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ABSTRACT

Nanofluid is a new class of heat transfer fluid that is introduced to enhance the heat transfer performance in various heat exchanging
systems. Prior to invention of nanofluid, water is the most common fluid used to extract heat generated from the systems. The
application of water has reached thermal bottleneck since it can only enhance the heat transfer performance up to a certain extent.
The suspension of nanoparticles with enhanced thermal conductivity provides augmentation in heat transfer performance. Since
then, nanofluids have received great interest from scientists and researchers due to significant higher thermal conductivity. Due to
enhanced thermophysical properties, nanofluids can be incorporated into high heat transfer device such as solar thermal conversion
system, heat exchanger, and electronic equipment. Understanding the factors that influence the heat transfer performance is
extremely important for appropriate selection and implementation of nanofluids. The influence of nanoparticles material,
nanoparticles size, nanoparticles concentration, nanoparticles shape and surfactant are reviewed systematically to provide a
comprehensive understanding of nanofluids. The review aims to extensively discuss the application of nanofluids in engineering
application such as microchannel heat sink (MCHS). Finally, the review aims to update the readers about the current progress of
nanofluids along with challenges of nanofluids in engineering field.
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1. Introduction

The energy crisis issues have been debated over the century, and the primary objective is to
achieve continuous and uninterrupted energy sources. The current global energy sources are
dominated by traditional non-renewable sources, while renewable sources only accounts for small
share. According to Centre for Climate and Energy Solutions, in the year of 2020, about 29% of the
world electricity generation was from renewable energy [1]. From this, the energy management has
arrived into two distinct approaches, either to conserve the conventional energy resources or to
reduce the dependency on conventional energy resources and develop more efficient system to
harvest renewable energy. The former approach has received considerable attention from scientists
and researchers, which lead to development of energy efficient systems to reduce the energy usage.
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Extensive effort has been expended to accelerate the development of energy efficient
systems. In fact, previous work has identified that the consumption of energy in industrial sectors are
about 37%, and this indicates that reducing energy usage is certainly a good initiative [2]. The energy
consumption of conventional energy system is unacceptably high due to low efficiency of the system.
Owing to poor performance of the system, a large portion of useful energy is not properly utilised. It
is therefore necessary to improve the efficiency of energy system in order to conserve the
conventional energy sources. The effort to improve the efficiency can be achieved by adopting
thermal energy system management. By definition, thermal management is the practice of
controlling the temperature of a system to remain within specific limit based on thermodynamics
and heat transfer knowledge.

Heat and mass transfer can be accomplished when there is presence of flow passage or flow
channel. The heat and mass transfer can be described as the process of exchanging thermal energy
and mass by various forms such as conduction, convection, and radiation. In flow channel, the heat
and mass transfer usually take place in a simultaneous manner, which is through conduction and
convection. Conduction refers to the transfer of heat through a solid medium. Conduction occurs
when the inner surface of flow channel is heated up, where the heat is being transported through
the solid medium to the outer surface of flow channel. Convection refers to the transfer of heat from
the surface of solid body to fluid. Convection occurs when the outer surface of flow channel is heated
up, where the heat is being transported away by the ambient air of the surrounding.

In recent years, there is an increasing trend in development of high integration density
electronic equipment and components. In addition, the advancement in technology enables the
manufacturers to build small and compact components such as microelectronic or nano electronic
devices. However, miniaturisation of the components and increase in power consumption requires
proper thermal management to sustain its performance [3]. The continuous operation of electronic
devices produce varying amount of heat which need to be dissipated away. The conventional cooling
method is not suitable to be employed to remove heat from the electronic devices owing to its very
low heat removal rate. Microchannel heat sink (MCHS) appears to be an innovative solution to
address this issue [4]. The high surface area and high compactness of MCHS fulfil the cooling demand
of electronic devices [5]. Figure 1 below shows the microchannel heat sink developed by Tuckerman
and Pease [6].

Heat dissipation in microchannel heat sink can be attained by using active cooling technique.
Active cooling technique is the application of pump to force fluid to steadily circulate around the flow
passage, with the intention to draw away the high heat flux. The conventional fluids employed in
microchannel heat sink are water and ethylene glycol. In recent years, the technology has emerged
which led to rapid development of microelectronic devices. The heat generation in these devices has
increased exponentially, and the conventional fluids are not able to meet the cooling demand for
practical application. Therefore, alternative method, such as new class heat transfer fluid is being
explored to tackle the thermal management challenges. The advance heat transfer fluid, which is
known as nanofluid, is now extensively used in microchannel heat sink to improve its cooling
performance.

Our central problem is worth reiterating here, that is to improve the heat transfer
characteristic in microchannel heat sink. The implementation of nanofluid is shown to be more
effective in dissipating heat in comparison to pure water. Much of the research has therefore focused
on enhancing the performance of microchannel heat sink through nanofluid. To the best of author
knowledge, the recent review paper of microchannel heat sink only discussed on the heat transfer
correlations [4], heat sink configurations [7], manufacturing processes [8]and application of nanofluid
[9]. Although the application of nanofluid is discussed, the influence of nanoparticle size,
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nanoparticles shape, and surfactant on performance of microchannel heat sink are not included in
the review. The present review therefore attempts to extensively explore and summarise the
influence of nanofluid in heat transfer performance of the heat sink.

© 1981 IEEE
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Fig. 1. Schematic diagram of microchannel heat sink [6]

2. Nanofluid
2.1 Potential of nanofluid

The past decade has seen an increase in the use of nanofluid in many heat transfer
equipment. A low heat transfer performance is observed in this equipment when conventional heat
transfer fluids are used. The limitation of conventional heat transfer fluids is mainly because of the
poor thermal conductivity to transmit heat. In past thirty decades, scientists and researchers have
successfully realised the concept to improve the thermal conductivity of fluid by suspending particles
into it. The novel work has brought revolution in the heat transfer application, where the new class
heat transfer fluid might become substitution to conventional heat transfer fluids in future. The
nanofluid produced has been tested and it possessed enhanced thermophysical properties compared
to pure water. The apparent reason for the enhanced properties is attributed to the much higher
thermal conductivities of particles than pure water.

Prior work should focus on examining the potential of nanofluid before considering the
application in heat transfer equipment. The emergence of nanotechnology made it possible to
produce ultrafine particles in the size of nano scale. The suspension of nano size particles remarkably
improve the thermal conductivity of base fluid. Moreover, the thermal conductivity of base fluid can
be altered by the volume fraction, shape, and size of nanoparticles. The degree of improvement in
thermal conductivity can be manipulated by selecting optimum parameters for each factors
mentioned. This suggest that nanofluid has potential for application in heat transfer equipment, since
its properties can be altered to meet the cooling demand. Table 1 presents the potential application
of nanofluid in microchannel heat sink. Comparing the results of nanofluid with pure water, there is
a marked improvement in heat transfer performance.
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Comparison is made between aluminium oxide nanofluid and
pure water to determine the effectiveness of employing
nanofluid to improve the overall performance of MCHS.

The thermal resistance of MCHS using nanofluid is lower than
pure water which implies that it is reliable and able to
contribute to improve the overall performance.

The temperature distribution of MCHS is more uniform using
nanofluid than pure water because increment in thermal
conductivity increase the heat removal capability.

The pumping power of MCHS is higher using nanofluid than
pure water due to increase in dynamic viscosity. The
suggested inlet velocity is not more than 2 m/s to save

Comparison is made between iron oxide nanofluid and pure
water to determine the fluid flow and heat transfer
performance of MCHS at uniform inlet velocity.

The temperature in the heat sink top wall is lower using
nanofluid than pure water because it has higher dynamic
viscosity and lower heat capacity which promotes better heat

The Nusselt number of iron oxide nanofluid with different
volume fraction and pure water are compared and 0.8%
volume fraction shows the highest Nusselt number.

The iron oxide nanofluid with 0.8% volume fraction exhibits
the highest heat transfer performance due to higher thermal
conductivity and Nusselt Number.

Comparison is made between aluminium oxide nanofluid,
copper nanofluid and pure water to determine the cooling
efficiency and heat transfer characteristics of MCHS.

The pressure drop is significantly higher using nanofluid than
pure water due to increase in viscosity and the pressure drop
increases about 24% for volume fraction from 0% to 2%.

The increment in heat flux in MCHS has a positive impact in
improving the heat transfer coefficient of nanofluid but a
weak effect in improving heat transfer coefficient of water.
The 2% volume fraction of aluminium oxide nanofluid and
copper nanofluid provides 14% and 20% increase in heat
transfer coefficient compared to pure water.

Comparison is made between hybrid nanofluid, copper oxide
nanofluid, aluminium oxide nanofluid and water to determine
coolant that offer better heat and pumping performance.
The hybrid nanofluid with 2% volume fraction showed an
increase in 7.54% and 14.87% for Nusselt number compared
with copper oxide nanofluid and aluminium oxide nanofluid.
The hybrid nanofluid offer better heat transfer compared to
other coolant as there is changes in thermophysical properties
and motion of nanoparticles due to hybridisation.

The pumping power for different nanofluids are higher
compared to pure water due to addition of nanoparticles
which alter the effective density and lead to higher pressure

Table 1
Potential application of nanofluid in MCHS
Author Geometry Working fluid Remarks
Junmeietal, | Rectangular Al,05/H,0
(10] H,0
pumping power.
Saidu et al., | Rectangular Fe;0,/H,0
[11] H,0
transfer.
Snoussi et al., Rectangular Al,05/H,0
[12] Cu/H,0
H,0
Krishna et al., Rectangular CuAl,05/H,0
[13] Cu/H,0
Al,05/H,0
H,0
difference.
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Table 1 (Cont.)
Potential application of nanofluid in MCHS

Author Geometry Working fluid Remarks
Mushtaq [13] Rectangular, Cu/H,0 Comparison is made between copper nanofluid,
Rectangular Al,05/H,0 aluminium oxide nanofluid, diamond nanofluid
with sudden C/H,0 and water to determine the influence of different
expansion H,0 coolant on cooling performance of MCHS.

The heat transfer performance using different
types of nanofluid is significantly higher compared
to pure water as nanofluid possesses higher
thermal conductivity.

Copper nanofluid is the coolant that provides the
highest cooling performance among others and it
is due to the addition of copper particles which
has highest thermal conductivity.

The nanofluid is suggested to be used in different
geometrical configuration because it is able to
provide enhancement in overall performance of

MCHS.
Weerapun [15] Zigzag Si0, /H,0 Comparison is made between silicon oxide
H,0 nanofluid and water to determine the thermal

and hydraulic performance of different coolant in
MCHS with multiple zigzag flow channels.

The surface temperature of MCHS is affected by
the heat transfer capability of coolant and
nanofluid with 0.6% volume fraction provides
highest heat transfer performance.

The Nusselt number of nanofluid is higher than
pure water and it increases with increasing
particle concentration. The heat transfer using
nanofluid is about 8% better than pure water.
There is no significant pressure drop when using
nanofluid compared with pure water and the
findings conclude that nanofluid is potential to be
applied in MCHS.

2.2 Definition of nanofluid

The term “nanofluid” is used to describe a fluid that consists of solid nanoparticles with
average size of less than 100 nm suspended on it [16]. The term “nanofluid” is redefined later which
include any nano-sized particles of metallic, non-metallic and polymeric mixed with non-carcinogenic
base fluid [17]. Previously, geometrical modification is the only way to enhance the heat transfer
performance of various heat exchanging systems. For such reason, researchers have keen interest to
improve the heat transfer performance to overcome the limitation. Liquid cooling is one of the
methods used to accelerate the heat transfer process from heat exchanging systems. The
conventional fluid used such as oil, water, and water-glycol do not possess high thermal conductivity.
A researcher, named Maxwell came out with the idea to enhance the thermal conductivity of fluid
by adding solid particles into conventional fluids [18]. Researchers and scientists found that
suspension of metal particles of millimetre or micrometre size is capable to enhance the heat transfer
process. The metal particles such as silver and copper are used because they exhibit much higher
thermal conductivity (about 400 to 500 times) than the base fluid. However, the drawback of using
milli or micron size particles is that it caused sedimentation and aggregation which results in
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corrosion or blockage in heat exchanging systems. Later on, researchers and scientist work on
improving the thermal conductivity of fluid by using nano size particles. A researcher, named Choi
succeeded in development of the new class of heat transfer fluids by suspending nano size solid
particles into base fluid [19].

2.2 Classification of Nanofluid
2.2.1 Nanoparticle material

Nanofluid is categorised into various classes based on the types of nanoparticles suspended
into the base fluid. The common types of nanoparticles are metallic, non-metallic (carbon based or
nanocomposites) and combination of both which is hybrid nanofluid [20]. The nanofluid can be
formed from metallic nanoparticles of single element such as copper (Cu), silver (Ag), aluminium (Al),
and iron (Fe). Besides that, the nanofluid can be formed from metallic oxide nanoparticles of single
element such as copper oxide (Cu0O), aluminium oxide (Al,03), titanium oxide (TiO3), and silicon oxide
(Si03). Other than that, the nanofluid can be formed from two or more different metals nanoparticles
such as copper zinc (Cu-Zn), iron nickel (Fe-Ni), silver copper (Ag-Cu) and these combinations are
known as metallic alloy nanoparticles. In addition, the nanofluid can be formed from multielement
oxides nanoparticles such as copper zinc iron oxide (CuZnFes0a), nickel ferrite (NiFe20a4), and zinc
ferrite (ZnFe;04). Moreover, the nanofluid can be formed from metal carbides or metal nitrides
nanoparticles such as silicon carbide (SiC), boron carbide (B4C), zirconium carbide (ZrC), silicon nitride
(SiN), titanium nitride (TiN), and aluminium nitride (AIN). Last but not least, the nanofluid can be
formed from carbon nanoparticles such as graphite (C), carbon nanotube (CNT), and diamond (C).
The Table 1 below shows the thermal conductivity of different nanoparticles that are commonly used.

Table 2
Thermal conductivity of common nanoparticles [21], [22]
Materials Thermal conductivity (W/mK)
Metals Aluminium (Al) 205
Copper (Cu) 385
Gold (Au) 314
Iron (Fe) 79.5
Silver (Ag) 406
Metal oxide Aluminium oxide (Al,0s) 40
Copper oxide (CuQ) 76
Iron oxide (Fe,0,) 7
Tin oxide (Sn0;) 36
Zinc oxide (ZnO) 29

2.2.2 Nanoparticle base fluid

Nanofluid is categorised into various classes based on the types of base fluid used. The
common types of base fluid are water-based, aqueous based, and non-aqueous based [23]. An
example of non-aqueous base fluid are ethylene glycol (EG) and oils. The selection of base fluid for
nanofluid is solely depend on the field of application. For instance, oil based nanofluids are used as
coolant in manufacturing industries for high temperature usage whereas water based or EG based
nanofluids are used as coolant in pipes or channels [24]. The selection of base fluid is critical as it
plays a major role in enhancing the thermal conductivity of nanofluid. It is because nanofluid is
produced by using large volume fraction of base fluid and small volume fraction of nanoparticles.
Hence, the composition of base fluid is dominant over nanoparticles in nanofluid and proper
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evaluation is necessary to select the most suitable base fluid. In general, the nanofluid will exhibit
higher thermal conductivity when it is prepared using base fluid with higher thermal conductivity.
Likewise, the nanofluid will exhibit lower thermal conductivity when it is prepared using base fluid
with lower thermal conductivity. However, this is not the exact case every time because its behaviour
may subject to change according to different condition. For instance, the suspension of nanoparticles
in ethylene glycol shows higher enhancement in thermal conductivity than water although the
thermal conductivity of water is three times higher than ethylene glycol [25]. Researchers and
scientists have identified that such behaviour is related to the degree of dispersibility of nanoparticles
in base fluids. The dispersibility refers to the uniform distribution of nanoparticles in the base fluid
to form a homogenous solution. A researcher attempts to explain the “base fluid effect” by relating
it to interfacial thermal resistance of base fluid [26]. The ethylene glycol base fluid has lower
interfacial thermal resistance than water and thus provides better wettability. Hence, ethylene glycol
appears to be more compatible for nanoparticles to be suspended in it compared to water. A recent
study has been performed to study the effects of suspending aluminium oxide (Al,03) nanoparticles
in ethylene glycol and distilled water [27]. It is found that the concentration of nanoparticles has a
significant influence in thermal conductivity of ethylene glycol based nanofluid. In contrast, it is found
that the temperature of distilled water has a significant influence in thermal conductivity of distilled
water based nanofluid. Therefore, ethylene glycol based nanofluid is favoured in application where
concentration is changed constantly whereas distilled water based nanofluid is favoured in
application where temperature is changed constantly.

2.3 Advantages of Nanofluid

The nanofluid is prepared by suspending nano size particles into base fluid to form a colloidal
suspension. The primary advantage of suspending nanoparticles into conventional fluids is significant
enhancement in effective thermal conductivity of the fluid. The effective thermal conductivity is a
term that is introduced to provide an accurate representation of the nanofluid behaviour. In brief,
the “effective” term implies that the thermal conductivity of nanofluid which consists of
nanoparticles and base fluid is affected and not only thermal conductivity of base fluid is affected
[28]. The effective thermal conductivity depends on the volume fraction of nanoparticles where
higher volume fraction provides more increment. The enhancement in effective thermal conductivity
of nanofluid is more likely to improve the heat transfer performance in various heat exchanging
systems. Besides that, the nanoparticles provide large surface area to volume ratio between the
particles and the surrounding fluid. Due to large surface area of nanoparticles, there is presence of
more heat transfer surface between the particles and the surrounding fluid [29]. Consequently, the
higher heat transfer surface of nanofluid promotes heat transfer more effectively than milli or micron
size particles. Thus, there is no downside to shift from using milli or micron size particles to nano size
particles as it provides large surface area and improvement in heat transfer performance.
Furthermore, the nanoparticles are extremely small in which the agglomeration effect which cause
clogging of flow passage is reduced [16]. As stated previously, the milli or micron size particles often
cause blockage and make it difficult to be employed in the heat exchanging systems with small flow
passage. The invention of nanofluid is able to overcome the limitation because they are extremely
small and therefore can flow pass the channels smoothly. Moreover, the suspension of nanoparticles
in conventional fluids produce Brownian motion which will lead to better heat transfer performance.
It is mainly due to the effect of Brownian motion which increase the interaction and collision between
the particles and the surrounding fluid [30]. Brownian motion refers to the collision of molecules with
surrounding medium which cause random motion of particles in fluid [31]. Brownian motion
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influence the thermal conductivity of nanoparticles in two ways such that one way is direct manner
and another way is indirect manner. The nanoparticles can facilitate the heat transfer through solid-
solid transport of heat between the particles and nano convection between the nanoparticles and
the surrounding fluid [32]. The former heat transfer process is known as direct manner and the latter
heat transfer process is known as indirect manner. As a result, the performance of nanofluid is
believed to surpass the conventional fluid in heat transfer application.

2.4 Influential factor of performance of nanofluid
2.4.1 Surfactant

Surfactants are active chemical compound that are added into a liquid to reduce its surface
tension. Presence of interfacial tension between nanoparticles and base fluid can be lowered when
surfactant is added [21]. Addition of surfactant into nanofluid is necessary as it can prevent the
sedimentation of nanoparticles. The primary reason of addition of surfactant into nanofluid is to
enhance its stability. A small amount of surfactant is able to stabilise the nanofluid for longer time by
altering the characteristic of the surface of nanoparticles.

The surfactant is comprised of a head which is hydrophilic (attract water molecules) and a tail
which is hydrophobic (repel water molecules). The hydrophilic head is electrically charged and the
types of surfactants used can be distinguished based on the charge on the hydrophilic head. A
positively charged surfactant is known as cationic surfactant. The examples of cationic surfactants
are cetrimonium bromide, benzalkonium chloride, alkyl ammonium chloride and etc. A negatively
charged surfactant is known as anionic surfactant. The examples of anionic surfactants are sodium
dodecyl sulphate, sodium lauryl ether sulphate, dioctyl sodium sulfosuccinate and etc. A neutrally
charged surfactant is known as non-ionic surfactant. The examples of non-ionic surfactants are
polysorbates, sorbitans, cocamide and etc. The effect of adding surfactant into nanofluid is that it
creates a layer around the nanoparticles such that the surfactant and nanoparticles have same
electric charges [21]. The like-charged between surfactant and nanoparticles produce a strong
electrostatic repulsion among the nanoparticles so that aggregation does not occur. However,
surfactant is not suitable for high temperature application, especially for temperature above 60°C
[33]. It is because high temperature cause degradation and break the bonding between the
surfactant and nanoparticles. Since the bonding between them is damaged, sedimentation of
nanoparticles is likely to occur and the nanofluid is no longer stable [34].

Kim et al., [35] has performed a study on thermal conductivity of metal oxide nanofluid and
found that the nanofluid become unstable without addition of surfactant [35]. As a result, the
thermal conductivity of the nanofluid decreased rapidly and only become stable after addition of
surfactant. Byrne et.al has performed an experimental study on the CuO nanofluids in microchannels
with and without suspension enhancers and found that addition of surfactant is able to enhance the
dispersion of nanoparticles in nanofluid and decrease the nanoparticles average size [36]. It is
discovered that nanofluid with surfactant has higher heat transfer rates compared to nanofluid
without surfactant and pure water. The study also demonstrates that nanofluid without surfactant
at 0.1% concentration is highly unstable and more susceptible to agglomeration and settling.
Shamsuddin et.al has performed a study on nanofluid cooled microchannel heat sink with carbon
nanotube using different types of surfactants and found that CNT nanofluid mixed lignin and sodium
polycarboxylate show different dynamic viscosity [37]. Other thermophysical properties such as
thermal conductivity, density, and specific heat capacity remain the same while the dynamic viscosity
changes according to the type of surfactant used. CNT nanofluid mixed with lignin has a dynamic
viscosity of 0.00107259 Ns/m? while CNT nanofluid mixed with sodium polycarboxylate has a
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dynamic viscosity of 0.00138372 Ns/m2. The addition of surfactant alters the dynamic viscosity of the
nanofluid which is considered one of the influential factors that affects the performance of MCHS.
The thermal resistance and pumping power are lower when using lignin as surfactant.

2.4.2 Nanoparticle size

Nanofluid contains nanoparticles that ranged from 1 to 100 nanometres (nm) in diameter
mixed with base fluid. The nanofluid produced can be varied in size or diameter and it is believed
that the size has a significant influence on thermal conductivity and viscosity of nanofluid. A study
has been conducted to investigate the influence of specific surface area of nanoparticles on thermal
conductivity of nanofluid [38]. As the specific surface area increases, the thermal conductivity ratio
increases first and decreases later on. To be exact, the thermal conductivity ratio increases initially
and decreases after the specific surface area exceed 25 m2g?. There is an inverse relationship
between the specific surface area and nanoparticle sizes. The specific surface area increases when
the nanoparticle sizes decreases and vice versa. The increase in specific surface area causes
nanoparticles to have larger interfacial area.

Since heat transfer occurred at particle fluid interface, a smaller nanoparticles size with larger
interfacial area has better heat transfer and therefore higher thermal conductivity. Similar remark
has been made in other study regarding the influence of nanoparticles surface area on thermal
conductivity of nanofluid. It is discovered that the effective thermal conductivity of nanofluid is
improved because reduction of nanoparticle sizes caused an increase in thickness of nanolayer [39].
The smaller nanoparticles size provides larger surface area and caused an increase in thickness of
nanolayer. Yang et.al has performed a study to investigate the factors that affect the thermal
conductivity of aluminium oxide water nanofluid [40]. Aluminium oxide nanoparticles with different
sizes such as 20 nm and 40 nm are selected for the study. As expected, the thermal conductivity ratio
of 20 nm nanoparticles size is higher than 40 nm nanoparticles size. Such phenomena are related
with the force exist within the nanoparticles itself.

The Van der Waals force which is the attraction forces between the molecules is stronger
when the nanoparticles size is smaller. As a result, the nanoparticles move frequently such that the
interactions of nanoparticles and the surrounding fluid become stronger. Thus, the energy transfer
is improved and eventually lead to augmentation in thermal conductivity. A study of CNT nanofluid
with different nanoparticles size is conducted to determine the thermal conductivity enhancement
[41]. The larger specific surface area due to smaller nanoparticles is associated with higher water
molecules near the surface of CNT nanoparticles. The water molecules are attached on the CNT
nanoparticles to form an interfacial layer which can enhance the thermal conductivity of nanofluid.
Wang et.al has performed a numerical study to determine the effect of different nanoparticles size
on heat transfer performance of MCHS with trapezoidal grooves [42]. The nanoparticles size that are
employed in this study are 5 nm, 10 nm, 20 nm, 40 nm, and 80 nm. The Brownian diffusion and
thermophoretic diffusion are greater when smaller nanoparticles are suspended. Greater diffusion
leads to more aggressive Brownian motion which in turn provides greater enhancement in heat
transfer. However, the heat transfer rate caused by Brownian diffusion and thermophoretic diffusion
are dependent on the nanoparticles size. When the nanoparticles size is smaller than 20 nm, much
heat can be transported away by Brownian motion.

In contrast, much heat can be transported away by thermophoresis when the nanoparticles
size is greater than 20 nm. Comparisons are made between heat transfer coefficient and various
volume concentration with different particle size. It is deduced that increased in volume
concentration increased the heat transfer coefficient whereas increased in particle size decreased
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the heat transfer coefficient. Yue et al., [42] has performed a numerical study to determine the effect
of particle diameter of nanoparticles on hydraulic and thermal performance of manifold MCHS [42].
It can be observed that the temperature of solid and fluid regions is higher and the temperature
variation across the surface is also higher when the diameter of nanoparticles is larger. The higher
temperature observed in these regions imply that the heat transfer coefficient is lower. Furthermore,
the viscosity and thermal conductivity of nanofluid decrease with larger diameter of nanoparticles.
At fixed volume fraction, the number of nanoparticles available in the nanofluid is lesser for larger
diameter of nanoparticles. The induced shear stress caused by nanoparticles and the surrounding
fluid is lesser which results in lower viscosity. On the other hand, the thermal conductivity is
influenced by the effect of Brownian motion and surface area of nanoparticles. The effect of
Brownian motion is weakened as the diameter of nanoparticles is increased. The surface area of
nanoparticles is lesser as the diameter of nanoparticles is increased. Less thermal energy is allowed
to transfer when surface area is decreased. Consequently, the thermal conductivity is decreased for
larger diameter of nanoparticles. Mohammadpour et al., [44] has performed a numerical study to
investigate the effect of suspension of alumina particle with different diameter sizes in microchannel
[44]. The diameter sizes of alumina particle that are chosen for the study are 50 nm, 75 nm, and 100
nm. The study is concerned about the effect of nanoparticle diameter on temperature distribution at
the bottom of MCHS. The result revealed that nanoparticle of 50 nm has highest local temperature
reduction. The local temperature reduction at the bottom is almost similar to the case of nanoparticle
of 50 nm when nanoparticle of 75 nm is used. As the nanoparticle size is increased to 100 nm, the
cooling effect is reduced and the variation of temperature at the bottom is roughly 2 K. Also, the
vortices profile shows that secondary particle vortex propagates towards the microchannel outlet
with nanoparticle of 50 nm. Therefore, the presence of vortices promotes better heat transfer and
uniform temperature distribution.

2.4.3 Nanoparticle concentration

Concentration is a common term used to express the amount of substance presentin another
given amount of substance. Nanoparticle concentration is used to state the amount of nanoparticles
present in the known amount of base fluid. Two usual terms used by researchers to describe the
nanoparticle concentration are mass fraction and volume fraction. It is represented as dimensionless
guantity to express the composition of nanoparticles in nanofluid where mass fraction is the
percentage of nanoparticles by weight (wt%) and volume fraction is the percentage of nanoparticles
by volume (vol%). The mass fraction is defined as the ratio of mass of nanoparticles over total mass
(mass of nanoparticles and mass of base fluid). The volume fraction is defined as the ratio of volume
of nanoparticles over total volume (volume of nanoparticles and volume of base fluid).

To obtain the volume of nanoparticles, the mass of nanoparticles can be divided by the
density of nanoparticles. Kanti et.al has performed an experimental study using coal fly ash
nanoparticles suspended in water to determine its effectiveness in heat transfer application [45]. The
thermal conductivity of fly ash nanofluid as function of volume fraction is investigated. Various
volume fractions range from 0.1 to 0.5 are evaluated in the study. The thermal conductivities show
different improvement compared with base fluid at 30 °C. The improvements are 1.13%, 2.42%,
3.72%, 4.85%, and 5.98% for volume fractions of 0.1, 0.2, 0.3, 0.4 and 0.5 respectively. Arasu et.al
has performed an experimental study using titania water nanofluid and titania silver water
nanocomposite fluid to investigate the thermal conductivity enhancement [46]. The thermal
conductivity of titania water nanofluid for temperature of 35 °C, 40 °C, 50 °C, and 60 °C improved by
2.3%, 9.98%, 8.3% and 8.53% as the volume fraction is increased from 0.1% to 0.4%. The thermal

10
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conductivity of titania silver water nanocomposite fluid for temperature of 35 °C, 40 °C, 50 °C, and
60 °C improved by 9.1%, 9.4%, 9.73% and 20.5% as the volume fraction is increased from 0.1% to
0.4%. From the results, nanocomposite fluid showed better enhancement in terms of thermal
conductivity compared to nanofluid.

Therefore, suspension of silver nanoparticles into the nanofluid is practical since it further
improved the thermal conductivity of the existing nanofluid. Interestingly, the thermal conductivity
is almost the same for nanocomposite fluid at 0.1% volume fraction and nanofluid at 0.4% volume
fraction. Thus, the same enhancement in thermal conductivity can be achieved with four times less
volume fraction when silver nanoparticles of 9.5 wt% is added into titania water nanofluid. Rabiei
et.al has performed a numerical study using graphene platinum water nanofluid to investigate the
performance of a cylindrical microchannel heat sink equipped with wavy fins [47].

The heat transfer coefficient is evaluated along the microchannel and it is found that the
increased in mass fraction of nanoparticles cause an increased in heat transfer coefficient. Similarly,
the increased in mass fraction of nanoparticles reduced the thermal resistance of MCHS. The mass
fraction of 0% and 0.1% nanoparticles are used to evaluate the temperature distribution of MCHS. It
can be observed that using 0.1% mass fraction of nanoparticles has the lowest maximum
temperature and this can be ascribed to the enhancement in thermal conductivity due to higher
concentration of nanoparticles. Souby et al., [48] has performed a numerical study using binary or
ternary hybrid nanofluid to investigate the thermohydraulic performance of rectangular MCHS [48].
The effect of volume concentration of nanofluid on temperature distribution along the bottom wall
of MCHS are studied. The wall temperature is much lower when using higher concentration of
nanofluid. The CuO/MgO/TiO, water ternary nanofluid showed a better cooling capability than
MgO/TiO, water binary nanofluid. It is because employing ternary nanofluid showed a more uniform
temperature distribution, as observed from the temperature contour. The ternary nanofluid
achieved a reduction of 28.18 K in temperature and 33.7% in thermal resistance, whereas the binary
nanofluid achieved a reduction of 16.63 K in temperature and 18.96%% in thermal resistance. Thus,
combination of several types of nanoparticles to produce ternary nanofluid is promising since it
offered the highest heat transfer rate. Jamshidmofid and Bahiraei has performed a numerical study
using hybrid nanocomposite to determine the effect of utilising novel hybrid nanofluid on
performance of MCHS that is equipped with sinusoidal cavities and rectangular ribs [49]. By
increasing the nanoparticles volume fraction from 0% to 0.2% and Reynolds number from 100 to 500,
the average wall temperature of MCHS reduced from 331 K to 309 K. The raising of nanoparticles
volume fraction and Reynolds number allowed more heat to be transported away from wall to the
adjacent fluid. The convection heat transfer coefficient is improved which results in lower wall
temperature. In addition, the thermal resistance of MCHS is investigated at various Reynolds
numbers and concentrations. The raising of nanoparticles volume fraction and Reynolds number
caused decline in thermal resistance. Thus, the lowest thermal resistance is obtained when the
nanoparticles volume fraction is 0.2% and Reynolds number is 500.

2.4.4 Nanoparticle shape

Nanoparticles can have a variety of shapes such as cylindrical, spherical, platelet, blade, brick
and etc. The shapes of nanoparticles can be further classified into different aspect ratios. High aspect
ratio implies that the nanoparticles length is longer than its width. Example of high aspect ratio of
nanoparticles are nanotubes, nanorods, and nanowires with shapes such as helices, zigzags and belts.
Low aspect ratio implies that the nanoparticles length is shorter than its width. Example of low aspect
ratio of nanoparticles are those with spherical, cubic, prism, oval shape and etc. Most of the previous
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studies have found that nanoparticle shape that offered higher surface area to volume ratio generally
possessed higher thermal conductivity. Maheshwary et al., [50] has performed a study to investigate
the effect of nanoparticles shape on thermal conductivity of titania water nanofluid. The shapes that
are used to prepare the titania water nanofluid are spherical, cubic, and rod. The suspension of
different shapes of nanoparticles into base fluid have considerable effect on thermal conductivity of
nanofluid. It is because different shapes of nanoparticles have different surface area. In fact, heat
transfer is directly proportional to surface area when other variables are kept constant. Therefore, a
higher surface area corresponds to higher heat transfer. The cubic shape nanoparticles have the
highest thermal conductivity since it has the highest surface area.

Zheng et al., [51] has performed a study to investigate the influence of nanoparticles
properties on thermal conductivity of nanofluid. Three different shapes of nanoparticles including
spherical, planar, and bar shape are studied. The surface area to volume ratio for spherical, planar
and bar shape are 3, 7.061, and 4.375 respectively. The thermal conductivity enhancement ratio for
spherical, planar and bar shape are 1.15, 1.21, and 1.23 respectively at 0.01 nanoparticles volume
fraction. From the results, it is discovered that higher surface area to volume ratio leads to higher
thermal conductivity enhancement ratio. However, the contribution of nanoparticles shape for
thermal conductivity enhancement is limited to a certain extent. As the nanoparticles volume
fraction is larger than 3%, the influence of nanoparticles shape is not that significant to alter the
thermal conductivity of nanofluid. For this reason, suspension of different shapes of nanoparticles in
nanofluid exhibit almost similar enhancement. Monavari et al., has performed a numerical study
using boehmite nanofluid to determine the effect of different nanoparticles shape on
thermohydraulic performance of MCHS [52].There are five nanoparticle shapes examined in the
study including platelet, blade, cylinder, brick and oblate spheroid. The heat transfer coefficient for
nanoparticles with platelet shape is the highest, follow by cylinder, blade, brick, and oblate spheroid
shape. Unexpectedly, the relative thermal conductivity for nanoparticles with platelet shape is the
lowest. The velocity magnitudes for different nanoparticles shape are evaluated and nanoparticles
with platelet shape has the highest velocity. Owing to higher velocity, the nanoparticles with platelet
shape attains the maximum heat transfer coefficient. The bottom wall temperatures for several
nanoparticles shapes are observed and it is found that the results are in good agreement with each
other. Since the nanoparticles with platelet shape has the maximum heat transfer coefficient, the
bottom wall temperature must be the lowest. The temperature contour indicates that the
nanoparticles with platelet shape has the lowest maximum temperature at the bottom wall.

Shasavar et al has performed a numerical study using boehmite alumina nanofluid to
determine the nanoparticle shape effect on thermal performance of helical MCHS [53]. There are five
nanoparticle shapes examined in the study including platelet, blade, cylinder, brick and spherical. The
convective heat transfer coefficient records the highest and lowest enhancement when using platelet
shape and spherical shape respectively. The flow regime is identified as a parameter that influence
the cooling performance of nanofluid. In laminar regime, the convective heat transfer coefficient is
improved about 25% using nanoparticles with platelet shape at Reynolds number of 500. In turbulent
regime, the convective heat transfer coefficient is improved about 22.5% using nanoparticles with
platelet shape at Reynolds number of 5000. In this case, the nanofluid found its application more
suitable in laminar regime than turbulent regime. The thermal resistance which is an indicator of heat
transfer performance of MCHS is also evaluated. A lower thermal resistance is desired for better heat
dissipation from MCHS to surrounding fluid. The nanoparticles with platelet shape attain the lowest
thermal resistance whereas the nanoparticles with spherical shape attain the highest thermal
resistance.
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2.4.5 Nanoparticle material

Nanoparticles can be categorised into different types of materials such as metal, metal oxide,
ceramic, carbon and etc. Examples of metal type nanoparticles include zing, silver, iron, copper, gold
and etc. Metal nanoparticles are sometimes unstable and difficult to be prepared due to formation
of oxide or nitride. Examples of metal oxide type nanoparticles include aluminium oxide, zinc oxide,
magnesium oxide, silicon oxide, ferrosoferric oxide and etc. Metal oxide nanoparticles have unique
properties and better stability and these features make it applicable to many areas. Ferrosofferic
oxide is the most unique nanoparticles as it exhibits magnetic property and its behaviour can be
altered by magnetic field [54]. Examples of carbon type nanoparticles are carbon nanotube, nano
diamond, graphene and etc. Carbon nanoparticles have extremely high thermal conductivities than
other kind of nanoparticles and this enables them to be applicable in thermal management. To
enhance the heat transfer performance, it is suggested to select the nanoparticles material with
higher thermal conductivity.

Comparison is made between different nanoparticles suspended in the same base fluid.
Magnesium oxide nanoparticle size is 40 nm while aluminium oxide nanoparticle size is 13 nm.
Although the particle sizes are different, magnesium oxide showed higher thermal conductivity
enhancement [55]. Past research indicates that smaller nanoparticle size is more advantageous to
thermal conductivity enhancement [40], [41]. However, the finding of the current study
demonstrates that larger nanoparticle size provides higher enhancement and this result is different
from the previous research. A possible explanation for this might be that nanoparticles material with
higher thermal conductivity has significant effect compared to nanoparticles size in augmenting base
fluid thermal conductivity. A comparative study of different nanoparticles dispersed into ethylene
glycol base fluid is performed to examine the thermal conductivity enhancement. The relative
enhancement in thermal conductivity compared to base fluid is 5% for copper, 10% for aluminium
silver, 13% for iron, 15% for aluminium copper and 72% for carbon nanotube [56]. Certainly, carbon
nanotube achieved the highest thermal conductivity among all and this can be explained by the
superior thermal conductivity of the material itself. In another major study, the researcher found out
that the highest thermal conductivity is achieved despite the suspension of nanoparticle material
with lowest thermal conductivity [57].

The finding is also agreed by another researcher with the statement that the thermal
conductivity enhancement is higher using fluid with lower thermal conductivity [58]. The thermal
conductivity for various nanoparticles such as titanium oxide, copper oxide, aluminium oxide, and
ferrosoferric oxide are 11.7 W/mK, 20 W/mK, 36 W/mK, and 7 W/mK respectively [57]. The
enhancement of 38% is observed for ferrosoferric oxide, while the enhancement of 30% is observed
for the other nanoparticles. The researcher relates it to the effect of nanoparticles alignment and
clustering which mainly contribute to enhance the thermal conductivity of ferrosoferric oxide higher
than other nanoparticles. Yan et.al have performed a numerical study to determine the effect of
different types of nanofluid in trapezoidal cross section MCHS [59]. A careful examination is
performed to understand whether the thermal conductivity of nanoparticle material is the reason
that influence the performance of MCHS. The thermal conductivity of silicon carbide and titanium
oxide are 490 W/mK and 8.4 W/mK respectively. The dispersion of 9% volume fraction of silicon
carbide and titanium oxide raised the thermal conductivity of water and attained a value of 0.809
W/mK and 0.771 W/mK respectively. The cooling effect of two nanofluids are compared and silicon
carbide nanofluid dissipates heat better. Based on this result, it is clear and concise that silicon
carbide nanofluid provides better heat transfer performance and this is mainly due to slightly higher
thermal conductivity than another nanofluid. Khetib et al., have performed a numerical study to
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investigate the effect of addition of aluminium oxide and copper oxide nanoparticles in wavy MCHS
[60]. The results showed that addition of nanoparticles have positive contribution to MCHS
performance, compared to pure water.

The thermal resistance is greatly reduced using nanofluid as the cooling fluid and the least
thermal resistance is obtained using aluminium oxide nanofluid. The temperature distribution at the
bottom of the MCHS is evaluated and it is observed that using aluminium oxide nanofluid provides
better temperature uniformity. It is obvious that the aluminium oxide nanofluid performs much
better than other cooling fluid, and the reason for this is due to higher thermal conductivity of the
nanoparticle base material. The use of aluminium oxide nanofluid therefore appears to be promising
alternative to pure water. Kalteh et.al have performed a numerical study to investigate the forced
convection heat transfer of aluminium oxide and copper nanofluid in double layered MCHS [61]. At
a flow rate of 4.57 ml/min and particle volume fraction of 0.03, the average Nusselt number increased
by about 29.41% and 9.87% for copper nanofluid and aluminium oxide nanofluid with respect to pure
water. The Nusselt number is used as an indicator to study the enhancement of heat transfer due to
convection over conduction. Since the copper nanofluid possessed the highest Nusselt number, it
provides greater heat transfer enhancement in MCHS. The thermal properties such as thermal
conductivity of copper nanoparticle is examined, and it is found that copper nanoparticle has the
highest thermal conductivity. Therefore, the use of nanoparticles with higher thermal conductivity
is capable to increase the heat transfer efficiency.

2.5 Application of nanofluid in microchannel heat sink (MCHS)

Thermal energy refers to the energy contained within a system due to movement of particles.
In industrial systems and consumer products, thermal energy is transferred into or out of the system,
either to supply energy into the system or to extract energy out of the system. According to second
law of thermodynamics, the useful energy in the system is always less than the input energy. Some
form of the energy is converted into thermal energy and is rejected to the environment. The thermal
energy extracted out of the system is the result of waste heat, because this form of energy is not
utilised to produce work. Given the rise of usage of these devices, there is an essential need to
improve the heat transfer performance and reduce energy loss that lower the efficiency of system.
Currently, the major challenge restricting the use of high heat flux system is the low heat removal
rate from these devices.

A few examples of high heat flux system are electronic circuits, solar energy system, air
conditioning system, and micro-electromechanical systems (MEMS). Intensification of heat transfer
is the only technique to facilitate heat removal from these devices, with the aim of lowering the
maximum temperature. The two methods to improve heat transfer performance are active method
and passive method. As the name suggest, active method requires the use of external energy to
sustain the enhancement, whereas passive method does not require the use of energy to accomplish
the same outcome. The source of external energy is derived from a fan or a pump, and this will incur
additional cost to adopt active method. Passive method, on the other hand, is more economical to
be employed because intensification of heat transfer can be achieved by modification of fluid
property, surface shape, geometry, and etc.

Conventional heat transfer fluids such as water, oil, and ethylene glycol are often used in heat
transfer system, despite some disadvantage such as low thermal conductivity. The low thermal
conductivity of heat transfer fluid restrained heat transmission from heat source to fluid, causing less
amount of heat being transported away. Considering this, it is sensible to disperse solid particles into
the heat transfer fluid to raise the intrinsic thermal conductivity. The concept to disperse solid
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particles has been practiced for a long time, starting with the use of millimetre or micrometre sized
particles. The use of these particles did not yield promising results, as it led to some severe problem
such as poor suspension stability. The reason for outcome is mainly because the milli or micron size

particles are fairly large.

Table 2

Application of nanofluid in MCHS

Author

Nature of
work

Geometry

Flow
regime

Reynolds
number

Nanofluid
type

Remarks

Ahmed et
al.,
[62]

Experimental

Rectangular
double
layer

Triangular
double
layer

Laminar

50 -300

Al,0,/H,0
Si0,/H,0

0.3-0.9%
vol

At fix pumping power of 0.1 W
and channel number of 24, both
nanofluid show decrease in
thermal resistance when the
volume concentration is
increased. At different pumping
power, both nanofluid show
increase in pressure drop when
the volume concentration is
increased. It is worthwhile to
note that aluminium oxide shows
16.1% pressure drop when the
volume concentration is
increased from 0 - 0.9%.
Aluminium oxide has the lowest
thermal resistance but silicon
oxide is more preferred due to
lower pressure drop.

Ardah et
al., [63]

Numerical
Single phase

Straight
double
layer

Laminar

50 -400

Al,0,Cu/
H,0
Al,0,Si0,/
H,0

0-5% vol

At fix Reynolds number, the
addition of hybrid nanoparticles
in water will lower the bottom
wall temperature. At higher
nanofluid concentration,
uniformity in  bottom  wall
temperature is achieved. The
maximum temperature
reduction in bottom wall is 9.2°C
and 6.2°C using alumina silica
nanofluid and alumina copper
nanofluid. Alumina silica
nanofluid has lower thermal
resistance and therefore it
demonstrates better heat
transfer  performance. The
increment in nanofluid
concentration has significant
effect in pumping power where
alumina silica nanofluid requires
95% more pumping power.

Wang et
al.,
(64]

Numerical
Single phase

Rectangular
with pin
fins

Rectangular
with vortex
generators

Laminar

340 - 640

Al,05/H,0
Distilled
water

1-4%vol
20-40 nm

At 4% volume fraction of
nanofluid, the effect of different
nanoparticle  diameters  on
overall performance factor and
total thermal resistance are
evaluated. It is deduced that the
nanoparticle diameter that is
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smaller (20 nm) tends to improve
the thermal conductivity and
lead to augmentation of overall
performance. 20 nm
nanoparticle provides 5.7% and
5.1% improvement in overall
performance factor and total
thermal resistance compared to
distilled water. It is found that
nanoparticles  with  smaller
diameter and higher
concentration provides higher
heat transfer performance.

Adio et al.,
[65]

Numerical
Single phase

Interrupted
with fillets

Interrupted
chamfers

Interrupted
inverted
fillets

Laminar

100 - 700

Al,0,/H,0
H,0

0.5 -4% vol

At fix Reynolds number of 100,
the increment of nanoparticle
concentration from 0 to 4%
provides an improvement of
43.69% in convective heat
transfer  coefficient. At all
Reynolds number evaluated, the
thermal resistance is lowered
when using aluminium oxide
nanofluid compared to pure
water. At higher Reynolds
number and concentration, the
bottom surface temperature of
MCHS is  decreased and
uniformity in temperature is
achieved. The PEC of MCHS is
evaluated and it shows that using
nanofluid is more preferred than
pure water although pressure
drop is higher.

Adio et al.,
[66]

Numerical
Single phase

Manifold
rectangular
ribs

Manifold
semi-
circular ribs

Manifold
forward
triangular
ribs

Manifold
backward
triangular
ribs

Laminar

100 - 400

Cu0/H,0

0.5 -4% vol

At Reynolds number of 400 and
4% volume fraction, the MCHS
show more uniform temperature
distribution. The increment in
nanofluid concentration along
with Reynolds number provides
the highest reduction in surface
temperature. Also, it is less likely
that hotspot is formed on MCHS
substrate because the maximum
substrate temperature is lowest
when the Reynolds number and
nanofluid  concentration s
highest. The PEC of MCHS is
evaluated and it shows that
nanofluid at 4% volume fraction
and Reynolds number of 100
provides 6.5% enhancement
compared to pure water.

Alietal.,
[67]

Numerical
Single phase

Rectangular
without fin

Laminar

100 - 350

Al,0,/H,0

0-3% vol

At all Reynolds number, the
addition of nanoparticles has an
effect on the Nusselt number.
However, the effect is not too

16



Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 28, Issue 2 (2022) 1-25

Rectangular
with
rectangular
fin

Rectangular
with
twisted fin

Rectangular
with zigzag
fin

significant as the Nusselt number
only increases slightly. To be
concise, the Nusselt number at
1%, 2% and 3% volume fraction
and Reynolds number of 350
show an increment of 0.19%,
1.31% and 0.67%. At highest
nanofluid volume fraction, the
temperature difference between
fluid inlet and bottom wall
average temperature is the
lowest. This is mainly because
higher thermal conductivity and
lower specific heat capacity of
nanofluid allows heat to be
absorbed faster.

Mukesh
Kumar,
Arun
Kumar
(68]

Numerical
Single phase

Circular

Laminar

200 - 600

Al,0,/H,0
H,0

0.25 -
0.75% vol

At all Reynolds number, the
thermal resistance of MCHS
decreases with increasing in
nanofluid concentration. The
heat transfer coefficient of
nanofluid is increased about
12%, 26% and 40% at 0.25%,
0.5% and 0.75% volume fraction
compared to pure water. The
thermal resistance is lowered
about 11%, 25% and 39% at
0.25%, 0.5% and 0.75% volume
fraction compared to pure water.
It is also observed that power
dissipation of electronic
components is lowered by 20%
using 0.75% volume fraction
nanofluid. Hence, it is evident
that nanofluid is suitable to be
used in electronic system.

Elbadawy,
Fayed
(69]

Numerical
Single phase

Rectangular
with single
stack

Rectangular
with

double
stack

Laminar

200

1500

Al,0,/H,0

0.01-
0.05% vol

At all nanofluid volume fractions,
the temperature of fluid rises
along the channel length. This is
mainly because the heat is
absorbed by the fluid when it
flows along the channel.
However, when nanoparticles
volume fraction is increased, the
temperature  distribution s
decreased which implies that
higher volume fraction improves
the heat transfer coefficient
resulting in enhancing cooling
performance. This is useful
because the required area for
heat transfer is reduced for same
cooling load. At Re = 1500 and
0.05% volume fraction, 62.6%
reduction in channel volume is
achieved.
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Kahani
[70]

Numerical
Single phase

Rectangular

Laminar

100 - 300

Al,0,/H,0

0-1% vol

At Re = 300, the average Nusselt
number ratio increases from 1.23
to 1.36 as the nanofluid volume
fraction is increased from 0.25%
to 1%. The increment of average
Nusselt number is due to the
suspension of nanoparticles
which  improves the heat
convection coefficient. The size
of nanoparticles also has
considerable effect on average
Nusselt number. When the
nanoparticles size changes from
100 nm to 10 nm, the average
Nusselt number increases. The
reduction of nanoparticles size
disrupts the Brownian motion
which improves the thermal
performance of fluid flow and
lead to better MCHS
performance.

Pourfattah
etal.,
[71]

Numerical
Two phase

Manifold

Laminar

25-100

Cu0/H,0

0.02 -
0.04% vol

At all Reynolds number, the
increment  of  nanoparticles
volume fraction leads to
increment of Nusselt number.
The higher heat transfer
coefficient and lower specific
heat capacity of nanofluid
contributes to enhancement of
Nusselt number. The
improvement of heat transfer
coefficient in nanofluid is mainly
attributed by increment of
particles motion in the base fluid.
The heat transfer coefficient is
highest when the nanofluid is
0.04 volume fraction. The PEC of
MCHS is evaluated and the
maximum performance is
achieved at 0.02% volume
fraction as higher volume
fraction has higher pressure
drop.

Kumar et
al.,
[72]

Numerical
Single phase

Double
layer
tapered

Laminar

100 - 500

Al,05/H,0
2-7% vol

10-40 nm

At all Reynolds number and same
volume fraction of nanofluid, the
Nusselt number increases and
thermal resistance decreases
when the nanoparticles diameter
is reduced. The thermal
performance is enhanced as
nanoparticles diameter is
reduced because there s
increase in surface area to
volume ratio which will lead to
improvement in thermal
conductivity of nanofluid. The
improvement in thermal
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conductivity is also cause by
Brownian motion and liquid
layering of nanofluid. The
thermal performance of MCHS is
the highest using 10 nm diameter
nanoparticle and 7% volume
fraction.

Arjun and
Rakesh
(73]

Numerical
Single phase

Circular

Turbulent

0.00009 -
11980

Al,0,/H,0

0-5% vol

At different flow regime, the heat
transfer coefficient of nanofluid
shows different improvement. In
laminar flow regime, the heat
transfer coefficient improved
about 15% when using nanofluid
from 0% to 5% volume fraction.
In turbulent flow regime, the
heat transfer coefficient
improved about 12% when using
nanofluid from 0% to 5% volume
fraction. It is suggested that the
nanofluid is employed in laminar
flow regime than turbulent flow
regime as it provides much more
enhancement in heat transfer
coefficient. The higher heat
transfer coefficient provides
better heat transfer performance
in MCHS.

Reddy and
Vinod
[74]

Numerical
Single phase

Dimple and
protrusion

Laminar

100 - 700

CuO/H,0

0-4% vol

At various nanoparticle volume
fraction, the relative Nusselt
number, relative friction factor,
and thermal performance
increase along with increment in
Reynolds number. However,
there is small increment in
relative Nusselt number but not
noticeable increment in relative
friction factor and thermal
performance when the volume
fraction is increased. As the
volume fraction of nanofluid is
increased, the convection heat
transfer coefficient and dynamic
viscosity is increased while the
specific  heat  capacity s
decreased. The lower specific
heat capacity weakens the heat
transfer performance of MCHS.

Junmei et
al.,
[10]

Numerical
Single phase

Rectangular

Laminar

0-500

Al,0,/H,0

1-4.5% vol

At higher nanoparticle volume
fraction, the thermal resistance
of MCHS is lowered. The MCHS
also experiences a uniform
temperature distribution on the
base surface. However, there is
degradation in the heat transfer
performance because the
increment in nanofluid volume
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fraction only enhance the
thermal conductivity but not
specific heat capacity. It is
suggested that the nanofluid
should have higher thermal
conductivity, higher specific heat
capacity and less dynamic
viscosity for improved
performance. Overall, the
selected nanofluid is not
recommended due to high
pumping power penalty.

2.6 Limitation and challenges of application of nanofluid

Application of nanofluid in heat transfer equipment is a double-edged sword, although it
intensifies the heat transfer performance, it also increases the pressure drop within the system. This
presents an even greater challenge because increase in pressure drop indirectly affect the operating
expenses for thermal management practice. In heat and mass transfer, pressure drop is undesirable
because it will interrupt the steady flow of fluid. The undesirable condition, if left unattended, will
affect the normal operation of the cooling system to dissipate heat away. However, the pressure
drop can be recovered with the use of pump, but additional cost is required to increase pumping
power to compensate the pressure loss. While the benefit of utilising nanofluid in the heat transfer
equipment is significant enhancement in thermal performance, the negative consequence such as
pressure drop should not be foreseen.

Developing a clear understanding of fundamental reason that increase the pressure drop in
heat transfer equipment is essential. Apart from increasing thermal conductivity, addition of
nanoparticles into base fluid also increase viscosity. Thus, to achieve high heat transfer rate, it is
required to suspend higher volume fraction of particles into base fluid. However, excessive particles
loading lead to enhancement in viscosity of base fluid, which is accompanied by an increase in
pressure drop. The viscosity determines the flowability of the base fluid, as high viscosity denotes
more resistance for steady flow of fluid. To counter the situation, high pumping power is needed to
maintain the flow within the system. Other than volume fraction, the viscosity of base fluid is
dependent on nanoparticles size, fluid temperature, nanoparticles shape, and nanoparticles
material.

Besides that, formation of stable nanofluid has been a main and challenging task, as it ensures
the applicability of nanofluid in various engineering field, such as automobile, energy harvest system,
electronic cooling, and thermal storage system. The stability of nanofluid is correlated with
thermophysical properties (thermal conductivity and viscosity) of nanofluid, where reduction in
colloidal stability also lead to reduction in thermophysical properties. One of the properties that
influence heat transfer performance is thermal conductivity. Since the stability of nanofluid gradually
decreases with passage of time, the performance of nanofluid for heat transfer also decreases.
Hence, the adverse effect of unstable nanofluid is weakening of the enhancement effect of
nanoparticles. It is therefore important to address the nanofluid stability issue so that nanofluid can
be successfully implemented in heat transfer application.

Since nanofluid is a colloidal suspension, it is prone to instability if the suspended particles
form sediments. The suspended particles are subjected to various forces such as Van der Waals
attractive forces and electrostatic repulsive forces. The existence of Van der Waals attractive forces
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among the particles of nanofluid increased the tendency to form clusters or agglomeration. The
nanoparticles in the base fluid will form aggregates when the solid particles are attracted to each
other. Eventually, the aggregates form sedimentation which cause the solid particles to deposit at
the bottom of flow channel due to gravitational force. The existence of electrostatic repulsive forces
is to oppose the Van der Waals attractive forces because it inhibits the formation of clusters by
preventing the particles to be attracted to each other. For stability of nanofluid, the electrostatic
forces should be dominant over Van der Waals forces.

3. Conclusion

The application of nanofluid in engineering application such as microchannel heat sink
(MCHS) is reviewed comprehensively. The review has included the classification of nanofluid,
advantages of nanofluid, and influential factors of performance of nanofluid. Previously, most of the
research of microchannel heat sink only focused on one passive technique (geometrical modification)
to intensify the heat transfer performance. Recently, the combination of two passive technique
(geometrical modification and fluid additive) is of interest of different researchers due to further
intensification of heat transfer performance. Therefore, the review is expected to provide an insight
for readers to understand the new class heat transfer fluid before implementation in the MCHS. In
the review, the potential of nanofluid and application of nanofluid in MCHS are also presented to
update readers the current progress of nanofluid.

Based on the review of journals, the following specific conclusions can be achieved:

1. Suspension of nanoparticles in base fluid (water, oil, ethylene glycol) is shown to be effective to
enhance the thermal conductivity of base fluid which improves the heat transfer performance of
MCHS.

2. To sustain the enhancement effect of nanoparticles, addition of surfactant is necessary because it
ensures the stability of nanofluid. Nanofluid without surfactant is prone to instability and more
susceptible to agglomeration.

3. The use of smaller nanoparticles size increase the specific surface area which provide larger
interfacial area. As a result, the smaller nanoparticles size has higher thermal conductivity and better
heat transfer performance compared to larger nanoparticles size.

4. The concentration of nanoparticles is correlated with the effective thermal conductivity of base
fluid. Higher concentration of nanoparticles provide higher effective thermal conductivity and
therefore higher heat transfer performance.

5. The nanoparticles shape have an influence on effective thermal conductivity of base fluid. Common
shapes of nanoparticles are platelet, blade, spherical, cylindrical, brick, and spherical. The platelet
shape has the highest effective thermal conductivity due to higher surface area to volume ratio.

6. The nanoparticles material generally possessed different thermal conductivity. The suspension of
nanoparticles material with higher thermal conductivity will result in base fluid with higher effective
thermal conductivity compared to nanoparticles material with low thermal conductivity.

7. The drawback of nanofluid is high pressure drop and instability. The pressure drop is undesirable
in heat transfer equipment as it can increase the cost to supply additional energy to recover the
pressure loss. Therefore, it is necessary to examine the optimum concentration of nanofluid that
gives moderate pressure drop and provides enhancement in heat transfer. Besides that, the unstable
nanofluid can affect the long term practicability of nanofluid in heat transfer equipment. Addition of
surfactant is one of the methods that commonly used by researchers to prepare stable nanofluid.
However, there are also other methods available to prepare stable nanofluid which is beyond the
scope of this review paper.
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