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ARTICLE INFO ABSTRACT

Keywords: Continued miniaturization and demand for high-end performance of electronic devices and appliances have led
Cooling methods to dramatic increase in their heat flux generation. Consequently, conventional coolants and cooling approaches
COOlantS' are increasingly falling short in meeting the ever-increasing cooling needs and challenges of those high heat
g:ﬁ;ﬁﬁ: generating electronic devices. This study provides a critical review of traditional and emerging cooling methods

as well as coolants for electronics. In addition to summarizing traditional coolants, heat transfer properties and
performances of potential new coolants such as nanofluids are also reviewed and analyzed. With superior
thermal properties and numerous benefits nanofluids show great promises in fulfilling the cooling demands of
high heat generating electronic devices. It is believed that applications of such novel coolants in emerging
techniques like micro-channels and micro-heat pipes can revolutionize cooling technologies for electronics in

Thermal properties and features

the future.

1. Background

Recent advances in semiconductor and other mini-and micro-scale
electronic technologies have resulted in very high increase in power
density particularly for high performance chips. Despite impressive
progress been made during the past decades, there are still serious
technical challenges in thermal management of electronics devices or
microprocessors. Two main cooling challenges are adequate removal of
increased heat flux and highly non-uniform power dissipation.
According to the 2004 International Electronics Manufacturing
Initiative (iNEMI) technology roadmap [1], the maximum power
dissipation and heat flux from the high performance microprocessor
chips was projected to reach about 360 W and 190 W/cm?, respectively
by 2020 (Fig. 1). In fact, the heat flux generation of many high
performance electronic devices are now much higher than the projec-
tions of that iNEMI roadmap. A study in 2007 [2] reported that many
micro- and power-electronics industries were then facing difficult
challenge of removing very high heat flux (around 300 W/cm?) while
maintaining the temperature below 85 °C. Additionally, due to increas-
ing integration of devices (e.g., transistors) the power dissipation on
the chip or device is becoming highly non-uniform as heat flux of a
peak chip can be as high as several times that of the surrounding areas.

Furthermore, miniaturization of electronic component has resulted
in medium-scale integration (MSI) in the 1960s with 50-1000
components per chip, large-scale integration (LSI) in the 1970s
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with 1000—100,000 components per chip, and very large-scale integra-
tion (VLSI) in the 1980s with 100,000-10,000,000 components per
chip [3]. In 2006, chips were already manufactured that contained up
to 100 million transistors per square centimetre and present super-
powerful 10-core Xeon processors (Haswell-EP) have 5.5 billion
transistors compared to 3.1 million for 32-bit processors of 1990s
[4]. Semiconductor and microelectronic technologies still follow the
classical Moore's law [5] progression towards shrinking feature size,
increasing transistor density, faster circuit speeds, and higher chip
performance. Fig. 2 presents the 2006 International Technology
Roadmap for Semiconductors (ITRS) [6] projections on the key
features of semiconductor components. This shows a continuous
decrease in transistor size to 6 nm along with a rise in transistor
density up to about 20 billion transistors/cm? by 2020. The chip size
(at production) was also estimated to remain around 100 mm?.

The design trend of modern electronics is based on the smaller and
faster the better. However, this trend is also leading to high power
densities and high operating temperatures, and low performance and
longevity of the electronic devices. If heat is not removed at a rate equal
to or greater than its rate of generation, components as well as the
device temperatures keep increasing which in addition to significantly
reducing the reliability and performance can lead to failure of the
devices. In fact, the failure rate of electronic devices increases almost
exponentially with increasing the operating temperature. According to
a report on reliability prediction of electronic equipment prepared by
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Fig. 1. Projections of maximum heat flux and power dissipation for microprocessor
chips.
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Fig. 2. The 2006 ITRS projections of chip size, transistor density and physical gate
length of high-performance microprocessor chips [6].
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Fig. 3. Temperature dependence of failure rate of digital devices [7].

the U.S. Department of Defense [7], the failure factor, which is relative
failure rate at any temperature over failure rate at 75 °C, increases
exponentially with increasing the device temperature as demonstrated
in Fig. 3. Pedram and Nazarian [8] also reported that more than 50% of
all integrated circuit (IC) failures are related to thermal issues. Thus a
rule of thumb is that the failure rate of electronic components can be
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halved for each 10 °C reduction in their junction temperature and the
cooler the devices operate, the more reliable they are [3].

For many semiconductor technologies, the reliability of individual
transistor is exponentially dependent on the operating temperature
and the median time to failure in hours (MTF) can be estimated by the
well-known Black's correlation [9], which has the form:

MTF:L

Ey
exp (——
AJ? P (KBT)

®
where A is a constant, J is the current density (per cm?), E, is the active
energy (in eV) which is approximately 0.68 eV for typical silicon
failures, K is the Boltzmann constant and 7 is the absolute operating
temperature (Kelvin). This equation (Eq. (1)) demonstrates that a
modest increase in operating temperature could significantly increase
the device failure rate.

Besides failure of device, leakage power consumption is also highly
dependent on the on-chip temperature profile. Higher temperature
leads to larger power dissipation, which in turn increases the on-chip
temperature. In many high performance designs, the leakage compo-
nent is comparable to the switching component. For instance, Fallah
and Pedram [10] demonstrated that 40% or even a higher percentage
of the total power consumption in 90 nm process technology is due to
the leakage of transistors. For a 15 mm die fabricated in a 100 nm
process technology with a supply voltage of 0.7 V, the same group [8]
later reported an exponential increase in leakage power with substrate
temperature and the leakage power consumption increased up to 56%
when die temperature was raised to 110 °C.

The reduction of size and the huge increase in the number of
integrated components (e.g., transistor) and subsequent increase in
power density (thus heat flux as well) yielded enormous challenges for
developing efficient cooling at small temperature differences. The
current cooling technologies for such high power density modules or
systems are not adequate and greatly limit their performance in
addition to raising the failure rates. For example, most of the power
electronic modules are generally cooled by attaching them to an
external heat-sink or cold plate, which is cooled by forced convection
of air or circulated liquid. However, this conventional heat-sink cooling
technique is not capable of adequately cooling such high power density
modules or devices. Semiconductor engineers are therefore turning to
new and more efficient cooling technologies. In recent years, two
complementary ways of enhancing the effectiveness of cooling such
modules have emerged [11]. While one method aims at decreasing the
thermal resistance by removing and/or reducing the layers and
thickness, the other method focuses on increasing the efficiency of
the cold plate through elevating the heat transfer from the heat-sink
body to the coolant. Nevertheless, these means are yet to make
considerable impact in the cooling performances.

As discussed above, continued miniaturization and demand for high
performance and reliability of electronic devices resulted in high
increase in the heat flux generation and thus the operating tempera-
ture. However, conventional cooling approaches are increasingly falling
apart to deal with the high cooling demand and thermal management
challenges of modern electronic devices. Thus, high performance chips
or devices need innovative techniques, mechanisms, and coolants with
high heat transfer capability to enhance the heat removal rate. As
mentioned before, unless these devices are cooled properly their
normal performance and longevity can deteriorate faster than expected
leading to their early or sudden catastrophic failures.

On the other hand, most of the cooling techniques cannot achieve
the required cooling performance due to the limitations in heat transfer
capabilities of traditional coolants such as air, oil, and water which
inherently possess poor heat transfer properties particularly thermal
conductivity and convective heat transfer coefficient. For instance, in
order to accommodate a heat flux of 100 W/cm? at a temperature
difference of 50 K it requires an effective heat transfer coefficient
(including a possible area enlarging factor) of 20,000 W/m? K, which is
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usually not possible through free and forced convections of those
coolants [12]. Thus, there is a desperate need to find cooling fluids with
superior heat transfer capability. Consequently, there are few recently
emerged fluids, which according to research findings, can potentially be
used as advanced coolants in those electronic devices. One of such
fluids is nanofluids-a new class of heat transfer fluids, which are the
suspensions of nanometer-sized particles (typically < 100 nm) in
conventional heat transfer fluids such as water (W), ethylene glycol
(EG) and oils. Nanofluids were found to possess considerably higher
thermal properties particularly thermal conductivity and convective as
well as boiling heat transfer features compared to their base conven-
tional fluids [13—-18]. Besides desirable high thermal properties, these
new fluids can offer immense benefits and applications in a wide range
of areas including electronics [17,19-21]. Nanofluids are believed to be
capable of meeting the cooling demands and challenges of high-tech
electronic devices and appliances [21]. Recently another novel class of
ionic liquids (ILs)-based nanofluids-termed “Ionanofluids” was coined
by this group [22—-24] and these fluids were also found to exhibit
superior thermal properties compared to their base ionic liquids [22-
25]. Together with the advantages of ionic liquids and superior
properties, ionanofluids can also offer great potential as advanced heat
transfer fluids in cooling electronic devices [25,26].

Apart from this background of electronics cooling, a critical review
of various conventional and emerging methods as well as coolants for
electronics cooling is presented. Then the heat transfer properties and
performances of new cooling fluids are summarized followed by the
presentation of research and development of their applications in
electronics cooling. Finally future challenges of cooling technologies are
highlighted.

2. Cooling techniques
2.1. Traditional cooling techniques

Although impressive progress has been made on electronic cooling
systems in recent years, the high heat flux removal from the high-tech
electronic devices remains very challenging and inadequate. Here
available conventional cooling methods, their classifications based on
heat transfer mechanisms and coolants used, as well as their cooling
effectiveness are summarized.

Based on heat transfer effectiveness cooling modes can be classified
into four general categories which are [27]:

1. Radiation and free convection,
2. Forced air-cooling,

3. Forced liquid cooling,

4. Liquid evaporation.

For the temperature difference between the heat transfer surfaces
and the ambient of 80 °C the approximate ranges of heat removal rate
(heat flux) for these methods are compared in Fig. 4 [27]. It can be seen
that the liquid evaporation is the best technique followed by the forced
convection of liquids. Whereas forced convection of air, which is widely
used in cooling electronics such as CPU of computing devices, has very
low heat removal rate (though higher than the free convection). On the
other hand, despite very low heat transfer rate (in fact the lowest
among others) natural convection is very popular mode in low heat flux
applications due to very low cost, simplicity, and reliability. Besides
types of heat removal methods, cooling fluids also play a major role for
the overall cooling performance.

On the other hand, overall heat transfer coefficient is another key
parameter, which also evaluates the cooling performance of fluids in
any heat transfer mode. Table 1 presents typical ranges of heat transfer
coefficients of most commonly used coolants (i.e., air and water) in all
cooling modes. It is well-known that water possesses better heat
transfer coefficient resulting higher cooling performance compared to
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Fig. 4. Comparisons of heat transfer effectiveness of conventional methods.

Table 1
Range of heat transfer coefficients of air and water at different cooling modes.

Heat transfer
coefficient of water

Heat transfer
coefficient of air (W/

Cooling modes

m?K) (W/m?*K)
Free convection 5-100 100-1200
Forced convection 10-350 500-3000

(moderate flow
speed)

Boiling 3000-100,000

air. Table 1 also demonstrates that depending on cooling mode the heat
transfer coefficient of water can be increased substantially.

In addition to above general categories, based on coolants used the
cooling methods can also be classified into several types such as:

1. Air cooling,
2. Liquid cooling,
3. Refrigeration cooling.

On the other hand, direct liquid immersion (DLI) cooling also
provides high heat transfer coefficient, which reduces the temperature
rise of the chip surface above the liquid coolant temperature. In
addition, this cooling also offers greater uniformity of chip tempera-
tures compared to air-cooling. Some of the DLI cooling methods are
very well-established and widely used in numerous thermal manage-
ment systems [28,29] and do not need to discuss further. More details
about thermal management of electronics using these cooling methods
as well as various emerging ones can be found elsewhere e.g., [30—32].

The main features together with the advantages, disadvantages or
limitations, and cost situations of these traditional cooling technologies
in relation to electronics cooling are summarized and compared in
Table 2.

Nevertheless, regardless of the methods used to cool the electronic
devices or chips, transferring the heat to a fluid with or without phase
transitions requires to dissipate the heat to the environment. This is
mostly done with the forced convection of air which is not sufficient
particularly for high heat removal situations. Thus, it is also of
tremendous importance to efficiently dissipate the heat from the
coolants.

2.2. Emerging cooling techniques

Based on effectiveness and material or process adapted in cooling
electronics, emerging cooling methods can be classified into various
types and some of them are as follows:
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Table 2

Summary and comparisons of different traditional cooling technologies for electronics cooling.

Cost situation

Disadvantages/limitations

Advantages/effectiveness

Main features

Cooling technology

Lowest cost among other technologies

— Lowest heat removal rate
— Large heat transfer area

— Low cost, simplicity and high reliability

— Noise free

— Most popular in low heat flux applications

Free convection

Due to fan and installation, slightly higher cost than that of

free convection

— Low heat transfer coefficient (HTC)

— Need additional means such as fan

— Not noise free

— Most well-established cooling method
— Widely used in data center cooling

— Very reliable

is not

— When free convection of air

Forced convection air-

sufficient, forced convection is used

— Requires fan for air flow

cooling

— Low maintenance

— Simplicity in design and installation

— Not widely used in electronics cooling Higher overall cost due to pump, fluids, installation and

— Higher HTC compared to air cooling

— Involves sensible heating of flowing liquids

— Requires pump for liquid flow

Forced convection liquid-

maintenance

especially small devices
— Produces noise from fan or pump

— Most of the commercial heat exchangers

cooling

belong to this mode

— Water is most widely used coolants

Relatively high cost due to high heating, fluids, installation,
maintenance, and climate sustainability requirements

— Best traditional techniques with highest — Not good at cold and high humid weather

— With applied heat the coolant liquid

Liquid evaporation

conditions
— Not suitable for small electronic devices

heat removal rate and HTC

— Good at arid climates.

changes to vapor
— Uses enthalpy of vaporization

— Possibility of pressure and temperature

fluctuation

824

Renewable and Sustainable Energy Reviews 78 (2017) 821-833

. Heat pipes,

. Heat pumps,

. Microchannels,

. Spray cooling,

. Phase change material (PCM) based cooling,
. Free cooling,

. Thermoelectric cooling.

NO A WN =

These cooling systems are also categorized into passive and active
types. Passive cooling systems utilize capillary or gravitational buoy-
ancy forces to circulate the cooling fluid, while active systems are
driven by a pump or compressor for higher cooling capacity and
improved performance.

As mentioned before traditional cooling approaches, consisting
typically of external air-cooled heat sinks, are not capable of sufficiently
cooling modern electronic devices and chips with high-power densities
and such devices need innovative mechanisms and techniques to
enhance the heat removal rate in order to minimize their operating
temperature and maximizing their longevity. However, most of the
emerging techniques such as thermosyphons [33], heat pipes [34], free
cooling [35,36], electro-osmotic pumping [37], microchannels and
micropumping [38-40], impinging jets [41], thermoelectric coolers
[42], and PCM-based cooling [43—46] showed great potential for
cooling those high-tech electronics. Thus, in recent years, these
emerging techniques are receiving great attentions from researchers
and electronic industries. In fact, few of these emerging techniques
have already been used in commercial cooling of electronic devices.
Few popular emerging cooling techniques have briefly been discussed
here.

2.2.1. Heat pipes based cooling

Heat pipes, which work based on the phase change of working fluid
inside the pipes, are very promising means of cooling electronic devices
such as computer, laptop, telecommunication, and satellite modules
[47-50]. Due to their extremely high effective thermal conductivity (up
to several thousand times higher than even copper rod [51]) and very
low effective thermal resistance (typically ranging from 0.05 to 0.4 °C/
W [52]) heat pipes are one of the most viable means of cooling high
heat flux generating electronic devices such as CPU. At present, there
are many commercial cooling applications of heat pipes and because of
high heat removal performance this cooling technique has attracted
tremendous interest from the electronic industries. This can be
evidenced from the huge number of industrial production of heat
pipes. For instance, several millions of heat pipes are manufactured
each month as cooling system for CPUs, laptops, and computers [49].
In fact, one of the highest volume applications of heat pipes is cooling
Pentium processors of laptops [52]. Very recently, Chen et al. [53]
reported a comprehensive review on design, fabrication and perfor-
mance analysis of small heat pipes for electronics cooling. They also
showed the potential of such small heat pipes in cooling small
electronic devices and systems.

The most fascinating feature of heat pipes is that they don't have
any moving parts and thus highly reliable with minimum maintenance.
Heat pipes also offer numerous other advantages some of which
include: no external energy or power consumption, noise free cooling,
increased longevity hence low operation and overall cost, better
application flexibility (due to simple and robust design and construc-
tion), small size and weight (suitable for modern electronic devices),
work in any orientation, and sealed enclosure cooling thus no adverse
effect to environment or the electronic devices.

There are several types of heat pipes used in electronic cooling
applications, which are:

1. Flat heat pipes,
2. Cylindrical heat pipes,
3. Loop heat pipes,
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4. Micro-heat pipes,
5. Oscillating (also known as pulsating) heat pipes.

Heat pipe consists of metal envelope (e.g., pipe), wick, and cooling
fluid. The envelope has three sections- evaporator, adiabatic, and
condenser sections. The wick, which is mostly affixed at the inner wall
of the pipe, is the most important part. It acts as capillary pumping,
which drives the fluid from the condenser section to the evaporator
even against the gravity. This allows the heat pipe to operate in any
orientation. The grooved wick, sintered wick, and screen mesh wick are
most commonly used wick types.

Fig. 5 demonstrates the working principle of a heat pipe, which is
very simple and based on phase change heat transfer inside an
enveloped metallic structure. When the evaporator section is heated
from an external heat source (e.g., an electronic device or chip), it
evaporates the liquid there. The vapor raises the pressure and results in
having pressure difference along the axial direction which drives the
vapor from evaporator to the condenser, where it condenses releasing
the latent heat of vaporization to the heat sink and the vapor turns back
to liquid. Meanwhile depletion of liquid by evaporation at the
evaporator section causes the liquid/vapor interface to enter into the
wick surface, and thus a capillary pressure develops there. This
capillary pressure drives the condensed liquid back to the evaporator
for re-evaporation. This way the liquid coolant circulates in a closed-
loop envelope or pipe, while evaporation and condensation take place
simultaneously for heat absorption and dissipation, respectively. Heat
pipes involve two-phase passive heat transfer systems, which are
capable of transferring (removing) large amount of heat with very
small temperature drop. The high heat transfer performance of a heat
pipe is achieved due to high latent heat of vaporization of working fluid.

Based on total capillary pressure drop, the maximum heat transport
capacity of a heat pipe can be determined from the following equation:

[ 20
Rt @
where o is the liquid surface tension, 4 is the liquid viscosity, hy, is the
latent heat coefficient of liquid, R.¢ is the effective pore radius of the
wick structure, L.g is the effective length of heat pipe, K is the
permeability, A,, is the cross-sectional area of the wick, p; is liquid
density, g is gravitational constant, and ¢ is orientation angle with
respect to the horizontal plane. Thus heat transfer of a heat pipe
depends on geometry and orientation of heat pipe, microstructure of
wick, and various properties such as h, 0, i, and p of working liquid.
Details about the heat pipe cooling systems, working principle,
applications, opportunities and challenges can be found in the related
books and articles in the literature e.g., [34,47-54].
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2.2.2. Heat pumps cooling systems
Heat pumps transfer heat from a low temperature fluid to another
high temperature fluid and use refrigerants as coolants. This cooling
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mode offers economical and environmental friendly alternative of
recovering heat from different sources for use in various industrial,
air conditioning systems, and commercial as well as building cooling
applications. Heat pumps are usually used for moderate cooling needs
and are not applied to electronics cooling, particularly high heat
generating devices. In an effort to evaluate the performance of heat
pump systems for electronics cooling applications, Kim et al. [55]
performed numerical simulation using water/LiBr pair in a heat pump
of dual micro-channel array evaporator. They demonstrated the
feasibility of using miniature absorption refrigeration system for
electronics cooling applications. However, their results were not
validated with any experimental data. Details about advances in heat
pumps and their applications can be found elsewhere [56] and will not
be elaborated here.

2.2.3. Microchannels based cooling

Microscale cooling systems are capable of cooling high heat
generating electronic devices and appliances. The heat transfer perfor-
mance of a microchannel heat sink is much higher than that of any
traditional heat exchangers. Thus, forced convective liquid cooling
through microchannel heat sinks is one of the promising and high
performance cooling technologies for high heat generating electronic
devices. Besides significantly minimizing the package size, this emer-
ging cooling technology is also amenable to on-chip integration
[38,39].

In 1981, Tuckerman and Pease [57] first proposed microchannels
as an advanced cooling solution after they achieved a very high heat
flux of 790 W/cm? from an integral water-cooled microchannel (50 pm
wide and 300 um deep) with a temperature rise of 71 °C. Now
electronics cooling has developed to a new high level because of
microchannels-based cooling systems such as microchannel heat
exchangers (MCHX) and heat sinks (MCHS). Since this pioneering
work of Tuckerman and Pease [57], extensive research and develop-
ment have been made and microchannels based cooling became a key
technology for cooling many devices and systems particularly electro-
nics with high power densities such as very large and ultra large scale
integrations (VLSI and ULSI) [58—62]. Some representative studies on
microchannels based cooling are summarized here.

For the purpose of cooling very high power chips such as micro-
processors a single-phase silicone-microchannel cooler was designed
and implemented by Colgan et al. [63]. It was demonstrated that such
microchannel coolers can cool chips with average power density of
400 W/ecm?. Kandlikar and Upadhye [64] reported enhanced micro-
channel cooling by using off-set strip fins and a split-flow arrangement
and cooling of over 300 W/cm? heat flux at 24 kPa was achieved with a
flow of 1.5 1/min. Dix et al. [65] performed experimental and numerical
investigations with a water cooled microchannel heat exchanger
(MCHX) for electronic cooling applications. The performance of
MCHX was optimized through changing channel geometries. They
suggested that for maximum heat transfer performance it is necessary
to consider the right balance between the surface area and pressure
drop. Based on a numerical study on two-layer single phase flow
microchannels Abdoli et al. [66] showed that such microchannel
configuration is capable of removing heat from very high heat flux
chips with hot spots.

In a different study, Atienza [67] considered inter-tier liquid as
potential means to cool the high temperatures in 3D multi-processor
system-on-chip (MPSoC) with hotspot. This cooling technology in-
volves liquid (water) injection through microchannels between tiers of
a 3D stack. A view of 3D stacked MPSoC architecture with interlayer
microchannel cooling is presented in Fig. 6 [67]. It was concluded that
microchannel-based liquid cooling is a promising technique to over-
come the thermal challenges of 3D MPSoCs in high performance
computing architectures.

Besides single-phase convection cooling, two-phase (boiling) liquid
cooling in microchannels also emerged to be more promising cooling
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Fig. 6. Schematic arrangement of 3D stacked MPSoC architecture with interlayer
microchannel cooling studied by Atienza [67].

technique for very high heat generating electronics. For example, Qu
and Mudawar [68] conducted boiling experiment in a water-cooled
microchannel heat sink containing 21 parallel channels and reported
rapid increase in heat flux with small increments of wall temperature
until the wall heat flux reached to a critical heat flux (CHF). Through
silicon microchannels with nanostructured-wall significant enhance-
ments in pool boiling heat flux (e.g., 120% over the non-nanostructured
channel surface and more than 400% over a plain silicon surface) was
reported in a study by Kandlikar's group [69].

An extensive review on development of microchannels based high
heat removal technologies was done by Kandlikar [59]. A roadmap of
challenges and opportunities of this emerging cooling technology for
high heat generating devices was also laid out. Liquid coolant micro-
channels was anticipated to reach heat dissipation rate of as high as
1kW/cm? at temperature difference (junction to ambient) of 50 °C.
Recently, they [60] performed a critical review of the current state of
research on heat transfer in microchannels. They also discussed the
challenges and highlighted the future research needs in this area.

2.2.4. Thermoelectric cooling

A thermoelectric cooler (TEC) creates heat flux between the
junctions of two different types of semiconductors through the Peltier
effect, which is generally known as thermoelectric effect. The cooling
instruments also called Peltier heat pump or thermoelectric cooler. It
transfers heat from one side of the device to the other with consump-
tion of electrical energy. TECs are compact and having no moving parts
they offer great potential to enhance the cooling rate of electronic
modules and other electronics [70]. TEC can also be integrated into
electronic packages for their hotspots cooling [71]. Although the
coefficient of performance of a TEC is lower than that of vapor-
compression refrigeration (VCR) system [42], Zebarjadi [72] demon-
strated that in order for electronics cooling applications the thermo-
electric materials need to be of high thermal conductive and of large
power factor. In a different study, Saengchandr and Afzulpurkar [73]
reported a numerical analysis on combined thermoelectric module and
heat pipe-based approach for cooling microprocessors and other
computer chips. They claimed that their proposed cooling system was
of sufficient capacity for cooling 200 W heat dissipation and the
temperature of this combined cooling system was lower than existing
cooling systems.

The cooling concept of a TEC is shown in Fig. 7. The simple working
principle of TEC makes them popular in many applications. The main
component of a TEC is an array of two dissimilar conductors namely P-
and N- type semiconductors. First voltage is applied to the free ends of
the two different conducting elements resulting in current (DC) flow
through the P- and N- semiconductors. The flow of current across the
junction of these two semiconductors generates a temperature differ-
ence. Because of this temperature difference, Peltier cooling causes
heat to be absorbed from the vicinity of the cold plate and to move to
the heat sink end of the device (Fig. 7).

Among the advantages of TEC over vapor-compressors include: no
moving parts, high reliability, environmental friendly and safer due to
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Fig. 7. Thermoelectric cooling concept and schematic.

absence of any refrigerants, small size, and feasibility of cooling below
ambient temperature. Thin film TEC also offers great benefits mainly
due to their dramatic enhancement in cooling power density [74].
Some components in electrical systems and computer such as micro-
processors and power amplifiers are cooled by this cooling technique.

2.2.5. Free cooling

Free cooling is an economic cooling approach (also known as
economizer cycle), which uses low external natural air temperature to
cool mainly data centers or server systems [35,36,75]. It mainly uses
natural cool and humid air into any electronic enclosure (such as data
center) to cool it down. Water is also used in this cooling. If the
environmental air temperature is much lower than that of the data
center, heat can naturally transfer to environment from the data center.
Free cooling is classified into two groups- direct cooling and indirect
cooling.

Based on the cooling flow direction and system used, there are also
three categories of free cooling which are: airside free cooling, water-
side free cooling, and heat pipe free cooling.

Although airside and waterside cooling are well-known, the heat
pipe free cooling is a new type of cooling systems recently getting
popular to cool data center. It works the same as the usual heat pipe
technology. Details about all these free cooling types are provided in a
review article by Zhang et al. [35]. Since free cooling is not usually used
in any other electronic devices or systems, it will not be discussed
further.

2.2.6. PCMs-based cooling

As an emerging passive method PCMs-based cooling has received
great attention in recent years. This is very promising cooling approach
as it can take the heat from the devices and appliances and can store
which can be used in other purposes such as heating homes or offices.
Having numerous advantages including high latent heat of fusion, high
specific heat, controllable temperature stability, and small volume
change during phase change PCMs have been studied for various
applications including electronics cooling [33,43—-46,76,77]. If the heat
output occurs during the phase transition PCMs can absorb very large
quantity of heat without raising temperature.

A new design of heat sink with PCM for cooling of microprocessors
was proposed by Jaworski and Domanski [79] and its thermal
characteristics and performance were also studied numerically. They
showed that a small amount (mass) of PCM in the heat sink can
significantly increase its capability to stabilize microprocessor tem-
perature indicating high potential of PCM-based heat sink for electro-
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Fig. 8. Schematic design of PCM-based heat sink [79].

nics cooling. The schematic design of a simple PCM-based heat sink is
depicted in Fig. 8.

Performances of the PCM-based thermal management systems for
electronic devices along with the thermal properties of PCMs can be
found in a recent review paper [78]. Nevertheless, more extensive
studies are to be conducted and the areas of applications of PCMs in
cooling electronics need to be explored further.

Progress and comparisons of various heat flux removal techniques
can be found in reviews on cooling technologies reported in the
literature e.g., [2,80]. Nevertheless, microchannels based forced con-
vection and phase-change based liquid cooling are among the most
promising technologies that are capable of achieving very high heat
removal rates [38,40,49,60].

3. Conventional and emerging coolants

There are numerous traditional aqueous and non-aqueous coolants,
which are used in various electronics cooling systems. Properties and
selection criteria of these coolants are discussed in this section. As a
new and emerging type of coolants, nanofluids showed great potential
as superior coolants for electronic devices compared to traditional
coolants. Heat transfer properties including thermal conductivity,
convective and boiling heat transfer of nanofluids have also been
briefly reviewed and analyzed here.

3.1. Conventional coolants

There are numbers of cooling fluids widely used in various cooling
applications. Relative magnitudes (approximate) of heat transfer
coefficients of various commonly used coolants and cooling modes
are compared and presented in Fig. 9. As known and demonstrated
(Fig. 9) the relative magnitude of heat transfer coefficient is affected by
both the coolant and the heat transfer mode. Among these conventional
coolants water is the most effective coolant and the boiling and
condensation modes offer the highest heat transfer coefficients.

It is important to select the best coolant for any specific device or
cooling system. There are some general requirements for coolants and
they may vary depending on the type of cooling systems and electronic
devices. As known and discussed in the literature [81,82], the liquid
coolants for electronics must be non-flammable, nontoxic, and in-
expensive with excellent thermophysical properties and features which
include high thermal conductivity, specific heat, and heat transfer
coefficient as well as low viscosity. Besides good chemical and thermal
stability coolants must also be compatible (e.g., non-corrosive) with the
materials of the components of the cooling systems as well as the
devices. In addition, high flash point, boiling point and auto-ignition
temperature are desired together with low freezing point. It is noted
that the selection of a coolant for direct immersion cooling cannot be
made only based on the heat transfer features. Chemical compatibility
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Fig. 9. Range of overall heat transfer coefficients for different fluids and cooling modes.

of the coolant with the chips and other packaging materials must be
considered as well.

As water possesses higher thermal conductivity and specific heat
and lower viscosity compared to other coolants, it is the most widely
used coolant for electronics. However, water is not used in closed loop
systems due to its high freezing point and the expansion upon freezing.

The commonly used conventional coolants for electronics cooling
are mainly classified into two groups: (I) dielectric and (II) non-
dielectric fluids.

(I) Dielectric coolants

There are several types of fluids in this group of coolants, which are
Aromatics, Aliphatics, Silicones, and Fluorocarbons based fluids.

Aromatics based liquids: Due to cheaper and better performance,
alkylated aromatics are most commonly used coolants. Examples of
some aromatics coolants are diethyl benzene (DEB), toluene, benzenes,
and xylene.

Aliphatics based liquids: Aliphatic hydrocarbons of paraffinic and
iso-paraffinic type (including mineral oils) are used in a variety of
direct cooling of electronics. Aliphatic polyalphaolefins (PAO)-based
fluids are also used in some electronics cooling applications.

Silicones based liquids: This is another popular type of coolant
widely known as silicone oils (e.g., Syltherm XLT). The main advantage
of this class of coolants is their properties such as viscosity and freezing
point, which can be controlled by changing the chain length.

Fluorocarbons based fluids: The fluorinert series of electronic
liquids such as FC-40, FC-72, FC-77 and FC-87 are widely accepted
in electronics industries. These liquids are inert, stable, non-flam-
mable, and non-reactive. FC-72 and FC-77 are most commonly used
for electronic cooling applications.

(IT) Non-dielectric coolants

Non-dielectric liquid coolants are often used for electronics cooling
because of their better thermal properties as compared to their
dielectric counterparts. They are normally aqueous solutions and thus
exhibit high thermal conductivity and heat capacity as well as relatively
low viscosity. Water (W), ethylene glycol (EG), and mixture of these
two (W/EG) are very popular and widely used as coolants for many
electronic devices. Some other popular non-dielectric coolants include
propylene glycol (PG), water/methanol, W/ethanol, NaCl solution,
potassium formate (KFO) solution, and liquid metals (e.g., Ga-In-Sn).
Mohapatra and Loikits [81] evaluated that among various coolants
KFO solution possesses the highest overall efficiency.

Table 3 presents several key properties of various commonly used
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Properties of various common liquid coolants (thermophysical properties at room temperature).

Liquids Boiling point at 1 Freezing point Flash point Thermal Specific heat (kJ/ Viscosity Density

atm (°C) (“C) (°C) conductivity kg K) (mPas) (kg/m>)
(W/m K)

Water (W) 100 0 - 0.613 4.18 0.89 1000

Ethylene glycol (EG) 198 -11 125-138 0.26 2.84 19.83 1109

W/EG (50/50 v/v) 107 -37.8 - 0.37 3.285 3.8 1087

W/PG 106 -35 - 0.36 3.40 6.4 1062

(50/50 v/v)

W/methanol 79 -40 26 0.4 3.56 2.0 935

(60/40 w/w)

Aromatic (DEB) 78 <-80 57 0.14 1.7 1 860

Aliphatic (PAO) 346 <-50 >175 0.137 2.15 770

Silicone - -111 42-55 0.11 1.6 1.4 850

(Syltherm XLT)

Fluorocarbon 56 -90 - 0.054 1.09 0.65 1680

(FC-72)

Fluorocarbon 97 <-100 - 0.06 1.17 1.13 1800

(FC-77)

W/KFO - -35 - 0.53 3.2 2.2 1250

(60/40 w/w)

Dynalene HC-30 112 -40 - 0.52 3.1 2.5 1275

Dynalene HC-50 118 -55 - 0.505 2.7 3.2 1340

Ga-In-Sn - -10 - 39 0.365 2.2 6363

dielectric and non-dielectric coolants. Comparisons of properties of
these coolants (Table 3) can help selecting the right coolants. Data of
these properties and other characteristics of variety of coolants can also
be found in the literature [81-83].

3.2. Emerging cooling fluids

As mentioned before, the cooling challenges of modern high heat
generating electronic devices cannot be completely fulfilled by the
above-mentioned conventional coolants due to their inherently poor
thermal properties, which greatly limit their cooling performance. On
the other hand, increasing the thermal properties of these coolants by
dispersing even micro-sized metallic or nonmetallic particles in them
cannot make them suitable for those electronic devices and cooling
systems because they can clog and damage the flow channels besides
rapid settling of these particles inside the channel. Here comes
nanofluids-a new class of heat transfer fluids, which is the suspension
of nanoparticles (NP) in conventional coolants [17,19]. With no
aforementioned limitations and having superior thermal properties
nanofluids can suitably be used and can meet the cooling demands of
modern and small electronic devices [17,21]. This new class of fluids
can also offer immense benefits and potential applications in a wide
range of industrial, electronics, and energy fields [17,19,20].

The impact of nanofluids is great given the cooling performance of
heat exchangers or other cooling systems is vital in many industries.
Results of key heat transfer properties and features related to cooling
performance including thermal conductivity, convective and boiling of
nanofluids are summarized in the following subsections.

Another recently innovated class of fluids is ionanofluids which is
ionic liquid-based nanofluids. Studies showed that ionanofluids also
posses superior thermal properties particularly thermal conductivity
and heat capacity compared to their base ionic liquids [22—-24]. Besides
good thermal stability, thermophysical properties of ionanofluids can
be adjusted by changing the ionic composition and structure of base
ionic liquids. Early research revealed that these new nanofluids showed
great potential as coolants for electronic devices and packages.

3.3. Thermal properties and features of new coolants (nanofluids)
3.3.1. Thermal conductivity

Since thermal conductivity is one of the most important properties
of any cooling fluid, researchers have mostly focused on this key
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property of nanofluids. Nanofluids were also found to exhibit superior
other thermophysical properties such as thermal diffusivity and
viscosity than those of base fluids [13,84-87]. Extensive research
works have been performed on the thermal conductivity of nanofluids,
which was found to be considerably higher than that of their base fluids
[13,14,18,19,84,88-106]. Fig. 10 demonstrates significant enhance-
ments of thermal conductivities of wide variety of nanofluids as a
function of concentration of nanoparticles and the enhanced thermal
conductivities increase further with increasing concentration of nano-
particles. However, results from different research groups are not very
consistent which can also be evidenced from Fig. 10. There are also
controversies regarding heat transfer mechanisms [107]. Nonetheless,
thermal conductivity of nanofluids has been the mostly studied topic
and thus no further discussions on the results and factors behind this
thermal property are made here. As high thermal conductivity is the
most desired feature of any cooling fluid, with such significantly high
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Fig. 10. Enhancement of thermal conductivity of various types of nanofluids as a
function of concentration of nanoparticles.



S.M. Sohel Murshed, C.A. Nieto de Castro

thermal conductivity nanofluids are believed to be able to meet the
cooling demand of high-tech electronics devices and systems.

3.3.2. Convective heat transfer performance

Evaluating convective heat transfer performance of nanofluids is
very important in order for their application as coolants in electronics
and other systems which employ flowing of coolants. Compared to the
studies on thermal conductivity, investigations on convective heat
transfer of nanofluids in various channels or heat exchange systems
are still scarce. Previously author reviewed convective heat transfer of
nanofluids [15] and thus this feature is not discussed in details. Instead
research findings on this area is summarized and its importance in
electronics cooling is highlighted.

Studies revealed that nanofluids exhibit enhanced heat transfer
coefficient (HTC) compared to their base conventional fluids and the
enhanced HTC further increases considerably with increasing loading
of nanoparticles as well as Reynolds number (Re) or flow rate [15,108—
110]. The enhancement of HTC is even more significant at turbulent
regime. Some of the key experimental studies on this heat transfer
mode of nanofluids in various flow systems are briefly summarized
here.

Xuan and Li [111] studied convective heat transfer of Cu/W
nanofluids and Nusselt number (Nu) of this nanofluid was found to
increase significantly with the volumetric concentration of Cu nano-
particles. For instance, Nu of their nanofluid was increased by about
60% at 2 vol% of Cu nanoparticles. Wen and Ding [112] investigated
the heat transfer behavior of nanofluids at the tube's entrance region
under laminar flow conditions and the local HTC was observed to vary
with nanoparticle volume fraction as well as with Re. Heris et al. [113]
studied convective heat transfer of CuO and Al,O3/W-based nanofluids
under laminar flow conditions through an annular tube. Their results
showed that HTC increases with particle volume fraction as well as
Peclet number. Vajjha et al. [114] determined convective heat transfer
and friction factor of three different nanofluids dispersing Al,O3, CuO
and SiO, nanoparticles in EG/W mixture (60/40 by mass) in turbulent
flow regime. Results showed significantly high convective heat transfer
performance of these nanofluids compared to base fluid (EG/W) and
the HTC increases further with increasing concentration of these
nanoparticles and Re as well. For example, a maximum 120% increase
in convective heat transfer coefficient (h) was reported for 10 vol% of
Al,O3, nanoparticle in EG/W mixture. Kumaresana et al. [115]
performed experiments on heat transfer characteristics of EG/W (30/
70 by volume) mixture-based multi-walled carbon nanotubes
(MWCNT) nanofluid in a tubular heat exchanger. The HTC of this
nanofluid was found to increase to a maximum of 160% at only 0.45 vol
% MWCNT.

Faulkner et al. [116] was the first to conduct convective heat
transfer experiments in a microchannel system having hydraulic
diameter of 355 um using CNT/W-nanofluid. At CNT concentration
of 4.4% a considerable enhancement in h of this nanofluid was
observed. Later, Jung et al. [117] studied heat transfer performance
of Al,O3/water-based nanofluid in a rectangular microchannel under
laminar flow condition. They demonstrated that the h increased by
more than 32% for 1.8 vol% of Al,O; nanoparticles and the Nu
increases with increasing Re in the flow regime of 5> Re < 300.
Recently, Sivakumar et al. [118] studied heat transfer characteristics
of microchannel heat sink using different nanofluids including CuO/EG
in laminar flow condition. At 0.3 vol% of CuO nanoparticles the h of
this nanofluid increased astonishingly high from 4050 to 42,000 (W/
m? K) for increasing Re from 100 to 1300 only.

Results from some key studies on convective heat transfer are
summarized and presented in Table 4, which demonstrates signifi-
cantly enhanced convective heat transfer performance of nanofluids
compared to their base fluids which are conventional heat transfer
fluids. Based on an early review of nanofluids for electronic packaging,
Lai et al. [119] concluded that nanofluids based convective heat sinks
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are very promising for electronics package cooling.

From this brief summary of findings on convective heat transfer of
nanofluids it can be conferred that these new fluids can perform better
heat transfer as compared to conventional fluids in any flow conditions
and systems including electronics cooling. However, their convective
cooling performances in various electronic devices need to be assessed
extensively.

3.3.3. Boiling heat transfer performance

Boiling is very efficient mode of heat transfer in various energy
conversion and heat exchange systems as well as cooling of high energy
density electronic components. It is long known that addition of solid
particle in fluid can alter its boiling heat transfer performance [128].
Recently there is an increased research focus on this key-cooling
feature (boiling) of nanofluids. Das et al. [129] reported a survey of
limited studies on particle concentration dependence of pool boiling of
nanofluids. They demonstrated that the enhancement in boiling heat
transfer coefficient (BHTC) is mainly at lower particle concentrations.
Reviews on nanofluids boiling heat transfer studies [15,16,129-132]
conferred that despite some inconsistent results there is undisputed
substantial increase (up to few times of base fluids) in the boiling
critical heat flux (CHF) of nanofluids. It was also reported that the
boiling performance of nanofluids can be enhanced further with
increasing nanoparticle concentration and changing various other
factors including deposition of nanoparticles on heater wall, roughness
of wall surface, and addition of surfactant [133—135]. Nevertheless, the
enhanced boiling heat transfer performance of nanofluids demon-
strates that they can be used as advanced coolants in numerous
applications including electronics cooling.

Representative results [133,134,136-141] on boiling critical heat
flux of various nanofluids are presented in Fig. 11, which confirms
substantial increase in CHF of nanofluids with loading of nanoparticles.
It also shows that the CHF of some nanofluids increased until certain
concentration and then decreased with further increase the loading of
nanoparticles. This indicates that for each of these nanofluids, there
might be a critical concentration beyond which nanofluids may not
perform better in boiling heat transfer.

4. Application of new fluids (nanofluids) in electronics
cooling

Because of very compact, lightweight and superior cooling perfor-
mance, extensive research works have been performed on the applica-
tion of microchannel-based cooling systems (e.g., heat sinks) in
electronics cooling [38,39,61,108,142]. Since the convective heat
transfer is inversely proportional to the hydraulic diameter of the
channel, very high heat transfer performance can be achieved by using
microchannel in any flow regime. However, the main limitation of
microchannel cooling performance actually comes from the low heat
transfer capability of conventional cooling fluids. In this regards,
nanofluids with superior heat transfer capability can considerably
increase the heat removal performance of microchannel cooling
systems.

Number of research efforts have been made where nanofluids were
directly employed in cooling systems of commercial electronic or
computing devices to evaluate the cooling performance of these new
fluids. The results of these studies were promising as nanofluids in
those cooling systems resulted better cooling performance as compared
to conventional cooling fluids.

Nguyen et al. [143] numerically investigated heat transfer perfor-
mance of two nanofluids (yAl,O3/W and yAl,O3/EG) for cooling
microprocessors of high heat output. The convective heat transfer
coefficient of these nanofluids was reported to increase substantially
with nanoparticle volumetric loading and/or the flow rate (Re), which
resulted in considerable decrease in the maximum junction tempera-
ture of the microprocessors. Later, the same group [144] conducted
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Table 4
Summarized key results on forced convection heat transfer studies of nanofluids.
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Nanofluids and Reference Geometry/flow nature

Findings

A large increase in h with Cu vol% and Re.

h increases with Al,O3 vol% and Re.

h increased by 350% at 0.5 wt% and Re=800.

h increases with NP vol% and Pe. Al,O3 shows higher increment than CuO.

h increased 15% for 1.8 vol% of Al,Os3.

Nu increased 13% at 0.8 vol% of TiO, and Re=1100.

h increased significantly with NP loading.

h increased up to 40% at 10 vol% of SiO, and Re=3200

h increased only up to 8% at Re=730 for 0.3 vol% of Al,O3.

h increased up to 252% at Re=1000 for MgO/water.

h increased up to 40% at 0.25 wt% of MWCNT.

At Re=10,000, h was 29% greater for SiO,, 40% for Al,O3, and 43% for CuO nanofluids over
the base fluid.

At Re=1700 and 0.7 vol% of Al,O3, Nu of W and W/EG increased about 14% and 15%,
respectively.

For 0.3 vol% of CuO, h increased from 4048 to 42,022 for increasing Re from 100 to 1300.

Cu/W [111] Tube/turbulent
Al,O3/W [112] Tube/laminar
CNT/W [120] Tube/laminar
Al,O3/W and CuO/W [113] Tube/laminar
Al,O3/W [117] Rectangular microchannel/laminar
TiOo/W [121] Minichannel/laminar
Al,O3/W and ZrO,/W [122] Tube/turbulent
Si0,/W+EG (60:40 w/w) [123] Tube/turbulent
Al,O3/W [124] Tube/laminar
Al,03, ZnO, TiO, and MgO/W [125] Tube/laminar
MWCNT/W [126] Tube/laminar and turbulent
Al,03, CuO and SiO2/EG+W (60:40) [114] Tube/turbulent
Al,O03/W and W+EG (50/50 v/v) [127] Tube/laminar
CuO/EG [118] Microchannel/laminar
| @ ALO/WI[I33]
@ ALO/W[136] °
200 91 5 Tioyw(137] A
X .
< | o TioyW[134] °
g 1 @ ALO/W[134] A
g 150 A CNT/W+PVP [138] A
e @ ALO/W+PVP[139]
s 1 v CuO/w[140] v
S 1 v ZnO/EG [141] N v
w v
T 100 1 B
. 3t
E 50 'V' [ M
3 § O v
e ® ov
9 : v
10°¢ 10 10 107 10 10! 10° 10!

Nanoparticles concentration (vol.%)

Fig. 11. Boiling critical heat flux of various nanofluids as a function of concentration of
nanoparticles.

another similar study evaluating the cooling performance of nanofluids
(Al,03/W) in commercial water block system used for CPU cooling. For
a certain flow rate (0.06 kg/s) the maximum block temperature was
reduced from 40.9 °C to 37.3°C due to increasing nanoparticle
volumetric concentration from 0 (pure water) to 6.8%. Thus nanofluids
showed enhanced cooling performance in this cooling system and the
enhancement further increased with increasing nanoparticle loading.

Roberts and Walker [145] investigated heat transfer performance of
Al>03/W nanofluids in a commercially available electronics cooling
system, which was a water block used for liquid cooling of a CPU. The
convective heat transfer coefficient in the straight heated tube was
found to increase up to 18% over that of the base water. They
concluded that nanofluids can be used in commercial and industrial
cooling based applications.

For the purpose of cooling electronics, a combined experimental
and numerical study with aqueous silica-nanofluids in microchannel
heat sink was performed by Escher [146]. For a constant Re, they
reported an increase in Nu with increasing nanoparticle concentration.

The effect of the flow rate of three nanofluids (i.e., SiO», Al,O3 and
TiO, nanoparticles dispersed in different compositions of a mixture of
water and EG) in the cooling process of microchips was studied by
Rafati et al. [147]. The enhanced cooling of the microchip (i.e., a
considerable reduction of the operating temperature of processor) was
observed due to using nanofluids. An increase in the flow rate of
nanofluids resulted in noticeable decrease in the processor tempera-
ture.

830

jam and Saidur [148] performed mathematical analysis of two
nanofluids as coolants in minichannel heat sink at turbulent flow
regime. Their analysis showed that instead of water using aqueous SiC
and TiO» nanofluids in microchannel heat sink a maximum 12.77%
enhancement of heat flux could be achieved.

The heat transfer performance of aqueous and EG-based Al,O3 and
CNT nanofluids in a CPU cooling system was experimentally evaluated
by Nazari et al. [149]. Results were compared with the cooling
performances of these base fluids (W and EG) and the CPU tempera-
ture was found to decrease about 20% and 22% for using Al,O3 and
CNT nanofluids, respectively. Turgut and Elbasan [150] also studied
thermal performance of the same Al,O3/W nanofluids in a similar
commercial electronic (CPU) cooling unit as previously reported by
other researchers [144,145]. Their results showed about 2.7 °C de-
crease of system temperature due to adding 1 vol% of Al,O3 nanopar-
ticle in water. In recent years, there is a growing research interest on
the application of nanofluids in heat pipes based cooling and numbers
of numerical and experimental studies have been reported in the
literature [151-154]. Among the early researchers in this area, Tsai
et al. [155] and Ma et al. [156] demonstrated that the cooling
performance of an oscillating heat pipe can significantly be improved
by charging nanofluids into it. Yulong et al. [157] also found that
changing Al,O3/EG+W (50/50 by vol.) nanofluid in an oscillating heat
pipe significantly increases the heat transfer performance and the
enhancement depends on the shape and volume fraction of nanopar-
ticles.

Nanofluids have also been used in thermosyphon heat pipes. For
example, Gabriela et al. [158] performed experiments with aqueous
iron-oxide (y-FeoOs) nanofluids in an inclined thermosyphon heat
pipe. They observed that addition of 5.3% (by volume) of nanoparticles
in water improved the cooling performance considerably and con-
cluded that this nanofluid has great potential as working fluids for
thermosyphon heat pipes. Yang and Liu [159] employed functionalized
nanofluid in thermosyphon and showed that the evaporating heat
transfer coefficient can be enhanced.

Yousefi et al. [160] studied heat transfer performance of a CPU
cooling heat pipe using nanofluids. Employing a 0.5 wt% Al,O3/W
nanofluid in a CPU heat pipe the thermal resistance was found to
decrease considerably (22%). This indicates that this nanofluid can
perform better as compared to its base fluid (i.e., water) in cooling
CPU.

Liu and Li [151] summarized available studies on the application of
nanofluids in heat pipes. Their survey revealed that most of studies
reported considerable enhancement in heat transfer (cooling) of heat
pipes using nanofluids. The relative reduction of the total thermal
resistance for various heat pipes with nanofluids was also reported.
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Another review on nanofluids in heat pipes also showed that nanofluids
can considerably enhance the thermal efficiency and can reduce the
thermal resistance of heat pipes as compared to traditional fluids [152].
The results from the literature studies indicate that application of
nanofluids in heat pipes has great potential in the filed of electronics
cooling.

All these studies demonstrated that nanofluids perform better heat
transfer (cooling) in electronic cooling systems.

5. Concluding remarks

Despite good progress been made during the past decades electro-
nic and semiconductor industries are still facing some serious technical
challenges to deal with the thermal management of their high
performance electronics products and devices. This is mostly related
to conventional cooling approaches and coolants, which are increas-
ingly falling short in meeting the ever-increasing cooling demand of
high heat generating electronic devices and microprocessors. However,
most of the electronics devices and appliances employ these conven-
tional cooling techniques. Thus, high performance electronics products
(e.g., chips, devices etc.) need innovative mechanism, techniques, and
coolants with high heat transfer performance in order to sufficiently
remove their generated heat for expected performance and durability.
Studies revealed that the heat pipes and the forced convection in
microchannels-cooling systems are the most promising technologies
for electronics cooling.

On the other hand, as a new class of coolants nanofluids exhibit
significantly higher thermal features such as thermal conductivity,
convective and boiling heat transfer compared to their base conven-
tional fluids. These demonstrate that nanofluids are better coolants
than their conventional counterparts. In addition, results from the
limited studies on application of nanofluids also confirmed that this
emerging class of fluids performed better as coolants for electronic
devices compared to conventional coolants. Nevertheless, it is still of
great importance to apply nanofluids in wide range of electronics
cooling systems and to assess their applicability and performance.

The emerging cooling techniques like microchannels systems
together with these novel fluids can substantially increase their heat
removal performance and can meet the cooling needs of those high-
heat generating electronic devices. Thus nanofluids - based micro-
channels can be a next generation electronics cooling technology.
However, more extensive studies are to be performed for their
realization and commercial scale applications in electronics industries.

Acknowledgement

This work was partially supported by the Fundacdo para a Ciéncia e
Tecnologia (FCT), Portugal through grants SFRH/BPD/102518/2014
and UID/QUI/ 0100/2013.

References

(1]
(2]

Electronics manufacturing initiative technology roadmap. iNEMI; 2004.

Agostini B, Fabbri M, Park JE, Wojtan L, Thome JR, Michel B. State of the art of
high heat flux cooling technologies. Heat Transf Eng 2007;28:258-81.

Cengel YA. Heat transfer: a practical approach. New York: McGraw—Hill; 2003.
Williams C. MGMT?®. 4LTR Press, Boston; 2015.

Moore GE. Cramming more components onto integrated circuits. Proc IEEE
1998;86(1):82-5.

The international technology roadmap for semiconductors (ITRS). Semiconductor
Industry Association; 2006.

Reliability prediction of electronic equipment. U.S. Department of Defense, MIL-
HDBK-2178B, NTIS, Springfield, VA; 1974.

Pedram M, Nazarian S. Thermal modeling, analysis, and management in VLSI
circuits: principles and methods. Proc IEEE 2006;94:1487-518.

Black JR. Electromigration-a brief survey and some recent results. IEEE Trans
Electron Devices 1969:338—47.

Fallah F, Pedram M. Standby and active leakage current control and minimization
in CMOS VLSI circuits. IEICE Trans Electron (Special section on low-power LSI
and low-power IP); E88-C(4); 2005. p. 509-19.

[3]
[4]
(5]
(6]

[7

=

[8]

[9

—

[10]

[11]
[12]
[13]

[14]

[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]
[31]

[32]

[33]

[34]

[35]
[36]

[37]

[38]
[39]
[40]

[41]

[42]
[43]
[44]

[45]

Renewable and Sustainable Energy Reviews 78 (2017) 821-833

Leslie SG. Cooling options and challenges of high power semiconductor modules.
Electron Cool 2006.

Lasance C, Simons R. Advances in high performance cooling for electronics.
Electron Cool 2005;11(4):22—-39.

Murshed SMS, Leong KC, Yang C. Thermophysical and electrokinetic properties of
nanofluids-a critical review. Appl Therm Eng 2008;28:2109-25.

Yu W, France DM, Routbort JL, Choi SUS. Review and comparison of nanofluid
thermal conductivity and heat transfer enhancements. Heat Transf Eng
2008;29:432-60.

Murshed SMS, Nieto de Castro CA, Lourenco MJV, Lopes MLM, Santos FJV. A
review of boiling and convective heat transfer with nanofluids. Renew Sustain
Energy Rev 2011;15:2342-54.

Murshed SMS, Nieto de Castro CA. Boiling heat transfer and droplet spreading of
nanofluids. Recent Pat Nanotechnol 2013;7:216-23.

Murshed SMS, Nieto de Castro CA. Nanofluids: synthesis, properties and
applications. New York: Nova Science Publishers; 2014.

Murshed SMS, Nieto , de Castro CA. Superior thermal features of carbon
nanotubes based nanofluids-a review. Renew Sustain Energy Rev
2014;37:155-67.

Choi SUS, Zhang ZG, Keblinski P. Nanofluids. In: Nalwa HS, editor. Encyclopedia
of nanoscience and nanotechnology. American Scientific Publishers, Los Angeles;
2004. p. 757-73.

Wong KV, De Leon O. Applications of nanofluids: current and future. Adv Mech
Eng 2010;2010:11.

Murshed SMS, Nieto de Castro CA. Nanofluids as advanced coolants. In:
Mohammad A, Inamuddin , editors. Green solvents I: properties and applications
in chemistry. London: Springer; 2012. p. 397-415.

Nieto de Castro CA, Lourengo MJV, Ribeiro APC, Langa E, Vieira SIC, Goodrich P,
Hardacre C. Thermal properties of ionic liquids and ionanofluids of imidazolium
and pyrrolidinium liquids. J Chem Eng Data 2010;55(2):653—61.

Nieto de Castro CA, Murshed SMS, Louren¢o MJV, Santos FJV, Lopes MLM,
Franca JMP. Enhanced thermal conductivity and heat capacity of carbon
nanotubes-ionanofluids. Int J Therm Sci 2012;62:34-9.

Franca JMP, Vieira SIC, Lourenco MJV, Murshed SMS, Nieto de Castro CA.
Thermal conductivity of ionanofluids of [C4mim][NTf,] and [Comim][EtSO4] with
carbon nanotubes. Experiment and theory. J Chem Eng Data 2013;58:467-76.
Nieto de Castro CA, Ribeiro APC, Vieira SIC, Lourenco MJV, Santos FJV, Murshed
SMS, Goodrich P, Hardacre C. Synthesis, properties and physical applications of
ionanofluids. In: Kadokawa J, editor. Ionic liquids-new aspects for the future.
Rijeka: InTech; 2013. p. 165-93.

Nieto de Castro CA, Murshed SMS, Louren¢o MJV, Santos FJV, Lopes MLM,
Franca JMP. Ionanofluids—new heat transfer fluids for green process develop-
ment. In: Ali M, Inamuddin , editors. Green solvents I: properties and applications
in chemistry. London: Springer; 2012. p. 233—-49.

Scott WA. Cooling of electronic equipment. New York: John Wiley and Sons; 1974.
Mongia R, Masahiro K, DiStefano E, Barry J, Chen W, Izenson M, et al. Small scale
refrigeration system for electronics cooling within a notebook computer. In:
Proceedings of the 10th intersociety conference on thermal and thermomechanical
phenomena in electronics systems. USA; 2006. p. 751-8.

Kim YJ, Joshi YK, Fedorov AG. An absorption miniature heat pump system for
electronics cooling. Int J Refrig 2008;31(1):23-33.

Azar K. Thermal managements in electronic cooling. Florida: CRC Press; 1997.
Lasance CJM. Advances in high-performance cooling for electronics. Electron Cool
2005.

Anandan SS, Ramalingam V. Thermal management of electronics: a review of
literature. Therm Sci 2008;12(2):5-26.

Pal A, Joshi YK, Beitelmal MH, Patel CD, Wenger TM. Design and performance
evaluation of a compact thermosyphon. IEEE Trans Compon Packag Technol
2002;25(4):601-7.

Maydanik YF, Vershinin SV, Korukov MA, Ochterbeck JM. Miniature loop heat
pipes-a promising means for electronics cooling. IEEE Trans Compon Packag
Technol 2005;28(2):290-6.

Zhang H, Shao S, Xu H, Zou H, Tian . Free cooling of data centers: a review.
Renew Sustain Energy Rev 2014;35:171-82.

Capozzoli A, Primiceri G. Cooling systems in data centers: state of art and
emerging technologies. Energy Proc 2015;83:484-93.

Jiang L, Mikkelsen J, Koo JM, Huber D, Yao S, Zhang L, et al. Closed-loop
electroosmotic microchannel cooling system for VLSI circuits. IEEE Trans
Compon Packag Technol 2002;25(3):347-55.

Wei Y, Joshi YK. Stacked microchannel heat sinks for liquid cooling of micro-
electronic components. J Electron Packag 2004;126:60—6.

Garimella SV, Singhal V, Liu D. On-chip thermal management with microchannel
heat sinks and integrated micropumps. Proc IEEE 2006;94(8):1534—48.
Garimella SV. Micropumping technologies for electronics cooling. Electron Cool
2006.

Bintoro JS, Akbarzadeh A, Mochizuki M. A closed-loop electronics cooling by
implementing single phase impinging jet and mini channels heat exchanger. Appl
Therm Eng 2005;25:2740-53.

Simons RE. Application of thermoelectric coolers for module cooling enhance-
ment. Electron Cool 2000.

Tan FL, Tso CP. Cooling of mobile electronic devices using phase change
materials. Appl Therm Eng 2004;24(2-3):159-69.

Kandasamy R, Wang XQ, Mujumdar AS. Application of phase change materials in
thermal management of electronics. Appl Therm Eng 2007;24(17-18):2822-32.
Kandasamy R, Wang XQ, Mujumdar AS. Transient cooling of electronics using
phase change material (PCM)-based heat sinks. Appl Therm Eng


http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref1
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref1
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref2
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref3
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref3
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref4
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref4
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref5
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref5
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref6
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref6
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref7
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref7
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref8
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref8
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref9
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref9
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref9
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref10
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref10
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref10
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref11
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref11
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref12
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref12
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref13
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref13
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref13
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref14
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref14
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref15
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref15
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref15
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref16
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref16
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref16
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref17
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref17
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref17
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref18
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref18
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref18
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref19
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref19
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref19
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref19
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref20
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref20
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref20
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref20
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref21
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref22
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref22
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref23
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref24
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref24
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref25
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref25
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref26
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref26
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref26
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref27
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref27
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref27
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref28
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref28
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref29
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref29
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref30
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref30
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref30
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref31
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref31
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref32
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref32
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref33
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref33
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref34
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref34
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref34
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref35
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref35
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref36
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref36
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref37
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref37
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref38
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref38

S.M. Sohel Murshed, C.A. Nieto de Castro

[46]

[47]

[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]

[60]

[61]
[62]
[63]

[64]

[65]

[66]

[67]
[68]

[69]

[70]

[71]
[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

2008;28:1047-57.

Baby R, Balaji C. Thermal management of electronics using phase change material
based pin fin heatsinks. J Phys: Conf Ser 2012:012134.

Mochizuki M, Nguyen T, Mashiko K, Saito Y, Nguyen T, Wuttijumnong V. A
review of heat pipe application including new opportunities. Front Heat Pipe
2011;2:013001.

Faghri A. Heat pipe science and technology. Washington, D.C.: Taylor & Francis;
1995.

Faghri A. Review and advances in heat pipe science and technology. J Heat Transf
2012;134(12):123001.

Chang YW, Cheng CH, Wang JC, Chen SL. Heat pipe for cooling of electronic
equipment. Energy Convers Manag 2008;49(11):3398-404.

El-Nasr AA, El-Haggar SM. Effective thermal conductivity of heat pipes. Heat
Mass Transf 1996;32(1):97-101.

Garner SD. Heat pipes for electronics cooling applications. Electron Cool
1996;2(3).

Chen X, Ye H, Fan X, Ren T, Zhang G. A review of small heat pipes for electronics.
Appl Therm Eng 2016;96:1-17.

Chi SW. Heat pipe theory and practice. Washington: Hemisphere Publishing
Corporation; 1976.

Kim YJ, Joshi YK, Fedorov AG. An absorption based miniature heat pump system
for electronics cooling. Int J Refrig 2008;31:23-33.

Chua KJ, Chou SK, Yang WM. Advances in heat pump systems: a review. Appl
Energy 2010;87:3611-24.

Tuckerman D, Pease R. High-performance heat sinking for VLSI. IEEE Electron
Device Lett 1981;2(5):126-9.

Detlef W, Kurt WR, James B. Microchannel heat exchangers—emerging technol-
ogies. ASHRAE J 2003:107-9.

Kandlikar SG. High heat flux removal with microchannels — a roadmap of
challenges and opportunities. Heat Transf Eng 2005;26(8):5-14.

Kandlikar SG, Colin S, Peles Y, Garimella S, Pease RF, Brandner JJ, Tuckerman
DB. Heat transfer in microchannels—2012 status and research needs. J Heat
Transf 2013;135:091001.

Khan MG, Fartaj A. A review on microchannel heat exchangers and potential
applications. Int J Energy Res 2011;35:553—-82.

Ohadi MM, Choo K, Dessiatoun S, Cetegen E. Next generation microchannel heat
exchangers. London: Springer; 2013.

Colgan , et al. A practical implementation of silicon microchannel coolers for high
power chips. IEEE Trans Compon Packag Technol 2007;30(2):218-25.
Kandilikar S, Upadhye H. Extending the heat flux limit with enhanced micro-
channels in direct single-phase cooling of computer chips. In: Proceedings of 21st
semitherm symposium. USA; 2005. p. 8-15.

Dix J, Jokar A, Martinsen R. A microchannel heat exchanger for electronics
cooling applications. In: Proceedings of 6th International conference on nano-
channels, microchannels and minichannels. Germany; 2008.

Abdoli A, Dulikravich GS, Vasquez G, Rastkar S. Thermo-fluid-stress-deformation
analysis of two-layer microchannels for cooling chips with hot spots. J Electron
Packag 2015;137(3):031003.

Atienza D. Thermal-aware design for 3D multi-processors. Flash Inform
2010;10:34-7.

Qu W, Mudawar I. Measurement and correlation of critical heat flux in two-phase
microchannel heat sinks. Int J Heat Mass Transf 2004;47:2045-59.

Yao S, Lu YW, Kandlikar SG. Pool boiling heat transfer enhancement through
nanostructures on silicon microchannels. ASME J Nanotechnol Eng Med
2012;3:031002.

Simons RE, Chu RC. Application of thermoelectric cooling to electronic equip-
ment: a review and analysis. In: Proceedings of the 16th Annual IEE semicon-
ductor thermal measurement and management symposium. USA; 2000. p.1-9.
Seifert W, Pluschke V, Hinsche NF. Thermoelectric cooler concepts and the limit
for maximum cooling. J Phys Condens Matter 2014;26:255803.

Zebarjadi M. Electronic cooling using thermoelectric devices. Appl Phys Lett
2015;106:203506.

Saengchandr B, Afzulpurkar NV. A novel approach for cooling electronics using a
combined heat pipe and thermoelectric module. Am J Eng Appl Sci
2009;2(4):603-10.

Vandersande JW, Fleurial JP. Thermal management of power electronics using
thermoelectric coolers. In: Proceedings of the 15th International conference on
thermoelectrics. USA; 1996. p. 252-5.

Ebrahimi K, Jones GF, Fleischer AS. A review of data center cooling technology,
operating conditions and the corresponding low-grade waste heat recovery
opportunities. Renew Sustain Energy Rev 2014;31:622-38.

Krishnan S, Garimella SV, Kang SS. A novel hybrid heat sink using phase change
materials for transient thermal management of electronics. IEEE Trans Compon
Packag Technol 2005;28:281-9.

Wang S, Baldea M. Storage-enhanced thermal management for mobile devices. In:
Proceedings of American control conference. ACC2013, USA; 2013. p. 5344-9.
Ling Z, Zhang Z, Shi G, Fang X, Wang L, Gao X, Fang Y, Xu T, Wang S, Liu X.
Review on thermal management systems using phase change materials for
electronic components, Li-ion batteries and photovoltaic modules. Renew Sustain
Energy Rev 2014;31:427-38.

Jaworski M, Domanski R. A novel design for heat sink with PCM for electronic
cooling. In: Proceedings of the 10th International conference on thermal energy
storage. Stockton; 31 May—2 June 2006.

Ebadian MA, Lin CX. A review of high-heat-flux heat removal technologies. J Heat
Transf 2011;133(11):110801.

Mohapatra S, Loikits D. Advances in liquid coolant technologies for electronics

832

[82]
[83]
[84]

[85]

[86]
[87]
[88]
[89]

[90]

[91]

[92]

[93]
[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]
[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

Renewable and Sustainable Energy Reviews 78 (2017) 821-833

cooling. In: Proceedings of the 21st IEEE semiconductor thermal measurement
and management symposium. USA; 2005. p. 354-60.

Mohapatra SC. An overview of liquid coolants for electronics cooling. Electron
Cool; 2006.

Simons RE. Direct liquid immersion cooling for high power density microelec-
tronics. Electron Cool 1996.

Murshed SMS, Leong KC, Yang C. Investigations of thermal conductivity and
viscosity of nanofluids. Int J Therm Sci 2008;47:560—8.

Murshed SMS, Leong KC, Yang C. Determination of the effective thermal
diffusivity of nanofluids by the double hot-wire technique. J Phys D: Appl Phys
2006;39:5316-22.

Murshed SMS. Determination of effective specific heat of nanofluids. J Exp
Nanosci 2011;6:539-46.

Murshed SMS. Simultaneous measurement of thermal conductivity, thermal
diffusivity, and specific heat of nanofluids. Heat Transf Eng 2012;33(8):722-31.
Murshed SMS, Leong KC, Yang C. Enhanced thermal conductivity of TiO,-water
based nanofluids. Int J Therm Sci 2005;44:367-73.

Younes H, Christensen G, Li D, Hong H, Ghaferi AA. Thermal conductivity of
nanofluids: review. J Nanofluid 2015;4(2):107-32.

Eastman JA, Choi SUS, Li S, Thompson LJ. Enhanced thermal conductivity
through the development of nanofluids. In: Proceedings of the symposium:
nanophase and nanocomposite materials II. USA; 1997. p. 3—11.

Esfe MH, Karimipour A, Yan WM, Akbari M, Safaei MR, Dahari M. Experimental
study on thermal conductivity of ethylene glycol based nanofluids containing
Al,O3 nanoparticles. Int J Heat Mass Transf 2015;88:728-34.

Xie H, Lee H, Youn W, Choi M. Nanofluids containing multiwalled carbon
nanotubes and their enhanced thermal conductivities. J Appl Phys
2003;94:4967-71.

Hwang Y, Park HS, Lee JK, Jung WH. Thermal conductivity and lubrication
characteristics of nanofluids. Curr Appl Phys 2006;6S1:e67—-e71.

Assael MJ, Metaxa IN, Kakosimos K, Constantinou D. Thermal conductivity of
nanofluids-experimental and theoretical. Int J Thermophys 2006;27:999-1016.
Wang Y, Fisher TS, Davidson JL, Jiang L. Thermal conductivity of nanoparticle
suspensions. In: Proceedings of the 8th ATAA/ASME joint thermophysics and heat
transfer conference. USA; 2002.

Reddy MCS, Rao VV. Experimental studies on thermal conductivity of blends of
ethylene glycol-water-based TiO» nanofluids. Int Commun Heat Mass Transf
2013;46:31-6.

Eastman JA, Choi SUS, Li S, Yu W, Thompson LJ. Anomalously increased effective
thermal conductivities of ethylene glycol-based nanofluids containing copper
nanoparticles. Appl Phys Lett 2001;78:718-20.

Xuan Y, Li Q, Hu W. Aggregation structure and thermal conductivity of
nanofluids. AIChE J 2003;49:1038-43.

Kulkarni DP, Namburu PK, Das DK. Comparison of heat transfer rates of different
nanofluids on the basis of the Mouromtseff number. Electron Cool
2007;13(3):28-32.

Zennifer MA, Manikandan S, Sughanti KS, Vinodhan VL, Rajan KS. Development
of CuO-ethylene glycol nanofluids for efficient energy management: assessment of
potential for energy recovery. Energy Convers Manag 2015;105:685—-96.

Kim SH, Choi SR, Kim D. Thermal conductivity of metal-oxide nanofluids: particle
size dependence and effect of laser irradiation. J Heat Transf 2007;129:298-307.
Vajjha RS, Das DK. Experimental determination of thermal conductivity of three
nanofluids and development of new correlations. Int J Heat Mass Transf
2009;52:4675-82.

Xie H, Wang J, Xi T, Liu Y. Thermal conductivity of suspensions containing
nanosized SiC particles. Int J Thermophys 2002;23:571-80.

Hong KS, Hong TK, Yang HS. Thermal conductivity of Fe nanofluids depending
on the cluster size of nanoparticles. Appl Phys Lett 2006;88:031901.

Gallego MJP, Lugo L, Legido JL, Pineiro MM. Enhancement of thermal
conductivity and volumetric behavior of Fe,O, nanofluids. J Appl Phys
2011;110:014309.

Mary EEJ, Suganthi KS, Manikandan S, Anusha N, Rajan KS. Cerium oxide
ethylene glycol nanofluids with improved transport properties: preparation and
elucidation of mechanism. J Taiwan Inst Chem Eng 2015;49:183-91.

Murshed SMS. Correction and comment on “thermal conductance of nanofluids:
is the controversy over?”. J Nanopart Res 2009;11:511-2.

Mohammed HA, Bhaskaran G, Shuaib NH, Saidur R. Heat transfer and fluid flow
characteristics in microchannels heat exchanger using nanofluids: a review.
Renew Sustain Energy Rev 2011;15:1502-12.

Murshed SMS, Nieto de Castro CA. Forced convective heat transfer of nanofluids
in minichannel. In: Ahsan A, editor. Two phase flow, phase change and numerical
modeling. Rijeka: InTech; 2011. p. 419-34.

Hussein AM, Sharma KV, Bakar RA, Kadirgama K. A review of forced convection
heat transfer enhancement and hydrodynamic characteristics of a nanofluid.
Renew Sustain Energy Rev 2014;29:734-43.

Xuan Y, Li Q. Investigation on convective heat transfer and flow features of
nanofluids. J Heat Transf 2003;125(1):151-5.

Wen D, Ding Y. Experimental investigation into convective heat transfer of
nanofluids at the entrance region under laminar flow conditions. Int J Heat Mass
Transf 2004;47(24):5181-8.

Heris SZ, Etemad SG, Esfahany MS. Experimental investigation of oxide nano-
fluids under laminar flow convective heat transfer. Int Commun Heat Mass Transf
2006;33(4):529-35.

Vajjha RS, Das DK, Kulkarni DP. Development of new correlations for convective
heat transfer and friction factor in turbulent regime for nanofluids. Int J Heat
Mass Transf 2010;53:4607-18.


http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref38
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref39
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref39
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref40
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref40
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref40
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref41
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref41
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref42
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref42
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref43
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref43
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref44
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref44
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref45
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref45
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref46
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref46
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref47
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref47
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref48
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref48
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref49
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref49
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref50
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref50
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref51
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref51
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref52
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref52
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref53
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref53
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref53
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref54
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref54
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref55
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref55
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref56
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref56
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref57
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref57
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref57
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref58
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref58
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref59
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref59
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref60
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref60
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref60
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref61
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref61
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref62
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref62
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref63
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref63
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref63
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref64
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref64
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref64
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref65
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref65
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref65
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref66
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref66
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref66
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref66
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref67
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref67
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref68
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref68
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref69
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref69
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref70
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref70
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref70
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref71
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref71
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref72
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref72
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref73
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref73
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref74
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref74
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref75
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref75
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref75
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref76
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref76
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref76
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref77
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref77
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref78
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref78
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref79
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref79
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref79
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref80
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref80
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref80
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref81
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref81
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref82
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref82
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref82
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref83
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref83
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref83
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref84
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref84
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref85
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref85
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref85
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref86
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref86
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref87
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref87
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref88
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref88
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref88
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref89
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref89
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref89
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref90
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref90
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref91
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref91
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref91
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref92
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref92
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref92
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref93
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref93
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref93
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref94
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref94
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref95
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref95
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref95
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref96
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref96
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref96
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref97
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref97
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref97

S.M. Sohel Murshed, C.A. Nieto de Castro

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]
[129]
[130]
[131]
[132]
[133]
[134]

[135]

[136]

Kumaresana V, Velraj R, Das SK. Convective heat transfer characteristics of
secondary refrigerant based CNT nanofluids in a tubular heat exchanger. Int J
Refrig 2012;35:2287-96.

Faulkner D, Rector DR, Davison JJ, Shekarriz R. Enhanced heat transfer through
the use of nanofluids in forced convection. In: Proceedings of ASME international
mechanical engineering congress and exposition. IMECE2004; USA. 2004. p.
219-24.

Jung JY, Oh HS, Kwak HY. Forced convective heat transfer of nanofluids in
microchannels. Int J Heat Mass Transf 2009;52(1-2):466—72.

Sivakumar A, Alagumurthi N, Senthilvelan T. Effect of serpentine grooves on heat
transfer characteristics of microchannel heat sink with different nanofluids. Heat
Transf Asian Res 2015. http://dx.doi.org/10.1002/htj.21206.

Lai WY, Duculescu B, Phelan PE. A review of convective heat transfer with
nanofluids for electronics packaging. In: Proceedings of the 10th Intersociety
conference on thermal and thermomechanical phenomena in electronics systems.
USA; 2006. p.1240-4.

Ding Y, Alias H, Wen D, Williams AR. Heat transfer of aqueous suspensions of
carbon nanotubes. Int J Heat Mass Transf 2006;49(1-2):240-50.

Murshed SMS, Leong KC, Yang C, Nguyen NT. Convective heat transfer
characteristics of aqueous TiO» nanofluids under laminar flow conditions. Int J
Nanosci 2008;7:325-31.

Williams W, Buongiorno J, Hu LW. Experimental investigation of turbulent
convective heat transfer and pressure loss of alumina/water and zirconia/water
nanoparticle colloids (nanofluids) in horizontal tubes. J Heat Transf
2008;130(4):1-7.

Kulkarni DP, Namburu PK, Bargar HE, Das DK. Convective heat transfer and fluid
dynamic characteristics of SiO, ethylene glycol/water nanofluid. Heat Transf Eng
2008;29:1027-35.

Hwang KS, Jang SP, Choi SUS. Flow and convective heat transfer characteristics
of water-based Al,O3 nanofluids in fully developed laminar flow regime. Int J Heat
Mass Transf 2009;52(1-2):193-9.

Xie H, Li Y, Yu W. Intriguingly high convective heat transfer enhancement of
nanofluid coolants in laminar flows. Phys Lett A 2010;374(25):2566—8.
Amrollahi A, Rashidi AM, Lotfi R, Meibodi ME, Kashefi K. Convection heat
transfer of functionalized MWNT in aqueous fluids in laminar and turbulent flow
at the entrance region. Int Commun Heat Mass Transf 2010;37(6):717-23.
Mojarrad MS, Keshavarz A, Ziabasharhagh M, Raznahan MM. Experimental
investigation on heat transfer enhancement of alumina/water and alumina/
water—ethylene glycol nanofluids in thermally developing laminar flow. Exp
Therm Fluid Sci 2014;53:111-8.

Yang YM, Maa JR. Boiling of suspension of solid particles in water. Int J Heat
Mass Transf 1984;27:145-7.

Das SK, Narayan GP, Baby AK. Survey on nucleate pool boiling of nanofluids: the
effect of particle size relative to roughness. J Nanopart Res 2008;10:1099-108.
Taylor RA, Phelan PE. Pool boiling of nanofluids: comprehensive review of
existing data and limited new data. Int J Heat Mass Transf 2009;52:5339-47.
Barber J, Brutin D, Tadrist L. A review on boiling heat transfer enhancement with
nanofluids. Nanoscale Res Lett 2011;6:280.

Ahn HS, Kim MH. A review on critical heat flux enhancement with nanofluids and
surface. J Heat Transf 2012;134:024001.

You SM, Kim JH, Kim KM. Effect of nanoparticles on critical heat flux of water in
pool boiling of heat transfer. Appl Phys Lett 2003;83:3374—6.

Kim HD, Kim J, Kim MH. Experimental studies on CHF characteristics of nano-
fluids at pool boiling. Int J Multiph Flow 2007;33:691-706.

Murshed SMS, Milanova D, Kumar R. An experimental study of surface tension-
dependent pool boiling characteristics of carbon nanotubes-nanofluids. In:
Proceedings of 7th International ASME conference on nanochannels, micro-
channels and minichannels. South Korea; 2009.

Bang IC, Chang SH. Boiling heat transfer performance and phenomena of Al,O3-
water nanofluids from a plain surface in a pool. Int J Heat Mass Transf
2005;48:2407-19.

833

[137]

[138]

[139]
[140]
[141]
[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]
[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

Renewable and Sustainable Energy Reviews 78 (2017) 821-833

Kim H, Kim J, Kim M. Experimental study on CHF characteristics of water—TiO»
nano-fluids. Nucl Eng Technol 2006;39:61-8.

Park KJ, Jung D, Shim SE. Nucleate boiling heat transfer in aqueous solutions
with carbon nanotubes up to critical heat fluxes. Int J Multiph Flow
2009;35:525-32.

Jung JY, Kim ES, Kang YT. Stabilizer effect on CHF and boiling heat transfer
coefficient of alumina/water nanofluids. Int J Heat Mass Transf 2012;55:1941-6.
Hegde RN, Rao SS, Reddy RP. Investigations on heat transfer enhancement in
pool boiling with water-CuO nanofluids. J Therm Sci 2012;21:179-83.

Kole M, Dey TK. Investigations on the pool boiling heat transfer and critical heat
flux of ZnO-ethylene glycol nanofluids. Appl Therm Eng 2012;37:112-9.
Hassan I, Phutthavong P, Abdelgawad M. Microchannel heat sinks: an overview of
the state-of-the-art. Microscale Thermophys Eng 2004;8:183-205.

Nguyen CT, Roy G, Lajoie PR, Maiga SEB. Nanofluids heat transfer performance
for cooling of high heat output microprocessor. In: Proceedings of the 3rd IASME/
WSEAS international conference on heat transfer, thermal engineering and
environment. Greece; 2005. p.160-5.

Nguyen CT, Roy G, Gauthier C, Galanis N. Heat transfer enhancement using
Al,O3—water nanofluid for an electronic liquid cooling system. Appl Therm Eng
2007;27:1501-6.

Roberts NA, Walker DG. Convective performance of nanofluids in commercial
electronics cooling systems. Appl Therm Eng 2010;30(16):2499-504.

Escher W, Brunschwiler T, Shalkevich N, Shalkevich A, Burgi T, Michel B,
Poulikakos D. On the cooling of electronics with nanofluids. J Heat Transf
2011;133:051401.

Rafati M, Hamidi AA, Niaser MS. Application of nanofluids in computer cooling
systems (heat transfer performance of nanofluids). Appl Therm Eng 2012;45—
46:9-14.

Jjam A, Saidur R. Nanofluid as a coolant for electronic devices (cooling of
electronic devices). Appl Therm Eng 2012;32:76-82.

Nazari M, Karami M, Ashouri M. Comparing the thermal performance of water,
ethylene glycol, alumina and CNT nanofluids in CPU cooling: experimental study.
Exp Therm Fluid Sci 2014;57:371-7.

Turgut A, Elbasan E. Nanofluids for electronics cooling. In: Proceedings of the
20th International symposium for design and technology in electronic packaging.
Romania; 2014.

Liu ZH, Li YY. A new frontier of nanofluid research — application of nanofluids in
heat pipes. Int J Heat Mass Transf 2012;55:6786—-97.

Sureshkumar R, Mohideen ST, Nethaji N. Heat transfer characteristics of
nanofluids in heat pipes: a review. Renew Sustain Energy Rev 2013;20:397-410.
Alawi OA, Sidik NAC, Mohammed HA, Syahrullail S. Fluid flow and heat transfer
characteristics of nanofluids in heat pipes: a review. Int Commun Heat Mass
Transf 2014;56:50—62.

Jose JV, Ramesh A, Joshy E. A review of performance of heat pipe with
nanofluids. Int J Res Innov Sci Technol 2014;1(1):74-7.

Tsai CY, Chien HT, Ding PP, Chan B, Luh TY, Chen PH. Effect of structural
character of gold nanoparticles in nanofluid on heat pipe thermal performance.
Mater Lett 2004;58:1461-5.

Ma HB, Wilson C, Yu Q, Choi US, Tirumala M. An experimental investigation of
heat transport capability in a nanofluid oscillating heat pipe. J Heat Transf
2006;128:1213-6.

Yulong J, Corey W, Hsiuhung C, Hongbin M. Particle shape effect on heat transfer
performance in an oscillating heat pipe. Nanoscale Res Lett 2011;6(1):296.
Gabriela H, Angel H, Ion M, Florian D. Experimental study of the thermal
performance of thermosyphon heat pipe using iron oxide nanoparticles. Int J Heat
Mass Transf 2011;54:656—61.

Yang XF, Liu ZH. Application of functionalized nanofluid in thermosyphon.
Nanoscale Res Lett 2011;6:494.

Yousefi T, Mousavi SA, Farahbakhsh B, Saghir MZ. Experimental investigation on
the performance of CPU coolers: effect of heat pipe inclination angle and the use
of nanofluids. Microelectron Reliab 2013;53:1954—-61.


http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref98
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref98
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref98
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref99
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref99
http://dx.doi.org/10.1002/htj.21206
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref101
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref101
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref102
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref102
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref102
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref103
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref103
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref103
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref103
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref104
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref104
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref104
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref105
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref105
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref105
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref106
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref106
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref107
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref107
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref107
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref108
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref108
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref108
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref108
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref109
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref109
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref110
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref110
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref111
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref111
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref112
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref112
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref113
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref113
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref114
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref114
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref115
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref115
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref116
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref116
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref116
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref117
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref117
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref118
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref118
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref118
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref119
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref119
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref120
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref120
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref121
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref121
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref122
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref122
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref123
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref123
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref123
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref124
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref124
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref125
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref125
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref125
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref126
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref126
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref126
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref127
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref127
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref128
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref128
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref128
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref129
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref129
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref130
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref130
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref131
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref131
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref131
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref132
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref132
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref133
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref133
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref133
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref134
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref134
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref134
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref135
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref135
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref136
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref136
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref136
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref137
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref137
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref138
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref138
http://refhub.elsevier.com/S1364-0321(17)30594-4/sbref138

	A critical review of traditional and emerging techniques and fluids for electronics cooling
	Background
	Cooling techniques
	Traditional cooling techniques
	Emerging cooling techniques
	Heat pipes based cooling
	Heat pumps cooling systems
	Microchannels based cooling
	Thermoelectric cooling
	Free cooling
	PCMs-based cooling


	Conventional and emerging coolants
	Conventional coolants
	Emerging cooling fluids
	Thermal properties and features of new coolants (nanofluids)
	Thermal conductivity
	Convective heat transfer performance
	Boiling heat transfer performance


	Application of new fluids (nanofluids) in electronics cooling
	Concluding remarks
	Acknowledgement
	References




