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ABSTRACT

The continued downsizing of electronic gadgets and appliances as well as the need for high-end performance have
resulted in a significant increase in heat flux generation. The thermal management of high-performance electronics
products, chips, and equipment needs innovative techniques and systems designed to enhance the heat removal rate
in order to minimize their operating temperature and better functioning of the device and increase its longevity.
Several cooling methods are being utilized to facilitate effective heat transfer from high-power-density chips and
more efficient heat removal. However, the traditional cooling methods are progressively failing, and it has become
quite difficult to cope with the high cooling demand and thermal management of emerging electronic devices so
potential advanced cooling methods and a number of coolants have been introduced. Some of the coolants are based
on traditional technologies, while others are based on modern breakthroughs. This study explored traditional and
emerging cooling technologies as well as coolants for electronics.
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The trend to manufacture smaller electronic products
or devices usually termed miniaturization and the latest
advancement in semiconductors and micro-electronic
technologies have resulted in a significant escalation in
power density for high-speed chips, rendering many
challenges including safe and reliable operation of these
electronic devices in various applications [1,2]. Despite
the signs of progress and developments during the last
decade with respect to the management of thermal control
(cooling) of electronics devices or microprocessors, there
remain some profoundly serious challenges to be addressed
such as disposal of surging heat flux and dissipation of
erratic power [3]. Depending upon the electrical efficiency
and use of materials, the temperature in microprocessors
during sustained operation should not more be than 85°C.
Therefore, the thermomechanical solutions should focus
not only on effective heat transfer and removal from high-
power-density chips but also to find ways for waste heat
recovery [4,5].

The traditional cooling methods are progressively
failing, and it has become quite difficult to cope with
thermal management to achieve high cooling requirements
for emerging electronic devices, so there is a need for
high-performance chips or devices [1]. In spite of significant
progress in high heat flux management research has been
made over the last few decades, the removal of high-heat-
flux in electronic devices used in extreme environments
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still faces numerous challenges. Therefore, the cooling
systems in emerging electronic devices must be modified,
which may need various technological requirements
[2,6].

ELECTRONICS COOLING METHODS

Miniaturization of electronic devices with high
performance creates heat flux resulting in increased
operating temperatures. To overcome these several
improved cooling methods are being utilized to
manage temperature properly in these devices for
better performance and longevity. Numerous
methods of cooling are used in electronic applications
which are classified into various categories on the
basis of cooling modes and effectiveness of heat
transfer which are explained in further detail below.

Traditional Cooling Methods

Traditional cooling methods are classified on the
basis of the heat transfer mechanism, coolants used,
and their cooling effectiveness.
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Figure 1: Traditional heat transmission technologies are
compared in terms of efficiency [3]

Radiative Cooling : This method provides a cooling
power in excess of 100 W m-2 under suitable
atmospheric conditions and optimal device design.
It is a potential passive cooling method with an
ability to release energy via radiation heat exchange
in which heat is directly transferred to the outer
space of the device [7-10]. However, there is a
limitation and it works well during nighttime.
Although there are some solar reflecting materials
that are reported to work during the daytime as well,
cooling below the ambient temperature was not
achieved [11,12]. Recently with the use of advanced
nanophotonics, daytime cooling below the ambient
temperatures has been achieved [13].
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Figure 2: The figure depicts a schematic diagram for a
practical radiative cooling system [14]

Air Cooling : The established air cooling approach
which employs free convective air cooling is barely
able to cope up with the upcoming applications
which tend to produce a lot more energy and hereby
need better and state of the art cooling methods.
The usual fans, which have been used to a vast
extent in the established air cooling method, reach
a net heat relay of about 150 W/m2K, above which
they tend to overwork and produce a lot more noise.
Conceptually, by using the traditional fans we have
the tendency to reach a limit of 900 W/m2K of heat
transfer coefficient, but in the practical world this
would not be feasible as the noise from the fans
would be resounding, hence making it a non-practical
approach in real-world applications. Newer technologies
like vortex electronic coolers, piezo fans, 'nano
lighting’, and 'synthetic' jet cooling have been
introduced over a period of time to tame the current
challenges and the limits being posed by the
Traditional Methods.

Liquid Cooling : It's another well-known and used
cooling method and by experiments, it's thrice as
effective in comparison to the free convective air
cooling when used in the same devices. In some cases,
it's possible to achieve a tenfold better efficiency
against the same method when certain parameters
are modified. This shows that without overheating
the devices it is possible to transfer the convective
heat fluxes of several hundred watts per square
centimeter easily from the thin-film resistor and
the Integrated Circuit Chip (IC Chip). But one thing
to be taken into consideration is that the calculated
localized temperature can be wrong because it's the
localized temperature and not the mean system
temperature which usually calculates the life span
of the and operating properties of the device [16].
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Figure 3: A simplified flow sheet diagram of the com-
bined cycle for inlet air cooling [15]

Evaporative Cooling : In this method the principle of
heatand mass transfer is taken to be the basic principle
in which the heat from the device gets passed onto
the water present, thus making the water evaporate
and also reducing the device temperature. It's
considered to be an economically viable option as it
does not waste a lot of energy while being effective
to a great extent. In the early days, it was considered
to be practical and a profitable method for cooling
devices that contained electronic parts but due to its
various limitations it was discontinued [17].

Spray nozzle

Wet media .

Ambientair

T

et

Figure 4: A schematic diagram of evaporative cooling [18]

Heat Spreading and Conduction : In this process,
before the heat comes into contact with the
coolants, it first passes through parts that have been
brought into contact with the coolant earlier. To
accomplish this, a plate with excellent thermal
conductivity is kept between the chip or in some
cases the heat sink. Vapor chambers which are
planar heat pipes and they can spread heat in two
dimensions are used to roll out the heat from the
heat source. Nowadays copper is being increasingly

replaced because of the importance of resistance
in interface thermal surfaces and light, novel materials
again which have an excellent thermal conductivity in
comparison with copper. ScD (Skeleton Cemented
Diamond), metal matrices, and materials that have
coal, hydrocarbon petroleum products also known
as carbonaceous materials are being used to replace
copper. Also, another added benefit is that this
enables a more efficient method of heat conduction
and is in comparison to the heat conductivity of
diamond. The technologies are Enerdyne's Polara
and Novel Concept's Isoskin.

Piezo Fan : Piezoelectric fans use an energy
harvesting device commonly known as piezoceramic
patches which are glued to pliable blades which are
quite thin and tend to have a low frequency and they
move the fan at its suitable or desired frequency. As
these blades reverberate at their desired frequency,
they put together a continual airflow which reduces
the heat from the electronic constituents. This
technique gives us a lot more efficiency compared
to the other methods and in some cases, the heat
transfer is almost 100% in comparison to the well-
used and known natural convention method. Also,
the other advantages of this process are that the
power consumption is quite low and the fans are
less noisy. These qualities make it a competitive
alternative to the heat management implementations
for most of the small, lightweight, and compact
devices which constitute electronic parts.

Piezo Patch Shim Stock

Figure 5: Schematic of a piezo fan oscillating under an
applied voltage due to the contraction and expansion of
a piezoceramic patch [19]

Potential Emerging Methods Cooling

Traditional cooling methods are not successful in
thermal management to manage the enormous
cooling power demand of the latest gadgets with
electronic components. There is a need for improved
mechanisms utilizing innovative methodologies, and
coolants that have high heat transfer capabilities
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are the need of the hour in order to achieve a better
heat withdrawal rate in high-performance chips or
devices. Latest technological advancements in
electronics cooling have provided some alternatives
and modifications to traditional cooling techniques
which are showing great promise for future
management of thermal issues in electronics devices.

Some of these cooling techniques have been
studied considerably to a deep extent and are even
being used in the management of thermal systems
such as thermosyphons [20], heat pipes [21],
electro-osmotic pumping [22], microchannels [23],
impinging jets [24], thermoelectric coolers [25], and
absorption refrigeration systems [26]. Based on their
functioning principle these cooling techniques are
classified as active and passive systems. The active
cooling systems consist of a pump/compressor
which provides us with higher cooling capacity and
they are much more efficient while the passive ones
usually depend on the buoyancy forces or capillary
to circulate the working fluid in the system [27].

Heat pipes-based cooling : In this cooling technique,
the heat pipes rely on the change in the phase of
fluid used inside the pipes. This technique is widely
used in computers, laptops, telecommunications,
and satellite modules to cool the devices [28,29].
Heat pipes are quite successful in cooling electrical
equipment with high heat flux due to their very high
thermal conductivity together with very low
thermal resistance [30,31]. Heat pipes are commercially
used in cooling applications due to their high heat
removal capability [29]. The assessment of small heat
pipe design, fabrication, and performance analysis for
cooling small electronic gadgets and systems has
been shown [32].

Electronic cooling appliances usually employ
mainly three types of heat pipes, classified as flat,
cylindrical, and loop heat pipes. Micro-heat pipes
are a type of pipe that emits a small amount of heat.
Heat pipes that oscillate are also known as pulsating
heat pipes. Metal envelope, wick, and cooling fluid
make up a heat pipe. The envelope is divided into
three parts: evaporator, adiabatic, and condenser.
The most significant component is the wick, which
is generally attached to the pipe's inner wall. It
works as a capillary pump, pushing the fluid against
gravity from the condenser part to the evaporator.

This enables it to work in any particular direction.
The most commonly used wick kinds are grooved,
sintered, and screen mesh wicks.

Thermal Interface Materials based cooling : The use
of thermal interface materials for cooling is
becoming more popular. The materials available a
decade ago have become obsolete as component
sizes and formats have reduced, packaging materials
have improved, and device integration and power
density have increased.

It has been proven that the optimal thermal
interface material is designed to do the following:

e Lower the power consumption of the cooling
system

e No requirement for liquid cooling

e Longer operational lifetime

e The lower total cost of ownership
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Figure 6: The home-made thermal testing station is
depicted in this figure

These thermal-interface-materials (TIM) are
designed to fill small gaps and cavities at the interface
with a material with a greater thermal conductivity,
enhancing the heat flux conductivity of the material
at the interface.

Phase Changing Materials based cooling : Phase
Changing Materials (PCMs)-based cooling has
gained a lot of attention in the last decade as new
passive technology. It is a successful cooling method
since it can extract heat from gadgets and devices
and store it for later use, such as heating houses or
offices. PCMs have been tested for a variety of
applications, including electronics cooling [22,27,33-
35].

The main advantages of this process are higher
value of specific heat, adaptable temperature
steadiness, high latent heat of fusion, and very
minute changes in volume in the course of phase
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shift. It was observed that a very small quantity of
PCM can considerably improve the heat sink's ability
to stabilize the temperature of the device, indicating
that PCM-based heat sinks have a lot of potential
for electronics cooling [3,36].

Thermoelectric Cooling : The Peltier effect, also
known as the thermoelectric effect, causes heat
flow through the two joints of different types of
semiconductors in a thermoelectric cooler (TEC).
Peltier heat pumps, often known as thermoelectric
coolers, are cooling devices that use electrical
energy to transmit heat from one side of the gadget
to the other. Due to their small size and lack of moving
parts, TECs have a lot of potential for improving the
cooling rate of electronic modules and other devices
[37]. For the cooling of hotspots in electronic
packages, TEC can be used [38]. The coefficient of
performance of a TEC, although has a lesser value than
that of a Vapour Compression Refrigeration system
[39], Zebarjadi [40] demonstrated that thermoelectric
materials for electronics cooling applications must
have high thermal conductivity and a significant power
factor.

It has been shown that when the thermoelectric
module and the heat pipe technique, when
combined have the capacity to cool down 200W of
heat dissolution, and the integrated cooling system's
temperature was found to be lesser compared to
that of the existing cooling systems when being
used in cooling down Computer Chips and various
other Microprocessors. [41]. TECs are widely used
in a variety of applications because of their simple
functioning concept. The combination of P-type and
N-type of the semiconductor are totally dissimilar
being the vital component in a TEC. The unbounded
ends of both the separate components are applied
to a certain voltage which causes a flow of DC (direct
current) in both the semiconductors. This flow between
the two causes a difference in the temperatures across
the junction of these semiconductors. This process is the
thermoelectric effect and due to this heat is absorbed
from the colder region and transferred to the heat
sink in that particular application, ultimately creating
this temperature differential [3].

Spray Cooling : This method is well known for its
ability of large amounts of heat transfer, constant
removal of heat, a compact checklist of fluid
inventory, and almost no temperature overshooting.

The mechanism of this technology is not very clear
because of being dependent on many parameters.
In spray cooling, the liquid is forced through a small
orifice and scattered in the form of droplets on the
heated surface. These droplets evaporate or form a
thin film of the liquid on the surface, ultimately
removing energy at low temperatures as a result of
single-phase convection effects together with the
latent heat of evaporation. By this technique, high
rates of heat transfer are achieved due to less
resistance in removing vapor from the heated surface.
Spray cooling is quite advantageous as mentioned
earlier due to uniform cooling, low droplet impact
velocity, and no temperature overshoot. The
requirement of pumps. Filters along with the necessity
to move the surplus fluids and vapor to a condenser
are the major disadvantages of this process.[42].
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Figure 7: Schematic diagram of spray cooling process [43]

Microchannels and Minichannels : Microchannel is
an effective technique of cooling for microchips that
function as a heat sink or a heat exchanger. They are
capable of cooling the microchips faster due to a
greater heat transfer surface area than the fluid
volume which allows for increased convection in
comparison with the Macro-scale setups. The
channel's diameter is inversely proportional to the
heat transfer coefficient because when there is a
decrease in the diameter, the heat transfer
coefficient will increase. Although air, water, and
refrigerants are commonly used in microchannels,
they all have limitations in their heat transferring
capabilities and the air is the preferred fluid for
cooling electronic components.
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The literature available puts forward four methods
of chip cooling namely as microchannel single-
phase flow, microchannel two-phase flow boiling,
porous media flow, and jet impingement cooling[44].
Out of all these four methods, the microchannel
two-phase cooling is the most promising technology
because it provides lower heat resistance, less
pumping power needs, and high heat withdrawal
proficiencies[45]. However, single-phase microchannel
cooling is relatively easy and is being used in the
Aquasar computers [46, 47].

Synthetic Jet Cooling : Synthetic jet cooling utilizes
periodic microjets also known as synthetic jets
produced by pulsating flow. Synthetic jets are much
more powerful and mix more rigorously connecting
the partition films on the wall and the remaining flow
than traditional jets. In this method of cooling the air
surrounding the job strikes the hotter surface at the
tip before the heated air is recirculated into the
atmosphere which further forms a counter radial
current that flows amongst the space in between the
heated plates which reflects the warm air on the tip
and the normal cool air below the surface.
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Figure 8: Schematic diagram of synthetic jet mounted on
a heat sink in cross-flow configuration [48]

Nano lighting : Nano lighting increases the heat
transfer coefficient by producing very high electric
fields created by nanotubes through micro-scale
ion-driven airflow. Other than that, there are multiple
other advanced electronics cooling technologies like
electrowetting and electrohydrodynamic cooling,
heat pumps, liquid metal cooling, liquid jet impingement,
immersion cooling, solid-state cooling, heterostructure,
and superlattice cooling, and thermo-tunneling and
thermionic cooling.

Heat Pumps : On the principle that heat moves from
a warmer temperature to a cooler temperature, heat
pumps are designed for heating and cooling electronic
devices. These are some of the most energy-efficient
ways to provide heating and cooling in many devices
that act as renewable heat sources [49].
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Figure 9: Sketch of The Heat Pump Cycle With
Components[50]

Liquid Metal Cooling :As mentioned earlier
conventional liquids have some limitations due to
their low thermal conductivity and that mechanical
pumps are needed to drive them. On that account,
to increase the thermal conductivity, conductive
nano metal particles like aluminum, copper, etc. are
added to the solution and suspension creating
nanofluids[51,52]. Further, the electrical contact
resistance at the interface is reduced by liquid metals
due to their high conductance [53].

Heating zone

Figure 10: Simplified schematic of liquid-metal cooling
(LMC) directional solidification furnace [54]
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COOLING FLUIDS
Conventional Fluids

Multiple electronics cooling systems use a variety
of aqueous and non-aqueous standard coolants.
Water due to its excellent heat conductance, specific
heat, and low viscosity is used very extensively as a
coolant in electronics. But because of water’s property
of expanding while heating and having a high freezing
temperature, it cannot be used in systems with a
closed-loop. Overall the general coolant requirements
vary from system to system and are based on the kind
of electronic apparatus and its needs. Some of the
more obvious conditions are that the liquid coolant
being used should neither be flammable or toxic
while being less viscous and having excellent
conductance of heat and HTC [47].

The aromatic coolants which are commonly used
are diethyl benzene (DEB) and toluene. In many
direct cooling methods, aliphatic hydrocarbons from
paraffinic and the isoparaffinic type and aliphatic
polyalphaolefins are used. Silicones oils are also
popular and well-known coolants. FC 72, FC 40, FC
77, and FC 87 are some of the fluorocarbon coolants
commonly being used in electronic devices [1].

Because non-dielectric liquids have greater
thermal properties than dielectric liquids, they are
also employed for electronics cooling. They are
typically aqueous solutions with elevated thermal
capacity and heat conductivity. Water, EG, and a
combination of both these two are frequently used
as electronic coolants. Some of the well-known and
used popular non-dielectric coolants are water/
ethanol, sodium chloride solutions, and liquid
metals[47].

Potential New Coolants : The coolants mentioned
earlier in this paper are not capable of handling the
cooling demands of the latest electronic gadgets
which generate high heat due to their fundamentally
weak thermal characteristics and limited cooling
efficiency.

Nanofluids are new heat transfer fluids in which
nanoparticles are suspended in traditional coolants
[48,50]. Nanofluids can be employed to address the
cooling demands of current and compact electronic
devices since they have no constraints and have
excellent thermal properties. This new group of
fluids have significant advantages and uses in a
variety of industrial, electrical, and energy domains
[48, 49, 50].

The use of nanofluids has significantly impacted
the electronic industries in a better manner as the
cooling efficiency of heat exchangers and other
cooling methods are critical in multiple sectors.
lonanofluids, or ionic liquid-based nanofluids, are
another recently developed type of fluid. In
comparison to their base ionic liquids, ionanofluids
have improved thermal characteristics [3, 51, 52].

ELECTRONICS COOLING USING
NANOPARTICLE MATERIALS

Many nanoparticles have been used in the past to
use these coolants to be used in liquid blocks. In
this particular field, the oxide nanoparticles are the
most commonly used particles. Various types of
nanoparticles used in fluids employed for electronic
cooling are summarized as follows.

Magnetic Nanoparticles

MNFs (Magnetic Nano Fluids) or Ferrofluids are
magnetic nanoparticles in a non-magnetic liquid as
a base. The magnetic nanoparticles being used in
MNFs are often made from ferromagnetic materials
like iron, nickel and their oxides, ferrites of spinel-
type and they come in a variety of sizes and shapes.
The main property of these nanofluids is that, in
addition to improved heat transmission, they have
the property of flowability which traditional liquids
possess, and also have magnetic properties which
are like other materials which have magnetic
properties. Because of these properties, these
suspensions may be used to control the flow of the
liquid, heat exchange using outer magnetic fields.
Due to this, there is a potential to be used in
engineering and bioengineering[53]. Jahani et al[54]
used an MPHP (Micro Pulsating Heat Pipe) to test
the impacts of various working fluids in electronics
cooling. The best charge ratio for water is 40 percent,
while it reaches 60 percent for nanofluids. The
MPHPs along with the nanofluids displayed a lower
heat resistance compared to those with water in
most states[53].

Oxide Nanoparticles

Some oxide nanoparticles, spherical ones, are being
extensively used to fabricate more nanofluids to
be used in liquid blocks amongst other nanoparticles.
These nanoparticles are being used more
commonly because of their excellent stability, low
cost, and adequate thermal conductivity, among
other factors. Other oxide nanoparticles have been
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used less than alumina and titania nanoparticles
[53].

Al203 nanoparticles are one of the oxide
materials used in electronics cooling. Hasani et al.
[55] looked into the effects of varied fin interruptions
on the transport properties of a chevron-shaped
nanofluid-cooled electronic heat sink. At volume
concentrations of 0.5 percent and 1%, water and
other water-based nanofluids along with Al203
nanoparticles were tested. The results showed that
utilizing interrupted fins improves heat transmission
due to a decrease in the surface temperature of the
fin and an increase in the outer coolant temperature.
On the other hand, the increased porosity of the
heat sink’s fins led to consequential reductions in
loss of pressure[53].

ZnO nanoparticles are another example of the
oxide materials used in electronics cooling. Guo et
al. [56] used static and dynamic single-phase models
to evaluate the thermal and hydraulic efficiency of
a micro fin heat sink with ZnO-water nanofluids.
Nanofluids along with higher volume concentrations
and smaller particle sizes have higher efficiency
[53].

Hybrid Nanofluids

Hybrid nanofluids are made by distributing
nanoparticles in a composite or mixed condition.
The purpose of creating nanofluids that are hybrid
was to improve the heat exchanging rates done by
increasing the heat conductivity while also gaining
some unique properties. Selvakumar and Suresh
[57] have used a hybrid nanofluid consisting of
AlI203-Cu nanoparticles in a thin-channel copper
liquid clock. After examining the results it was found
out that when the hybrid nanofluid is used instead
of the base liquid, the convection heat transfer
coefficient increases considerably. Furthermore,
when the hybrid nanofluid was used instead of
water, the increase in pumping power was less than
the increase in convection thermal transfer coefficient
[53].

CONCLUSION

Despite significant advancements in recent
decades, the heat management of modern and
powerful electronics products and equipment
continues to face significant technological
challenges. To efficiently get rid of the heat dissipated
for optimal execution and good longevity, high-
performance electronics items require new

mechanisms, methodologies, and coolants with
excellent and better thermal transfer conductivity.
Nanofluids have much higher thermal properties
than their basic conventional fluids, such as thermal
conductivity, convective, and boiling heat transfer
so can be promising coolants as it has been shown
that nanofluids are superior to their traditional
counterparts as coolants. Furthermore, research on
the usage of nanofluids has indicated that the new
emerging fluids are superior to conventional
coolants for electronic equipment. Thereby, applying
nanofluids to a wider range of electronics cooling
systems to evaluate their relevance, importance and
performance are needed. On the basis of our review,
itisconcluded that the emerging cooling approaches,
such as microchannel systems, in combination with
these innovative fluids, can significantly improve
heat withdrawal performance and address the
cooling demands of high-heat-producing electronic
equipment. However, further research is required
before their commercial use in the electronics
industry.
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