses Konzept beinhaltet die Anpassung der Mikrokanal -
Wärmeübertragungsstruktur sowie der Strömungsverteilung im 
gesamten Kühlkörper an die Prozessor-Leistungsverteilungen. Zur 
Abstimmung der Strömungsverteilung wird ein Ansatz mittels 
passiver Strömungsdrosselung, welcher unempfindlich gegenüber der 
spezifischen Konfiguration des Verteilers für die Kühlmittelzufuhr ist, 
vorgestellt. Der Machbarkeitsnachweis wird durch experimentelle 
Untersuchung an eingebetteten, auf diesem Konzept basierenden 
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Mikrokanalwärmesenken an realistischen Mehrkern prozessor-
Leistungsverteilungen erbracht. Es wird gezeigt, dass dieser Ansatz 
die Temperaturinhomogenität am Chip deutlich reduziert und ein 
vergleichbares Ergebnis mittels herkömmlicher 
Mikrokanalwärmesenken praktisch nicht erreichbar ist. Allgemeine 
Regeln für den Entwurf und ein eindimensionaler modellbasierter 
Ansatz für die schnelle Auslegung von hotspot-orientierten 
Mikrokanalwärmesenken werden ebenfalls diskutiert . 
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1 Introduction  

1.1 Evolution of the computing machines  

While explaining his calculating machine in 1685, G.W. Leibniz 
wrote,�³ For it is unworthy of excellent men to lose hours like slaves in 
the labour of calculation which could safely be relegated to anyone 
�H�O�V�H�� �L�I�� �P�D�F�K�L�Q�H�V�� �Z�H�U�H�� �X�V�H�G�´ [1] . This statement highlights  the 
motivation behind man�¶s long quest towards harnessing the power of 
machines to augment the power of the human mind.  The computing 
machines have come a long way from  the famous Roman Abacus,  the 
mechanical calculators like �3�D�V�F�D�O�¶�V�� �3�D�V�F�D�O�L�Q�H (1642) [2] ���� �/�H�L�E�Q�L�]�¶��
Stepped Reckoner (1672) �D�Q�G���&�R�O�P�D�U�¶�V���$�U�L�W�K�P�R�P�H�W�H�U (1820) [3]. 

The evolution of the computing  machines into the present day 
computers is marked by a series of evolutionary  leaps, the first of 
which was the introduction of p rogrammability in the form of  Joseph-
�0�D�U�L�H���-�D�F�T�X�D�U�G�¶�V���S�Xnched card controlled loom (1801). The punched 
card concept inspired �&�K�D�U�O�H�V�� �%�D�E�E�D�J�H�¶�V�� �$�Q�D�O�\�W�L�F�D�O�� �(�Q�J�L�Q�H�� ������������ 
which was envisaged to be a general purpose programmable 
computer using mechanical gears and shafts to represent and 
calculate numbers [4]. Later, Herman Hollerith further developed the 
punched card technology by adding the functionality of data storage 
and invent ing the key punch and tabulating machines in the 1880s. 
Starting with the 1890 United States Census, punched card machines 
revolutionised computat ion. By 1950, punched card machines from 
IBM, the successor to Hollerith´s company,  were being widely used 
for data-intensive tasks [5].  

Punched cards were succeeded by analog computers before World 
War II . Analog computers utilized similarities between electrical, 
mechanical and hydraulic quantities to solve mathematical problems. 
The most advanced among the mechanical analog computers was the 
diff erential analyzer built by H. L. Hazen and Vannevar Bush at MIT 
in 1927 [6] .  

However, the analog computers were soon eclipsed by the arrival of 
relay based digital computation start �L�Q�J���Z�L�W�K���*�H�R�U�J�H���6�W�L�E�O�L�W�]�¶�V��Model 
K in 1937 [7]. This turned out to be the second evolutionary leap for 
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computers as digital computation  made possible the development of 
the first Turing complete  [8] computers during and post World War 
II.  Z3, invented by Konrad Zuse in 1941 , was the first fully 
programmable, relay based, digital comput ing machine [9] .  

The relay based electrical computers were succeeded by vacuum tube 
based electronic computers. Vacuum tubes offered a much higher 
processing speed as compared to relays as they had no moving parts. 
The Atanasoff-Berry Computer (ABC) was the first electronic digital 
computer, developed by John Vincent Atanasoff and Clifford E. Berry 
in 1939 [10]. ABC was followed by Colossus in 1944 and ENIAC in 
1945. Colossus was built by Max Neumann and Tommy Flowers as a 
part of an effort  to break the encryption codes of the German Lorenz 
cipher machine [11]. ENIAC (Electronic Numerical Integrator and 
Computer)  was the first fully programmable electronic digital 
computer. It  was designed by John Mauchly and J. Presper Eckert 
[12]. Although the vacuum tubes were fast, they suffered from low 
reliability due to high heat generation. ENIAC and Colossus managed 
to partially overcome this problem  by avoiding repeated power 
cycling which was the main cause of vacuum tube failure at that time 
[13].  

ENIAC was followed by EDVAC (Electronic Discrete Variable 
Automatic Computer) in 1949 that used stored programs instead of 
card input by using a serial access memory. John von Neumann 
summarized these developments in the form of design architecture 
for computers. The Von Neumann architecture  became the 
underlying concept behind all successive modern day computers [14] . 
The first computer to demonstrate the Von Neumann architecture  
was the �8�Q�L�Y�H�U�V�L�W�\�� �R�I�� �0�D�Q�F�K�H�V�W�H�U�¶�V�� �6�P�D�O�O-Scale Experimental 
Machine (1948) [15] .  

These early successes of electronic digital  computers led to the 
commercialization  of the vacuum tube based computers, commonly 
regarded as the first  generation of electronic computers. Some of the 
prominent examples of this generation were Ferranti Mark 1 (1951), 
IBM 701 Electronic Data Processing Machine (1952) and IBM 650 
(1954).  
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The first generation  computers were bulky, consumed large amounts 
of power and still suffered from low reliability . To overcome these 
problems, a complete revision of the computing  hardware was 
required. As early as in 1925, J.E. Lilienfeld had introduced the idea 
of a solid-state amplifier in the form of a  field effect transistor  [16, 17]. 
Later developments led to the invention of the point -contact 
transistor in 1947 by John Bardeen, William Shockley and Walter 
Brattain . The invention of  transistor marked the third  leap in the 
computing machine evolution that  led to the replacement of vacuum 
tubes by solid-state electronics and arrival of the t ransistor based 
second generation of computers [18]. The first transistorized 
computer was built at University of Manchester in 1953  [19]. 
Germanium and silicon junction transistors reduced the computer 
size and cost, increased reliability and reduced power consumption. 
This generation of computers consisted of printed circuit boards with 
�L�Q�G�L�Y�L�G�X�D�O���W�U�D�Q�V�L�V�W�R�U�V���E�X�L�O�W���R�Q���L�W�����,�%�0�¶�V����������, launched in 1959, was a 
highly successful second generation computer [20]. 

As attempts to increase the processing power of these computers 
progressed, the number of components involved also grew. By 1960s, 
the huge number of components began to adversely impact computer 
reliability . This problem, termed as �µ�7�\�U�D�Q�Q�\���R�I���Q�X�P�E�H�U�V�¶ [21-23], was 
finally overcome through another leap in the evolution of  computing 
hardware �J the invention of the integrated circuit  (IC).  Jacks S. Ki lby 
at Texas Instruments [24, 25], Robert Noyce and Jean Hoerni at 
Fairchild Semiconductors and Kurt Lehovec at Sprague Electric 
Company worked independently to solve the various problems 
inhibiting incorporation of various electronic components on a single 
semiconductor crystal [26, 27] . Their efforts led to the introduction of 
the first semiconductor ICs  by 1960. Since the IC fabrication 
technology was relatively new, ICs of the time were not cheap to 
produce as compared to vacuum tubes. However, U.S. aerospace and 
defence programs of the 1960s, like the Minuteman Missile and the 
Apollo Program, led to the growth of IC fabrication  and gradual 
reduction in  their cost through mass production , thus paving the way 
for their  use in commercial products by the late 1960s [28].   

The development of integrated circuits in turn heralded the advent of 
the microprocessor which incorporated the entire central processing 
unit  (CPU) of computers on a single semiconductor chip. Texas 
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�,�Q�V�W�U�X�P�H�Q�W�V�¶���7�0�6�������������Z�D�V���W�K�H���Z�R�U�O�G�¶�V���I�L�U�V�W �D�Q�G���,�Q�W�H�O�¶�V�������������Z�D�V���W�K�H��
first commercially available microprocessor in 1971 [29]. The general 
purpose microprocessors marked the last major evolutionary leap so 
far in computing evolution. The integrated CPU in the form of 
microprocessor sharply reduced the cost of processing capacity and 
the microprocessor became ubiquitous  in computing platforms 
ranging from personal computers to supercomputers and servers [30, 
31].   

With the basic CPU architecture in place, the semiconductor industry 
embarked on a path of exponential growth  of the microprocessor 
processing power. In 1965, while the integrated circuit  was still in  its 
infancy, Gordon Moore at Fairchild semiconductors  predicted that 
the number of components, that could be profitably fabricated on a 
single semiconductor IC, would double every year [32]. He later 
revised this rate of doubling to once every two years in 1975 [33]. His 
prediction later came to be known as the Moore�¶s law and became a 
self-fulfilling prophecy for the semiconductor chip industry  [34]. The 
transistor count in the microprocessors grew at a frenetic pace from 
nearly 2300 in Intel 4004 to a few billion transistors in the 
microprocessors of today like Intel Xeon and IBM Power7+  [35, 36]. 

1.2 Microprocessor power dissipation problem  

Moore�¶s law led growth in transistor density was made possible as a 
result of transistor and  interconnect scaling rules proposed in 1974 in 
a seminal paper by Dennard et al. [37]. This paper demonstrated that 
if the transistor dimensions are scaled down while maintaining  a 
constant electric field , it would result in reduction of transistor  
switching time while maintaining  the power density at a constant 
level. �'�H�Q�Q�D�U�G�¶�V�� �F�R�Q�V�W�D�Q�W�� �H�O�H�F�W�U�L�F�� �I�L�H�O�G�� �V�F�D�O�L�Q�J��became the guiding 
principle for  the semiconductor industry  in its  endeavour to follow 
the �0�R�R�U�H�¶�V���O�D�Z.     

However, as the transistor density increased, power dissipation from 
integrated circuits also increased due to inability to precisely scale the 
voltage as prescribed by the Dennard scaling rules [38]. Figure 1.1(a)  
shows the steep increase in power dissipation, at the chip module 
level, �I�U�R�P�� �W�K�H�� �P�L�G�� ���������V�� �W�R�� �H�D�U�O�\�� ���������¶�V�� ���F�I���� �W�K�H�� �U�H�G��curve in the 
figure). At this point, the semiconductor chip industry went through a 
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relatively quick technology transition , from the bipolar  junction 
transistor (BJT) to Complementary Metal Oxide Semiconductor 
(CMOS) transistor  that  reduced chip power dissipation significantly . 
However, this transition brought  only a temporary respite from the 
power dissipation problem  [39, 40].  

S�W�D�U�W�L�Q�J���I�U�R�P���P�L�G�����������¶�V, semiconductor chip manufacturers started 
scaling gate lengths even more aggressively then rest of the transistor 
dimensions in order to pack more and more transistors in the chip  
(Figure 1.1(b) ) thus leading to an accelerated increase in 
microprocessor performance [41, 42]. However, this was 
accompanied by another steep increase in chip power dissipation  
densities (cf. the blue curve in Figure 1.1(a) ). By early 2000s, the 
CMOS power dissipation  had reached the same levels as that at the 
end of BJT curve [39, 40] . 

Finally, by 2004, the classical Dennard scaling, that had enabled 
transistor miniaturization till then , hit a limit when the gate oxide 
thick ness reduced to 1 nm. Thereafter, any further reduction in gate 
oxide thickness became limited due to problems related to tunnelling 
leakage currents and dielectric breakdown, which in turn limited the 
downscaling of operating voltage in integrated circuit s post 2004. As 
a result, the transistor current could  also not be downscaled further 
thus limiting the further  decrease in power per transistor  [42, 43]. 
However, the industry continued the growth in transistor density 
mainly by reducing the gate pitch, while keeping the effective gate 
length nearly constant at 25 nm between the 90 nm to 32 nm 
technology generations [43] . 

The nearly constant power consumption per transistor along with 
increasing transistor density translated into a huge jump in chip 
power density. The criticality of thermal problem became evident 
when the failure of projects like Intel �¶s Tejas [44]  and NVIDIA GPUs 
[45] were attributed to exceptionally high thermal dissipation. It was 
evident that the traditional serial microprocessor was running int o a 
power wall in its drive toward s ever increasing processing capacity. 
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(a)  

 

(b)  

Figure 1.1: Evolution of (a)  Module level heat flux (b)  Logic technology 
nodes and transistor gate lengths (Figures reproduced from  [40] and [42] 

respectively)  

1.2.1 Multicore microprocessors  

The rise in power dissipation  and inability to scale the gate length 
started to limit the clock frequencies of serial processors thus limiting 
the increase in performance. The microprocessor performance gain 
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post 2004 was also limited by the fact that the interconnect RC delay 
did not reduce with downward scaling  [41]. In its efforts to keep up 
with the expected performance growth of microprocessors, the 
industry came up with non -classical scaling techniques to improve 
transistor  current by improving  carrier  mobility and gate oxide 
dieletric constant through  innovations like strain ed silicon and high-k 
metal gate technology [43]. However, these techniques could not 
replicate the earlier  microprocessor performance scale-up. From 
2007 to 2011, the maximum CPU clock speed increased by only 33% 
as against a 300% increase from 1994 to 1998 [46]. Hence, post 2004, 
although the transistor count continued to scale exponentially 
according to Moore�¶s law, improvements in individual processors �¶ 
internal architecture  brought diminishing returns. C ontinuing with 
individual serial processors would have translated into an expectation 
gap in microprocessor performance as large as a factor of 1000 by 
2020 [47].  

 

Figure 1.2: Die photo of the IBM Power 7+ chip (Image reproduced from 
[36]) 

As a result of the issues highlighted above, an industry wide departure 
from individual serial microprocessors became inevitable . The year 
2004 turned out to be a milestone in the evolution of microprocessors 
when Intel scrapped the Tejas microprocessor project due to power 
and memory limitations and announced the shi ft to multicore chips 
[44]. This shift was aimed at continuing  the Moore scaling in chip 
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performance by increasing the number of cores, as well as the 
transistor count per core, while keeping a check on the power 
dissipation .  

The last decade saw many multicore processors entering the market. 
�,�%�0�¶�V���3�2�:�(�5����and POWER7+ server microprocessors consisting of 
upto 8 distinct cores are recent example of a high end multicore 
microprocessor. Power7+ belongs to 45nm technology node and has 
2.1 billion transistors. Each core houses the execution units and L2 
cache. The rest of the chip contains shared L3 cache, memory 
controllers and chip interconnects (Figure 1.2) [36, 48].  

1.2.2 The hotspot problem  

In any microprocessor chip, the processing capacity is not utilized 
uniformly and hence power dissipation  from the chip is spatially non -
uniform. This aspect is accentuated in multicore microprocessors 
since most of the processing power is concentrated in the cores. As a 
result, the heat flux dissipation in these areas is multiple times higher 
than the rest of the chip (termed as background). As an illustrative 
example, Figure 1.3 shows the non-uniform power dissipation in a n 
IBM POWERPC970MP dual core microprocessor.  

 

Figure 1.3: Power map of POWERPCTM970MP dual core microprocessor 
(Image reproduced from [49]) 

The large difference in heat dissipation between hotspot and 
background regions can lead to large temperature gradients across 
the chip. Large temperature gradients in the package affect both 
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functional and structural aspects. The gradients lead to increase in  
thermal stresses in the chip to substrate or heat sink interface, 
reduction in electronic reliability in regions of high temperature and 
circuit imbalances in CMOS devices [50].  

1.2.3 Energy consumption in cooling  

Apart from the high heat dissipation and hot spot problems of modern 
microprocessors, there is another aspect of the present day computers 
that merits attention. With the increased demand for Information 
Technology (IT) related services such as internet, telephony and 
ecommerce, large data centers, housing hundreds of servers, have 
become the key drivers of IT services. Such data centers consume a 
large amount of energy. The total energy consumption of the data 
centers has been steadily rising at nearly 11% per year over the last 
decade and has tripled between 2000 and 2010. In 2010, direct 
electricity consumption by data centers reached 238 billion kW h 

 

Figure 1.4: Sankey diagram for a modern day data center ( Figure adapted 
from Garimella et al. [51]) 
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annually  [52, 53]. This constituted nearly 1.31% of the total world 
electricity consumption for 2010. [51]  

This rapidly increasing data center energy consumption is fast 
become a critical concern and is not sustainable. The introduction of 
the Green500 list for supercomputers emphasized that performance 
could no longer be the sole motivation for development of 
microprocessors and that performance per unit energy consumption 
was the more appropriate metric for better computing  [54, 55].  

Most of the present day data centers are air cooled. Figure 1.4 
illustrate s the energy usage in a typical modern day air cooled data 
center through a Sankey diagram. Air cooled data centers require  
elaborate cooling infrastructure  and only about 50% of the total 
energy consumption is used towards computing (PIT). The overhead is 
used for cooling (PT) and power delivery (PE). Air  cooling overhead 
for large data centers contributes roughly 33% of the total electricity 
consumption  of these systems [51]. 

1.3 Future of Si CMOS based integrated circuits  

Although the advent of multicore microprocessors has helped in 
reducing the rate of increase in chip power dissipation with 
increasing performance, it is likely that the future microprocessors 
will continue to rise to higher power levels because transistor density 
will continue to rise , though at a slower rate than present [42]. This 
trend would reflect even more strongly in case of 3-dimensional chip 
stacks where chip makers are trying to scale chip performance by 
adding layers of planar chips in the vertical direction to augment the 
decelerating planar scaling [56]. 

The failure  of Dennard scaling that impeded the single 
microprocessor performance may also limit the mult icore chip 
performance in future. The power wall may give rise to what is 
termed as �µdark silicon �¶, the fraction of silicon on the microprocessor 
that must be powered down to keep the chip within its thermal design 
power limit (TDP) [57]. TDP is the amount of power that the chip can 
dissipate without  violating  the transistor junction temperature limit.  
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Research efforts are currently on to find possible replacements for 
planar Si CMOS technology. These include non-Si, charge based 
technologies such as spintronics, single electron transistors and 
carbon nanotube transistors.  However, these technologies are not 
likely to become viable alternatives for the next two to three decades 
[42]. Other, more radically different , computing approaches such as 
DNA computing [58, 59], quantum computing [60-62] and chemical 
computing [63], are still in their infancy and may take even further 
time and research effort to reach the levels of currently available 
CMOS based computing power. Hence, until  the CMOS technology 
can be replaced, innovative and efficient cooling solutions are 
required to continuously push the TDP limit up wards for continued 
performance scaling of the microprocessor. 

1.4 Thermal management of integrated circuits  

Thermal management of ICs has been an important component of 
electronics packaging development. As chip power dissipation has 
climbed with every technology generation, increasing research effort 
has focussed on innovative thermal management techniques. These 
have mainly included  forced convection cooling using both air and 
liquid  coolants. 

1.4.1 Liquid cooling of microprocessors  

Liquid cooling is not new to the computing industry. IBM introduced 
its first liquid coo led product , IBM 360, in 1966 with water cooling at 
board level. Water cooling at the module level was introduced in IBM 
3081 system in 1980 (cf. Figure 1.1(a) ). Liquid cooled servers were 
replaced  in  the early 1990s when the replacement of BJT ICs with 
CMOS ICs alleviated the need for liquid cooling [64]. Since then, 
forced air cooling has been the preferred method of chip cooling for 
CMOS ICs due to its inherent compatibility with electronics and ease 
of implementation. However, as the power dissipation from high end 
microprocessors used in servers and supercomputers has crossed 100 
W in the last decade, air cooling has started to reach its practical 
limits .  This has led to a shift of the focus of the electronic cooling 
community back towards liquid cooling [65-67].  
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Another aspect that is motivat ing this shift to liquid cooling is the 
rapidly increasing energy consumption by large air-cooled data 
centers. As discussed in section 1.2.3, air cooling contributes a 
significant fraction of this e nergy consumption. This portion of 
energy use can be significantly reduced by switching to liquid cooling. 
This is because the much lower thermal resistance inherent in liquid 
use enables cooling above the free cooling limit thus eliminating the 
need for coolant chillers. The free cooling limit represents the 
minimum temperature at which the coolant can effectively transport 
heat from a chip to ambient conditions without the need for an 
additional chiller.  

Liquid  cooling has made a comeback in high performance computing 
systems like the IBM Power 775 Supercomputer which utilizes water 
cooled cold plates at the multi-chip module (MCM ) level. An MCM 
consists of multiple chips mounted onto a common substrate. The 
shift to liquid cooling in such systems leads to higher processor 
performance due to higher achievable clocking frequency, improves 
power performance by reducing the gate current leakage due to 
reduction in processor operating temperatures and most importantly, 
improves the overall energy efficiency of the system [68]. 

In addition to reducing the energy consumption of the data centers  
and supercomputers, liquid cooling can also be utilized to reduce the 
carbon footprint of IT services by reusing the waste heat recovered 
from data centers for applications such as building heating in cold 
climates and water desalination in warmer climates [51]. It has been 
demonstrated that data center waste heat can be efficiently recovered 
and reused by using hot water in the temperature range of 50-70�(��
[69-71]. This aspect will be discussed in greater detail in subsequent 
chapters. 

1.5 These scope  and outline  

This work focuses on single phase liquid  cooling of mainframe and 
supercomputer microprocessors. The first part of the work 
concentrates on exergetically efficient recovery of waste heat 
dissipated in data centers at the chip level through the use of hot 
water as the coolant in manifold m icrochannel heat sinks. A 
methodology to optimize the operating conditions of such hot water 



1 Introduction  

13 

cooled heat sinks is proposed through detailed computational 
analysis of hydrodynamics, energy exchange and entropy production. 
The second part of the work concentrates on the embedded liquid 
cooling of multicore microprocessors. A new design of liquid cooled 
embedded microchannel heat sink is proposed that is capable of 
minimizing temperature gradient in the chip in a highly energy 
efficient manner. The heat sink is designed though detailed 
computational analysis of conjugate heat transfer coupled with 
Response Surface based optimization. The prototype design is 
experimentally investigated to demonstrate its performance under 
realistic multicore microprocessor operating conditions . 

A brief outline of the thesis is described in the following.  

Chapter 2  describes in detail the conservation equations involved in  
modeling the performance of liquid cooled  microchannel  heat sinks. 
It describes the porous medium approach used to model the 
microchannel heat transfer structure.   

Chapter 3  describes a methodology for optimizing the operating 
conditions of hot water cooled microchannel heat sinks for achieving 
a trade-off between exergetically efficient waste heat recovery from 
electronic chips and chip reliability .  

Chapter 4  investigates the exergetic performance of a hot water 
cooled microchannel heat sink. A detailed thermo-hydrodynamic  
analysis is performed to identify the sources of exergy destruction . 

Chapter 5  presents the computational design of a novel 
microchannel heat sink for energetically efficient, hotspot -targeted 
cooling of multicore microprocessors. It is shown that the proposed 
design has the potential for minimizing the temperature gradient 
across the chip in a highly energy efficient manner.  

Chapter 6  details the experimental investigation  to provide the 
proof of concept for the hotspot-targeted microchannel heat sink 
design proposed in Chapter 5. 

Chapter 7  presents a one-dimensional model for quick design of 
hotspot-targeted microchannel heat sinks. 
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Chapter 8  concludes the thesis and provides outlook for future work 
in the direction of energy efficient cooling of microprocessors. 

 



 

2 Computational modeling of microchannel 
heat sinks  

2.1 I ntroduction  

This chapter documents the conservation equations that constitute 
the modeling common to subsequent chapters. Chapters 3-6 will 
repeatedly refer to the equations in this chapter to describe the 
relevant modeling details.  

The heat sinks considered in this work are classified as manifold 
microchannel (MMC) heat sinks.   These heat sinks differ from the 
traditional heat sinks in that  the coolant, rather than travelling axially 
through the entire length of the microchannel structure,  is delivered 
and returned through alternating  inlet and outlet  slot nozzles 
distributed across the chip plane (Figure 2.1). This hierarchical 
design reduces the travel length of the coolant fluid through the 
microchannel heat transfer structure and hence, significantly reduces 
the pressure drop for flow of coolant through the heat sink  as well as 
improves thermal performance as compared to traditional heat sinks  
[72, 73]. 

The modeling approach adopted in this work is adapted to the 
hierarchical architecture of MMC heat sinks described above. At the 
level of the highest detail, an individual  microchannel is modeled to 
analyse the fluid dynamics  and heat transfer process inside the 
micr ochannel. However, when the performance of the entire heat sink 
has to be analysed, it is not computationally feasible to resolve the 
individual microchannels bec ause an MMC heat sink consists of large 
number of such channels. In order to reduce the computational effort , 
the microchannel heat transfer structur e is modeled through an 
averaging approach, commonly referred to as the porous medium 
approach. The porous medium equations have empirical coefficients 
that are required to be known a priori. These coefficients can be 
determined based on the results from detailed microchannel 
modeling.  
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The hierarchical modeling approach is well established in literature  
[74-76]. The subsequent sections describe, in detail, the various 
components of this approach. 

 

Figure 2.1 : Schematic of flow in MMC heat sink . The heat sink is mounted 
on the IC chip through a thermal interface material (TIM)  

2.2  Detailed microchannel  modeling  

In a microchannel heat sink, a steady liquid flow in microchannels is 
predominantly  laminar  [77, 78] and is governed by the following 3D 
mass, momentum and energy conservation equations [79]. 

Continuity  

 �� �� 0f�U� ˜ �  U�’  (2.1) 

Momentum conservation  
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 �� ��f P�U�˜ �… � �� �� �˜U U �2�’ �’ �’  (2.2) 

where the stress tensor, �2, is related to the strain rate by 

 �� �� �� ��2
3

T
f� P � G� § � ·

� �� �� �˜� ¨ � ¸
� © � ¹

�2 �8 �8 �8�’ �’ �’  (2.3) 

Energy conservation 

 �� �� �� �� :f f fh T�˜ � �˜ ��U � 2 � 8� U � O�’ �’ �’ �’  (2.4) 

For the solid fin, 3D conduction equation is solved  

 �� �� 0s sT� ˜ �  �O� ’ � ’ (2.5) 

The model takes into account the temperature dependence of 

intensive water properties such as density �� ��f�U , dynamic viscosity 

�� ��f�P and specific heat �� ��,p fc [80]. Continuity of temperature and 

heat flux is imposed at the fluid -solid interface, as shown in Eqs. (2.6) 
and (2.7), where n  is the direction normal to the interface.  

Energy conservation at fluid-solid interface 

 �� ���� �� �� ���� ��,intf ,intfs fs f
T T� O � O�� �˜ � �� �˜n n� ’ � ’ (2.6) 

 s fT T�  (2.7) 

2.3  Full heat sink modeling  

Modeling of flow and heat transfer in the area of electronic cooling is 
generally made simpler by the fact the flow is predominantly laminar 
due to small physical dimensions of the heat sinks. Thus a conjugate 
heat transfer analysis of a heat sink based on laminar incompressible 
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Navier-Stokes equations is sufficient . Most of the studies reported so 
far have analyzed such scenarios. However, with rising chip heat 
fluxes, the flow rate thro ugh the heat sink is continuously being 
pushed. This, along with the use of hot water for electronic cooling for 
efficient chip heat recovery, pushes up the flow Reynolds number of 
coolant fluid in heat sink. As a result, fluid flow can reach transitional 
and turbulent flow regimes. It is possible to encounter Reynolds 
numbers beyond the laminar range of 1000 and thus laminar flow 
equations are no longer sufficient to model the flow. In addition, due 
to the large variation in the characteristic length scale along the flow 
path, the flow regime changes from turbulent in the inlet manifold s to 
predominantly laminar inside the microchannels and then back to 
turbulent in the outlet manifold s. Hence, the effect of turbulence has 
to be accounted for in the computational framework  while modeling 
the full heat sink.  

There are many classes of turbulence models documented in the 
literature. The most widely used are the 2-equation models which are 
based on the eddy-viscosity assumption. The turbulent flow in MMC 
heat sinks is characterized by Reynolds numbers ranging from 
around 2000 (i.e. near laminar -turbulent transition zone) to more 
than 10000 across the operating range. Among the various 2-
equation models, t�K�H���Ô-equation based models are known to perform 
�E�H�W�W�H�U�� �W�K�D�Q�� �W�K�H�� �0-equation based models for such relatively low 
Reynolds number turbulent  flows [81]. However, the underlying 
eddy-viscosity assumption is not strictly valid in case of flows with 
strong streamline curvatures. Streamlines can have significant 
curvature in a flow  through manifold microchannel heat sinks and 
thus a case can be made for use of Reynolds stress models. These 
models do not depend upon the eddy-viscosity assumption and solve 
six additional equations for the Reynolds stresses [79, 82]. However, 
a higher number of equations increases the computational effort and 
achieving convergence with these models becomes difficult for 
complex flows. The same was observed during the course of the 
present work . Hence, the basic k-�Ô���P�R�G�H�O��has been used to model the 
flow in the heat sink. The conservation equations for turbulent flow in 
the full heat sink model are as described below [79, 82]. 

The Reynolds averaged continuity equation is the same as that for  
laminar flow i.e. Eq.  (2.1). In tensorial notation, the Reynolds 
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averaged momentum equation for the ith velocity component, with the 
eddy viscosity assumption, is: 
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 (2.8) 

where the turbulent viscosity is given by: 

 t f
k

� P � U
�Z

�  (2.9) 

The turbulent kinetic energy, k , and turbulent frequency, �Z , are 
obtained by solving the following two additional equations:  
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The model constants have standard values: �E�c=0.09, �D=5/9, �E= 

0.075, k�V  =2 and �Z�V =2. 

The Reynolds averaged energy conservation equation is: 
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 (2.12) 

where the turbulent Prandtl number tPr  is set to 0.9. 

For modeling near wall flow and heat transfer, a modified 
formul ation of the standard wall functions is used. This formulation 
automatically switches from the wall function approach to the low -Re 
formulation as the mesh is refined near the wall. Additionally, it 
utilizes scalable wall functions which allow y + insensiti ve mesh 
refinement  [79]. 

2.4  Microch annels  as fluid sat urated porous medium  

In the full heat sink model  for MMC heat sinks, the microchannel 
heat transfer structure is modeled as a fluid saturated porous medium 
in order to reduce the overall computational cost . For modeling any 
porous structure, the basic conservation equations are averaged over 
a representative elementary volume (REV). The length scale of REV is 
chosen to be larger than the characteristic pore length scale but much 
smaller than the overall length scale of the porous matrix. An 
appropriately ch osen REV results in statistically meaningful averages 
of local quantities like porosity, velocity etc. [83] . The generalised 
REV averaged governing equations for flow  and heat transfer in 
porous medium are as below [79, 84]: 

Continuity  

 �� �� 0f s� ˜ �  U�U�’  (2.13) 

Momentum  
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where �Ä is the volume porosity, U s  is the superficial velocity and is 
equal to �Ä U with U being the true velocity in the porous medium. SM 
represents the directional loss term. Due to the high velocities 
encountered in microchannels, this term takes into account non-
�O�L�Q�H�D�U�� �H�I�I�H�F�W�V�� �W�K�U�R�X�J�K�� �)�R�U�F�K�K�H�L�P�H�U�¶�V�� �H�[�W�H�Q�V�L�R�Q�� �R�I�� �W�K�H�� �'�D�U�F�\�� �O�D�Z [85] 
and is given by [79] : 
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iK  represents the permeability along i th coordinate. For turbulent 

flow, Eq. (2.14) is modified as below: 
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 (2.16) 

where turbulence viscosity for flow inside porous medium, t�P  is 

obtained by solving the same turbulence equations as in fluid domain  
(Eq. (2.10) and Eq. (2.11)). 

Energy 

There are two methods to express energy transport  inside porous 
medium:  

a) A 1-equation model for heat transfer where the fluid and solid parts 
of the porous medium are assumed to be in thermal equilibrium:   

 �� �� ,
t

f j f eff i
j i i t i

T h
U h
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where ,eff i�O is the effective thermal conductivity along i th coordinate. 

b) A 2-equation model where energy transport inside the porous 
medium is modeled through two separate equations for fluid and 
solid phases thus allowing for finite temperature difference between 
the two phases [79, 84]: 

 �� �� �� �� �� ��sf f f f fs fs sp fph h A T T�’ �˜ � �’ �˜ �’ �� ��U�U �J�O �D  (2.18) 

 �� �� �� ��1 0s sp fs fs sp fpT A T T� ª � º�’ �˜ �� �’ �� �� � � ¬ � ¼�O �J �D  (2.19) 

fs�D  is the interfacial heat transfer coefficient between the solid and 

liquid phases. Both the empirical coefficients iK in Eq. (2.15) and 

fs�D in Eqs. (2.18) and (2.19) are obtained from detailed microchannel 

simulations.  

2.4.1 REV for MMC heat sinks 

For a microchannel heat sink, the REV is chosen such that the basic 
conservation equations are averaged in the direction of the shorter 
channel dimension and normal to the flow direction. Since the aspect 
ratio of the microchannels (ratio of channel height to channel width)  
considered in this work  is larger than unity , the REV is chosen to be a 
long cylinder extending in the direction of channel width along the y -
axis as shown in Figure 2.2.  Such an REV translates into averaging 
of all gradients in y-direction (refer Figure 2.2) and only the 
gradients in x-z plane are retained and captured. The resulting 
equations are two dimensional (in x and z directions) and the fluid 

shear in y-direction is represented by the momentum sink term MS in 

Eq. (2.14) [84]. 

Since Eqs. (2.14)-(2.16) are general 3D equations for porous media, 
the above described averaging in y-direction is simulated by adopting 
free slip boundary conditions on all bounding walls of the porous 
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domain representing the microchannel structure as described in the 
subsequent chapters.    

 

 

Figure 2.2: REV for high aspect ratio channels 
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Abstract  

A novel framework is developed to determine the optimal operating 
conditions of water cooled microprocessor chips through a trade-off 
between heat recovery from the coolant and the chip thermal 
reliability. For illustration, a manifold microchannel heat sink is 
evaluated experimentally and computationally. First, a single 
objective optimization is demonstrated by combining the heat 
recovery and chip reliability into a single parameter. Then, multi -
objective optimizations are performed by using Pareto optimal ity and 
Multi -Criteria Design Analysis. Using conservative guidelines, these 
approaches suggest that for an optimal coolant flow rate of 1 l/m, 
optimal coolant inlet temperature lies between 40 to 50 �( . 

3.1 Introduction  

Single phase liquid cooling for microprocessors has been long 
recognized as an effective method to replace conventional air-cooling 
to handle the increasing heat densities of current and future 
microprocessors. The liquid best suited thermally for single-phase 
cooling is water due to its high specific heat and thermal conductivity, 
as well as high availability and environmental friendliness.  

Heat sinks with microchannels are now established as an effective 
approach to implement liquid cool ing for electronics. Tuckerman and 
Pease [86]  first reported that a heat sink with microchannels is ideal 
for liquid cooling of electronic chips, as the heat transfer coefficient 
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scales inversely with the characteristic channel dimension for a fully 
developed laminar flow. A maximum power dissipation density of 790 
W/cm2 with a thermal resistance of 0.1 �( cm2/W but at a high 
pressure drop of 2 bars was measured. Following this, many 
experimental and numerical studies have investigated the flow and 
heat transfer characteristics of microchannel heat sinks. Copeland et 
al. [72] undertook a numerical study of a manifold microchannel heat 
sink with multiple inlet and exit manifolds supplying liquid to 
microchannels from vertical direction. Based on the geometric and 
flow symmetry, they successfully used a single microchannel to 
represent the entire heat sink in their model. Federov et al. [87] 
reported a numerical study of a manifold microchannel heat sink and 
analyzed the complex thermal transport inside a 3D microchannel. 
Their results supported the idea of using a manifold microchannel 
heat sink due to higher heat transfer coefficients near the channel 
inlets. Lee et al. [88] studied heat transfer in rectangular 
microchannels and concluded that conventional numerical analysis 
can be used to model thermal performance of microchannels. 

As discussed in Chapter 1, apart from effective cooling of high heat 
dissipating electronic chips, the increasing energy consumption by 
large computing systems such as data centers is fast becoming an 
issue of critical concern. A shift to liquid cooling can significantly 
reduce the air cooling overhead for the data centers due to inherently 
low thermal resistance. Additio nally, and perhaps more importantly, 
if hot water in the temperature range of 50 -70�(  is used to cool 
electronic chips, direct utilization of the collected thermal energy 
becomes feasible, either using synergies with district heating or 
specific industrial applications [69, 71, 75]. In doing so, irrespective of 
the cooling system being used, thermal reliability of the electronic 
chip must be guaranteed. This requires maintaining the chip 
temperature below certain upper limits as the thermal reliability of 
the chip reduces exponentially with chip temperature [89]. This 
aspect is discussed in detail in Section 3.2. 

There are two classes of parameters that influence the performance of 
a cooling system for electronic chips. The first set of parameters, 
which are directly related to cooling system, include inlet flow rate 
and temperature of coolant fluid, the design of heat transfer surfaces 
in the heat sink, the nature of the coolant fluid (liquid or gas) and the 
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nature of flow  (single or two phase). The other category of 
parameters lies outside the envelope of cooling system and belongs to 
the design of the electronic system. These parameters include chip 
power dissipation, thermal reliability of chip, net wiring length on an 
electronic board etc. These two classes of parameters are coupled; 
hence, the design of a cooling system usually involves a trade-off, 
which can be investigated as an optimization problem.    

Many studies have been reported in literature on design of electronic 
cooling systems. Some of them have focused on optimization of the 
microchannel dimensions so as to minimize the thermal resistance 
for the heat sink [90-93]. Shah et al. [94] proposed an exergy based 
figure of merit for electronic cooling systems and their work 
accounted for impact of high junction temperature on chip 
performance in term of MIPS (millions of instructions per second). 
However, this work was limited to air cooling; it did not consider 
thermal reliability issues for electronic chips and did not include  
multiple objective optimization to systematically determine the 
relative importance of competing criteria. There are, however, some 
examples of electronic cooling system design per se, addressed using 
multi -objective optimization approaches. Husain et al. [95] and Ndao 
et al. [96]  selected the conflicting objectives of minimization of 
pumping power and minimization of thermal resistance, and 
optimized channel shape using Pareto optimality. Escher et al. [74]  
optimized the manifold and microchannel design of a manifold 
microchannel heat sink to achieve uniform fluid coolant distribution. 
Quepo et al. [97] presented a methodology to design a cooling system 
with the twin objectives of minimization of total wiring length of 
printed circuit board and total electronic failure rate. A Pareto front 
comprising of non -dominated solutions was constructed and multi -
attribute utility analysis (MAUA) was used to sel ect the optimal 
solution.  

To the best our knowledge, no clear guideline exists in the literature 
for a multi -attribute optimization of water -cooled electronic systems 
that account for both chip reliability and exergetic efficiency. The 
previously reported feasibility studies on hot water cooled electronic 
systems are all motivated to maximize exergetic (second law of 
thermodynamics based) efficiency of such systems and open up novel 
possibilities for reuse of the energy extracted from the chip. However, 
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we illustrate here that although the exergetic efficiency of the cooling 
system increases with increase in temperature of water, this gain in 
exergetic efficiency comes at a price of increased maximum chip 
temperature and thus decreased thermal reliability of  the chip. It is 
evident that there exists a clear need to achieve an optimal trade-off 
between maximizing the exergetic efficiency of the cooling system and 
maximizing the thermal reliability of the microprocessor being cooled. 
Therefore, using an experimentally validated 3D conjugate heat 
transfer model and two different optimization approaches, the 
current work focuses on defining optimal operation conditions for 
electronic chip cooling systems using hot water as the coolant for 
energy reuse. Two optimization approaches, one single objective and 
the other multi -objective, are used. The single objective optimization 
is formulated by combining the two required criteria, i.e. heat 
recovery and thermal reliability, into a single parameter termed as net 
efficiency, which is then maximized. This parameter is a product of 
normalized MTTF (Mean Time to Failure) for the chip and exergetic 
efficiency of the overall system. The multi-objective optimization 
approach employs the concept of Pareto optimality and two different 
methodologies from Multi -Criteria Design Analysis (MCDA), namely 
TOPSIS (Technique for Order Preference by Similarity to Ideal 
Solutions) and MAUA (Multi -Attribute Utility Analysis), to achieve an 
optimal trade -off between the two criteria. Our prim ary aim is to 
provide a fundamental methodology to obtain optimal operating 
conditions for water cooled electronic chips. The proof of concept is 
therefore developed on an exemplary manifold microchannel heat 
sink.    

The chapter is organized as follows. Section 3.2 discusses the thermal 
reliability of electronic chips and its quantification, Section 3.3 details 
the experimental set-up and measurements, Section 3.4 presents the 
formulation of a 3D conjugate heat transfer model and grid 
convergence check, Section 3.5 discusses the formulation and the 
solution methodology for the optimization problem and lastly, 
Section 3.6 presents the validation of the numerical model, analysis of 
the results and the optimal solutions.  
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3.2  Reliability of electronic devices  

With large scale integration in microprocessor chips, the reduction in 
transistor switching and signal transmission energies have not kept 
pace with the increasing gate densities. The resulting non-ideal 
scaling of supply and threshold voltages has led to increase in power 
dissipation (heat) densities. In addition, miniaturized transistors in 
deep submicron complementary metal oxide semiconductor (CMOS) 
technologies have significantly higher power leakage due to leakage 
currents. This leakage power has an exponential dependence on chip 
temperature [89, 98-100]. All these factors result in an even higher 
increase in chip temperature, which, in turn, results in lower chip 
thermal reliability. The reliability of electronic systems ca n decrease 
by as much as 50% for every 10�(  increase in maximum chip 
temperature [89]. There are six major wear out mechanisms for chip 
reliability reduction: Electromigration, Stress migration, Time 
Dependent Dielectric Breakdown, Negative Bias Temperature 
Instability, Hot carrier injection and Thermal cycling. The failure 
rates for these various mechanisms have either exponential or power 
law dependence on chip temperature [50, 99-102]. However, 
information on the empirical constants in expressions for these 
failure rates is usually proprietary.  Among the several methods for 
prediction of electronic the rmal reliability in the open source 
literature, the most widely known and used is the reliability 
prediction handbook MIL -HDBK-217 [103, 104]. 

For any electronic component the instantaneous failure rate �E is 

defined as the number of components failing per unit time, which is 
typically a bathtub curve type function of time [99, 103] . However, 
away from the early or the wear-out failure periods of the bathtub 
curve, during the intermediate useful life of a chip, its thermal 
reliability can be expressed with a constant failure rate as [50, 103] : 

 �� ��( ) expR t t�  � ��E  (3.1) 

For microprocessors, the reliability is more commonly quantified 
using mean time to failure (MTTF), i.e. the expectation of time to 
failure, which for a constant  �E becomes [103] : 
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 (3.2) 

The overall predictions for failure rates are based on the roll -up, or 
summation, of all the individual component failure rates. For 
microprocessors [104, 105],  

 �� ��1 2T E Q LC C�  � ��E �S �S �S �S (3.3) 

where �Eis the number of failures per million (10 6) hours, 1C and 2C  

are empirical constants, E�S  is an environmental factor, T�S  is a 

temperature factor,  Q�S  is a quality factor and L�Œis a learning factor.  

The temperature factor T�S  depends exponentially on the junction 

temperature �� ��JT  as: 
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where aE  is the effective activation energy in eV. The maximum chip 

temperature ,s maxT  is used as an estimate for JT . 

3.3  Experimental setup and measurements  

Schematics of the flow loop and the test section designed to evaluate 
the heat sink performance are shown in Figure 3.1. The coolant inlet 
temperature to the heat sink, ,f inT , is controlled using a heat 

exchanger which is connected to a separate flow loop where the 
temperature is regulated by a heater/chiller (Proline RP 855, Lauda, 
Germany). The resulting accuracy of ,f inT  is 0.1�( . The coolant flow 

rate is measured using a Coriolis flow meter (Emerson, Switzerland) 
with an accuracy of 0.2 % for the entire range (0.1 �± 1.8 l/min) of 
operation. A differential pressure sensor (Honeywell, USA) and two 
thermocouples (Omega Engineering Inc., USA) have been used to 
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measure the pressure drop, and inlet and outlet temperatures. The 
manufacturer -specified precision of the differential pressure sensor is 
0.001 bar. The two thermocouples have been cross-calibrated in a 
temperature bath to make relative measurements with an accuracy of 
0.1�( . This precise calibration is needed because an error of 0.1�(  
already corresponds to a 7 W heat flux error at a water flow rate of 1 
l/min, which is significant given the 130 W maximum thermal load 
associated with the chip. A 7 µm pore filter (Swagelok, Solon, USA) 
has been used to keep the coolant free of large particles. 

Fourteen Resistance Temperature Detectors (RTDs) integrated in the 
heating test chip (area: 2.31 cm2) are used to determine the 
temperature field of the chip surface. Thermal grease (Dow corning 
TC-5026) is applied as thermal interface material (TIM) between the 
chip and the heat sink. Spring loaded screws are used to mount the 
chip/TIM/heat sink assembly onto a holder. The spring loading 
maintains a constant force of 98 ± 10 N on to the chip. The thermal 
grease improves heat spreading and helps make a good thermal 
connection between both parts. The thickness of the TIM layer is 
taken as the average of the values measured using four inductive 
length probes (P2001, Mahr, Goettingen, Germany) with an accuracy 
of ± 1.5 µm. The probes, located at the four edges, are a fixed part of 
the holder. 

 

(a)  
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(b)  

Figure 3.1: Experimental setup: (a)  Test-section (b)  Flow-loop 

3.4  Modeling of microchannel heat  sink  

A manifold microchannel heat sink is used in this study as a typical 
heat sink for electronic cooling. The heat sink material is copper and 
it is made by diffusion bonding the manifold and microchannel layers 
together (Wolverine, Inc). A schematic of the manifold microchannel 
heat sink is shown in Figure 3.2(a) . The heat sink consists of one 
inlet manifold and two outlet manifolds. Figure 3.2(a)  depicts half 
of the heat sink with the flow path throug h the heat sink indicated by 
arrows. Coolant enters through the inlet pipe into the inlet manifold 
as a jet. The flow impinges on the microchannels through the slot 
nozzles in the base of the inlet manifold and divides equally into two 
streams. Each stream then flows through the microchannels 
absorbing heat coming from the chip underneath the TIM. Finally, 
the two streams of coolant enter the outlet manifold, merge and flow 
out of the heat sink via the outlet pipe. 
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(a)  

 

(b)  
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(c)  

Figure 3.2: (a)  Schematic of the manifold microchannel heat sink used 
(arrows indicate direction of coolant flow)  (b)  Computational domain and 
geometrical dimensions for the single microchannel (c)  Boundary conditions  

3.4.1 Computational domain  

As evident from above, the major part of the heat transfer from chip 
to water occurs in the microchannels. In order to capture the main 
heat transfer characteristics, and to reduce the computational cost, 
we model the flow only from microchannel inl et slot nozzle to 
microchannel outlet slot nozzle. The computational domain for the 
microchannel is shown in Figure 3.2(b) .  The computational 
domain consists of one half of the channel from inlet to outlet nozzles. 

Channel dimensions, as shown in Figure 3.2(b) , are listed in Table 
3-1.  TIM thickness, TIMH , is small compared to rest of the channel 

and hence is not depicted in Figure 3.2(b) . These dimensions 
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Symbol  Description  Value  

chH  Channel height �����������Ë�P 

chW  Width of channel  ���������Ë�P 

finW  Width of fin (i.e. microchannel side 
wall)  

���������Ë�P 

L  Length of channel/fin  �������������Ë�P 

,nozzle inW  Width of inlet nozzle  �����������Ë�P 

,nozzle outW  Width of outlet nozzle  �����������Ë�P 

sH  Thickness of the coldplate above TIM �����������Ë�P 

TIMH  TIM thickness  �������Ë�P 

TIML  Heated length of TIM  �������������Ë�P 

N  Number of microchannels  62 

 
Table 3-1: Microchannel dimensions  

 

represent average channel dimensions obtained by measurement on a 
cross-section of the heat sink. 

Following assumptions are made to decide the computational domain 
and boundary conditions:  

a) The impingement and exit flows, respectively, at inlet and outlet 
nozzles as well as the flow inside the channel are symmetric about the 
central axial plane of the channel. Thus, a symmetric boundary 
condition is imposed for flow at the planes shown in Figure 3.2(c) . 

b) Water from inlet manifold is uniformly distributed a cross all the 
channels.  

c) The heat sink loses some of the heat from the chip to the ambient and 
thus the entire heat from chip is not absorbed by water. It is essential 
to capture these losses in the microchannel model in order to closely 
predict the coolant temperature at heat sink outlet. It is assumed that 
the net measured loss from heat sink to surroundings can be equally 
divided among all the channels. This loss is imposed as outwards heat 
flux on the top and end walls of the channel as shown in Figure 
3.2(c). The measured total chip heat dissipation and the water 
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temperatures at heat sink inlet and outlet are used to compute the 
heat loss per channel as: 
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where   upper wall end wallA A�� is the total area of the channel upper and 

end walls (see Figure 3.2(b) ). 

3.4.2 Governing equations, boundary conditions and solution 
methodology  

The Reynolds number of the flow inside the channel, over all the 
operating conditions investigated, lies in the range of ~ 75 �� 420. 
Thus the flow is laminar and governed by the 3D mass, momentum 
and energy conservation equations for conjugate heat transfer, Eqs. 
(2.1)-(2.7). 

The boundary conditions are shown in Figure 3.2(c) . At the inlet, 
coolant mass flux and inlet temperature are imposed. At the outlet 
�Q�R�]�]�O�H�����D�Q���µ�R�S�H�Q�L�Q�J�¶���W�\�S�H���R�I���E�R�X�Q�G�D�U�\���F�R�Q�G�L�W�L�R�Q���L�V���L�P�S�R�V�H�G���W�Kat takes 
care of both inflow and outflow of the fluid at the outlet boundary 
because it lies in recirculating flow [106]. Symmetric boundary 
condition for flow is imposed as already shown in Figure 3.2(c) . 
Uniform heat flux is imposed at the lower s urface of TIM.  

The conjugate heat transfer problem is solved using commercial 
solver Ansys CFX® version 12.1. The solver uses the finite volume 
approach to discretize the governing equations into mostly second-
order accurate, coupled linear algebraic equations. The discretized 
hydrodynamic equations, Eqs. (2.1), (2.2) and (2.4), are solved in a 
coupled manner using the algebraic multi -grid method. The steady-
state equations are solved using a pseudo-transient term to e volve the 
steady-state solution [79]. Convergence of the equations being solved 
is tracked by monitoring the normalized equation residuals as well as 
global imbalances for conserved quantities of mass, momentum and 
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energy [79, 106]. We imposed 1×10-6 as the normalized residual target 
and 0.1% as the conservation target for our simulations. 

3.4.3 Mesh and grid independence 

A block-structured, hexagonal, non-uniform Cartesian mesh, with 
finer mesh near walls to adequately resolve boundary layer, was used 
to discretize the computational domain. In order to check grid 
independence and qualitatively estimate the discretization errors, the 
grid convergence index (GCI) methodology based on Richardson 
extrapolation [107] was used. GCI has been recommended as a 
uniform method for reporting of grid convergence [108].  It is defined 
as  

 2 1

121 1
s
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F f f
GCI
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 (3.6) 

where sF is a factor of safety and is set to 1.25. The solutions on the 

three grids are denoted by 1f , 2f  and 3f  and the mean grid spacing 

by 1h , 2h  and 3h , respectively, with 1h being the finest and 3h being 

the coarsest grid. The parameter 21r represents the grid refinement 

factor defined as the ratio of grid spacing 2h to 1h . For f  values, 

either a local solution variable or a solution functional can be used 
[109]. The resulting order of convergence, p , is obtained by the 

solution of a transcendental equation [108].The p  value so computed 

is valid only if the grids are in asymptotic range i.e. the following 
condition is satisfied [109] :  
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cells. The numbers in parenthesis indicate mean grid spacing in fluid 
and solid sub-domains respectively. The results for three grids are 
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shown in Table 3-2, wherein s.max f,inT -T  is used as the solution 

functional (i.e.  f ).  

 

Mesh �Æ 1 2 3 
Number of cells 

(million)  
15.05 4.1 1.12 

r  - 1.542 1.542 

f (K)  4.5340 4.5274 4.5131 

p  1.7856 

fineGCI  1.5591×10-3 

coarseGCI  3.3836×10-3 

21
p

coarse fineGCI r GCI  1.0015 

 
Table 3-2: Discretization error and grid independence test using  

s.max f,inT -T as solution functional  

 

The ratio 21
p

coarse fineGCI r GCI  is close to one indicating that three 

grids are in asymptotic range. A similar analysis was performed by 
choosing the pressure drop as the functional (not shown for brevity) 

and that also resulted in this ratio being close to one. fineGCI and 

coarseGCI were small for both the solution functionals. Additionally, 

the relative change in solution functional values was smaller between 
mesh 2 and mesh 1 as compared to the corresponding change 
between mesh 3 and mesh 2.  Therefore, mesh 2 with a total of 4.1 
million cells is used for all further simulations.   

3.5  Exergy based optimization  

This section describes the formulation and solution methodology of 
the optimization problem. In essence this optimization problem deals 
not with the design of a heat sink as covered in the literature cited in 
Section 3.1 [90-93, 95, 96], but instead with defining the operating 
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conditions of this heat sink so as to maximize the overall exergetic 
efficiency (i.e. the 2nd law efficiency) of the cooling system as well as 
the thermal reliability of the electronic sy stem being cooled. The 
design variables and objective functions for this optimization problem 
are described in the following section. 

3.5.1 Design variables and objectives 

The maximum chip temperature during operation decides its thermal 
reliability and the flui d outlet temperature provides a limit on the 
exergy extracted from the cooling system. For a steady computing 
load on the chip �± which amounts to constant rate of heat dissipation 
�± the maximum chip and the fluid outlet temperatures are functions 

of the fluid flow rate,  m , and the fluid inlet temperature, ,f inT . 

Therefore, m and  ,f inT  are chosen as the design variables of the 

optimization problem.  The two design objectives of maximizing the 
2nd law efficiency and the thermal reliability of the electronic chip are 
formulated next.  

3.5.1.1 Exergetic efficiency 

The 2nd law efficiency of the cooling system is defined as [110] 

 
,

out out
II

in tot
pump electin

Ex Ex

Ex
Ex W W

�  �  
� � � �

�K , (3.8) 

where the flow exergy jEx  at jth location, with j indicating either inlet 

or outlet, is defined as  

 �� �� 2
0 0 0

1
2j j jEx m h h T s s

� § � ·
� �� �� �� ��� ¨ � ¸

� © � ¹
U  (3.9) 

Ambient conditions of 0T =25�(  and 0P =1 atm are used to evaluate 

flow exergy in Eq.(3.9). In essence, the control volume for exergy 
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analysis includes both the heat sink and the electronic chip and it is 
the exergetic efficiency of this combined system that is aimed to be 

optimized .  

3.5.1.2 Normalized failure rate  

It is important that we use a normalized value of the failure rate or 
MTTF so that the objective functions are in the same range of 
magnitude. The failu re rate or MTTF can be normalized with the 
maximum values attained over the entire possible range of operation 
of the combined system. Hence, the normalized values can be 
expressed as: 

 �� �� �� ��nm
max

MTTF( )
MTTF MTTF

MTTF min
T

T T�  �  �E  (3.10) 

and 

 �� �� �� ��
nm

max

T
T � 

�E
�E

�E
 (3.11) 

where the maximum and minimum values of instantaneous failure 

rate (i.e. max�E and min�E respectively)  occur at maximum and 

minimum chip temperatures and the subscript nm indicates 
normalized value. The value of �E is obtained using Eqs. (3.3) and 

(3.4). The values of empirical constants are selected from [104] as 

1C =0.56, 2C =3.64 x 10-4 (224) 1.08, aE =0.6eV and E�S =0.5. As 

already mentioned, these values are only representative of a typical 
electronic chip as actual values are usually proprietary information.  

3.5.2 Optimization approaches  

This optimization problem can be solved by either combining the two 
objectives into a single function or by using the concept of Pareto 
optimality to find a trade -off between the two objectives. 
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3.5.2.1 Single objective optimization approach 

The 2nd law efficiency from Eq. (3.8) and the normalized MTTF from 
Eq. (3.10) can be combined into a single parameter as  

actual,out

maximum,in ,

Exergy MTTF 
MTTF  

Exergy MTTF  
out

net nm II
max in tot

Ex

Ex
� � � � K � K (3.12) 

where net�K , the net efficiency, can be interpreted as the ratio of actual 

exergy extracted from the combined system to the maximum possible 
exergy that could ideally be absorbed by the system if it were to run 
for the maximum time before chip failure. The resulting single 
objective optimization problem is as below:  

 Maximize net�K  (3.13) 

subject to the constraints 

 
, , , , ,

min max

f in min f in f in max

m m m

T T T

� d � d

� d � d
 (3.14) 

where , ,, min f in minm T and max f,in,maxm , T are the lower and upper 

limits of the design variables. 

3.5.2.2 Multi -objective optimization approach  

We can also approach the optimization as a multi-objective problem 
with two essentially disparate objectives. For mathematical 
convenience, we define our multi-objective optimization as a 

minimization problem. The first objective function �� ��1F is defined as 

the total exergy destruction expressed as a fraction of the input exergy 

 1 1 IIF �  � ��K  (3.15) 
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Minimizing the total exergy  destruction is equivalent to the concept of 

total entropy generation ,gen totS
� § � ·
� ¨ � ¸
� © � ¹

 minimization [111]  as 

,0 ,1 gen totII in totT S Ex� � �  �K . The second objective function �� ��2F  is 

chosen to be same as the normalized failure rate from Eq.(3.11) i.e. 

 2 nmF � �E  (3.16) 

Thus, the multi -objective optimization problem is defined as:  

 Minimize  �> �@1 2,F F  (3.17) 

subject to the constraints as defined in Eq. (3.14) . 

Pareto optimality  

The Pareto methodology is commonly used for solving multi -criteria 
optimization problems, where the best solution is often dependent 
upon a designer's preferences leading to what is often termed the best 
compromise solution. Typically, the aim is to identify feasible 
solutions that form what is termed as the  Pareto optimal set or Pareto 
front. A feasible solution to a multi -criteria optimization problem is 
said to be Pareto optimal if there exists no other solution that will 
yield improvement in one criterion without worsening at least one 
other criterion [112]���� �7�K�X�V�� �D�Q�\�� �V�R�O�X�W�L�R�Q�� �R�Q�� �W�K�H�� �3�D�U�H�W�R�� �I�U�R�Q�W�� �L�V�� �µ�Q�R�Q-
�G�R�P�L�Q�D�W�H�G���¶�� �7�K�H�� �V�R�O�X�W�L�R�Q�V�� �Q�R�W�� �O�\�L�Q�J�� �R�Q�� �W�K�H�� �3�D�U�Hto front are 
dominated by the solutions lying on it. For a bi -objective 
minimization problem, the Pareto optimal set forms the south -
western boundary of the criteria space.  

Various methods have been reported in literature for approximation 
of the Pareto front [112]. Among these, the weighting method is the 
oldest and most commonly used method. Under this method, an 
overall objective function is defined as a weighted sum of the 
individual objective functions. Thus, the overall objective function to 
be minimized is given by 
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 1 1 2 2F w F w F� �˜ �� �˜  (3.18) 

where 1w and 2w are the weights such that 

 1 2 1w w� � �   (3.19) 

Then, a single objective optimization for different combinations of the 
weights yields various solutions in the criteria  space, from which the 
Pareto front can be identified. The disadvantage of using the 
weighting method is that it is able to describe the Pareto front only if 
the Pareto set is strictly convex [112]. Other methods to circumvent 
this issue have been reported in literature. However, as shown in 
Section 6, the Pareto set for the optimization problem under  
consideration here is indeed convex and thus we will use this method 
for the approximation of the Pareto front.  

Multi -criteria Decision Analysis (MCDA)  

Finally, the best feasible solution, from the point of view of the 
designer, can be selected from amongst the multiple alternatives 
comprising the Pareto optimal set. This problem belongs to Multi -
criteria Decision Analysis (MCDA) [113]. There are various methods, 
with their own advantages and disadvantages reported in literature 
[114, 115] . Among these, TOPSIS (Technique for Order Preference by 
Similarity to Ideal Solutions) and MAUA (Multi -attribute Utility 
analysis) method are flexible and thus can be used for dissimilar 
criteria. These methods can rank the various available alternatives. 
MAUA also accounts for the worth of a particular criterion to the 
decision maker and thus decision is not based on values of various 
criteria alone. This method has been applied successfully to a variety 
of decision making problems [97, 114]. Hence, we have selected these 
two methods for our optimization problem.  

In the TOPSIS method, first an ideal solution is defined as the one 
having the best values of all the criteria. Next, for all the available 
alternative solutions, the criterion values are suitably normalized. 
Then the best or the preferred solution is the one that has minimum 
deviation from the ideal solution [115]. In the MAUA approach, the 
utility of design is defined for each criterion according to the worth of 
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the criterion to the decision maker. It can be a non-linear function of 

the absolute value of the criterion. A utility function iU for i th 

criterion varies from 0 to 1 as the value of the criterion varies from its 
worst to the best level. These utility functions can then be combined 
as 

 i i
i

U K U� �¦  (3.20) 

where iK  is the scaling parameter for utility iU  and reflects the 

acceptable trade-off between attributes. iK  can be defined as the 

overall utility of the design when the i th attribute is at its best level 
and all other attributes are their respective worst levels. The 

individual utility functions iU  and the scaling parameters iK  can be 

derived by using the certainty equivalent method [114] . For method 
illustration, we assume some salient forms of these functions in 
subsection 3.6.3.2. 

3.6  Results and discussion  

3.6.1 Model validation  

Experimental measurements made for m values between 0.3 to 1 
l/min in steps of 0.1  l/min and at 4 differen t water inlet 

temperatures, ,f inT , between 30�(  and 60�(  were used to validate the 

numerical simulations. The heat dissipation from the chip, chipQ , 

was kept constant at 100 W. Figure 3.3 shows the validation of the 
model in terms of predictions for the water temperature at the heat 

sink outlet,  ,f outT . As evident from Figure 3.3, the single 

microchannel model is able to capture well the heat absorbed by 
water as it flows through the microchannels of the heat sink. However, 
the chip level maximum temperature is not predicted as closely and 
the predictions deviate from experimental measurements by 6-7�( . A 
possible explanation for this deviation is the unavoidable error 
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introduced by the assumption of uniform mass distribution of the 
coolant across all the channels due to the lack of better information. 
This is because the fluid enters the inlet manifold as a jet which 
induces non-uniform distribution of coolant among the channels [75]. 
Another possible contribution to this error lies in the assumption of 
spatially uniform heat dissipation from the test chip. The numerical 
analysis of flow in the full heat sink , as reported in Chapter 4, 
attempts to capture this behavior. 

 

Figure 3.3: Model validation against experiments  

With respect to th e optimization problem, ,s maxT is used to compute 

the normalized failure rate using Eq. (3.3), Eq.(3.4) and Eq. (3.11), but 
it does not appear in the exergetic efficiency calculation (c.f. Eq. (3.8)). 
The deviation in ,s maxT predictions, however, causes only about 5% 

variation in normalized failure rate estimation using Eq.  (3.11). 

3.6.2 Thermal performance of the heat sink  

The most important performance measure of a heat sink is its thermal 
resistance defined as: 
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therm

chip

A T T
R

Q

��
�  (3.21) 



 

 
46 

where chipA is the chip area of 2.11 cm2. The variation of the predicted 

therm al resistance with flow rate for four different ,f inT  values is 

shown in Figure 3.4(a).  Thermal resistance sharply decreases with 
increasing flow rate due to higher heat transfer coefficient at higher 
flow rat es. 

The behavior of the heat transfer coefficient can be analyzed in terms 

of the Nusselt number �� ��Nu . The numerical results are processed to 

extract the local Nu variation along the channel length, defined as 

 �� �� �� ��
�� ��

h

f

x D
Nu x

x
� 

�D

�O
 (3.22) 

where the local heat transfer coefficient �� ��x�D  at any axial location x 

can be expressed as: 

 �� ��
�� ��

�� �� �� ��
,

, ,

w avg

w avg f bulk

q x
x

T x T x
� 

��
�D  (3.23) 

 

(a)  
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(b)  

Figure 3.4: (a)  Thermal resistance of the heat sink at various operating 

conditions (b)  Variation of Nu along channel length (for  ,f inT =60�( ) 

where �� ��,w avgq x  denotes the average wall heat flux and �� ��,w avgT x the 

average wall temperature at any axial location x. These are calculated 
as:  

 �� ��
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where the integration is performed along l , the coordinate along 

intfl which is the length of the solid-liquid interface  (the wetted 

parameter) at any axial location x . 
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The fluid bulk temperature at any axial location x , �� ��,f bulkT x , is 

calculated on a plane through the fluid domain, normal to the channel 
axial direction as 

 �� ��

�� �� �� ��
�� ��

�� ��
�� ��

,

,

,

, ,f p f f

A x
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U n
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 (3.26) 

Here �� ��A x is the area of the plane under consideration at location x  

and n  is the normal to the plane (which is the unit vector in the 
channel axial direction for all the planes). In order to calculate these 
quantities, 300 equally spaced axial locations are considered. Figure 
3.4(b) shows the variation of the Nusselt number along channel 
length for three different (low, intermediate and high) coolant flow 
rates and one inlet temperature. The behavior of Nu for other flow 
rates and fluid inlet temperatures is similar and is not shown for 
brevity.  

As the flow rate increases, the heat transfer coefficient values also 
increase over almost the entire axial length span of the channel from 
inlet to outlet nozzle. Normally, the hea t transfer coefficient for fully 
developed laminar flow is independent of the flow Reynolds number. 
However, in case of flow inside a microchannel of a manifold 
microchannel heat sink, the flow enters as a slot jet, impinges on the 
channel floor and then r eattaches to the channel upper wall after 
travelling a significant fraction of the channel length. Hence, the flow 
is developing over most of the channel axial length and increasing the 
flow rate (and thus flow Reynolds number) leads to an increase in the 
heat transfer coefficient. This explains the decreasing thermal 
resistance with increasing flow rates. The flow pattern inside a 
microchannel is evident from the velocity vectors shown in Figure 

3.5(a).  
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(a)  

 

(b)  

Figure 3.5: (a)  Velocity vectors and contours in microchannel (b) 

Temperature contours in microchannel (at coolant flow rate of 0.3 l/min and  

,f inT =60�( ) 
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For every flow rate value, Nu first increases steadily, starting from the 
symmetry plane in inlet slot nozzle (i.e. x = 0 in Figure 3.4(b)), till 
x � �����������Ë�P�����7�K�L�V���L�V���W�K�H���S�R�L�Q�W���Z�K�H�U�H���W�K�H���L�Q�O�H�W��slot nozzle region ends.  
In this reg ion, Nu increases due to the thinning of the thermal 
boundary layer due to flow impingement [75]. For x �! ���������� �Ë�P���� �W�K�H��
thermal boundary  layer grows with increasing x and the heat transfer 
coefficient is reduced. Nu curves for different flow rates merge in the 
second half of the rectangular channel length as the flow approaches 
the fully developed laminar flow condition for a short time during its 
travel through the microchannel. Beyond this point the curves again 
split as the fluid mov es into the outlet nozzle region. In the outlet 
nozzle region, Nu turns negative for the lower flow rates. At lower 
flow rates, the fluid temperature next to wall becomes slightly higher 
than the wall temperature in the outlet nozzle region thus locally 
reversing the direction of heat flux and sign of the numerator in Eq.  
(3.23). However, the bulk mean temperature of the 
fluid, ,f bulkT remains lower than the average wall temperature ,w avgT . 

As a result, the heat transfer coefficient in Eq. (3.23) and Nu in Eq. 
(3.22)become negative. Temperature contours in the fluid and the 
solid are shown in Figure 3.5(b). As the channel end wall is 
approached, the heat transfer coefficient increases sharply in a thin 
region next to the wall. This sharp jump in heat transfer coefficient 
and Nu is caused by the local increase in the heat flux from the wall 
due to fluid recirculation over the outlet nozzle corner.  

Since for any given fluid inlet temperature ,f inT , the heat transfer 

coefficient increases with increase in flow rate, the temperature 

differential, �� �� �� ��, ,w avg f bulkT x T x��  required for same amount of heat 

transfer from solid to fluid reduces. Thu s, exergy destruction due to 
heat transfer over a finite temperature differential is also reduced 
[110]. On the other hand, the exergy loss due to fluid pressure drop 
increases at higher flow rates. However, in the case of liquid cooling, 
the contribution of the pressure drop term to the  exergy destruction 

(in the form of pumping power,

 

pumpW , see Eq.(3.8)) is less than 

0.25% and therefore negligible as compared to other terms for the 
range of flow rates considered. Another component that is accounted 
for in the exergy efficiency but has negligible contribution to the 
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overall analysis is the fluid kinetic energy 
21

2
m U  (see Eq.(3.9)). Its 

contribution to flow exergy at microchannel inlet/outlet is less than 
0.04%. Hence, as the flow rate increases, the exergetic efficiency 
increases at any fluid inlet temperature. This trend is shown in 
Figure 3.6, which clearly shows that exergetic efficiency also 
increases with increase in fluid inlet temperature at any given flow 
rate. This is due to the increase in exergy content of the fluid at both 
inlet and outlet to the heat sink with increase in ,f inT and a resulting 

relatively larger change in outEx than ,in totEx  (see Eq. (3.8)). 

 

Figure 3.6: Variation of 2 nd law efficiency (computed using Eq. (3.8)) with 
change in operating conditions 

3.6.3 Optimization of the operating conditions  

The optimal operating values for heat sink design variables are 
determined in this section.  In order to increase the number of 
operating conditions populating the design va riable space, we first 
simulate the heat sink performance at intermediate fluid inlet 
temperatures, ,f inT  in addition to the ones at which measurements 

were performed.  In order to estimate the heat loss boundary 
condition (see Eq.(3.5)) at these intermediate temperatures, we 
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linearly interpolate the measured heat loss to ambient at the four 
temperatures at which the experiments were performed. In this 
manner, the heat sink operation was analyzed at ,f inT values in the 

range of 30��60 �(  with a resolution of 2.5 �(  (see Figure 3.6).  

3.6.3.1 Net efficiency approach 

The net efficiency, net�K  leads to a single objective maximization 

problem as defined by Eq. (3.13) and constraints Eq. (3.14).  This 
parameter has a maximum as the fluid inlet temperature is varied at 
given flow rate (Figure 3.7(a)  for a flow rate of 1 l/min). As the fluid 

inlet temperature increases, the 2nd law efficiency, II�K , improves. 

However, the reliability and MTTFnm  worsen (see Eqs. (3.2) and 

(3.10)) due to increase in the maximum temperature of chip and thus 
instantaneous failure rate (see Eqs.(3.3) and (3.4)) . For flow rate of 1 

l/min, the maximu m net�K  is located at ,f inT =45�( . Similarly the 

maximum point can be located by spanning over all the operating 
conditions, Figure 3.7(b) . 

 

(a)  
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(b)  

Figure 3.7: Optimization using net efficiency. (a)  Illustration of maxi mum in 
net efficiency for flow rate of 1 l/min, (b)  Net efficiency curves and maxima for 

various flow rates, as function of water inlet temperature ,f inT  

The operating conditions corresponding to maximum net efficiency 
do not change below 0.8 l/min in Figure 3.7(b) . However, if more 
intermediate operating conditions between 45 �(  and 47.5�(  are 
simulated, then the optimum operating condition line corresponding 
to the locus of maximum net efficiency will slope gradually. This 
becomes more evident if the locus of maximum net efficiency is 
plotted as a function of ,s maxT . The resulting figure is similar to Figure 

3.7(b)  and hence not shown for brevity. However, the solution 
following this approach is unique as the maximum net efficiency 
occurs at the highest flow rate. Thus, optimum operating conditions 
are a flow rate of 1l/min and a fluid inlet temperature of 45 �( . As 
discussed before, this approach masks other possible solutions and 
fails to accommodate specific preferences of the designer in terms of 
which of the two criteria is considered more or less important for 
operation. This is improved by the multi -objective optimization 
approach. 
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3.6.3.2 Multi -objective optimization approach  

In order to approximate the Pareto front, for each flow rate, different 

combinations of weights 1w and 2w are chosen. For every such 

combination , F  (see Eq.(3.18)) is calculated for all fluid inlet 
temperatures ,f inT . The value ,f inT

 
for which F  is minim ized is 

selected and this yields one point in the criteria space for that flow 
rate. In other words, for i th flow rate and j th combination of weights, a 
point in criteria space can be obtained using  

 �� ��, 1, 1,( , ) 2, 2,( , )mini j j i k j i k
k

F w F w F�  � � (3.27) 

where k  spans over all the fluid inlet temperatures for the i th flow 
rate. A total of 41 combinations of weights were required to uncover 
all the unique points in the criteria space for each flow rate. These 
points are plotted in the criteria space, from which the Pareto front is 
easily recognized as the south -west boundary of the data as shown in 
Figure 3.8 (a).  

As evident from the figure, the Pareto front is formed at the highest 
flow rate. This is natural since the exergy destruction is minimal at 
the highest flow rate. The Pareto front is convex and therefore the 
method of weighted combination of objective functions works well for 
this problem. A total of 12 points appear on the Pareto front for the 41 

combinations of the weights 1w and 2w . This occurs because multiple 

combinations of weights yield the same ,i jF  in the criteria space, as 

becomes clear from Figure 3.8 (b) , which shows the combined 
objective function F  as a function of the fluid inlet temperature for 1 
l/min and different combination of weights. Note that curves 
corresponding to only some of the weight combinations have been 
plotted in Figure 3.8 (b)  for the sake of clarity. The minima plotted 
in Figure 3.8 (b)  correspond to the points on the Pareto front from 
right to left in Figure 3.8 (a)  and are listed in Table 3-3. Therefore, 
using the Pareto optimality, we achieve multiple non -dominated 
solutions on the Pareto front. Next, we employ the MCDA  
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(a)  

 

(b)  

Figure 3.8 : (a)  Pareto front: South-west boundary of criteria space 

consisting of the two criteria  of normalized failure rate  nm�E and exergy 

destruction  �� ��1 II�K��  (b) Variation in combined objective function F  with 

weight combinations for a flow rate of 1l/min  



 

 
56 

Point  ,f inT (�( ) �>nm  
1-
�ÆII  

Point  ,f inT (�( ) �>nm  
1-
�ÆII  

A 30 0.95 0.17 G 47.5 0.60 0.43 

B 35 0.86 0.22 H  50 0.55 0.49 

C 37.5 0.81 0.25 I  52.5 0.51 0.57 

D 40 0.76 0.28 J 55 0.47 0.66 

E 42.5 0.70 0.32 K  57.5 0.43 0.76 

F 45 0.65 0.37 L  60 0.39 0.87 

 

Table 3-3: Non-dominated solutions on the Pareto front . Pareto front lies at 
flow rate of 1 l/min.  

 

methodologies of TOPSIS and MAUA, as described in subsection 
3.5.2.2, to choose the best condition among these feasible solutions. 

According to the methodology of TOPSIS, we first define the ideal or 
utopian solution. Typically, this represents a preferred ideal target of 
a designer. Therefore, to illustrate the concept, we define it here as 
the solution corresponding to minimum exergy destruction and 
minimum normalized thermal failure rate from among the points 
plotted in the criteria space shown in Figure 3.8 (a) . This utopian 
solution is shown in Figure 3.9. Then, the best solution is the point 
with minimum deviation from the ideal solution as below:  

 �� �� �� ���� ��2 2
, , ,

1 to 
min

p

best nm k u II k II u
k k N

S
� 

� �� �� ���E �E �K �K  (3.28) 

where bestS  is the Euclidean distance of the best solution point on the 

Pareto front from the utopian point, pN is the total number of points 

on the Pareto front and subscript u  indicates criteria values 

corresponding to the utopian solution. Using TOPSIS, point F  is 
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chosen as the best solution with flow rate of 1 l/min and fluid inlet 
temperature of 45�(  (refer Table 3-3). 

 

Figure 3.9: Choice of design on Pareto front using TOPSIS and MCDA 
methods 

In order to use MAUA, the utility functions for both the attributes of 
thermal relia bility and 2 nd law efficiency have to be available. In order 
to illustrate this methodology, we assume two hypothetical non -linear 

utility functions 1U  and 2U  for exergy destruction and normalized 

failure rat e, respectively, as:  

 �� �� �� ��2
1 2.42 1 1.54 1 0.76II IIU �� �� �� ��� ��� K � K (3.29) 

 2
2 1.15 2.55 1.39nm nmU � � � � �� E � E (3.30) 

Thereafter, depending on the choice of the scaling parameters, the 
individual utility functions can be com bined using Eq. (3.20) to 
analyze the overall utility of all the design alternatives available from 
the Pareto front.  The overall utility is plotted in Figure 3.9 for two 
combinations of the scaling factors.  The best solution among the 
available alternatives is the one with maximum overall utility to the 
designer i.e.: 
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 �� ��1 1, 2 2, 1 to 
max

p
best k k k Nk

U K U K U
� 

�  � � (3.31) 

The best designs obtained with two combinations of scaling factors 
are points D and G in Figure 3.9. These design choices are flow rate, 

,f inT of 1 l/min & 40 �(  and 1 l/min & 47.5 �( , respectively (c.f. Table 

3-3). The first design choice reflects higher preference towards 
maximization of electronic reliability tha n exergetic efficiency 

(as 1 2K K�� ) while the opposite is true for the second design choice. 

The second design is more suitable for energy reuse as the fluid 
temperature at the exit is higher (nearly 49 �( ). Modern electronic 
chips can withstand maximum chip temperatures in the range of 85-
90�(  and can have lower instantaneous failure rates than considered 
here. An important change in the trade-off is possible when 
electronics have built in fault tolerance or re -�F�R�Q�I�L�J�X�U�D�E�O�H�� �³�V�S�D�U�H��
�S�D�U�W�V�´�����,�Q such a case the MTTF  is lengthened to a level when all the 
spare components are used up. This allows an optimization of the 
lifetime exergy recovery in the single parameter case and an increase 
in the exergy utility function in the m ulti -objective optimization 
approach. Hence, the designer can further push the trade-off in favor 

of exergetic efficiency (higher 1K ) by simultaneously keeping an eye 

on reduction in chip reliability at higher temperatures. The 
methodology presented here provides a systematic way to achieve 
such trade-offs. 

3.7  Conclusions  

The thermal performance and optimal operating conditions of a hot 
water cooled manifold microchannel heat sink for electronic chip 
cooling has been analyzed. A 3D conjugate single-channel heat 
transfer model is developed to evaluate the heat sink performance 
and validated against experimental measurements. The heat sink is 
used as an example to illustrate that a trade-off exists between two 
conflicting objectives of perf ormance maximization; chip thermal 
reliability  and exergetic efficiency of the overall system (consisting of 
both the heat sink and the chip being cooled).   
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We show that the optimal operating conditions for chip cooling can 
be obtained via two different approaches: a) a single objective 
maximization problem by defining a net efficiency of the overall 
system and b) a multi-objective optimization approach using Pareto 
optimality to achieve multiple alternative trade -offs. To illustrate the 
fundamental f ramework put forth in this chapter , the thermal 
reliability of the chip is estimated using a representative failure rate 
function from open source literature. This failure rate function is a 
conservative estimate given the tremendous progress in state-of-the-
art microprocessors for which the failure rates are typically 
proprietary information. For the chip under consideration, an 

optimum coolant inlet temperature �� ��,f inT in the range 40�(  to 47.5�(  

is obtained at an optimum flow rate of 1l/min, depending on the 
optimization technique employed. The methodology illustrated 
herein, provides a systematic approach to maximize the potential of 
reuse of heat recovered from the electronic chip and simultaneously 
ensure high thermal reliability for the chip being cooled.  
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Abstract  

A detailed thermo-hydrodynamic analysis of a hot water cooled 
manifold microchannel heat sink for electronic chip cooling is 
presented. The hot water cooling enables efficient recovery of heat 
dissipated by the even hotter chip by using hot water recovered from 
a secondary application. Contrary to usual expectation of laminar 
flow in electronic cooling, high flow rate and high fluid temperatures 
result in turbulent flow conditions in the inlet and outlet manifolds of 
the heat sink with predominantly laminar fl ow conditions in 
microchannels. To simulate these complex flow conditions, a three 
dimensional (3D) conjugate heat transfer model with turbulent flow 
is developed. Microchannel heat transfer structure is modeled as 
porous medium with permeability parameter s extracted from a 3D 
model for a single microchannel. The energetic performance of the 
heat sink is analyzed in terms of 2nd law efficiency and sources of 
exergy destruction are identified by detailed local entropy generation 
analysis at low and high Reynolds number conditions of 2400 and 
11200 respectively. This analysis shows that entropy generation due 
to heat transfer dominates the net entropy generation in the heat sink 
for both conditions. Although entropy generation due to viscous 
dissipation increases significantly with increased Reynolds number, it 
still contributes less than a third to the total entropy generated at 
high Reynolds numbers. Use of hot water reduces the heat transfer 
component of entropy generation significantly, thus leading to high er 
2nd law efficiency.  
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4.1 Introduction  

As discussed in Chapter 3, the carbon footprint of large data centers 
can be reduced by using hot water in  the temperature range of 50-
70�(  as the coolant due to the low thermal resistance inherent in  
liquid cooling. Hot water as the coolant enables direct utiliz ation of 
the collected thermal energy for secondary applications, like district 
heating or specific industrial appli cations. In such a system, the hot 
water, after performing the task  of chip cooling, is used for the 
secondary application where it gives off a part of its energy. The 
cooling loop then recovers the water back, still hot but at a lower 
temperature, to the hotter chip to serve as the coolant. 

A significant body of work exists on modeling of liquid cooled 
microchannel heat sinks. This includes analysis of traditional 
microchannel heat sinks through modeling of single representative 
microchannels [88] and modeling of entire heat sinks with limited 
number of channels [116, 117] . Some numerical studies, again based 
on single microchannel model approach, have also been reported for 
the MMC heat sinks [72, 91].  

As described in Chapter 2, flow inside modern day MMC heat sinks 
can become turbulent at higher flow rates. Hence, fluid turbulence 
has to be accounted for while modeling a full MMC heat sink. There 
are a few studies that report turbulent flow analysis in the area of 
electronic cooling. Dhindsa and Pericleous [81, 118] have compared 
various turbulent models with regards to  prediction of flow and 
temperature profiles in electronic cooling with air as the coolant fluid. 
�,�W�� �Z�D�V�� �U�H�S�R�U�W�H�G�� �W�K�D�W�� �Ô-equation based turbulence models like k-�Ô��
turbulence model or the Shear Stress transport (SST) turbulence 
models perform better in such low Reynolds number flows as 
�F�R�P�S�D�U�H�G���W�R���W�K�H���0-equation based k-�0���P�R�G�H�O���W�K�D�W���L�V���G�H�V�L�J�Q�H�G���W�\�S�L�F�D�O�O�\��
for high Reynolds number flows. Kasten et al. [75] performed 
preliminary analysis of an MMC heat sink using turbulen ce modeling 
to model the fluid flow in the heat sink.  

Apart from consideration of turbulence in fluid flow, numerical 
modeling of MMC heat sinks also involves other challenges. Due to 
the use of a manifold to supply coolant fluid across the microchannel 
heat transfer structure, such heat sinks can suffer from non-uniform 
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distribution of coolant fluid [74, 75]. This, in turn, can lead to non-
uniformity in temperature distribution in the chip. As a result, the 
single channel assumption, as used in some previous studies [72, 91] , 
no longer suffices and modeling of the full MMC heat sink becomes 
imperative. The need for such modeling has been highlighted by 
Sharma et al. [77] where it was concluded that it is not possible to 
closely predict the maximum temperature at the chip for MMC heat 
sink by representing heat transfer in the manifold microchan nel heat 
sink through a single microchannel model. This problem arises due to 
non-uniform distribution of coolant and spatially non-uniform heat 
dissipation from chip. Hence, a complete numerical analysis of the 
entire heat sink is required.  

Modern  day MMC heat sinks can contain many tens of microchannels.  
Hence, as highlighted in Chapter 2 and unlike a few previous studies 
[116, 117], it is not possible to efficiently model each channel 
separately while considering a numerical analysis of the entire 
manifold plus microchannel system . Hence, the microchannels have 
to be modeled as fluid -saturated porous medium as described in 
section 2.4. Several studies have analyzed manifold microchannel 
heat sinks following this approach. However, in these studies, either 
the flow was fully laminar [74] or the analysis was limited to 
hydrodynamics without consideration of the thermal aspects [75].   

In this chapter, we present a detailed computational fluid dynamics 
(CFD) study of conjugate heat transfer inside a realistic MMC heat 
sink cooled by hot water at 30-60�( . This heat sink is being used for a 
liquid cooled data center supercomputer that employs hot water to 
recover energy dissipated from the chip for building heating [70]. We 
adopt a hierarchical modeling approach by first analyzing the 
microchannel heat transfer structure at single microchannel level and 
using the information from that analysis to model the entire heat sink 
through the porous medi a approach. We model the turbulent flow in 
the manifold structure (encountered due to the large size of manifolds, 
high flow rates through the heat sink and high fluid temperatures). 
We also account for the possibility of non-uniformity in the heat 
dissipation in the chip, in order to enable a closer prediction of the 
maximum temperature at chip. The results from the CFD analysis are 
then utilized to characterize the 2nd law efficiency of heat recovery 
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from chip. Finally, we analyze the local entropy generation in the heat 
sink to identify the major sources of exergy destruction.  

4.2  Manifold microchannel heat sink  

The manifold microchannel heat sink analyzed in this study has been 
described in section 3.4. This heat sink was manufactured using a 
micromachining process rather than micro -fabrication and thus is a 
completely scalable design [70]. Figure 4.1 recalls the flow path 
through the heat sink indicated by arrows.  The heat sink is bonded to 
the chip through a commercial TIM with thermal conductivity of 2.7 
W/mK.  

 

 

Figure 4.1: Schematic of the manifold microchannel heat sink (arrows 
indicate direction of coolant flow): top view. The shown half of the heat sink 

comprises the computational domain using hydrodynamic and thermal 
symmetry. 
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4.3  Single  microchannel model  

Modeling  the microchannel heat tr ansfer structure as a fluid 
saturated porous medium requires specification of numerical 
coefficients for the momentum loss term in the porous medium 
model (see section 4.4 for further details). In order to extract the 
values of these coefficients, flow through a single microchannel of the 
heat transfer structure was investigated in detail. The microchannels 
were designed to be rectangular. However, the channel walls can 
become curved due to the nature of the micromachining-based 
manufacturing proc ess. The curved shape of the machined 
microchannel is shown in Figure 4.2(b) . In order to analyze and 
quantify any effects of this curved shape on the hydrodynamic and 
thermal characteristics of the microchannel heat transfer structure, a 
single curved microchannel was also investigated numerically 
together with the rectangular microchannel, both kinds having the 
same average width. The models set-up is similar to what was used in 
[77] and is briefly described below. 

 

(a)  
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(b)  

Figure 4.2: Computational domain and boundary conditions fo r (a)  
rectangular channel (b)  curved channel 

The computational domains, major dimensions and boundary 
conditions for both the channels are shown in Figure 4.2 and listed 
in Table 3-1. The TIM thickness, TIMH , was small compared to the 

rest of the channel and hence is not depicted in Figure 4.2. At the 
inlet, the coolant mass flux and inlet temperature were imposed. At 
�W�K�H�� �R�X�W�O�H�W�� �Q�R�]�]�O�H���� �D�Q�� �µ�R�S�H�Q�L�Q�J�¶�� �W�\�S�H�� �R�I�� �Eoundary condition was 
imposed. This takes care of both inflow and outflow of the fluid at the 
outlet boundary, because it lies in recirculating flow zone [106]. The 
symmetric boundary conditions as shown in Figure 4.2 were 
exploited to minimize comp utational cost. Uniform heat flux was 
imposed at the lower surface of the TIM and an adiabatic condition 
was imposed at all external boundaries of the solid domain. A block-
structured, hexagonal, non-uniform Cartesian mesh, with a finer 
mesh near the walls to adequately resolve the boundary layer, was 
used to discretize the computational domain.  Grid independence was 
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checked using the Grid Convergence Index (GCI) method. Grids 
consisting of 7.27 million cells and 7.45 million cells were used for the 
curved channel and the rectangular channel simulations respectively. 
The GCI method is described in detail in section 3.4.3. 

Inside the channels, the flow is laminar and governed by the 3D 
conservation equations for mass (Eq. (2.1)), momentum (Eqs. (2.2) 
and (2.3)) and energy (Eq. (2.4) for fluid and Eq. (2.5) for solid) [79]. 
The model takes into account the temperature dependence of 

intensive water properties such as density �� ��f�U , dynamic 

viscosity �� ��f�P  and specific heat �� ��,p fc  [80]. Continuity of 

temperature and heat flux was imposed at the fluid -solid interface, as 
shown in Eqs. (2.6) and (2.7).  

Similar to Chapter 3, the conjugate heat transfer problem was solved 
using the commercial solver Ansys CFX® version 12.1 and a 
normalized residual target of 1×10-6 and a conservation target of 0.1% 
was set. 

4.4  Full heat sink model  

4.4.1 Computational domain an d boundary conditions  
 

 

Figure 4.3: Boundary conditions for full heat sink model  
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The schematic shown in Figure 3.2 forms the computational domain 
for the analysis of the entire heat sink. The boundary conditions for 
the heat sink model are shown in Figure 4.3. The analysis involves 
conjugate heat transfer, turbulent flow and flow th rough a porous 
medium. The micro channel heat transfer structure was modeled as a 
porous medium [119]  as mentioned earlier. The fluid, solid and 
porous domains are also outlined in Figure 4.3. At the inlet, mass-
flow and inlet temperature and at outlet, atmospheric pressure 
(arbitrary choice of constant pressure boundary condition) was  

 

Figure 4.4: Major dimensions of heat sink (a)  top view (b)  view in 
symmetry plane (c)  bottom view (d)  end view. The color codes are same as 

Figure 4.3. 
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imposed. Fully developed turbulent flow was assumed at the inlet. 
Symmetry boundary condition for the flow was imposed as shown. At 
the outer walls of heat sink, heat loss to environment, as obtained 
from measurements, was imposed. Heat flux dissipated from the chip 
was imposed over a part of the lower face of heat sink (chip area, as 
shown in Figure 4.4(c) ). The major dimensions of the heat sink are 
shown in Figure 4.4 and their numerical values used in the model 
are listed in Table 4-1. 

Symbo l  Description  Value  

1L  Length of heat sink 35.5 mm 

2L  Length of outlet manifold  25.25 mm 

1W  Width of heat sink  35.5 mm 

2W  Width of manifold structure  23 mm 

omW  Width of outlet manifold  5 mm 

imW  Width of inlet manifold  5 mm 

D  Diameter of inlet and outlet pipes  4 mm 

msH  Height of manifold structure  7 mm 

mH  Height of manifolds  4.5 mm 

hsL  
Length of microchannel heat 

transfer structure  
21.25 mm 

chipL  Length of chip 16.886 mm 

chipW  Width of chip  12.55 mm 

n  Number of microchannels  62 

 
Table 4-1: Heat sink dimensions 

4.4.2 Governing equations  
The flow in the two manifolds is beyond the laminar range, because 
the Reynolds number based on the hydraulic diameter of the inlet 
pipe, inRe , is in the ranges of 2000-11000 for the operating range of 
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flow rates (0.3 l/min to 1.0 l/min) and inlet water te mperature (30 �(  
to 60�( ). In addition, due to the large variation in the characteristic 
length scale in the heat sink, the flow regime changes from turbulent 
in the inlet manifold to predominantly laminar inside the 
microchannels and then back to turbulent in the outlet manifold (see 
Figure 4.3). This becomes clear from the wide variation in flow 
Reynolds number as the fluid flows through the heat sink. For 
example, for the operating condition corresponding to the highest 
flow rate and fluid inle t temperature, the Reynolds number changes 
from 11200 at the inlet of the heat sink to less than 600 inside the 
microchannels and then back to 11200 at the outlet of the heat sink. 
This makes numerical analysis of the heat sink especially challenging. 
As discussed in Chapter 2, the effect of turbulence is modeled using 
the k-�Ô���P�R�G�H�O (Eqs. (2.8)-(2.12)). The conservation of momentum for 
turbulent flow inside the porous domain is governed by Eqs. (2.16) 
and (2.15). For this heat sink, the volume porosity �J is defined as: 

 
�� ��1

ch

ch fin

nW

nW n W
� 

� � � �
�J  (4.1) 

As shown in Figure 4.1, Figure 4.2 and Figure 4.3, the fluid 
enters the microchannel heat transfer structure predominantly in the 
negative z-direction and flows along the y-direction through the 
structure. In order to inhibit flow in the x - direction, the permeability 
in x direction was assumed to be 100 times smaller than in other two 
directions. The permeability in the y direction was assumed to be 
equal to that in the z direction. Kim and Kim [119] have suggested an 
expression for permeability applicable to microchannels. However, 
since flow through microchannels in the heat sinks changes direction 
at the slot nozzles, the permeability values in the flow direction are 
obtained by matching the pressure drop through the porous medium 
with that in a single rectangular microchannel. This is explained 
further in section  4.5.1. The coefficient for the non-linear term in the 
above equations is obtained as below [74, 120] : 

 0.55 1 5.5 ch
loss

HT

d
c

D

� § � ·
�  � �� ¨ � ¸

� © � ¹
 (4.2) 
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where the characteristic length scales for pore size �� ��chd  and overall 

porous medium size �� ��HTD are determined, following the references 

[121] and [74] , as: 

 ch ch chd H W�  (4.3) 

 HT chD H L�  (4.4) 

A 1-equation model for heat transfer (refer Eq.(2.17)) was used for 
conservation of energy inside the porous medium. The effective 
thermal conductivities in the three energy directions were calculated 
based on whether solid and fluid thermal resistances to heat 
conduction were in parallel or series. Accordingly:  

 
�� ��, 1

f s
eff x

s f

� 
� � � �

� O � O
�O

�J�O �J �O
 (4.5) 

 �� ��, , 1eff y eff z f s� � �� ���O �O �J�O �J �O (4.6) 

Continuity of temperature and heat flux is imposed at b oth fluid -solid 
and porous-solid interfaces similar to Eqs. (2.6) and (2.7) with an 
equivalent conductivity used for porous medium. Similarly, at the 
fluid -porous interface, continuity of mass flux, momentum, heat flux 
as well as temperature is imposed. 

The discretized governing equations for the full heat sink model were 
also solved using Ansys CFX® version 12.1.For the full heat sink 
model, we imposed 1×10-6 as the normalized residual target and 0.1% 
as the conservation target for our simulations. 

4.4.3 Mesh and grid independence 

Flow modeling in general and turbulence modeling in particular is 
sensitive to the mesh used for discretization of the computational 
domain. A block-structured, hexagonal, Cartesian mesh was used for 
all the domains in the full heat sink model. The mesh was non-
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uniform with finer mesh near the w alls to adequately resolve the 
boundary layer. Similar to Chapter 3, grid independence was checked 
using GCI method (refer Eqs. (3.6) and (3.7)). As mentioned earlier, 
the flow field to be modeled was turbulent. The mesh density close to 
the wall was kept sufficiently dense so that y+ for wall adjacent mesh 
cells was below 10 on all walls. A number of meshes were prepared 
with average grid size in fluid and porous domains ranging from 
���������������Ë�P���W�R���������������Ë�P�����$���V�H�W���R�I���W�K�U�H�H���J�U�L�G�V���Z�D�V���V�H�O�H�F�W�H�G���W�K�D�W���V�D�W�L�V�I�L�H�G��
the asymptotic range test of Eq. (3.7) as well as exhibited monotonic 
convergence. The three grids and results are described in Table 4-2 , 

�Z�K�H�U�H�L�Q���¨�3���L�V���X�V�H�G���D�V���W�K�H���V�R�O�X�W�L�R�Q���I�Xnctional (i.e. f ) [109].  

Mesh �Æ  1 2 3 

Number of cells (million)  
 

79.98 36.62 17.57 

Mean grid spacing (�Jm) 
Fluid  30.18 39.16 51.31 

Solid 121.78 121.78 121.78 

r   - 1.31 1.31 

f (Pa)  13223.8 12960.1 12181.3 

p   4.01 

fineGCI   0.0127 

coarseGCI   0.0384 

�� ��21
p

coarse fineGCI r GCI  
 

1.0203 

 
Table 4-2: Discretization error and grid independence test using �¨P as 

solution functional (for flow rate of 1 l/min and Tf,in  of 60�( ) 
 

The ratio �� ��21
p

coarse fineGCI r GCI  was close to one indicating that 

three grids were in asymptotic range. fineGCI  and coarseGCI  were 

small for both the solution functionals. The relatively large value of p , 

as compared to the formal order of convergence of the CFD solver, 
can be explained by the fact that the ratio of mean grid sizes in 



4 Thermofluidics and energetics of a manifold microchannel heat sink for 
electronics with recovered hot water as working fluid  

73 

different directions �� ��,  y x z xh h h h

 

was not constant for the three 

grids [122]. Following the modified procedure for calculation of p 
[122], a set of five grids was used and the resulting value of p came 
out to be 1.154, which agrees better with the less than second order 
convergence typical of CFD codes. Also, the relative change in 
solution functional values was smaller between mesh 2 and mesh 1 as 
compared to the corresponding change between mesh 3 and mesh 2.  
Therefore, mesh 2 was used for all further simulations. 

4.5  Results and discussions  

4.5.1 Permeability extraction  from microchannel mode l 

As already discussed in section 4.3, single microchannel models for 
curved and rectangular channels have been set up and used to 
compare the hydrodynamic and thermal characteristics. The 
simulations were performed for flow rates ranging from 0.3 l/min to 
1.0 l/min and fluid inlet temperature of 60 �( . The water temperature 
at the outlet slot -nozzle and the maximum temperature of the cold 
plate are compared in Figure 4.5(a) . Figure 4.5(b)  compares 
pressure drop from the inlet to the outlet slot -nozzles. As evident 
from Figure 4.5, the thermal performance for both channel types is 
very similar. In terms of the pressure drop, the curved channels, in 
fact, perform slightly better than the rectangular channels by guiding 
the flow and, thereby, reducing the pressure drop due to fluid 
impingement on the channel walls acting as fins. Hence, the 
curvature in channels does not affect the performance of the 
microchannel heat transfer structure.  

The coefficients in the momentum loss term of Eq. (2.15) require 

specification of the permeability in three directions iK . We extract 

these permeability values by tuning the basic permeability values 
from Kim and Kim [119]  so that the pressure drop through the 
microchannel cooling structure matches the pressure drop through a 
single  microchannel. This is required to account for the effect of flow 
turning by 90 degrees inside the porous medium, after entry through  
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(a)  

 

(b)  

Figure 4.5: Comparison of rectangular and curved channel (a)  Fluid outlet 

temperature �� ��,f outT and maximum cold plate temperature �� ��maxT   (b)  

Overall pressure drop �� ��overallP�'   
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the inlet nozzle and before exit through the outlet slot nozzle. To 
determine the permeability, we used a reduced heat sink model 
consisting of only the inlet and outlet nozzles and the porous medium 
structure as shown in Figure 4.6. At the inlet, massflow and at the 
outlet, atmospheric pressure was imposed. The symmetry boundary 
condition for flow was adopted as shown in Figure 4.6. The rest of 
the bounding surfaces were modeled as no-slip walls. In this reduced 
model, the flow was assumed to be isothermal and only the continuity 
and momentum equations were solved. 

Since the channel width varies in the actual heat sink, an average 
channel width was used in the rectangular microchannel model. By 
tuning the pressure drop through the microchannel structure against 
the microchannel model, a quadratic fit was obtained for the 
permeabilities in y and z directions, as a function of the total  flow 

rate,  TV in l/min, through heat sink as below:  

-9 2 -9 -106.5065 10 8.1561 10 7.715 10y z T TK K V V� � �u �� �u �� �u  (4.7) 

A constant low permeability was used in x direction and was given by: 

 

 

Figure 4.6: Boundary conditions for reduced heat sink model  
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Figure 4.7: Matching the pressure drop between microchannel and reduced 
geometry model by tuning the permeability  
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�J
 (4.8) 

Pressure drop from  the reduced heat sink model, by using 
permeability values from Eqs. (4.7) and (4.8), is compared against 
pressure drop from the rectangular microchannel model in Figure 
4.7. As evident, the tuned permeability helps to closely approximate 
the pressure drop through the microchannel.  

4.5.2 Heat sink model simulations  

4.5.2.1 Model validation  

Experimental measurements from Sharma et al. [77] for the water 

outlet temperature ,f outT , and the maximum temperature at the base 

of TIM maxT , were used to validate the full heat sink model. These 

measurements were available for heat sink operating conditions of 
flow rates from 0.3 to 1 l/min in steps of 0.1 l/min and at 4 different 
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water inlet temperatures,  ,f inT  , between 30�(  and 60�( . The heat 

dissipation from the chip,
 chipQ , was kept constant at 100 W. Figure 

4.8  shows the validation of the model in terms of predictions for the 
water temperature at the heat sink outlet,  ,f outT . As evident from 

Figure 4.8 , the model is able to capture well the heat absorbed by 
the water as it flows through the microchannel heat sink. 

 

Figure 4.8 : Model validation for ,f outT �����/�H�J�H�Q�G���V�X�E�V�F�U�L�S�W�V���µ�P�H�D�V�¶���D�Q�G���µ�S�U�H�G�¶��

indicate measured and simulated values for ,f outT respectively 

It was reported pr eviously that the microchannel only model of the 
heat sink is not able to predict accurately the chip level maximum 

temperature, maxT , with the predictions deviating from experimental 

measurements by as much as 7.2�( , which amounts to an error of 
nearly 19% [77]. This deviation is caused by the unavoidable error 
introduced by two key assumptions in the single microchannel model: 
that the coolant is distributed uniformly among all the channels and 
that the heat dissipation from the chip is also spatially uniform. As 
will be explained further in section  4.5.2.2, the coolant flui d enters 
the inlet manifold as a jet, which leads to non-uniform distribution of 
coolant among the channels. The full heat sink model captures this 
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effect. In addition to this, non -uniformity in heat dissipation from the 
chip is modeled by assuming a checkerboard pattern of power 
granularity in the chip. Yazdani et al. [123] have shown that a 
minimum chip power granularity needs to be modeled for accurate 
predictions of chip level maximum temperatures. We investigated 
this aspect for the present heat sink model. We characterized the 
granularity by the number of alternating rows or columns in the 
checkerboard pattern N for the heat flux shown in Figure 4.9(a) . 
Each row or column of the pattern consists of rectangular blocks with 
alternating heat flux boundary conditions. Adiabatic boundary 
condition is assumed for the blue colored blocks while heat flux 
boundary condition is assumed for red colored blocks, such that the 
total heat flux for all red  blocks is equal to the total heat dissipated by 
the chip. Only odd integer values are chosen for N  in order to satisfy 
the symmetric boundary condition shown in Figure 4.3. It is 
observed that a pattern corresponding to N =3 is sufficient, as model 

predictions for maxT for N >3 do not change significantly.  

 

(a)  
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(b)  

Figure 4.9: (a)  Checkerboard pattern of heat flux boundary condition (for 

N =3) (b)  Model validation for maxT  

Figure 4.9(a)  depicts the imposition of the heat flux boundary 
condition for N =3. Figure 4.9(b)  compares model predictions for 

maxT  against experimental measurements. The full heat sink model 

predicts maxT  accurate to within 2.7�(  at all operating condition.  This 

amounts to a maximum of 6.3% deviation of predictions from 
experiments. 

4.5.2.2 Hydrodynamic performance  

Figure 4.10 shows the velocity field in two perpendicular planes for  
the operating condition corresponding to the highest Reyno lds 

number (flow rate of 1 l/min and ,f inT  of 60�( ). The geometry of the 

heat sink presents a backward facing step at the inlet and a forward 
facing step at the outlet from the microchannel heat transfer structure 
(see Figure 4.10(b) ). Figure 4.10(a)  clearly depicts that the flow 
enters the inlet manifold as a jet and impinges either directly on the 
microchannel heat transfer structure through slot nozzle or on the 
backward facing step forming the inlet slot nozzle. The jet-like flow 
causes large flow separation and the backward facing step leads to 
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two independent recirculation zones in the upper and lower part of 
the inlet manifold. Figure 4.10(b)  shows that the flow enters the 
channels as a slot jet, impinges on the channel floor and then 
reattaches to the channel upper wall after travelling a significant 
fraction of the channel length. Hence, the flow is developing over 
most of the channel axial length. In the outlet manifold, the flow 
coming out of the slot nozzle flows over the forward facing step that 
leads to the formation of a large vortex, that fills almost the entire 
outlet manifold, along with a small, counter -rotating vortex in the 
upper half of the manifold. Similar flow field patterns are observed 
for other operating  conditions as well. 

 

(a)  

 

(b)  

Figure 4.10: Velocity vectors for flow rate of 1 l/min and ,f inT of 60�(  in (a)  

plane of fluid symmetry (b)  mid cross-sectional plane (i.e. the plane 
perpendicular to plane of fluid symmetry at half length of heat sink)  
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Most of the turbulence in the flow is generated in the inlet manifold 
and in the inlet slot nozzle. Figure 4.11 shows the variation of the 
turbulent k inetic energy (TKE) in the plane of fluid symmetry and the 
mid cross-sectional plane. In the inlet manifold, strong shear 
develops between the jet and the large recirculation zone in the upper 
part of the inlet manifold. Another source of large shear is th e fluid 
impingement on the microchannel heat transfer structure (visible in 
both the planes). Both these zones contribute most of the TKE 
generation with the latter contributing significantly more than the 
former. Figure 4.11(b)  also shows that as the fluid enters and flows 
along the channels, most of that TKE is dissipated within a short  

 

(a)  

 

(b)  

Figure 4.11: TKE for flow rate of 1 l/min and ,f inT  of 60�(  in (a)  plane of 

fluid symmetry (b)  mid cross-sectional plane 



 

 
82 

travel length as the flow laminarizes due to small channel widths. In 
the outlet manifold, although the flow enters by forming a large and a 
small vortex, the shear zone between the two is rather limited and it 
does not lead to any significant TKE generation. 

 

4.5.2.3 Thermal and energetic performance 

The thermal performance of the heat sink can be analyzed in terms of 

the net thermal resistance to heat flow �� ��thermR  from chi p to coolant 

fluid.  The thermal resistance of the heat sink is defined as: 

 
�� ��,chip max f in

therm

chip

A T T
R

Q

��
�  (4.9) 

Figure 4.12(a)  shows how thermR  changes with the flow rate at 

different fluid inlet temperatures, ,f inT . As the flow rate increases, 

the heat transfer coefficient values also increase across the channel 
length because of the predominantly developing laminar flow regime  

 

(a)  
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(b)  

Figure 4.12: (a)  Thermal resistance of the heat sink (b)  Temperature 

contours in mid cross-section plane for flow rate of 1 l/min and ,f inT  of 60�(  

over most of the channel axial length [77]. Figure 4.12(b)  shows 
temperature contours in the mid cross-sectional plane and 
demonstrates the thermally developing nature of flow inside the 
channels. This explains the decreasing thermal resistance with 
increasing flow rates.  

It was discussed in section 4.1 that hot water is used for heat recovery 
from the chip so that it can be utilized for other purposes, such as 
building or district heating. After this utilization the still warm but at 
lower temperature water  returns to the (hotter) chip and serves as the 
coolant. Based on this it becomes important that the heat recovery 
takes place in an exergetically efficient manner. The exergetic or the 
2nd law efficiency of the heat sink can be calculated as below [110]: 

 
,

out out
II

in tot
pump electin

Ex Ex

Ex
Ex W W

�  �  
� � � �

�K  (4.10) 

where the flow exergy jEx  at jth location, with j indicating either inlet  

or outlet, is defined as: 
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 �� �� 2
0 0 0

1
2j j jEx m h h T s s

� § � ·
� �� �� �� ��� ¨ � ¸

� © � ¹
U  (4.11) 

Ambient reference conditions of 0T =25�(  and 0P =1 atm were used to 

evaluate flow exergy in Eq.(4.11). In essence, the control volume for 
exergy analysis includes both the heat sink and the electronic 
components generating heat. The variation of the 2nd law efficiency at 
various operating conditions is shown in Figure 4.13.  

 

Figure 4.13: Variation of 2 nd law efficiency with change in operating 
conditions  

For any given fluid inlet temperature ,f inT , the temperature 

differential, �� �� �� ��, ,w avg f bulkT x T x��  required for same amount of heat 

transfer from solid to fluid is reduced as the f low rate increases. Thus, 
exergy destruction due to heat transfer over a finite temperature 
differential is also reduced [110]. On the other hand, the exergy loss 
due to fluid pressure drop increases at higher flow rates. However, in 
the case of liquid cooling, the contribution of the pr essure drop term 

to the exergy destruction (in the form of pumping power, pumpW , see 

Eq.(4.10)) is less than 4% for all operating conditions. Hence, as the 
flow rate increases, the exergetic efficiency increases at any fluid inlet 
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temperature. The exergetic efficiency also increases with increase in 
fluid inlet temperature at any given flow rate . 

4.5.2.4 Local entropy generation in the heat sink 

The 2nd law efficiency quantifies the amount of exergy destruction in a 
particular system. Exergy destruction is directly proportional to 
entropy generation in the system via the Gouy-Stodola theorem [110] . 
Hence, major sources of exergy destruction can be identified by 
analyzing the amount of entropy generated in various parts of the 
system. This analysis can be performed by utilizing the entropy 
transport equation [111] and it forms a part of post-processing 
analysis of the CFD results. The net entropy generation per unit 
volume, for incompressible flow with no bulk heat sources, is 
expressed as: 

 
2

2
genS T

TT
� �� �˜ �’ ��

q �P�I
 (4.12) 

where �3 represents the viscous dissipation and q, the local heat 
�G�L�I�I�X�V�L�R�Q�� �D�V�� �S�H�U�� �)�R�X�U�L�H�U�¶�V�� �O�D�Z���� �7�K�H�� �I�L�U�V�W�� �D�Q�G�� �W�K�H�� �V�H�F�R�Q�G�� �W�H�U�P�V�� �L�Q�� �W�K�H��
above equation quantify the local entropy generation due to heat 

transfer ,gen QS
� § � ·
� ¨ � ¸
� © � ¹

 and fluid friction ,gen DS
� § � ·
� ¨ � ¸
� © � ¹

 respectively. For 

turbulent flows, Eq. (4.12) needs to be Reynolds averaged. Kock and 
Herwig [124, 125] have presented the Reynolds averaging of the above 
equation and modeling of the resulting unclosed terms for high 
Reynolds number flow using k-�0 model. However, to the best of our 
knowledge, the corresponding extensions factoring the volume 
porosity and the anisotropic thermal conductivity have not been 
reported in the literature. Therefore, the equations from reference 
[124] were modified to account for the volume porosity and the 
anisotropic thermal conductivity inside the porous medium and the 
use of k-�Ô model for turbulence. Reynolds averaged entropy 

generation due to heat transfer, ,gen QS , can be calculated as below: 
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 ', , ,gen Q gen Q gen QS S S�  � � (4.13) 

,gen QS  represents entropy generation due to mean temperature 

gradients. For a material volume with anisotropic conductivity, 

,gen QS   is given by: 

 

2

, ,2

1
gen Q eff i

i

T
S

xT

� ª � º� § � ·�w� « � »� � ¨ � ¸� ¨ � ¸� « � »�w� © � ¹� ¬ � ¼

�O  (4.14) 

eff�O is equal to f�O  for manifolds,  s�Ofor the solid domain and for 

porous domain, it is obtained from Eqs.  (4.5) and (4.6). ',gen QS  
represents entropy generation due to fluctuating temperature 
gradients and is given by: 

 '

2'

, ,2gen Q eff i
i

T
S

xT

� ª � º
� § � ·�w� « � »� � ¨ � ¸�« �¨ �¸ �»�w� © � ¹� « � »� ¬ � ¼

�J
�O  (4.15) 

where �Ä��was included to account for volume porosity in porous 
domain and is equal to 1 for fluid domain, 0 for solid domain and is 
given by Eq. (4.1) for porous domain. Using the value of eddy 

viscosity from Eq. (2.9), ',gen QS can be modeled as: 

 '

2

, 2
p

gen Q
it

c k T
S

xPr T

� § � ·�w
� � ¨ � ¸� ¨ � ¸�w� © � ¹

�J�U

�Z
 (4.16) 

The Reynolds averaged entropy generation due to fluid friction, 

,gen DS , is given by: 
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 ', , ,gen D gen D gen DS S S�  � � (4.17) 

where, ,gen DS represents entropy generation due to direct dissipation 

(i.e. due to gradient in mean velocity) and is given by: 
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 (4.18) 

For calculating ,gen DS  inside the porous medium, true velocities are 

used. ',gen DS represents the entropy generation due to turbulent 

dissipation (i.e. due to gradients in velocity fluctuations) and is given 
by: 
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Again, using the definition of viscosity from Eq. (2.9), ',gen DS can be 

modeled as: 

 ',gen D
k

S
T

� 
�J�U �Z

 (4.20) 
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Volume porosity is included in Eqs. (4.18) -(4.20) to account for the 
fact that true velocities are used for computation of entropy 
generation in porous domain. Wall functions for entropy generation 
from reference [124] were not included in this analysis. This is 
because, as discussed further ahead, most of the entropy generation 
was found to take place in TIM and solid domain of the heat sink. 

Figure 4.14 and Figure 4.15 compare the Reynolds averaged 
entropy generation due to fluid friction, and heat transfer  for two 
operating conditions that correspond to the low and the high  
Reynolds number flow investigated: flow rate of 0.3 l/min and ,f inT  

of 40�(  ( inRe =2420) and flow rate of 1 l/min and ,f inT of 60�(  

( inRe =11200). For the sake of comparison, plots for both the 

operating conditions are shown for same magnitude range.  Since the 
entropy generation levels traverse over a large range of order of 
magnitudes, the entropy generation plots use a logarithmic color 

 

(a)  
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Figure 4.14 (b)  

Figure 4.14: ,gen DS for (a) flow rate of 0.3 l/min and ,f inT of 40�(  (b) 

flow rate of 1 l/min and ,f inT of 60�(  (both figures are plotted to same 

magnitude scale and use logarithmic color scale) 

scale for ease of visualization. 

Figure 4.14(a)  and (b)  show that as the operating condition 

changes from low to high inRe , ,gen DS   increases. This is expected 

because the flow becomes more turbulent with increase in inRe  thus 

increasing viscous dissipation in the flow. Figure 4.15(a)  and (b)  

show that ,gen QS  decreases as the operating condition is changed 

from low to high inRe . This is because the high inRe condition 

corresponds to high heat transfer coefficient in microchannel heat 
transfer structure and thus low temperature gradients in the fluid. 
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The temperature gradient in the solid part also decreases with 

increase in ,f inT and thus ,gen QS  decreases in the entire heat sink. 

The change in the various components of the entropy generation with 
change in operating conditions can be analyzed by calculating the 
aggregate entropy generation over the entire heat sink. 

This can be done by integrating the entropy generation components 

over the volume of the heat sink as shown below: 

 , , ,

,

  gen D tot gen D

fluid porous

S S dV� �³  (4.21) 

 

 

(a)  
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(b)  

Figure 4.15: ,gen QS for (a) flow rate of 0.3 l/min and ,f inT  of 40�(  (b) flow 

rate of 1 l/min and ,f inT  of 60�(  (both figures are plotted to same magnitude 

scale and use logarithmic color scale) 

 , , , ,

,

  +  gen Q tot gen Q gen Q

fluid porous solid

S S dV S dV� � ³ � ³ (4.22) 

Table 4-3 shows calculated values of aggregate entropy generation 
components at low and high inRe .  At both the operating conditions, 

most of the entropy generation due to viscous dissipation, , ,gen D totS  is 

contributed by the turbulent dissipation component, ', ,gen D totS  and  
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Aggregate entropy generation  

(W/K)  
Re in =2420  Re in =11200  

, ,gen D totS  1.4×10-6 3.1×10-6 

', ,gen D totS  9.6×10-5 1.4×10-3 

', , , , , ,gen D tot gen D tot gen D totS S S�  � � 9.7×10-5 1.4×10-3 

, ,gen Q totS  1.5×10-3 6.3×10-4 

', ,gen Q totS  1.9×10-4 1.6×10-4 

�� ��, ,gen Q totS solid  3.2×10-3 2.6×10-3 

�� ��

', , , , , ,

, ,

gen Q tot gen Q tot gen Q tot

gen Q tot

S S S

S solid

�  � �

��
 4.9×10-3 3.4×10-3 

, , , , ,gen tot gen D tot gen Q totS S S�  � � 5.0×10-3 4.8×10-3 

 
Table 4-3: Aggregate entropy generation at low and high inRe condition  

 

most of the entropy generation due to heat transfer, , ,gen Q totS is 

contributed by solid due to low thermal conductivity of TIM.   

As operating condition is changed from low to high inRe , 

, ,gen D totS increases due to significant increase in turbulent dissipation. 

On the other hand, , ,gen Q totS is reduced due to lower overall 

temperature gradients at higher ,f inT . However, the decrease in 
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, ,gen Q totS more compensates the increase in , ,gen D totS  thus 

reducing , , , , ,gen tot gen D tot gen Q totS S S�  � �. As a consequence, the 2nd law 

efficiency also increases with increase in inRe . 

Most of ,gen DS takes place in regions of high turbulence at both low  

and high inRe  conditions. This becomes evident from comparison of 

Figure 4.14(b)  with Figure 4.11.  

Most of ,gen QS  occurs in regions of high temperature gradients. This 

becomes evident by comparing Figure 4.15(a)  with Figure 4.16. 
Figure 4.16 shows the net temperature gradient in manifold and 
microchannels for the low inRe condition.  

In addition, , ,gen Q totS dominates , ,gen D totS at both low and high 

inRe conditions. This indicates that viscous dissipation plays a lesser 

role in the overall entropy generation in the he at sink. At low 

inRe condition, , ,gen Q totS  is about an order of magnitude higher 

than , ,gen D totS . At high inRe  conditions, although , ,gen D totS  increases 

significantly ; it contributes less than a third of the total entropy 
generation. 

4.6  Conclusions  

The energetic performance of the heat sink was analyzed using the 2nd 
law of thermodynamics. Sources of exergy destruction in the heat sink 
were identified by a detailed local entropy generation analysis at low 
and high inRe  operating conditions. The analysis shows that the 

turbulent dissipation, ', ,gen D totS , contributes most of the entropy  

generation arising from the fluid friction,  , ,gen D totS . However, the 
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Figure 4.16: T�’ for flow rate of 0.3 l/min and Tf,in  of 40�(  

total entropy generation due to heat transfer, , ,gen Q totS , is much 

higher than the total entropy generation due to viscous dissipation, 

, ,gen D totS , at both low and high inRe  conditions. , ,gen D totS  increases 

significantly at high inRe  but still contributes less than one -third of 

the total entropy generated in the heat sink. Reduction in , ,gen Q totS  

with increase in inRe  leads to reduction in overall entropy 

generation ,gen totS . Our results conclusively show that the use of hot 

water as coolant can lead to a high 2nd law efficiency, which is 
essential to successfully utilize the heat recovered from cooling of 
electronic chips and data centers for secondary usage such as building 
heating. Our results also show that moderately increased investment 
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of pumping energy, while increasing viscous dissipation can reduce 
the entropy generation due to heat transfer and thus minimize the 
overall entropy generation.  
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Abstract  

The energy intensive cooling problem of large data centers is 
exacerbated by the presence of hotspots in multicore electronic 
microprocessors due to excess coolant flow requirement for thermal 
management.  Here we present a novel water-cooling concept, 
through an experimentally validated model,  for targeted and, 
simultaneously, energy efficient cooling of hotspots through passively 
optimized embedded microchannel geometries and coolant flow 
distribution. For industrially acceptable limit of approx imately 0.4 
bar on pressure drop and targeted one percent of total chip power on 
pumping power, the optimized designs are computationally evaluated 
against a base, standard embedded microchannels design with 
uniform channel widths and uniform flow distribu tion. For an 
average, steady-state heat flux of 150 W/cm 2 in core areas (hotspots) 
and 20 W/cm 2 over remaining chip area (background), the optimized 
design reduces the maximum chip temperature non-uniformity by 
61% to 3.7 �( . For a higher average, steady-state hotspot heat flux of 
300 W/cm 2, the maximum temperature non -uniformity is reduced by 
54% to 8.7 �( . It is shown that the base design requires a prohibitively 
high level of pumping power (about 2000 fold for 150W/cm 2 case and 
600 fold for 300W/cm 2 case) to match the thermal performance of 
the optimized, hotspot -targeting designs. The pumping power 
requirement for optimized designs is only 0.23% and 0.17% of total 
chip power for 150 W/cm 2 and 300W/cm 2 hotspot heat flux 
respectively. Moreover, the optimized designs distribute the coolant 
flow without any external flow control devices and the performance is 
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only marginally affected by the manifold geometry used to supply the 
coolant to the microchannel heat transfer structure . This also attests 
to the robustness of the optimized embedded microchannel 
structures. 

5.1 Introduction  

Starting with the landmark microchannel liquid cooled heat sink 
proposed by Tuckerman and Pease [86], liquid cooling of chips has 
been analyzed in great detail. This includes investigations on 
traditional microchannel heat sinks [88], manifold microchannel 
(MMC) heat sinks [70, 72, 74, 78, 91] , spray and jet cooling [126]. 
Most of this research has focused on maximum temperature 

�� ��,s maxT reduction under uniform heat flux dissipation conditions. 

However, it is also necessary that the chip temperature is spatially as 
uniform as possible (i.e. approaching the isothermal chip condition). 
Large temperature gradients in the package affect both functional and 
structural aspects. The gradients increase thermal stresses in the chip 
to substrate or chip to heat sink interface, reduce electronic reliability 
in regions of high temperature and create circuit imba lances in CMOS 
devices [50]. A few studies have focused on reducing temperature 

non-uniformity �� ��,s maxT�'  across the electronic chip under a uniform 

chip heat flux map. Hetsroni et al. [127] proposed a microchannel 
heat sink with flow boiling of a dielectric liquid to achieve 
temperature uniformity at rela tively low heat fluxes of 3.6W/ cm2. 
Rubio-Jimenez et al. [128]  presented a variable fin density pin fin, 
single phase, liquid cooled heat sink, which reduced the chip 
temperature gradient to 2 �( /mm under uniform heat flux dissipation 
of 100 W/cm 2 with an overall pressure drop of 90 kPa. Barrau et al. 

[129] reported a reduction in ,s maxT�'  to about 4 �(  under uniform 

heat flux dissipation of 45.8 W/cm 2 using a variable microchannel 
width cooling scheme. 

As discussed in Chapter 1, section 1.2.1, power and memory 
limitations have resulted in an ind ustry wide shift from serial to 
multicore microprocessors.  As the semiconductor industry tries to 
�N�H�H�S���S�D�F�H���Z�L�W�K���0�R�R�U�H�¶�V���O�D�Z�����L�W���L�V���O�L�N�H�O�\���W�K�D�W���W�K�H���Q�H�[�W���G�H�F�D�G�H���Z�R�X�O�G���V�H�H��
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multicore processors with increasing number of cores and increasing 
number of transist ors fabricated into the cores. It is also expected 
that, with the increase in  the transistor count per chip accompanied 
by limited voltage scaling, the total chip power would continue to 
increase, although at a slower rate than present [42].  

As the processing power gets concentrated in cores, the increasing 
non-uniformity in chip power maps would result in two distinct 
consequences. First, the problems arising from the resulting non-
uniform chip heating, as discussed above, would get exacerbated. 
Additionally, and perhaps more importantly, in order to maintain the 
chip reliability under such highly non -uniform chip power maps, an 
ever increasing volume of coolant will have to be pumped so as to cool 
the high heat flux cores, thus increasing the cost of cooling through 
increase in pumping power requirement.  This would further fuel the  
rise in energy consumption of large data centers. In essence, 
conventional liquid cooling will not be sufficient to address the 
cooling and energy efficiency requirements of the future data centers 
using multicore microprocessors. 

In order to avoid this energy trap, a cooling approach targeted at the 
high heat flux dissipating areas is required. We refer to such an 
approach of selectively focused cooling as hotspot-targeted cooling as 
with conventional cooling of non -uniform power maps, the high 
temperature regions are most likely to coincide with the high heat 
flux dissipating regions . Accordingly, in this work, we also refer to the 
cores as hotpots and rest of the chip as background.  

Several approaches have been proposed in the past, aiming at 
achieving an isothermal chip condition by preferential cooling of 
hotspots, albeit with varying degree of success. We refer to such 
approaches as hotspot-targeted cooling. Thermoelectric cooling, for 
example, can be used for targeted cooling of small sized hotspots. 
However, it is limited by low device efficiencies, low heat flux 
pumping capacities and contact parasitic resistance [130]. Another 
approach is based on utilizing the phenomenon of electrowetting. 
Small volume droplets can be moved across the chip using a series of 
electrodes for preferential and temporally adaptive cooling of chip 
hotspots. However, the feasibility of this concept has been 
demonstrated only for relatively low heat fluxes  [131] . Attempts using 
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single phase liquid cooling have also been reported. Lee and 

Garimella [132] were able to reduce ,s maxT�'  from 29.4 �(  to 23.2 �(  

under hsq�c�c= 200 W/cm 2 and bgq�c�c=100 W/cm 2 by local heat transfer 

enhancement over hotspots through recesses in the microchannel lid. 
Lee et al. [133] presented an obliquely finned microchannel heat sink 

that reduced ,s maxT�'  to 30 �(  under hsq�c�c= 300 W/cm 2 and bgq�c�c=85 

W/cm 2 but with a high pressure drop of more than 1.4 bar. 
Brunschwiler et al. [134] presented a crossflow heat sink that reduced 

,s maxT�'  to ~26 �(  with a pressure drop of 0.25 bar under hsq�c�c~ 140 

W/cm 2 and bgq�c�c~40 W/cm 2. 

In this chapter, we propose a novel, highly energy efficient and, at the 
same time, hot-spot targeted cooling solution for typical modern day 
multicore microprocessors. We employ a passive, energy saving 
approach to alter the heat sink design by optimizing the microchannel 
geometry and flow rate distribution. This approach is realized 
through passively throttling the flow in regions of low heat flux in 
order to direct more flow towards regions of high heat flux thus 
achieving a high cooling performance at low levels of pumping power. 

The approach minimizes both ,s maxT as well as ,s maxT�' making the 

chip temperature much more uniform  as compared to conventional 
liquid cooled heat sinks. Additionally, this thermal improvement is 
achieved in an energy efficient manner by limiting the pressure drop 
to a level below 0.35 bar [135] and the pumping power to less than 
one percent of total chip power dissipation. The hotspot-targeted 
cooling design is described in section 5.2. Sections 5.3 and 5.4 focus 
on CFD modeling and the optimization methodology used to optimize 
the design parameters. The final results are presented in section 5.5 
where the performance of the optimized embedded microchannel 
cooling design is compared against the performance of a suitably 
chosen base design as well as existing designs from literature. 
Additionally, it is demonstrated,  through a full heat sink model, how 
the hotspot-targeted design distributes the coolant in the heat sink 
without the need for any external flow distribution devices such as 

micropumps . Lastly, section 5.6 presents general rules for design of 
hotspot targeted microchannel heat sink. 
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5.2  Hotspot -targeted heat sink  concept  

Our hotspot-targeted cooling concept is based on the well known 
MMC heat sink architecture  [72, 74, 78, 91]. In a conventional MMC 
heat sink, the coolant is forced through microchannels that are fed by 
multiple and alternating inlet and outlet manifolds positioned above 
the microchannels. The heat sink is bonded to the chip through a 
thermal interface material (TIM). This is called chip backside -
attached cooling (refer Figure 2.1). However, it is also possible to 
etch the microchannels into the back side of the chip itself. Then the 
manifold layer can be bonded directly to the chip to supply the 
coolant to the embedded microchannels. This is called embedded (or 
direct chip backside) liquid cooling (ELC) and has been demonstrated 
in literature as a feasible approach to chip cooling [136-138] . ELC 
scores over backside-attached cooling in that it avoids the additional 
thermal resistance from TIM and heat spreading from chip substrate 
and heat sink base. This is essential to effectively target high heat flux 
areas in the chip [123]. 

We use a design consisting of embedded microchannels and a 
manifold layer above it , as shown in Figure 5.1(a) , as the basis of 
our hotspot-targeted cooling concept. Figure 5.1(b)  shows the heat 
dissipation map of a typical multicore chip. The red colored cores are 
the hotspots and the blue region is the background. Conventional 
backside attached liquid cooling solutions for such a chip are highly 
energy intensive and lead to overcooling of the background region 
and undercooling of the hotspot regions thus leading to poor chip 
temperature uniformity. We propose a novel microchannel structure 
to achieve efficient and targeted hotspot cooling, as described in the 
following.   

As shown in the Figure 5.1(b) (marked by white dashed lines), a 
repeating unit cell for the chip heat flux map can be identified. 
Similarly, by exploiting flow symmetry, the heat sink can also be 
considered to consist of repeating unit cells. Each unit cell is bounded 
by symmetry planes in inlet and outlet slot nozzles. Figure 5.1(c)  
illustrates a schematic of the corresponding unit cell of the proposed 
embedded microchannel cooling structure , with i nlet and outlet slot 
nozzles positioned over the hotspots and background region between 
the hotspots respectively.  
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The chip area can be divided into two types of streamwise zones in 
�H�D�F�K�� �X�Q�L�W�� �F�H�O�O���� �µ�+�6�%�*�¶�� �]�R�Q�H�V�� �F�R�Q�V�L�V�W�L�Q�J�� �R�I�� �D�� �K�R�W�V�S�R�W�� �D�U�H�D�� �Z�L�W�K�� �D��
�G�R�Z�Q�V�W�U�H�D�P�� �E�D�F�N�J�U�R�X�Q�G�� �D�U�H�D���� �µ�%�*�¶�� �]�R�Q�H�V�� �F�R�Q�V�L�V�W�L�Q�J�� �R�I�� �R�Q�O�\��
background area. These zones are also marked in the corresponding 
unit cells in Figure 5.1(b)  and (c) . The proposed design consists of 
the following microchannel structures in the two zones: i) The HSBG 
zones consist of fine channels over the hotspots and coarse channels 
over the background and ii) the BG zones consist of coarse channels 
throughout except for flow -throttling zones with fine channels an d  

 

 

(a)  
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Figure 5.1:  (a)  Schematic of MMC heat sink with embedded microchannels 
(compare with Figure 2.1). Arrows indicate fluid flow. Microchannels will be 
modeled as porous medium (b)  Chip heat flux distribution and one unit cell 

used for computation modeling (c)  Schematic of the proposed hotspot-
targeted embedded microchannel str�X�F�W�X�U�H���L�Q���R�Q�H���X�Q�L�W���F�H�O�O�����¶�,�¶���D�Q�G���µ�2�¶���L�Q�G�L�F�D�W�H��
�I�X�O�O���D�Q�G���µ�,�����¶���D�Q�G���µ�2�����¶���L�Q�G�L�F�D�W�H���K�D�O�I���L�Q�O�H�W���D�Q�G���R�X�W�O�H�W���V�O�R�W���Q�R�]�]�O�H�V���U�H�V�S�H�F�W�L�Y�H�O�\����

HSBG and BG zones are marked. 

 

wide channel walls near outlet slot nozzle. The introduction of 
throttling zones is a key design concept introduced here in order to 
passively manipulate the flow rate distribution on hotspot and 
background regions. By altering the throttling zone configuration (i.e. 
the effective area available for coolant flow and the length of 
throttling channels) , the fraction of the total flow directed to the 
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HSBG zones can be changed. Finer channels over the hotspots along 
with a higher flow rate in the HSBG zones result in higher heat 
transfer coefficient over the hotspots as compared to background. 

5.3  Modeling  a pproach  

The hotspot-targeted design was optimized using a conjugate heat 
transfer model described below. 

5.3.1 Computational domain and boundary conditions  

The computational domain for the CFD model and boundary 
conditions are shown in Figure 5.2(a) . The computational domain 
included the silicon die and microchannels etched into the back of the 
die in a unit cell. Microchannels were modeled as fluid saturated 
porous medium [84] . Walls were included inside the porous medium 
to separate HSBG and BG zones in order to precisely control the flow 
rate distribution between these zones during optimization. At the 

inlet, mass-flow distributio n �� ��m y  and fluid temperature of 20 �(  

were imposed. Pressure outlet boundary condition was imposed at 

the channel outlet. Heat flux distribution �� ��,q x y�c�c was imposed at 

the base. Free slip was assumed on all porous medium x-z walls to 
simulate volumetric averaging in y -direction [84]. All other 
boundaries were assumed to be adiabatic walls.  The overall 
dimensions of the unit cell are shown in Figure 5.2(b)  and listed in 
Table 5-1. 

The schematic shown in Figure 5.1(b)  is symmetric and contains 
eight processor cores. However, this work corresponds to a test chip 
consisting of seven unit cells i.e. each row of hotspots consists of three 
full hotspots and one half-hotspot towards one edge. The 
configuration is shown in Figure 5.2(a)  (top). This power map with 
seven hotspots was adopted for the test chip in order to use an 
existing manifold design in the test module (refer Chapter 6 for 
details). Note that the conclusions from this work are easily adaptable 
to the eight hotspot arrangement shown in Figure 5.1 by scaling up 
the total flow rate.  
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(a)  

 

 

(b)  

Figure 5.2: (a)  Computational domain and boundar y conditions (b) 
Dimensions of the unit cell  
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Dimension  Description  Value ( �Æm)  

W  Chip width  23200 

L Test chip length 27000 

H  Silicon die thickness 525 

chH  Microchannel height  300 

nH  Slot nozzle height 450 

nW  Slot nozzle width 500 

hs hsW L�u  Chip core (hotspot) size 4181×4197 

dW  Distance between hotspots 9280 

 
Table 5-1: Unit cell dimensions  

5.3.2 Governing equations  

The Reynolds number in the microchannels  (defined 

as /f ch ch fW H� U � PU ) stays below 200 across the parameter range 

encountered in this work. Thus, the flow was assumed to be laminar.  
The governing equations for flow in porous medium  are given by Eq. 
(2.13) for continuity and Eqs.  (2.14) - (2.15) for momentum  
conservation [78, 79, 84] .  

The permeability  K  was considered as anisotropic with yK being 

1/10th of xK to inhibit flow in y direction (i.e. normal t o channel 

walls). The permeability and the loss coefficient, lossc are given by [74, 

119]: 
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Energy transport inside the porous medium was modeled through 
two separate equations for fluid and solid phase thus allowing for 
finite temperature difference between the two phases (Eqs. (2.18) and 
(2.19)) [79, 84]. Heat transfer in si licon die and manifold bottom wall 

is governed by the Laplace equation for temperature�� ��2 0sT� ’ �   and 

conjugate heat transfer at porous medium-solid interfaces is 
governed by the following equations [139] : 
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 (5.2) 

 �� ��1s fp fsT ���7 �� �7� �� ��  (5.3) 

In our model we accounted for the temperature dependence of 

intensive water properties such as density �� ��f�! , dynamic viscosity 

�� ��f��  and specific heat �� ��,p fc  [80] while silicon properties were 

assumed constant ( s�� =149 W/mK). The discretized governing 

equations were solved using Ansys CFX® version 13.0. We imposed 
1×10-6 as the normalized residual and 0.1% as the conservation target 
for our simulations.  

5.3.3 Mesh and grid inde pendence for unit cell model 

A block-structured, hexahedral, non-uniform, Cartesian mesh was 
used with finer mesh near the walls to adequately resolve the 
boundary layer. Grid independence was checked using Grid 
Convergence Index (GCI) method [78, 108]. Three meshes with 
average cell size of 26.4, 52.8 and 103.5 µm and global solution 

functionals �¨P, ,s maxT and ,s maxT�' were used for the GCI test. For all 

three functionals, the ratio �� ��21/ p
coarse fineGCI r GCI  was close to 1 and 

the order of convergence p was less than 2. Additionally, the relative 
change in functional values was smaller between meshes sizes 26.4 
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and 52.8µm than the mesh sizes 52.8 and 103.5µm. Hence, the mesh 
with average cell size 52.8µm was selected for all further simulations. 

5.3.4 Interfacial heat transfer coefficient  

The two-equation energy model in Eqs. (2.18) and (2.19) requires 

knowledge of the interfacial heat transfer coefficient fs�D . These 

values were obtained through separate, conjugate heat transfer 
simulations for a single microchannel, for various channel widths and 
flow rates. The governing equations for conjugate heat transfer in 
single microchannel model are described in detail in Chapter 2. The 
computational domain and boundary conditions for these simulations 

are shown in Figure 5.3. Heat flux distribution, �� ��q x�c�c , at the base, 

normal mass flow and fluid temperature at inlet, and pressure outlet 
boundary condition at the channel outlet were imposed. The mass 
flow at inlet to HSBG and BG zone channel is given by: 
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The simulation results were post-processed to obtain the interfacial 
heat transfer coefficient as: 

 �� ��
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where s w chA W H� and f ch chA W H� are the areas of the averaging 

cross-sectional planes in the fin and channel respectively and n  is the 
unit normal to these planes. These values were compiled in the form 
of a look-up table according to the following functional  relationship:  

 , , ,fs fs T m ch�. �. �9 �3 �: �[
� § � ·

� � ¨ � ¸
� © � ¹

 (5.9) 

 

Figure 5.3: Computational domain and boundary conditions for single 
microchannel simulations  
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5.3.5 Validation of the model  

The above-described modeling methodology was validated against 
experimental measurements for an MMC heat sink with embedded 
microchannels. The microchannels were of uniform size with  

35���PchW �  and 25���PwW � . The chip power map consisted of 

'' 2150 W/cmhsq � and '' 220 W/cmbgq � . The chip dimensions were 

the same as described in Table 5-1. The details of experimental set-
up and measurements are provided in the next chapter. Figure 5.4 
illustrates that the model is able to successfully capture the cooling 
performance of the embedded microchannel structure. 

5.4  Optimization of microchannel structure  

Minimization of ,s maxT�' and ,s maxT can be posed as a constrained 

optimization problem. This section describes the problem 
formulation and the optimization method used.  

5.4.1 Design objectives, parameters and constraints  

The microchannel size distribution (channel lengths, widths and wall  

 

(a)  
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(b)  

Figure 5.4: Comparison of measured and modeled (a)   as a function of 
flowrate (b) chip temperature map (for one unit cell) at 1 l/min  

widths) and the overall flow rate TV  need to be optimized in order to 

minimize ,s maxT and ,s maxT�' . The constrained optimization problem 

can be formulated as: 

 , ,Minimize  and s max s maxT T�'  (5.10) 

such that 
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In above equations the constraints for channel widths chW  and wall 

widths wW  �D�U�H�� �L�Q�� �Ë�P���� �(�T�X�D�W�L�R�Q�V��(5.11) (a)-(e) describe the 

geometrical constraints and Eqs. (5.11) (f) -(j) describe the operational 

constraints on the design. The height of the microchannels chH  was 

�I�L�[�H�G���D�W���������Ë�P�������,�Q���(�T�V����(5.11) (a) and (b), the lower limits of channel 
and fin widths were fixed based on aspect ratio limit of 10, which 
comes from the process guidelines for deep reactive ion etching of 
silicon [140]. Equations (5.11) (c) and (d) specify an integral 
relationship between upstream and downstream pitches, for the 
microchannel structure in HSBG and BG zone respectively, to ensure 
uninterrupted flow .  

The limits for m�3  and TV were chosen such that chip temperature 

stayed below 85 �(  at all operating conditions anywhere in the heat 

sink ( T,minV =0.2 l/min). Equation (5.11) (h) describes the upper limit 

on pressure drop through HSBG zone and states that HSBGP�' cannot 

exceed the maximum possible pressure drop in the BG zone, which 
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will occur when the throttling zone occupies the entire length / 7L of 
the unit cell. Equation (5.11) (i) is a constraint on the overall pressure 
drop [135] and Eq. (5.11) (j) is a constraint imposed to factor in our 
aim to achieve the cooling at minimal energy input in the form of 
pumping power . 

5.4.2 Optimization methodology  

CFD based numerical simulations for exploration  of the large sample 
space represented by Eqs. (5.11) (a)-(e) are computationally expensive. 
The computational cost can be reduced by using surrogate models to 
mimic the actual functional dependence through information from a 
limited number of simulations. Response surface method (RSM) is a 
robust technique to build surrogate models  [95, 141]. 

RSM involves fitting a second-order polynomial surface to model the 

relationship between design responses �� ��f and governing 

independent parameters �� ��ix . It captures linear and quadratic effects 

and the linear-linear interactions among the independent parameters 
as [142]. 

 2
0

1 1

n n n

i i i i ij i j
i i i j

f a a x a x a x x �0
� � ��

� �� �� �� ���¦ �¦ �¦  (5.12) 

In Eq. (5.12) the design responses f  are ,s maxT and ,s maxT�' and the 

governing parameters ix are all channel widths chW , all wall widths 

wW , thL , m�3  and TV .   

As described in section  5.2, the proposed microchannel structure has 
two separate features: i) microchannel width and flow rate 
distribution adapted to chip heat flux map and ii) a throttling zone to 
realize the required flow rate distribution. T he overall optimization 
process was divided into two corresponding substeps. The algorithm 
for overall methodology is illustrated in Figure 5.5. 
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5.4.2.1 Microchannel structure and flow rate distribution without 

throttling zone  ( thL =0) 

At any flow rate TV , first a finite set of simulations was performed at 

specific points, selected using the Design of Experiments (DOE) 
methodology (refer Figure 5.5), in order to adequately capture the 
design space.  A 2-level full factorial design was used to fit a linear 
model (i.e. Eq. (5.12) without the quadratic term) and identify the 

largest effects (the main effects, ix ) and their interactions (two factor 

interactions,  i jx x ) [143]. The degree of fit of the linear model was 

verified through Analysis of Variance [142].  Three parameters ,ch hsW , 

,ch bgW and m�3  were included in the set ix for DOE analysis. The 

remaining two design parameters, ,w hsW  and ,w bgW , were fixed at the 

�O�R�Z�H�U���O�L�P�L�W���R�I�������Ë�P���W�R���P�L�Q�L�P�L�]�H���W�K�H���R�Y�H�U�D�O�O���S�U�H�V�V�X�U�H���G�U�R�S�����7�K�L�V���O�L�Q�H�D�U��
model was then used to reduce the sample space using the Steepest 
Decent Method [142]. 
Finally, another set of simulations was performed in this reduced 
sample space according to a 2-level full factorial design augmented 
with additional axial and central points to capture the second order 
effects in function f (Eq. (5.12)). The Face-centered Composite Design 
(FCD) was used to fit a second order response surface (refer Figure 
5.5).  Optimization can be performed on this surface to determine the 
optimal values of the governing parameters. The variable-sized 
simplex optimization method was used to perform the optimization 
on the response surface. The entire RSM based optimization process 
was carried out using Design Expert®  version 7.0   [142]. 

Minimization of ,s maxT�'  was observed to be a necessary and 

sufficient condition for ,s maxT minimization. This is because of the 

strong streamwise reduction in heat transfer coefficient in a laminar 
confined slot jet  flow [77]. Thus, second order response surface was 

fit only for ,s maxT�' with ,ch hsW , ,ch bgW and m�3  as the parameters. 

Optimization for ,s maxT�' on these response surfaces resulted in a TV   
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DOE

Steepest Descent Method

Linear model fit

Reduced sample space

FCD for Eq. (12)

Response surface fit 

RSM based optimization

Constraint
verification

(Eq. 5.11 (h)-(j))

Increase

Constraints
satisfied

Constraints
violated

Optimum parameter selection:

Lth determination

previous value at which constraints 
were notviolated

 

Figure 5.5: Algorithm for overall optimization methodology involving Design 
of Experiments (DOE), Face-centered Composite Design (FCD) and response 

surface methodology (RSM) based optimization 
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specific minimum ,s maxT�'  value �� ��, ,s max VT�' and TV  specific optimal 

design parameter values: , ,ch hs VW , , ,ch bg VW and ,m V�3 . At each TV , the 

,m V�3 value was refined through iterative unit cell simulations.  

The steps described above were repeated for a set of feasible flow 
rates i.e. the flow rates at which all operational constraints (5.11) (h) -
(j) were satisfied. In an MMC heat sink, flow through microchannels 
enters as a laminar slot jet through inlet slot nozzle and gradually 
develops along the channel length before leaving the channel through 
outlet slot nozzle [77]. Pressure drop correlations for such a 
microchannel flow are not available in literature. Hence, satisfaction 

of operational constraints was verified at each TV  through single 

microchannel simulations.  

The maximum feasible flow rate TV  resulted in minimum values of  

, ,s max VT�'   and was selected as ,T optV . Corresponding values 

of , ,ch hs VW , , ,ch bg VW and ,m V�3 were selected as , ,ch hs optW , 

, ,ch bg optW and ,m opt�3 . 

5.4.2.2 Throttling zone configuration  

The optimized microchannel structure achieved in the previous 
section has fine channels over hotspots in the HSBG zones and coarse 

channels over background �� ��, , , ,ch hs opt ch bg optW W��  resulting in a 

higher resistance to coolant flow in the HSBG zones as compared to 
the BG zones. As a result, the flow rate distribution would deviate 

from the optimized distribution ,m opt�3 as most of the fluid would 

escape through the coarse channels in BG zones rendering the fine 
channels over hotspots redundant. The flow division between HSBG 
and BG zones is explained through electrical resistance analogy for 
the flow network i n Figure 5.6. Flow resistances corresponding to 
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Figure 5.6: Resistance analogy for flow division  (a)  without throttling zone 
and (b)  with throttling zone  

optimized microchannel structure in the HSBG and BG zones are 

represented by ,HSBG optR and ,BG optR respectively. Figure 5.6(a)  

illustrates the case of no throttling zone discussed above. Since the 
pressure drop has to be equal in the two branches corresponding to 

HSBG and BG zone, , ,BG opt HSBG optR R�� leads to HSBG BGm m�� (i.e. 

,m m opt� 3 � 3�� ). 

In order to realize the desired flow rate distribution, the flow 
resistance in the BG zone has to be increased, such that pressure drop 

on the two branches is equalized (i.e. BG HSBGP P�' � �'  ) under the 

condition ,m m opt� 3 � 3� . This was achieved by introducing an additional 

flow resistance thR  in the form of a flow throttling zone (refer Figure 

5.1(c) ) in the BG branch (i.e.  , ,BG BG opt th HSBG optR R R R� �� �! ) as 

shown in Figure 5.6(b) . This somewhat counterintuitive but 
important introduction of a throttling zone is the key to the success of 
our approach. However, the fine channels in throttling zone can cause 
undesirable overcooling in th e BG zone thus adversely 

affecting ,s maxT�' . This effect can be limited by i) placing the throttling 

zones towards outlet slot nozzles and ii ) minimizing their length thL . 
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To minimize thL , ,ch thW �Z�D�V�� �I�L�[�H�G�� �D�W�� �W�K�H�� �O�R�Z�H�U�� �O�L�P�L�W�� �R�I�� �����Ë�P�� �D�Q�G�� �D��

high value for ,w thW  was selected such that the constraint (5.11) (d) 

was satisfied. With all other parameters fixed, thR became a function 

of the length of the throttling zone thL which is then determined 

through iterative microchannel simulations, such tha t:  

 �� �� , , with ,  BG HSBG m m opt T ToptP P P �3 �3 �9 �9�' � �' � �' � �  (5.13) 

5.5  Results and discussion  

The hotspot-targeted cooling concept was first evaluated using a 
strongly non-uniform , steady-state, exemplar heat flux map with 

hsq�c�c=150 W/cm 2 and bgq�c�c=20 W/cm 2 (i.e. a hotspot to back ground 

heat flux ratio of /hs bgq q�c�c �c�c=7.5 and chipW =285W). In the following 

the results are discussed sequentially. 

5.5.1 Optimization for ,s maxT�'   with 0thL �  

DOE analysis as per section 5.4.2.1 showed insignificant influence of 

background channel width ,ch bgW  on ,s maxT�' at all flow rates. While 

the flow distribution ratio m�3 had the most significant effect at low 

flow rates, the channel width at the hotspots ,ch hsW signifi cantly 

affected ,s maxT�' at high flow rates. Response surface based 

optimization for ,s maxT�' pushed , ,ch hs VW towards the lower limit and 

, ,ch bg VW towards the upper limit of the sample space.  

It was also observed that , ,s max VT�' improved as TV was increased due 

to an overall increase in the heat transfer coefficient in the 
microchannels. Hence, it was concluded that the global minimum for 
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,s maxT�'  (i.e. , ,s max optT�' ) can be attained by increasing TV , reducing 

,ch hsW , and setting ,ch bgW at its upper limit. However, the constraints 

(5.11)(a) and (c) limit ,ch hsW to only a few feasible values. For example, 

with , , 30w hs w bgW W�  �  �Pm and , 300���Pch bgW � , ,ch hsW can only 

attain the values ���������� ���������� �������� ���������� �D�Q�G�� ������ �Ë�P. Moreoever the 

constraints (5.11)(h-j)  limit the increase in TV and the reduction 

in ,ch hsW . Figure 5.7 shows how these constraints limit the feasible  

values for ,ch hsW along with those for TV and m�3 . 

Figure 5.7(a)  shows that at m�3 =0.7, constraint in Eq. (5.11)(h) is 

satisfied at all TV and all ,ch hsW values. This suggests that for all 

channel width and flow rates, the pressure drop in the HSBG zones 

 

(a)  
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(b)  

Figure 5.7: Pressure drop constraint for (a)  m�3 = 0.7 and (b)  m�3  = 0.9. In 

the legend, TV is in l/min. Solid lines show HSBGP�' with ,ch bgW � �������Ë�P����

Each horizontal dotted line with filled markers at its ends shows the 

BG,maxP�' limit (Eq.  (5.11) (h)) at the same flow rate TV as the solid curve with 

corresponding unfilled markers. Overall pressure drop limit of 0.35 bar is 
indicated by dashed line 

stays below the pressure drop in BG zones even if the throttling zone 
were to be extended over the entire unit cell length, i.e. 

HSBG BG,maxP P�' �� �' . However, the constraint in Eq. (5.11)(i) due to a 

maximal allowable pressure drop (in order avoid chip mechanical 
failure due to high pressure operation) limits the minimum allowable 

,ch hsW  �W�R�� ������ �Ë�P�� �D�W�� � �������� �O���P�L�Q�� �D�Q�G�� �W�R�� ���������Ë�P�� �D�W�� � �������� �O���P�L�Q���� �2�Q�� �W�K�H��

other hand, Figure 5.7(b)  shows that at m�3 =0.9, constraint (5.11) (h) 
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does not allow ,ch hsW � ������ �Ë�P�� �D�W�� �D�Q�\�� �Y�D�O�X�H�� �R�I��TV . An independent 

verification for the fulfillment o f pumping power constraint in Eq. 
(5.11)(j) was not required as it was observed to be a weaker constraint 
than the one in Eq. (5.11)(i).  

The resulting optimal parameters and design performance, obtained 
using both response surface-based optimization as well as detailed 
microchannel simulations are enumerated in Table 5-2. A minimum  

,s maxT�'  of 3.7�(  and a minimum ,s maxT of 29.2�(  was achieved. 

,ch hsW  36 �Ë�P 
TV  1.2 l/min  

,ch bgW  300  �Ë�P m�3  0.705 

,ch thW  30 �Ë�P ,s maxT�'  3.7�(  

, ,,  w hs w bgW W  �������Ë�P ,s maxT  29.2�(  

,w thW  ���������Ë�P P�'  0.33 bar 

thL  ���������Ë�P 
pumping

chip

W

W
 0.23% 

 

Table 5-2: Optimum design parameters and performance for hsq�c�c=150 

W/cm 2   and bgq�c�c=20 W/cm 2 

5.5.2 Throttling zone configuration  

With ,ch bgW , ,w bgW and ,ch thW already determined, ,w thW  was selected 

�W�R�� �E�H�� �������Ë�P�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �F�R�Q�V�W�U�D�L�Q�W�� �L�Q�� �(�T����(5.11)(d). The throttling 
zone was placed towards the outlet nozzle side, as shown in Figure 

5.1(c) , to avoid any increase in ,s maxT�' above the minimum reached 

in the previous step. The minimum length of the throttling zone (refer 
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section 5.4.2.2), thL �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �W�R�� �E�H�� �������Ë�� �X�V�L�Q�J�� �P�L�F�U�R�F�K�D�Q�Q�H�O��

simulation so as to satisfy Eq.(5.13). 

5.5.3 Performance evaluation of the optimized design  

The optimized design needs to be compared against a suitable base 
case configuration to evaluate the performance. The base case was 
selected to represent the limit of embedded microchannel cooling 
with uniform microchannel structure and uniform flow distribution.  
It consists of embedded microchannels with lowest allowable channel 
width for best possible thermal performance and lowest allowable 
wall width to minimize pressure drop for such channels 

(i.e. , ,ch B w BW W� =30�Jm).  All other geometrical dimensions for the 

base case, including the placement of inlet and outlet slot nozzles , 
were the same as those for the optimized design (Table 5-1). 

Microchannel simulations were used to evaluate the base case design
  

 

(a)  
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(b)  

Figure 5.8 :  (a) Comparison of the optimized and base design performance 

for hsq�c�c=150 W/cm 2  and bgq�c�c=20 W/cm 2. First three legends indicate the flow 

model used for simulating the base design. (b)  Temperature distribution in 

the base design (at point B in  (a) ) and optimized design for hsq�c�c=150 W/cm 2 

and bgq�c�c=20 W/cm 2 

at various flow rates. As the flowrate TV increased, the microchannel 

Reynolds number increased, the flow became progressively unstable 
and turbulence modeling was needed to model the unstable flow. Two 
turbulence models, k-omega and Shear Stress Transport (SST), were 
used for an estimate of the base case performance at high flow rates 
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[79]. Figure 5.8(a)  compares the thermo-hydraulic performance of 

the optimized design against base design in terms of pumpingW vs. 

,s maxT�' . Two points on the base design performance curve are 

highlighted: (A) indicates the need for more than 1300 W of 

pumpingW  required by the base design to match the thermal 

performance of the optimal design. This is about 2000 times higher 
as compared to the optimized design and renders the base design 

infeasible. Point (B) indicates that ,s maxT�'  for the optimized design is 

61% lower than the base design at the same pumpingW . Figure 5.8(b)  

underscores the highly uniform temperature distribution in the chip  
for the optimized design as compared to base design at point (B) in  
Figure 5.8 (a) .  

5.5.4 Extension of design concept to higher heat fluxes 

 

(a)  
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(b)  

Figure 5.9: Comparison of optimized design performance against base 

design for hsq�c�c=300 W/cm 2  and bgq�c�c=20 W/cm 2. Temperature distribution in 

base design (at point B in  (a) ) and optimized design. 

The hotspot-targeted embedded microchannel cooling concept can 

also be extended to higher levels of hsq�c�cand /hs bgq q�c�c �c�c. We demonstrate 

the results for another heat flux map consisting of  hsq�c�c=300 W/cm 2 

and bgq�c�c =20 W/cm 2 (i.e. /hs bgq q�c�c �c�c=15). The results from 

corresponding optimization are presented in  Figure 5.9 and Table 
5-3. Figure 5.9(a)  shows that the optimal  design achieves an 

improvement of 54% in ,s maxT�' as compared to base design (point 
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(B)). Moreover, the base design needs prohibitively high pumping 
power (about 600 times higher) to match the thermal performance of  
the optimal design. Hence, the hotspot- targeted approach developed 
here fares remarkably better than the uniform microchannel cooling.  

,ch hsW  52.5 �Ë�P 
TV  1.6 l/min  

,ch bgW  300  �Ë�P m�3  0.92 

,ch thW  30 �Ë�P ,s maxT�'  8.7�(  

, ,,  w hs w bgW W  �������Ë�P ,s maxT  38.8�(  

,w thW  ���������Ë�P P�'  0.3 bar 

thL  1480 �Ë�P 
pumping

chip

W

W
 0.17% 

 
Table 5-3: Optimum design parameters and optimum design performance for 

hsq�c�c=300 W/cm 2  and bgq�c�c=20 W/cm 2 

 

The hotspot-targeted designs from Table 5-2 and Table 5-3 are also 
compared against recent literature heat sinks, designed to reduce 

,s maxT�'  (see Table 5-4 and Figure 5.10). The optimized designs 

have the lowest thermal resistance thermR  values and their pumping 

power fractions are comparable to the literature  designs. Since 

literature results for ,s maxT�' have been reported for various levels of 

chip heat flux non -uniformity, we normalize ,s maxT�' as depicted in Eq. 

(5.14) for a consistent comparison of various designs. 

 
,s max

q

hs

bg

T
T

q
q

�'
� ' �  

� § � ·�c�c
� ¨ � ¸� ¨ � ¸�c�c� © � ¹

 (5.14) 
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qT�' is lower if a design achieves low ,s maxT�' for high /hs bgq q�c�c �c�cratio. 

The optimized designs achieve qT�' values of 0.49 and 0.58 (nearly an 

order of magnitude lower than the nearest value of 4.5) and hence 
compare favorably against the literature designs . 

 

Reference hsq�c�c bgq�c�c P�'  
pumping

chip

W

W
 

thermR  qT�'  

 2

W

cm
  

2

W

cm
 

bar (%) 

2.oC cm
W
  

(�( ) 

Hetsroni et 

al. [127] 
3.6 3.6 0.05 * 0.006  10.8 4.50 

Rubio-

Jimenez et 

al. [128] 

100 100 0.2* 0.020  0.25 5.70 

Lee and 

Garimella 

[132] 

200 100 0.10 0.014 0.26 11.60 

Brunschwile

r et al. [134] 
140* 40* 0.25* 0.347 0.74 7.43 

Lee et al. 

[133] 

400  85 1.30* 0.275 0.45 6.93 

300 85 1.40* 0.226 0.33 8.50 

Current 

work  

150 20 0.33 0.232 0.20 0.49 

300 20 0.30 0.171 0.25 0.58 

 

* approximate values/ values back calculated from available information  

Table 5-4:  Comparison of optimized designs against literature heat sinks 
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Figure 5.10: Comparison of optimized designs (red colored text and symbols) 
against heat sinks from literature. The numbers in square brackets refer to 

specific references in bibliography. 

5.5.5 Complete heat sink performance  

The manifold layer design was considered next, to optimally supply 
and drain coolant from the microchannels. Conjugate heat transfer 
simulations were performed for the domain consisting of a full heat 
sink unit cell , as shown in Figure 5.11. In order to  investigate the 
distribution  of the coolant from manifold layer across the 
microchannel heat transfer structure, an accurate representation of 
the flow resistance of the optimized microchannel distribution was 
required. This required knowledge of permeability distribution 
corresponding to the optimized channel width distribution and a 
number of flow distributions characterized by various level s of 
distributed around its optimized value. The permeability values were 
obtained through single microchannel simulations similar to section 
5.3 above and were compiled in the form of a look up table with the 
functional relati onship given by Eq. (5.15). 
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 (5.15) 

In the above equation, �E  is the factor by which the basic 

permeability value of 2 /12chW�J was modified as a function of the 

parameters chW , wW , m�3  and TV . Hence the permeability varied 

spatially inside the porous medium to reflect the spatial variation in 
flow resistance in the optimized microchannel distribution.   The rest 
of the details of the full heat sink model were similar to those 
described in Chapter 4. 

 

Figure 5.11: Computation domain for full heat sink unit cell. All unmarked 
outer boundaries are adiabatic walls 
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Simulations were performed for a straight manifold (i.e. constant 
cross-section as shown in Figure 5.11) coupled with  the optimized 

microchannel design corresponding to hsq�c�c=150 W/cm 2 and bgq�c�c=20 

W/cm 2 (refer Table 5-2). Figure 5.12 shows simulation results for 
the relative coolant mass-fraction distribution.  

 

Figure 5.12: Relative mass flux distribution for straight manifold profile  for  

hsq�c�c=150 W/cm 2 and bgq�c�c=20 W/cm 2 

The relative mass flux distribution was obtained by calculating the 
normalized mass flux thro ugh the middle y-z plane of the 
microchannel layer [74], equally divided into N=50 sections, as:    

 

s
*

s

.

1
.

i

i

f i
A

i

f i
N A

�! �Q �G�$

m
�! �Q �G�$

N

� 

�³

�¦ �³

U

U
 (5.16) 



5 Energy efficient hotspot -targeted embedded liquid cooling of electronics 

131 

where �� ��4 /i w cA W w h N�  � � . 

It is evident that higher proportion of coolant flows through HSBG 

zone. m�3 , calculated on the basis of this mass flow distribution is 

nearly 0.7, the optimum value according to opt imization performed in 
section 5.5.1. Hence, the optimized microchannel structure was able 
to realize the required coolant distribution without the need of any 
external flow distribution devices.  

Next, the manifold shape was varied to analyze its effect on the 
coolant flow distribution. A number of tapered manifold profiles were 
considered. Each profile consisted of a converging inlet and diverging 
outlet manifold. Tapered manifold reduces flow recirculation in the 
inlet manifold. Figure 5.13  compares the computed velocity field for 
the straight manifold and a tapered manifold obtained by manual 
refinement to reduce flow separation and recirculation in the inlet 
manifold. The velocity field is shown at the symmetry plane in the 
inlet manifold.   

In conventional MMC heat sinks with uniform channel width 
distribution, manifold profile controls the coolant flow distribution 
[74]. However, with the microchannel layer consisting of the 
optimized hotspot -adapted microchannel structure , the shape of 
manifold profile was found to have an insignificant influence on flow 
rate distribution. This becomes evident from Figure 5.14 which 
shows some of the converging inlet manifold profiles investigated in 
this work. For each design, outlet manifold shape is complimentary, 
that is the sum of the widths of inlet and outlet manifolds is constant 
for all the manifold profiles.  As evident, changing the manifold shape 
has insignificant effect on fraction of flow flo wing through HSBG 

zones, m�3 and the optimized microchannel  structure controls the  

distribution of flow across the heat sink . For all the profiles, the 
relative mass flow distributions were also very similar to the one for 
straight manifold ( Figure 5.12). This is a very significant result, as it 
points to the robustness of the optimized microchannel structure, 
which is adequate for achieving the required and targeted distribution 
of the flow, while consuming m inimal energy for pumping the liquid 
through the heat sink.  



 

 
132 

Velocity (m/s)

0.0 0.9 1.7 2.6 3.4

z

y

z

y

x

y

x

y

 

Figure 5.13: Velocity vectors in symmetry plane at x=0 for straight manifold 
and tapered manifold, strong recirculation zones are evident in the former and 
avoided in the latter. Manifold shapes (in x -y plane) are also shown alongside 
the velocity fields with black color indicating inlet manifold and white color 

indicating outlet manifold  
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Figure 5.14: Non-dimensionalized inlet manifold profiles. W m is half-width 
of inlet manifold. Solid line is straight manifold profile while dashed lines are 

converging inlet manifold profiles. Numbers next to each manifold profile 

indicate the corresponding  m�3  value 

5.6  Design rules for hot -spot targeted microchannel 
cooling  

Based on this work, we recommend the following general design rules 
for achieving hotspot-targeted cooling of multicore microprocessors. 
With embedded manifold microchannel cooling concept as the basis 
and chip power map divided into parallel HSBG and BG zones, the 
design consists of:  
1) inlet slot nozzles positioned over cores and outlet slot nozzles 

positioned over background 
2) smallest feasible microchannel wall width to minim ize the 

overall pressure drop 
3) fine channels over cores and coarse channels over background.  
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4) fraction of flow directed through HSBG zones m�3 as per the heat 

flux map such that the chip temperature gradient is minimized.  
5) highest allowable total flow rate that satisfies pressure drop and 

pumping power constraints  
6) flow throttling channels towards outlet slot nozzles in the BG 

zones to equalize the pressure drop between HSBG and BG 
zones.  

7) all microchannel pitches chosen such that the upstream and 
downstream pitches have integral ratios to ensure uninterrupted 
flow in HSBG and BG zones. 

5.7 Conclusions  

A novel concept for energy efficient, hotspot-targeted embedded 
liquid cooling of multicore microprocessors was presented. The 
design consists of fine channels over the hotspots, coarse channels 
over the background and introduces a flow throttling zone to regulate 
flow in different regions. Optimized hotspot -targeted designs were 
obtained through RSM, using porous medium approach combined 
with d etailed microchannel simulations, for two highly non -uniform , 

exemplar heat flux maps: (a) hsq�c�c=150 W/cm 2 and bgq�c�c=20 W/cm 2 

and (b) hsq�c�c=300 W/cm 2 and bgq�c�c=20 W/cm 2. Minimum chip 

temperature non-uniformities of 3.7 and 8.7 �( , respectively were 
achieved for the two cases, while adhering to strict, industrially 
relevant constraints on  pressure drop (< 0.35 bar) and pumping 
power (< 1% of chip power). It was shown that the optimized designs 
compared very favorably against a base design, selected to represent 
the limit of cooling with uniform em bedded microchannels and 
uniform flow distribution . Such a base design would need 
prohibitively large pumping power (about 2000 time s and 600 times 
more pumping power for cases (a) and (b) respectively) to match the 
performance of optimized hotspot -targeted designs. The optimized 
designs also compared very favorably against existing designs in 
literature. Simulations for a full heat si nk were performed to highlight  
the flow distribution behavior of the optimized microchannel 
structure and insignificant effect of the manifold shape on the cooling 
performance of the heat sink. Lastly, general rules for design of 
hotspot-targeted microchannel heat sinks were described.



 

6 Experimental demonstration of an energy 
efficient hotspot -targeted embedded liquid 
cooling c oncept  

Abstract  

 We present an experimental proof of concept for the novel hotspot-
targeted embedded microchannel liquid -cooling design proposed in 
the previous chapter. The embedded microstructures presented here 
are able to adapt the heat transfer capability to a steady, non-uniform 
chip power map by passively throttling the flow in low heat flux areas.  
For industrially acceptable l imits of approximately 0.4 bar on 
pressure drop, the hotspot-targeted embedded liquid cooling (HT -
ELC) designs are evaluated against a conservatively chosen 
conventional embedded liquid microchannel cooler (CELC) and 
existing literature heat sinks. For an average steady-state heat flux of 
150 W/cm2 in core areas (hotspots) and 20 W/cm2 over remaining 
chip area (background), a maximum reduction in chip temperature 
non-uniformity by 60% to ~ 4 �(  is achieved as compared to CELC. 
For a higher average, steady-state hotspot heat flux of 300 W/cm 2, 
and an average background heat flux of ~24 W/cm2 the maximum 
temperature non-uniformity is reduced by 30% to ~15 �( . It is shown 
that the HT -ELC designs consume less than 0.3% of total chip power 
as pumping power to achieve this thermal performance, which the 
CELC cannot match without consuming prohibitively high levels of 
pumping power. Moreover, in terms of chip temperature non -
uniformity, the HT -ELC design is at least 70% better than the existing 
hotspot targeted heat sinks and it achieves this level of performance 
without any additional  complexity at the system level. 

6.1 Introduction  

It was discussed in Chapter 5 that the shift to multicore 
microprocessors and the resulting non-uniform chip power maps 
increase chip temperature non-uniformity. A novel hotspot -targeted 
embedded microchannel structure concept was presented which was 
then optimized using RSM and CFD. In this chapter, we provide the 
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proof  of thi s concept through experimental investigation of the 
hotspot-targeted designs for realistic non-uniform chip power maps . 
The chapter is organized as follows: We first describe the hotspot-
targeted microchannel structure  in section 6.2. Section 6.3 covers the 
test chip, the experimental set-up and measurement procedure. 
Section 6.4 presents the performance of the hotspot-targeted designs 
and discusses how the designs lead to a much more uniform chip 
temperature map as compared to conventional embedded liquid 
cooling. Additionally, the performance of the designs is also 
compared against existing hotspot-targeted cooling approaches from 
literature   

6.2  The hotspot -targeted microstructures  

Two hotspot-targeted embedded liquid cooled (HT-ELC) 
microchannel designs were experimentally investigated. These 
designs were obtained in Chapter 5 through optimization of the HT -
ELC concept for two non-uniform chip power maps. The performance 
of the HT-ELC microstructures , HT-ELC1 and HT-ELC2, was 
evaluated against a conventional embedded liquid cooler (CELC) 
consisting of uniform flow distribution across a uniform embedded 
microchannel structure.  The microstructure unit cells for HSBG and 
BG zones (refer Figure 5.1 for description of these zones) of two HT-
ELC designs and CELC design are shown in Table 6-1. 

 

Table 6-1: Unit cells of microstructu re in HT-ELC1, HT-ELC2 and CELC 
 

The design dimensions of CELC were chosen to represent the limit of 
conventional embedded microchannel cooling. Based on an aspect 
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ratio limit of 10, the dimensions were fixed as: minimum feasible wall 
�Z�L�G�W�K�V���R�I�������Ë�P���W�R���P�L�Q�L�P�L�]�H���W�K�H���S�U�H�V�V�X�U�H���G�U�R�S���D�Q�G���P�L�Q�L�P�X�P���I�H�D�V�L�E�O�H��
�F�K�D�Q�Q�H�O���Z�L�G�W�K�V���R�I�� �����Ë�P���I�R�U���D�Q���H�W�F�K�L�Q�J���G�H�S�W�K���R�I�� �������Ë�P���W�R���P�D�[�L�P�L�]�H��
the heat transfer [140]. All other aspects of the CELC design such as 
overall chip dimensions and manifold s were same as that for the two 
HT-ELC designs. This ensured that the comparison between HT-ELC 
and CELC designs clearly delineated the performance improvement 
accrued by using the novel hotspot-targeted microchannel structures.  
The chip dimensions are shown in Figure 5.2(b) and listed in Table 
5-1. 

The detailed design dimensions of HT-ELC1 and HT-ELC2 unit cells 
are shown in Figure 6.1 and listed in Table 6-2. HT-ELC2 differs 
from HT -ELC1 in terms of the microchannel dimensions over the 
hotspots and the configuration of the throttling zone used to contro l  

 

(a)  

 

(b)  

Figure 6.1: Unit cells of microc hannel structure for HSBG and BG zones for 
(a) HT-ELC1 and (b) HT-ELC2 
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Dimension  Description  Value ( �Æm)  

p  Channel pitch 330 

th,1l  
Throttling zone lengths  

927 

th,2l  1480 

, ,c hs 1w  
Hotspot channel widths  

36 

, ,c hs 2w  52.5 

,c bgw  Background channel width  300 

trl  Length of transition  135 

, ,w th 1w  
Throttling wall widths  

300 

, ,w th 2w  630 

,w hsw  Hotspot Wall width  

30 ,w bgw  Background Wall width  

,c thw  Throttling channel width  

 
Table 6-2: Dimensions of the microchannel unit cell s 

 
the coolant flow distribution.  It consists of relatively wider channels 
over the hotspots (compare HSBG unit cells in Table 1) and a 
throttling zone configured to divert a relatively larger fraction of flow 
towards HSBG zones through stronger flow throttling in BG zones 
(compare BG unit cells in Table 1). Replication of these unit cells in 
the HSBG and BG zones results in the full microchannel unit cell 
shown in Figure 5.1(c) . 

6.3   Test Chip and Experimental measureme nts  

A schematic of the flow loop used to measure the heat sink 
performance is shown in Figure 6.3. The coolant (water)  was 
circulated by a magnetic drive gear pump (Fluid-o-Tech Int., USA). 

The coolant inlet temperature to the heat sink, ,f inT , was controlled 

using a heat exchanger connected to a separate flow loop where the 
temperature was regulated by a heater/chiller (Proline RP 855, Lauda, 
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Germany). The resulting accuracy of ,f inT  was 0.1�( . The coolant flow 

rate, TV , was measured using a Coriolis flow meter (Emerson, 

Switzerland) with an accuracy of 0.2%. A differential pressure sensor 
(Honeywell, USA) and two thermocouples (Omega Engineering Inc., 

USA) were used to monitor the pressure drop �� ��P�' , and inlet and 

outlet temperatures �� ��, ,,   f in f outT T with an accuracy of 0.6% and 

0.1�(  respectively. A 7 µm pore filter (Swagelok, Solon, USA) was used 
to filter large particles from the coolant.  The data acquisition was 
performed by a digital multimeter and relay switching card (Keithley, 

USA). TV , ,f inT and power supplies were controlled and data 

acquisition was performed using LabviewTM. 

 

Figure 6.2: Schematics of fluid loop and experimental measurements 
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Each test module consisted of three separate layers: 1) the test chip 
consisting of microchannels etched into a 525µm thick silicon wafer 
and a metal film heater deposited on the back side of the chip to 
simulate a typical multicore microprocessor power map (T -Chip) 2) 
slot nozzles through-etched in another 525µm thick silicon wafer (S-
Chip) and 3) a manifold layer to supply the coolant to the embedded 
microchannels through the slot nozzles. 
The embedded microchannels in the T-Chip as well as the slot nozzles 
in the S-Chip were etched using photolithography and Deep Reactive 
Ion Etching (DRIE). The microchannels were etched to an average 
etching depth of 300µm. The slot nozzles were 500 µm wide. Half slot 
nozzles were used on the sides of the chip. The T-Chip and S-Chip 
wafers were bonded using polyimide. The bonded wafers were diced 
into individual chips using a dicing saw. Finally, the individual chip 
was bonded to a milled, PPS GF40 (polyphenylene sulfide glass-fiber  

 

(a)  
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(b)  

 

 

(c)  

Figure 6.3: Schematic of (a)  the manifold, slot nozzles and test chip 
assembly (b)  Manifold structure (c) Heater structure and power supply to 

various strips constituting the heater  
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Dimension  Description  Value (mm)  

mL  Manifold length  26.3 

 m fh  Manifold height at the front  0.2 

mbh  Manifold height at the back 6.05 

mfw  Manifold width at the front  1.2 

mbw  Manifold width at the back  2.2 

d  Pipe diameter 4.2 

 
Table 6-3: Manifold dimensions  

 
reinforced) manifold using an epoxy based adhesive suited for liquid 
coolant exposure. The complete test module geometry, including the 
manifolds, slot nozzles and the test chip with embedded 
microchannels, is shown in Figure 6.3(a) . Manifold dimensions are 
shown in Figure 6.3(b)  and listed in Table 6-3. 

Figure 6.3(c)  illustrates a schematic of the film heater. The heater 
was fabricated as consisting of six separate strips with 25µm 
separation between the strips, except for the central strips which were 
separated by 200µm to accommodate an RTD (resistance 
temperature detector) in the center of the heater to measure 
temperature. The RTD was connected through four 50µm wide 
connecting leads directed in pairs to opposing bond pads for four-
point measurement.  The hotspots (simulating the cores) were 
fabricated as 380 nm thick NiCr layer and the rest of the heater 
consisted of 100 nm thick Au. The bond pads for each strip were 
realized as 100nm thick Au layer deposited on a 200nm thick Pt layer 
to improve the quality of wire -bonding. The entire heater was 
deposited on a 10nm thick NiCr layer for improved adhesion to 
silicon oxide present at the back of the silicon wafer. The heater was 
of the same size as the microchannel array. In the heater, three pairs 
of strips were independently powered by three separate power 
supplies (namely Elektro-Automatik, Germany; Agilent,  USA and 
Hameg, Germany) as shown in Figure 6.3(c ) . The current from the 
power supplies was controlled while the voltage drop across each 
strip was measured. This ensured that the required power map was 
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realized at all coolant flow rates such that the total power dissipated 
in each strip was within 1% of the required value. 

The film heater temperature map (i.e. the simulated multicore chip 
temperature map) was obtained using an IR (infra -red) camera (FLIR, 
USA) [73]. For this purpose, the film heater was coated with a matt 
black paint with high emissivity (Gyso, Switzerland). However the 
emissivity of the paint was independently measured, as a function of 
coating temperature , using the reference emitter technique with a 
cylindrical cavity blackbody as the reference emitter [144, 145]. The 
coating temperature was measured using a PT1000 RTD. The 
emissivity of the coating reduced slightly from 0.99 to about 0.96 as 
the coating temperature increased from room temperature to more 
than 58�( . This variation in emissivity values was accounted for by 
correcting the measured chip heater temperature values using the 
following radiance equation:    
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 (6.1) 

where mT  is the measured IR temperature, tT  is the corrected IR 

temperature and bkgT is the background / atmospheric temperature. 

,b iE  is the radiation function that gives the amount of radiation 

emitted by a blackbody at temperature iT  and in the wavelength 

range 0�� �O. The IR camera (FLIR, USA) measures in the wavelength 

�U�D�Q�J�H�� �������Ë�P�� ��1�O  �± �������Ë�P�� ��2�O . Equation (6.1) was used to correct 

the chip temperature at every pixel in the IR temperature map. 

6.4  Results and discussion  

The three test modules, HT-ELC1, HT-ELC2 and CELC were tested 
for two highly non -uniform, exemplar power maps, denoted as 
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PM150 and PM300 and shown in Figure 6.4. PM150 represents a 

typical power map for modern day multicore chips with hsq�c�c=150 

W/cm 2 and bgq�c�c=20 W/cm 2 (i.e. a hotspot to back ground heat flux 

ratio of hs bgq q�c�c �c�c=7.5 and chipW =283W). PM 300 has a comparatively 

higher degree of non-uniformity in power dissipation with hsq�c�c=300 

W/cm 2 and bgq�c�c=20 W/cm 2 for most of the background area except 

for the area intervening the hotspots which dissipated 40 W/cm 2 (i.e. 

average hs bgq q�c�c �c�c=12.4 and chipW =488W) . PM300 was realized by 

flowing additional current through the two strips containing the 
hotspots. The measurement results on these modules are described in 
the following.  

 

Figure 6.4: Two non-uniform power m aps 

6.4.1 Hydrodynamic performance  

Figure 6.5 shows hydrodynamic results for all test modules in terms 
of pressure drop from manifold inlet to manifold outlet, and the 
fraction of total chip power required to pump the coolant through the 

test module pumping chipW W
� § � ·
� ¨ � ¸
� © � ¹

, both as a function of the coolant 

flow rate. These results correspond to the power map PM150. The 
corresponding results for PM300 are similar and not presented for 
brevity.  
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As evident from Figure 6.5, the CELC test module suffers the 
highest pressure drop (Figure 6.5(a) ) and consumes the maximum 
pumping power ( Figure 6.5(b) ) at all flow rates. For the hotspot-
targeted designs, the pressure drop is controlled by the microchannel 
structures in HSBG zones. The design HT-ELC2 shows the lowest 
pressure drop and pumping power as, overall, it has the widest 
channels in the HSBG zone, while the channel wall widths are same 
as that of CELC and HT-ELC1 test modules (refer Table 6-2). The 
hydrodynamic characteristic curve for HT -ELC1 is intermediate 
between those of CELC and HT-ELC2 test modules due to the 
intermediate channel widths used in the HSBG zone (refer Table 
6-2). 

The hydrodynamic characteristics of the test modules can be utilized 
to select appropriate operating points for evaluation of the thermal 
performance of these modules. First, an upper limit for the pressure 
�G�U�R�S�� �D�F�U�R�V�V�� �W�K�H�� �W�H�V�W�� �P�R�G�X�O�H�� ���¨�3���� �R�I�� �������� �E�D�U��[146] was selected, as 
shown in Figure 6.5(a) . This limit filters out those operating points 
that are infeasible for implementat ion in real world data cente r 

 

(a)  
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(b)  

Figure 6.5: Hydrodynamic results for all test modules (a)  Pressure drop and 
(b)  pumping power as a fraction of total chip power for power map PM1. The 

limit of 0.4 ba r delineating the feasible results is marked in (a)  

applications [135]. Point A on the CELC curve marks the measured 
operating point for the base case module with the highest flow rate 
�W�K�D�W���V�D�W�L�V�I�L�H�V���W�K�H���¨�3���F�R�Q�V�W�U�D�L�Q�W�����6�L�P�L�O�D�U�O�\�����W�K�H���I�H�D�V�L�E�O�H���S�R�U�W�L�R�Q�V���R�I���+�7-
ELC1 and HT-ELC2 characteristics can also be identified. In order to 
compare the thermal performance of the CELC and HT-ELC test 
modules, operating points with similar pumping power are selected. 
Points B and C in Figure 6.5(b)  mark, approximately , the points on 
HT-ELC1 and HT-ELC2 curves which have similar pumping power as 
the CELC module. 

6.4.2 Thermal performance  

In order to demonstrate the proof of HT -ELC concept, we consider 
for each test chip, the temperature map of the unit cell with the best 
thermal performance  (refer Figure 5.1(b) for definition o f the unit 
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cell) where reduction in the chip temperature non -uniformity ,s maxT�'  

is taken as a measure of the chip thermal performance. This also 
enables a reasonable comparison between CELC and the HT-ELC 
designs by avoiding any test sample specific effects such as localized 
blocking in microchannels . 
Figure 6.6(a)  compares the thermo-hydraulic performance of the 
two HT-ELC modules against the CELC module for power map 

PM150, in terms of pumping chipW W vs. ,s maxT�' . Points A, B and C 

from Figure 6.5(b)  are also marked in Figure 6.6(a) . Point A, 
corresponding to a total coolant flow rate of 1 l/min, shows that CELC 

suffers ,s maxT�' of about 10.3�( . For the same pumping power, HT-

ELC2 is able to reduce ,s maxT�'  to about 4.3�( , an improvement of 

almost 60% over CELC. HT-ELC1 is able to reduce ,s maxT�' to nearly 

5.8�( , an improvement of 43.5% over CELC design. As evident from 
the trend of the CELC curve, the CELC module cannot match the 
thermal performance of either of the hotspot target designs without 
consuming a prohibitively high level of pumping power.  

 

(a)  
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(b)  

Figure 6.6: Thermal performance for PM150 power map (a)  Pumping power 
fraction vs maximum temperature non -uniformity and (b)  Measured 

temperature maps for CELC and HT-ELC2 modules 

Figure 6.6(b)  compares the temperature map of the CELC and HT-
ELC2 unit cells at point A and at a measured operating point close to 
point C respectively. The measured temperature maps are plotted on 
the same temperature scale and clearly highlight the high thermal 
uniformity achieved with HT -ELC2 module. 

Figure 6.7 shows the corresponding results for the PM300 power 

map. Figure 6.7(a)  shows that the CELC module suffers a ,s maxT�' of 

21.2�(  for PM300 power map. However, HT -ELC2 is able to reduce 



6 Experimental demonstration of an e nergy efficient hotspot -targeted 
embedded liquid cooling concept 

149 

,s maxT�' to 14.9�( , an improvement of nearly 30% at the same level of 

pumping power. Figure 6.7(b)  illustrates the significantly reduced 
temperature non-uniformity in the chip for the HT -ELC2 module as 
compared to CELC module.  
The hotspot-targeted designs achieve this improved temperature 
uniformity by adapting the heat transfer capacity of the 
microstructure to the chip power map. Figure 6.8  illustrates the 
distribution of heat transfer coefficient �. , defined as 

�� �� �� �� �� ���� ��, ,( ) w avg b f bulkx q x T x T x�c�c�  � ��D , in HSBG and BG zones for 

CELC and HT-ELC2 test modules. Here �� ��bT x is the local chip 

temperature at the base of the etched microchannel structure, 

�� ��,f bulkT x is the local bulk mean temperature of the fluid, 

�� ��,w avgq x�c�c is the local average heat flux and x is the coordinate along 

channel length. This distribution is obtained through CFD modeling 
for the full heat sink and individual microchannels  as described in 
section 6.4.3. 

 

(a)  
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(b)  

Figure 6.7: Thermal performance for PM300 power map (a)  Pumping power 
fraction vs maximum temperature non -uniformity and (b)  Measured 

temperature maps for CELC and HT-ELC2 module 

Since CELC has uniform microchannels, the streamwise �. profile in 
both the HSBG and BG zones is same as the well known confined slot 
jet profile observed in manifold microchannel heat sinks (the two red 
curves in Figure 6.8 )  [74, 77]. The similar �. profiles in HSBG and 
BG zone, caused by the uniform flow distribution across a uniform 
microchannel structure) lead to the larg e temperature non-
uniformities shown in Figure 6.6(b)  and Figure 6.7(b) . On the 
other hand, the hotspot targeted microchannel structure forces the 
flow to distribute accord ing to the chip power map. As described in 
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Figure 6.8: Distribution of the heat transfer coefficient �Din one unit cell for 

HT-ELC2 at 1l/min. 0.5hsl  marks the downstream boundary of the hotspot 

region in HSBG zones. th marks the beginning of the throttling zone in BG 

zones. The bounds of the unit cell i and o are also. Arrow indicates flow 
direction in the microchannel structure  

detail in section 6.4.3, it is estimated that the HT -ELC2 design diverts 
about 90% of the flow through the HSBG zones. As illustrated by the 
blue curves in Figure 6.8 , this results in significantly different 
�. profiles in HSBG and BG zones. In HSBG zone (solid blue curve), 

�. is high in the region above hotspot �� ��0.5hsx l�d  due to the small 

width of microchannels coupled wi th the high coolant flow rate (refer 

HSBG unit cell for HT -ELC2 in Table 6-1). Beyond 0.5hsx l� , the 

fine channels merge to form wide channels over the downstream 
background region thus sharply reducing �. . In the BG zone (the 
dashed blue curve), reduced mass flow rate combined with wide 
channels leads to low levels of �. . However �. rises sharply in the 
throttling zone where two wi de channels combine into one very fine 
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throttling channel (see BG unit cell for HT -ELC2 in Table 6-1) 

leading to high coolant velocity beyond x th� . This results in the 
reduction in chip tempera ture in BG zones. A channel of uniform 
width in BG zone would have resulted in a monotic increase in chip 
temperature in the BG zone (compare temperature map in BG zones 
for HT -ELC2 and CELC designs in Figure 6.6(b )  and Figure 
6.7(b) ). This is also the precise reason why in HT-ELC designs, the 
throttling zones are positioned towards the outlet slot nozzle in BG 
zones. This ensures that any cooling resulting from the throttli ng 
zones does not adversely affect the overall temperature non-

uniformity ,s maxT�' . In Figure 6.8 , the sharp transitions in the blue 

curves represent the change in �D in the transition zones included 
between upstream and downstream channels (refer Figure 6.1). 

6.4.3 Etched dimensions and CFD modeling for estimation of 
heat transfer coefficient distribution  

Due to the inherent nature of the DRIE process, and HT-ELC designs 
consisting of channels of different widths, the etched microstructures 
deviated from design dimensions in two aspects: i) the design depth 
of 300�Jm was not achieved uniformly in all the microchannels due to 
the dependence of etching rate on the channel aspect ratio [140]. 
Figure 6.9 illustrates this variation for HT -ELC2 module. Etching 
was continued till the fine channels were etched to around 290�Ë�P 
and coarse channels were etched to around 380�Ë�P ii) th e etched 
microchannels were wider than design dimensions due to etching 
under the masks.  Etched microstructures were measured for HT-
ELC2 module. The etched dimensions are compared against design 
dimensions in Table 6-4 . A similar deviation from design dimensions 
is also expected form HT-ELC1 module since both the test chips were 
simultaneously etched on a single wafer. 

As discussed in Chapter 5, the HT-ELC1 and HT-ELC2 structures 
were optimized for power maps PM150 and a power map very similar 
to PM300. However HT -ELC2 design shows the best performance for 
both the power maps. This is explained by the deviation in etched 
dimensions. Since the etched microchannels over hotspots are wider 
than design dimensions, this reduces the heat transfer coefficient over 
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hotspots. Additionally , the wider channels in HSBG and BG zones 
reduce the fraction of flow diverted towards HSBG zones. This results 
in reduction in heat transfer over hotspots thus adversely affecting 

 

 

Figure 6.9:  Variation in etching depth between fine channels over hotspots 
and coarse channels over background for HT-ELC2 

Dimension  Description  
Value ( �Æm)  

Design  Etched  

, ,c hs 2w  Hotspot channel width  52.5 56-60 

,c thw  Throttling channel width  30 35 

c,bgw  Background channel width  300 313 

,ch hsH  Hotspot channel height  

300 

280-310 

,ch thH  Throttling channel height 250-330 

,ch bgH  Background channel 
height 

360-400 

 
Table 6-4: Comparison between design and etched dimensions for HT-ELC2. 

The range for etched dimensions reflects the variation observed in 
measurements across a single test chip. 
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,s maxT�' . This effect is common to both HT-ELC1 and HT-ELC2 test 

chips and becomes evident on comparing the measured and expected 

performance in terms of ,s maxT�'  for HT -ELC1 (compare Figure 6.6 

and Figure 5.8 ) and for HT-ELC2 (compare Figure 6.7 and Figure 
5.9). However, the HT-ELC2 microstructure is designed to divert a 
much larger fraction of flow towards HSBG zone as compared to HT-
ELC1 (92% for HT-ELC2 vs. 70% for HT-ELC1). The higher flow 
diverted to the HSBG zones more than compensates for the wider 
etched channels resulting in the high performance of HT-ELC2 
design.  

In order to obtain the heat transfer coefficient profiles shown in 
Figure 6.8 , conjugate heat transfer simulations for individual 
microchannels in hotspot, background and throttling regions  for HT -
ELC2 microstructure were performed. The computational domain, 
boundary conditions and governing equations were same as discussed 
in section 5.3.4. The simulation results were post-processed to obtain 

�� ��x�D at the base of the etched microstructure as: 

 �� ��
�� ��

�� �� �� ��
,

,

w avg

b f bulk

q x
x

T x T x

�c�c
� 

��
�D  (6.2) 

where �� ��,w avgq x�c�c , the local average wall heat flux is given by: 
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�� ��

�� ��
�� ��

,
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1
x

w avg wq x q d
x
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�[
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 (6.3) 

where is �� ��x�[  the local wetted perimeter of the microchannel, �Vthe 

coordinate along the wetted perimeter and wq�c�cis the wall heat flux. 

�� ��bT x is the local average solid temperature at the base of the etched 

microstructure and is given by:  

 �� �� �� ��
0

1
, ,  ,   

D

b s b c wT x T x y H dy D = w +w
D

� �³  (6.4) 
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where bH is the unetched thickness of silicon wafer. 

These microchannel simulations require knowledge of m�M values to 

determine the mass flow inlet boundary condition  (refer Eq. (5.4)). 
This was estimated by modeling a unit cell of the full heat sink, 
including the manifold as well as the microchannel layers. The 
computati onal domain, boundary conditions and modeling of 
microchannels as fluid saturated porous medium were as discussed in 
section 5.5.5. Post processing the results of these simulations gave an 

estimate of m�M as 90%. For microchannel as well as full heat sink 

simulations, averaged etched dimensions for hotspot, throttling and 
background channels were used. 

6.4.4 Comparison of HT -ELC2 designs against literature  

 

Figure 6.10: Comparison of HT-ELC2 against heat sinks from literature. The 
numbers in square brackets point to specific reference in bibliography . 
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The HT-ELC2 is compared against recent literature heat sinks, 

designed to reduce ,s maxT�' in  Figure 6.10. The thermal performance 

of HT-ELC2 is compared against literature designs in terms of qT�'  

defined in Eq. (5.14). HT-ELC2 achieves a qT�' value of 0.57 for 

PM150, which is nearly an order of magnitude lower than the nearest 

value of 4.5 reported in literature. For PM300, qT�' of 1.2 is achieved, 

an improvement of about 73% as compared to the nearest literature 
value. Moreover, HT-ELC2 achieves this at pumping power 
consumption comparable to literature heat sinks.  

It can be concluded from the above discussed results that concept of 
hotspot-targeted embedded microchannel structure has the potential 
to achieve significantly improved cooling of existing and future 
multicore microprocessors without additional capital costs or 
complexity at the system level and without any increase in existing 
pumping power costs. 

6.5  Conclusio ns  

In this chapter, we experimentally demonstrated the concept of 
energy efficient, hotspot-targeted liquid cooling of multicore 
microprocessors. Detailed experimental measurements were obtained 
for two specific designs based on this concept. The measurements 
were performed for two highly non -uniform, exemplar 
microprocessor power maps, simulated using a thin film heater: (a) 

hsq�c�c=150 W/cm 2 and bgq�c�c=20 W/cm 2 and (b) hsq�c�c=300 W/cm 2 and 

bgq�c�c=24.2 W/cm 2. The designs were able to achieve minimum chip 

temperature non-uniformities of 4.3 and 14.9 �( , for the two power 
maps respectively, while adhering to strict, industrially relevant 
�F�R�Q�V�W�U�D�L�Q�W�� �R�Q�� �S�U�H�V�V�X�U�H�� �G�U�R�S�� ���”�������� �E�D�U������ �7�K�H�� �Gesigns consumed less 
than 0.3% of total chip power for pumping the coolant through the 
microchannel structure. It was shown that the current hotspot -
targeted designs compare very favorably against i) a conventional 
embedded microchannel design, representing nearly the limit of 
cooling with uniform embedded microchannels and uniform flow 
distribution, by showing improvements of 60% and 30% in chip 



6 Experimental demonstration of an energy efficient hotspot -targeted 
embedded liquid cooling concept 

157 

temperature non-uniformity  for the two power maps and ii) existing 
heat sinks in literature for hotspot -targeted cooling by up to an order 
of magnitude in terms of normalized chip temperature non -

uniformity qT�' . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

7 A 1-dimensional model based  design of 
hotspot -targeted microchannel heat sinks  

Part of this chapter has been submitted as: 

Chander Shekhar Sharma, Manish K. Tiwari, D imos Poulikakos, 
�³Optimal microscale water cooled heat sinks for targeted alleviation 
of hotspot in microprocessors�´����4th Micro and Nano Flows 
Conference, UCL, London, UK, 7-10 September, 2014 

Abstract  

We present a 1-dimensional model for quick design of a microchannel 
heat sink for targeted, single-phase liquid cooling of hotspots in 
microprocessors. The method utilizes simplifying assumptions and 
analytical equations to arrive at th e first estimate of a microchannel 
heat sink design that distributes the cooling capacity of the heat sink 
by adapting the coolant flow and microchannel size distributions to 
the microprocessor power map. This distributed cooling in turn 
minimizes the chip  temperature gradient. The method is formulated 
to generate a heat sink design for an arbitrary chip power map and 
hence can be readily utilized for different chip architectures. It 
involves optimization of microchannel widths for various zones of the 
chip power map under the operational constraints of maximum 
pressure drop limit for the heat sink. Additionally, it ensures that the 
coolant flows uninterrupted through its entire travel length consisting 
of microchannels of varying widths. The resulting first  design 
estimate significantly reduces the computational effort involved in 
any subsequent CFD analysis required to fine tune the design for 
more complex flow situations arising, for example, in manifold 
microchannel heat sinks. 

7.1 Introduction  

As discussed in Chapters 5 and 6, it is essential that the chip 

temperature non�±uniformity �� ��, , ,s max s max s minT T T�' � ��  is minimized 
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in addition to reduction in maximum junction temperature  �� ��,s maxT   

reduction. Chapters 5 described in detail the concept and CFD based 
optimization of a hotspot -targeted microchannel structure. In this 
chapter, we propose a one-dimensional model for  quick estimation of 
the hotspot-targeted liquid cooled microchannel  structure for 
arbitrary non-uniform chip power maps . The model is formulated as 
a generalized design method and is applicable to embedded liquid 
cooling (ELC) as well as conventional heat sink architectures on one 
hand and trad itional microchannel ( TMC) as well as manifold 
microchannel (MMC) heat sinks on the other. 

7.2 One -dimensional model  

Consider an arbitrary microprocessor power map as shown in Figure 

7.1. In the figure, each shaded area represents a region dissipating a 
different level of heat flux that is multiple times higher than that 
dissipated in the unshaded area (background). 

 

Figure 7.1: An arbitrary non -uniform power map  

This power map can be discretized such that each cell of the 
discretized map encompasses an area of nearly constant heat flux. 
Figure 7.2(a)  illustrates the coarsest level of discretization for the 
power map in Figure 7.1 and Figure 7.2(b)  illustrates the (i,j) th  cell of 

area j ix y�' �u �'  and the nomenclature adopted in this chapter for the 

discretized power map. Here, �� ��,i jQ�c�c is the heat dissipated from chip in 
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the (i,j )th cell and i�3  is the fraction of coolant mass flow rate 

m flowing through the i th row. 

 

(a)  

 

(b )  

Figure 7.2: (a)  Discretization of the power map (b)  (i,j) th cell of the 
discretized power map 

The discretization can be refined depending upon the desired 
resolution of the calculated temperature map. However, the highest 
degree of refinement is limited by the following constraint:  
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 , ,i ch max w maxy W W�' �t ��  (7.1) 

With the flow direction as shown in Figure 7.2(b) , the average 
coolant temperature in the (i,j) th cell is given by Eq. (7.2) and the 
average junction temperature, assuming negligible heat spreading, is 
obtained in Eq. (7.3) below: 
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 �� �� �� ��,( , ) ,( , ) ,( , ), ,s i j f i j �� �. �L �Mi j i jT T Q R Q R�c�c �c�c �c�c �c�c� �� ��  (7.3) 

where, ��R�c�c, the total conduction resistance between junctions and 

base of microchannels, is given by summation of all the conduction 
resistances in series (such as those of silicon chip thickness, TIM and 
heat sink base): 

 l
��

ll

z
R

��

�'
�c�c� �¦  (7.4) 

where lz�'  is the thickness of the l th layer. ,( , )�. �L �MR�c�c is the convective 

resistance for heat transfer to the coolant. Accounting for the fin 

resistance and assuming adiabatic fin tops, ,( , )�. �L �MR�c�c is given by [74] : 
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 (7.5) 

where ( , )i j�� ,the fin efficiency, is given by: 
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and ( , )i j�. , the heat transfer coefficient can be calculated as: 
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where �� ��, ,D i jNu is the Nusselt number defined for ,( , )ch i jD , an 

equivalent length scale for  the microchannel cross-section. Definition 

of ,( , )ch i jD depends upon the form of correlation availabl e 

for �� ��, ,D i jNu . 

With these thermal characteristics of the heat sink in place, the design 
of the hotspot-targeted heat sink involves determination of 

geometrical parameters ,( , ) ,( , ), ch i j w i jW W and operational 

parameters m and i�M  such that, ,s maxT , as well as chip wide 

temperature gradient ,s maxT�'  are minimized, while satisfying the 

following constraints : 
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 (7.8) 

The geometrical and operational design parameters are determined 
by separately considering the three terms in Eq. (7.3) as discussed in 
the following subsections. 

7.2.1 Determination of i�M 

The first step in minimizing ,s maxT and ,s maxT�' is minimization of 

bulk resistance that drives the increase in coolant temperature ,( , )f i jT  

(the first term in Eq. (7.3) and given by Eq.(7.2)). This is achieved by 

equalizing the fluid temperature rise ,( , ) ,f i m f inT T�� for all n rows. 

This gives, n equations in n unknown variables i�M: 
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 (7.9) 

With  i�M determined as above, ,( , )f i jT in Eq. (7.3) are fixed. The 

second term �� ��, ��i jQ R�c�c �c�cis fixed for a given power map and cooling 

architecture. Hence, only the convective resistance term �� �� ,( , ), �. �L �Mi jQ R�c�c �c�c 

can be controlled which leads to determination of the channel widths  
,( , )ch i jW as explained in the following subsection . 

7.2.2 Determination of ,( , )w i jW  and ,( , )ch i jW  

The channel wall widths ,( , )w i jW can be independently fixed such that 

the overall pressure drop is minimized as below: 

 ,( , ) ,w i j w minW W�  (7.10) 

As a result, the distribution of junction temperatures ,( , )s i jT is 

determined only by the distribution of channel 

widths ,( , )ch i jW through the convective resistance term in Eq.(7.3). 

This term is minimized under the following condition:  

 �� �� ,( , ) , ,, �. �L �M �P�D�[ �. �P�L�Q �P�L�Q �. �P�D�[i jQ R Q R Q R�c�c �c�c �c�c �c�c �c�c �c�c�  �   (7.11) 

where the minimum convective resistance ,�. �P�L�QR�c�c can be fixed as 

below: 
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Eqs. (7.5), (7.10) and (7.11) result in 1nm��  non-linear equations for 

1nm��  unknowns �� ��, ,ch i jW : 
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with ( , )i j�� and ( , )i j�. given by Eqs. (7.6) and (7.7).   

Since the channel widths change along flow direction, it is important 
that the coolant flows uninterrupted in every row (i.e. does not run 

into a wall). This is ensured by simply modifying �� ��, ,ch i jW values from 

Eq. (7.13) such that the microchannel pitch in any (i,j) th cell 

�� �� ,, , w minch i jW W��  is related to the pitches in adjacent upstream and 

downstream cells, �� �� ,, , 1 w minch i jW W�� ��  and �� �� ,, , 1 w minch i jW W�� �� , 

through integral multiples.  This can be done by using the following 
algorithm:  

In i th row, if the minimum channel width �� ���� ��, ,min ch i jj
W belongs to kth 

cell, then the channel widths �� ��, , ,ch i j j kW �z can be modified, by 

traversing along indices 1 to j k m�  � �  and 1 to 1j k�  � � , as below: 
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where the coefficients M1, M2, M3, and M4  take the following values: 
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and � « � »� ¬ � ¼and � ª � º� « � » represent floor and ceiling functions respectively . 

Here ,( , )ch i jW�c refer to the modified channel width values. Henceforth, 

for ease of readability, the modified channel width values are also 

referred to as �� ��, ,ch i jW .   

7.2.3 Determination of m  

The only design parameter that remains to be determined is the total 

coolant flow rate m . m  can be determined such that the maximum 
pressure drop in the microchannels does not violate the pressure drop 
constraint in Eq.  (7.8) i.e.: 

 �� ��max i limit
i

P P�' �d �'  (7.16) 

Pressure drops iP�'  can be expressed in terms of Fanning friction 

factor, as below: 
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where ( , ) ,( , ) ,i j ch i j w minp W W�  � �is the microchannel pitch and 

,( , ) ,( , )ch i j ch i j chA W H�  is the channel cross-sectional area. Equations 

(7.16) and (7.17) determine highest allowable m . 
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7.2.4  Coolant distribut ion according to i�3  

Since the pressure drops iP�' are bound to be different, the flow 

distribution  i�Mcan only be realized if the flow resistances of all 

parallel n rows are equal (refer section 5.4.2.2). This can be achieved 
by introducing additional resistances in all rows  such that: 
 

 �� ��* maxi i i limit
i

P P P P�' �� �' � �' � �'  (7.18) 

where *
iP�' is the pressure drop due to the additional flow  resistance 

introduced in the i th row. This is a key idea in our approach to hotspot 
targeted cooling. 
The additional resistances can be flow throttling zones either in the 
manifold that supplies the coolant or within the microchannel 
structure itself in the form of fine channels. In the latter case, 
however, it has to be ensured that the flow throttling channels do not 
interrupt the flow as discussed in section 7.2.2. Additionally, the 
throttling zones have to be positioned such that the enhanced cooling 

caused by the fine microchannels does not affect ,s maxT�' . Note 

that * 0iP� ' �   for the i th row with �� ��maxi i
i

P P�' � �' . Similar to  Eq. 

(7.17), *
iP�' can also be expressed as below: 
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�Z�K�H�U�H�� �W�K�H�� �V�X�S�H�U�V�F�U�L�S�W�� �µ�
�¶�� �L�Q�G�L�F�D�W�H�V�� �J�H�R�P�H�W�U�L�F�D�O�� �D�Q�G�� �R�S�H�U�D�W�L�R�Q�D�O��

parameters for the flow throttling zone.  *
iA  is the cross-sectional area 

of each parallel flow path in the throttling zone  and *
iN is the number 

of such parallel flow paths. 
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7.2.5 Developed flow assumption  

For traditio nal heat sinks, the flow can be assumed to be fully 

developed inside the microchannels. Hence, ,( , )ch i jW values 

determined by Eq. (7.13) are independent of m  and the heat sink 
design is completed in a single iteration.  
 

7.2.6 Developing flow  

In more complex flow geometries such as MMC sinks, the flow inside 
the microchannels is developing for a large part of the channel length. 

In this case, the heat transfer coefficients ( , )i j�.  and hence the 

microchannel widths ,( , )ch i jW are no longer independent of m . This 

necessitates the following recursive procedure to determine the 

optimal geometrical and operational parameters: (a) Assume m  (b) 

determine �� ��, ,ch i jW  using Eq. (7.13) (c) revise channel widths to 

ensure uninterrupted flow (d) check the pressure drop constraint in 

Eq. (7.16). If the inequality (7.16) is satisfied, then increase m  and 

repeat steps (a)-(d). These steps are repeated till the highest m  is 
reached that satisfies the constraint (7.16). 
 

7.3 Exemplar design for an arbitrary power map cooled 
by TMC heat sink  

In this section, we illustrate the use of the one-dimensional model to 
design a hotspot targeted embedded TMC structure. We consider a 
highly non -uniform power map shown above.  

The coolant is assumed to be water with the constant properties: f�!  

 



7 A 1-dimensional model based design of hotspot-targeted microchannel heat 
sinks 

169 

 

Figure 7.3:  An exemplar non-uniform power map with heat flux dissipation 
in W/cm 2 

= 998.2 kg/m 3, f�� = 0.001 Pa.s, and ,p fc = 4180 J/kgK. The thermal 

conductivity of Silicon is also assumed to be constant ( ��l =150 

W/mK). Following design constraints have been adopted, 

, ,ch min w minW W�  �  30 �Pm, limitP�' =0.5 bar. The unetched chip 

thickness lz�'  and microchannel height chH are 225 �Pm and 300 �Pm 

respectively. Flow is assumed to be fully developed and the 

correlations for Nu and Ref , for rectangular channels, are adopted 

from Shah and London [147]. These correlations are defined in terms 
of hydraulic diameter; hence:  
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where *
,ch iW and *

,w iW  are channel and wall widths of the flow 

throttling channels.  
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Using the coarsest level of discretization similar to Figure 7.2, 
and following the sections 7.2.1 and 7.2.2, we obtain a set of non-

linear system of equations for ,( , )ch i jW  (Eq.(7.13)) that is solved 

using MATLAB. The ,( , )ch i jW values so obtained are modified to 

ensure uninterrupted coolant flow (refer section 7.2.2).  The 

resulting hotspot -targeted chW distribution is shown in Figure 

7.4. 
     

 

Figure 7.4: chW distribution for the power map in Figure 7.3 

The limitP�' constraint limits m  to 1.17 g/s (0.07 l/min). Figure 

7.5(a)  shows the temperature map of the chip corresponding to 
the hotspot targeted microchannel structure at 0.07 l/min. The 
performance of the optimal design is compared against a base case 

consisting of uniformly fine, embedded microchannels ( chW =30 

�Pm) and uniform flow distribution. The base case performance for 
the same pumping power as the design in Figure 7.4 is shown in 
Figure 7.5(b) . Figure 7.5 illustrates that, as compared to th e 
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(a)  

 

(b)  

Figure 7.5: Temperature maps (a) : hotspot-targeted design (b)  
base case. The same temperature scale for both the figures illustrates 

reduction in ,s maxT and ,s maxT�' . Coolant flows from left to right . 
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(a)  

 

(b)  

Figure 7.6: (a)  Throttling zones  (shown in black color)  towards 
coolant outlet (compare with Figure 7.4) (b)  Temperature map for 

the design shown in (a)  (compare with Figure 7.5(a) ) 
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base case, hotspot-targeted design reduces ,s maxT from 79.6�(  to 

55.3�(  and ,s maxT�' from 57.5�(  to 31.4�(  - an improvement of 45%. 

Following section 7.2.4, the pressure equalization is achieved by 
introducing flow throttling zones in the microchannel structure. 
The thrott ling zones are positioned towards the coolant outlet and 
are formed by merging every two channels in each row into a fine 

microchannel of 30 �Pm width, i.e.  *
,ch iW =30 �Pm 

and . Throttling zone lengths 

are obtained using Eq.(7.18).   Figure 7.6(a)  shows the 

microchannel structure along with flow throttling zones in bla ck 
color. Figure 7.6(b)  shows the temperature map for the complete 
design which clearly shows that the additional cooling from the 
throttling zones does not adversely affect the performance of the 
hotspot targeted design. 

7.4  Conclusi ons  

A 1-dimensional model for quick design of a single-phase, liquid 
cooled, hotspot-targeted microchannel heat sink has been presented. 
The model is a generalized design method for developed and 
developing flow situations encountered in TMC and MMC heat sinks 
respectively, for arbitrary chip power maps for serial and multicore 
microprocessors and for conventional as well as embedded cooling. 
The potential of the model has been demonstrated for a non-uniform 
chip power map cooled by an embedded TMC structure. 
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8 Conclusions and Outlook  

8.1 Summary of results  

The current thesis focused on efficient single-phase cooling of 
microprocessors with water as the coolant. The work can broadly be 
divided into two parts. The first part dealt with exergetically efficient 
waste heat recovery from data centers for use in secondary 
applications. A detailed analysis at the chip level was performed for 
hot water-cooled manifold microchannel (MMC) heat sinks (Chapters 
3 and 4). In the second part, the problem of highly non -uniform 
heating of current and future multicore microprocessors was 
addressed. A novel microchannel heat sink concept for hotspot-
targeted cooling of non-uniform chip power maps w as proposed 
(Chapters 5-7). Accordingly, the overall results can be summarized as 
below.  

8.1.1 Efficient recovery of waste heat from microprocessors      

An MMC heat sink was used as an example to develop a systematic 
approach for optimization of the operating conditions of hot water 
cooled heat sinks. It was shown, using an experimentally validated 3D 
conjugate microchannel heat transfer model, that a trade-off between 
microprocessor thermal reliability a nd exergetic efficiency of waste 
heat recovery from microprocessor can be achieved. This can be done 
by using either a single, combined objective optimization or a multi -
objective optimization approach involving Pareto optimality method 
and multi -criteria decision analysis.  

A detailed thermo-hydrodynamic analysis was performed for a hot-
water cooled MMC heat sink to investigate the contribution to exergy 
destruction from viscous dissipation and heat transfer. A hierarchical 
approach was used to model the full heat sink. From the results, it 
was concluded that the entropy generation due to heat transfer is the 
dominant contributor to exergy destruction at all operating 
conditions. Consequently, the reduction in the heat transfer 
component of entropy generation, at higher coolant temperature, 
improves the 2nd law efficiency of heat recovery which is essential for 
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successful utilization of the recovered waste heat from data centers 
for secondary usage such as building heating. 

8.1.2 Efficient cooling of highly non -uniform chip power maps  

A novel concept for energetically efficient and hotspot-targeted 
microchannel liquid cooling of non -uniform chip power maps was 
presented. The concept involved passive throttling of flow in low heat 
flux dissipating areas of the microprocessor in order to divert a large 
fraction of the flow to the high heat dissipating regions. This was 
achieved by using a non-uniform embedded microchannel structure 
with fine channels over hotspots, coarse channels over background 
and very fine flow th rottling channels (termed as hotpot targeted 
embedded liquid cooling or HT -ELC). It was shown that a 
microstructure based on this concept can be optimized, under 
industry relevant pressure drop and pumping power constraints to 
minimize chip temperature non -uniformity for a given 
microprocessor power map. Insignificant influence of the manifold 
profile on the performance of the microstructure and flow 
distribution across the chip without the need for any system level flow 
control devices attested to the robustness of this concept. Generic 
rules for design of hotspot-targeted microchannel heat sinks were 
also described. 

The proof of this concept was demonstrated through experimental 
investigation of HT -ELC microstructures. It was shown that it is not 
possible to match the performance of the HT-ELC design with 
conventional embedded liquid cooling (CELC) without consuming 
prohibitively high levels of pumping power. The HT -ELC structures 
were demonstrated to be up to 60% better than CELC in terms of chip 
temperature non-uniformity at same level of pumping power and 
compared very favorably existing heat sinks in literature designed for 
hotspot-targeted cooling (up to an order of magnitude better 
performance in terms of normalized chip temperature non -
uniformity).   

A one-dimensional model for quick design estimate of a single-phase, 
liquid cooled, hotspot -targeted microchannel heat sink was also 
presented. This model can be used for arbitrary non-uniform chip 
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power maps. Due to the underlying assumptions in the model, the 
resulting design can serve as an initial condition for more involved 
CFD based optimization thus reducing the overall optimization cost.  

8.2  Future research directions  

Based on the major conclusions from this thesis , the following  
possible future research directions are identified.  

8.2.1 Extension of the hotspot-targeted microchannel cooling 
concept to three-dimensional integrated circuits  

As discussed in Chapter 1, it is expected that the semiconductor 
industry would shift towards t hree-dimensional chip stacks (3D-IC) 
in the coming years to continue scaling the chip performance.  The 
hotspot-targeted cooling concept presented in this work can also be 
extended to 3D-IC as discussed in the following. 

Figure 8 .1 (top) shows a non-uniform power map of a single silicon 
die in the chip stack consisting of high heat dissipating cores (shown 
in red) and low heat dissipating background. The hotspot -targeted 
microchannel cooling concept cannot be directly adopted for 3D-IC 
stacks since single-phase interlayer cooling needs to be based on pin 
fins rather than microchannels. This is because of lower pressure 
drop to heat flux ratios for pin fins as compared to microchannels 
[56]. Hence the hotspot-targeted cooling concept can be extended to 
3D chip stacks in the following modi fied form.  

It has been demonstrated that a non-uniform pin fin structure can 
reduce the chip temperature gradient [128]. Additionally, above a 
critical Reynolds number, pin fins can induce localized vortex 
shedding thus leading to local maximum of heat transfer [56, 148].  
These characteristics can be exploited to design a microstructure for 
hotspot-targeted interlayer cooling. Figure 8 .1 (bottom) illustrates 
the schematic of such a plausible hybrid microstructure consisting of 
pin fins and microchannels. It consists of fine pitch pin fins over  
hotspots and coarse pitch pin fins over background. Since staggered 
pin fins and in -line pin fins have different vortex shedding  
characteristics, the pin fin structures can also be varied between  



 

 
178 

 

 

Figure 8 .1: Power map of one chip (top) and hybrid pin fin microchannel 
structure for hotspot -targeted interlayer cooling in 3D -chip stack (bottom). 

Upstream hotspots have inline pin fins and downstream hotspots have 
staggered pin fin structures. The arrow indicates the flow direction . 
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Figure 8 .2: Flow distribution across the 3D -chip stack. Arrows indicate fluid 
flow. 

upstream and downstream hotspots to ensure higher heat transfer 
over downstream hotspots in order to counteract the effect of thermal 
resistance due to bulk heating of coolant. Additionally, the concept of 
passive flow distribution control through throttling, can be 
incorporated by including flow -throttling microchannels in the 
background (labeled as throttling channels (A) in the figure) and zone 
separation walls as shown in the figure. In this way, a desired flow 
distribution across each interlayer can be achieved.  Additionally, in 
case the 3D chip stack consist of chips with different power levels, 
flow distribution across the stack can be controlled by including  a 
second throttling zone (labeled as throttling channels (B) in the 
figure). As illustrated in Figure 8 .2, different lengths of throttling 
channels (B) can be incorporated in each interlayer.  For example, the 
throttling zone len gths shown in Figure 8 .2 are fixed such that 

where i�M is the fraction of total coolant flow through the 

i th interlayer. In essence, a two-way, flow distribution can be achieved 
by using two separate throttling zones in each interlayer. 

In order to successfully realize the structure explained above, the 
microstructure will have to be compatible with the arrangement of 
the TSVs (Through Silicon Vias) [149]. Additionally, a detailed 
investigation of the positioning of heat transfer local maximum as a 
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function of the flow rate will be required to precisely adapt the heat 
transfer distri bution to the power map in each layer. 

8.2.2 Two-phase flow boiling  

Two phase flow boiling using refrigerants is an active field in the area 
�R�I�� �P�L�F�U�R�H�O�H�F�W�U�R�Q�L�F�V�� �F�R�R�O�L�Q�J�� �G�X�H�� �W�R�� �L�W�V�� �L�Q�K�H�U�H�Q�W�� �D�G�Y�D�Q�W�D�J�H�V�� �J�� �K�L�J�K�H�U��
compatibility with electronics as most of the refrige rants are 
dielectrics, higher heat flux capacities due to use of latent heat of 
evaporation rather than sensible heat for cooling and consequently 
lower pumping power due to the requirement of lower flow rates. 
Additionally, two -phase flow boiling is suited to hotpot -targeted 
cooling as the heat transfer coefficients increase with heat flux [150, 
151]. However, further research is required for hotspot -targeted 
cooling with flow boiling, both for planar as well as 3D -IC chips, to 
improve flow instabilities and limitations due to critical heat flux 
[152]. Moreover, only a few studies exist on flow boiling with micro 
pin fins. For example, Krishnamurthy and Peles investigated the flow 
boiling of HFE 7000 refrigerant in microchannels with entrenched 
inline micro pin fins   [153]. Further investigations in this di rection 
are required to use flow boiling with pin fins for 3D-IC interlayer 
cooling. 

8.2.3 Integration with thermo -electric coolers 

Thermoelectric coolers, integrated with conventional cooling package, 
can be used to cool hotspots in microprocessors. In order to increase 
the heat flux pumping capacities, ultra thin -film thermoelectric 
coolers can be fabricated and integrated into the chip-scale convective 
cooling package. Additionally, these coolers can be switched on and 
off to provide localized temporal cooling  [130]. However, the 
performance of thermoelectric cooling is limited by contact parasitic 
thermal and electrical resistances [130, 154]. In this work, the cores of 
the multicore microprocessor were considered as hotspots dissipating 
a uniformly high average heat flux over the entire core area. However, 
small sized and localized hotspots can also occur within the core 
which are generally transient and can dissipate much higher heat flux 
than the overall averaged heat flux of the core. Such hotspots within 
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the core can be addressed using thermoelectric coolers thus making a 
case for integration of the thermoelectric coolers into the embedded 
hotspot-targeted microchannel cooling design. In order to integrate 
thermoelectric cooling into embedded cooling architect ure, in-plane 
silicon thermoelectric coolers can be considered [154]. This can 
ensure that while the high average heat flux dissipated over the core 
area is handled by the liquid-cooled fine embedded microchannels, 
the much higher heat flux from the transient and smaller hotspots  
within the cores is handled by suitably located thermoelectric coolers. 
Such a hybrid approach would require work on the design of 
thermoelectric coolers with minimal parasitic resistances, analysis of 
core level power map to decide the placement of thermoelectric 
coolers and development of the fabrication methods for robust 
integrated coolers.  

8.2.4 Investigations on thermo -mechanical stresses 

Thermo-mechanical stresses in electronic package result from chip 
temperature non-uniformity and mismatch between the expansion 
coefficients of the various materials constituting the package. Many 
modeling and analysis studies have been reported that investigate in 
detail the stresses and its effects on chip reliability [155]. The hotspot 
targeted cooling concept significantly reduces the chip temperature 
gradients. The computational analysis can be expanded to quantify 
the reduction in thermo -mechanical stresses at the chip to heat sink 
and chip to substrate interfaces as a result of hotspot-targeted 
cooling. Such investigations can help in reducing the packaging costs 
by identifying existing packaging components that may be replaced 
by relatively inexpensive options in the light of reduced thermal 
stresses.  
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Nomenclature  

Abbreviation s 

GCI Grid Convergence Index 

MAUA Multi Attribute Utility Analysis  

MCDA Multi -criteria Decisin Analysis  

MMC Manifold microchannel  

MTTF Mean Time To Failure (106 hours) 

TIM  Thermal Interface M aterial  

TMC Traditional Microchannel  

Symbols 

The naming convention for variables observed in this thesis 
designates tensors and vectors with bold upper case characters, and 
uses italic  upper or lower case letters for scalars. Latin letters and 
Greek letters are separately sorted alphabetically starting with the 
former.  

 area (m2) 

 Interfacial area density  (m2/m 3) 

lossc  coefficient of non-linear momentum loss term  

 specific heat at constant pressure (J/kgK) 

 specific heat capacity of solid (J/kgK)  

 empirical constants 
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d  pipe diameter (m)  

 pore size (µm) 

 hydraulic diameter (m)  

aE  activation energy (eV) 

 flow exergy (W) 

f  CFD solution on a grid, Fanning friction factor  

F  objective function  

 specific enthalpy (J/kg) , height (m)  

 grid spacings (µm)  

H  height, thickness (µm)   

iK  permeability in i th direction  (m2), scaling parameter for i th  

  utility function   

 length (µm)  

  mass flow rate (kg/s)  

 integral multipliers  

 number of microchannels  

 Nusselt number 

p  observed order of convergence, microchannel pitch  

  (µm) 

 pressure (Pa) 
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 heat flux (W/m 2) 

 heat dissipation (W)  

21r  grid refinement factor  

 reliability  

 conduction resistance (Km2/W)  

 convection resistance (Km2/W)  

 Reynolds number 

thermR  thermal resistance (�(  cm2/W)  

thR  flow resistance of the throttling zone (Pas/kg)  

 specific entropy (J/kgK)  

 rate of entropy generation (W/K)  

 time (hours)  

 temperature ( �( , K) 

,s maxT  Maximum temperature of chip (at base of silicon die) 

,s maxT�'  Chip wide temperature difference  

 velocity vector (m/s)  

 superficial velocity vector (m/s)  

 attribute utility  
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TV  Total volumetric flow rate o f coolant (m3/s)  

 weight for objective function F , width (µm) 

W  width (µm)  

 power (W)  

Greek letters 

�D heat transfer coefficient (W/m2K)  

�E instantaneous failure rate (per 106 hours) 

 efficiency 

 kronecker delta  

m�M   fraction of total coolant flow flowing through HSBG zone  

i�M  fraction of total coolant flow flowing through i th row in the  

   descretized power map 

�J volume porosity , fin efficiency 

 thermal conductivity (W/mK)  

 dynamic viscosity (Pa.s) 

 multiplying factors in failure rate  

 density (kg/m 3) 

 stress tensor (Pa) 

Subscripts 

 average 
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 base 

 Background zone 

  Base case 

 coldplate, microchannel 

 microchannel 

 effective 

 electrical 

f  fluid  

 fluid phase of porous medium 

 hotspot zone 

 inlet  

 solid-liquid interface  

 junction  

 maximum  

 manifold back  

 measured 

 manifold front  

 minimum  

n  nozzle 

 normalized  
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 optimal value  

 outlet  

 pumping  

 predicted 

 solid 

 solid phase of porous medium 

th  throttling zone  

 total  

 temperature factor, total  

 thermal interface material  

u  utopian design 

 optimized value at total flow rate TV  

 wall  
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