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as a coolant in microchannel heatsink has been attracting a lot of interest among
researcher due to the enhancement of thermal conductivity in a nanofluid with a small
percentage of the nanoparticle. The enhancement has contributed to heat transfer
augmentation in microchannel heatsink. In this paper, a comprehensive review about
nanofluid as a coolant regarding its performance based on the concentration and size
of nanoparticle in microchannel heatsink was presented and analysed. The discussion
of this review focused on the methodology used to analyse the performance of
nanofluid in a microchannel, flow condition, channel design and type of nanofluid.
Finally, the suggestion of nanofluid selection, nanoparticle concentration, nanoparticle
size and flow condition have been pointed out.
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1. Introduction

Over the past decade, the investigation of fluid flow and heat transfer characteristic induced by
natural convection on thermal performance becomes a most interesting topic in a cooling system.
The effectiveness of the cooling system in such application is very important to keep the temperature
of a structure or electronic device from exceeding limits imposed by needs of safety and efficiency.
The applications of the cooling system in thermal engineering are known for years and have been
studied critically in theoretical as well practical point of view in various engineering applications such
as building energy system, electronic device, chemical vapor deposition instruments, solar energy
collector, furnace engineering and many more [1].
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In recent years, rapid growth in the electronic industry has witnessed a new generation high
performing dense chip packages in many modern electronic devices. The chip packages that work at
high frequency has produced very high heat flux on the electronic devices. If it happens continually,
the heat flux will create the hot spot on the electronic device and thus reduces the lifespan of the
electronic devices due to the acceleration of the Mean Time to Failure (MTTF) as described by Black’s
equation [2]. The increase in power density and miniaturization of electronic packages has driven the
direction of cooling system technology from air-cooling technology to advanced heat transfer
technology due to the conventional method inadequate to remove very high heat flux [3]. However,
the development of more compact electronic devices that will operate at high power density causes
the thermal management of electronic devices becomes a very critical issue in the electronics
industry due to lack of efficient technique to remove heat from the devices [4, 5].

2. Enhancement Techniques

During the past 30 years, many methods have been proposed in open literature in order to
improve overall performance of microchannel heatsink with minimal thermal resistance and pressure
drop that can satisfy the cooling demand. Generally, the methods can be categorized into two groups,
active method and passive method. Active method will use external energy in its system while passive
method no need for that. Most of researcher has widely used the passive method due to its low cost
and absence of moving part compared to active method [6]. Fig. 1 shows the techniques in active and
passive method that available in open literature.

ENHANCEMENT TECHNIQUE

PASSIVE METHOD

Surface Roughness

ACTIVE METHOD

Vibration

Flow Disruption
Electrostatic Fields

Channel curvature
Flow Pulsation

Re-entrant Obstruction
Variable Roughness Structure

Secondary flow

Out of Plane Mixing

Fluid Additives

Fig. 1. Enhancement technique for microchannel heatsink

2.1 Active Method

Much of the literature since the mid-1981s emphasises the passive method rather than active
method in performance augmentation of microchannel heatsink due to compactness area in advance
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electronic device. There is a relatively small body of literature that consider application of active
method in development of microchannel design. In 2003, Jeung Sang Go [7] has evaluated
experimentally the effect of flow-induced vibration of a microfin array on heat transfer
augmentation. It was demonstrated that, high heat transfer rate can be obtained by increasing the
vibrating displacement of the microfin. In an innovative work by T. Krishnaveni and his co-researchers
[8], they proposed electric fields technique in rectangular microchannel heatsink whereby this
method can induce chaotic mixing in a microchannel and thus contributes to the heat transfer
augmentation. The characteristic of flow pulsation technique on microchannel performance has been
investigated critically by Mir-Akbar Hessami and Andrew Berryman [9]. They have concluded that,
heat transfer enhancement can be obtained by increasing the frequency and reducing the amplitude
of flow pulsation.

2.2 Passive Method

Flow disruption technique is the one of the passive method that widely used in innovation of
microchannel design due to its capability to increase the flow mixing and thus contributes to the heat
transfer enhancement. Hong and Cheng [10] has investigated the effect of offset strip-fin on flow and
heat transfer characteristic. It is found that, the fins have increased the flow mixing between the cold
and hot coolant and thus enhanced the heat transfer performance. Besides that, the periodical
breakup of boundary layer provided by the fins is another factor to enhance heat transfer. To fully
understand about the mechanism of flow disruption technique, Chai et al. [11] has conducted one
comprehensive study to analyse the effect of rectangular rib on the mainstream flow such as
mainstream flow separation, recirculation or vortex, and interrupted boundary layer. In 2018, Chai
et al. [12] has extended his analysis by changing the shape of rib to backward triangular, diamond,
forward triangular and ellipsoidal. The analysis shows that, the presence of non-rectangular rib in
microchannel decreased the total thermal resistance and entropy generation rate by 4 —31% and 4
— 26%, respectively.

It has been well-known that Dean vortices generated by curved channel will enhance the
stretching and folding of the flow element. This mechanism will increase the flow mixing and thus
improve the heat transfer performance. Sui et al., [13] studied the how Dean vortices that generated
in wavy channel may increase the flow mixing and improve heat transfer. The observation shows the
chaotic advection created by the number of Dean vortices in different location along flow direction
will increase the flow mixing and thus improve the heat transfer performance. In 2016, Mills and his
co-researcher [14] analysed the performance of heat transfer in wavy channel for steady and
unsteady flow. They have revealed that heat transfer enhancement achieved in unsteady regime is
higher than that in steady regime. At low Reynolds number (steady state), the enhancement of heat
transfer performance is defined by amplitude of wall waviness. However, at high Reynolds number
(unsteady state), the performance of heat transfer is strongly affected by pressure drop penalty
compare to the amplitude of wall waviness.

Up to now, a number of studies has demonstrated the thermal performance in microchannel
heatsink can be enhanced using secondary flow technique. In 2012, Lee et al., [15] has designed
oblique fins in copper microchannel heatsink for generating secondary flow that give a great impact
on heat transfer performance that overcome pressure drop penalty issue. After two years, he and his
research team [16] has continued their investigation about oblique fin parameter in silicon
microchannel heatsink. They have revealed that smaller oblique angle and smaller fin pitch will
contributes to the heat transfer augmentation. Secondary channel geometry in alternating
orientation that connect two adjacent main channel has been investigated by Kuppusamy et al., [17].
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They found that the combined effect of thermal boundary layer re-development and flow mixing has
increased the heat transfer performance with minimal penalty of pressure drop.

2.3 Combination of Individual Passive Technique

All of the studies reviewed here has demonstrated the heat transfer performance could be
enhanced by using individual technique of passive method. However, pressure drop issue become
the main constrain in the design development of microchannel heatsink. Nowadays, many
researchers have used multiple technique of passive method in single phase flow for enhancement
of microchannel performance. The combined effect from multiple technique in microchannel design
will increase heat transfer performance with minimal pressure drop. Li et al., [18] has proposed new
novel design in order to develop high efficiency low-resistance heat exchanger. Combination
structure of dimple and pin-fin in the novel design has increased the heat transfer with energy saving
and low resistance features. It can be seen that the features have enhanced the thermal performance
by 10.3% at Reynolds number of 200. Besides that, the area of high temperature region and
temperature gradient were decreased. Furthermore, violent action of flow on heated wall provided
by pin-fin has increased the uniformity heated area.

In 2013, L. Gong et al., [19] has analysed the performance of microchannel structured by dimple
and wavy shape. Intheir design, the effect of dimple number in wavy wall has been study numerically.
They revealed that the presence of the dimple structure in wavy channel could enhanced the heat
transfer performance and not apparently increase the flow resistance. Besides that, the overall
performance of the microchannel increases with the dimple number. After six years, Gong et al., [20]
studied the same geometry combination with different orientation of dimple structure. Their
numerical result demonstrated that microchannel with dimple structure in the throat of wavy
channel appeared as the best thermal performance compared with the dimple structure in the cavity
of wavy channel. The dimple structure in cavities just weaken the overall performance that provided
by wavy channel.

In recent years, many researchers are interested to study the effect of combination of cavities
and ribs on the sidewalls and on the central of straight channel, respectively. Li and his co-researcher
[21] has presented a numerical study to investigate the effect of ribs and cavities on fluid flow and
heat transfer characteristic for the Reynolds number ranging from 173 to 635. The analysis revealed
that combined effect of interruption, redevelopment of thermal boundary layer, the intensified
mainstream disturbance and the chaotic mixing between hot and cold water has contributed to
enhancement of heat transfer performance. Beng et al., [22] has supported this result with the same
geometry design analysis. They have demonstrated that the higher heat transfer augmentation could
be achieved by combining the individual technique in passive method.

There have some researchers are still using conventional design such as rectangular shape for
heat transfer augmentation in microchannel heatsink. In 2012, Hung et al., [23] studied the
performance of rectangular channel in two configurations, single-layered and double-layered. They
revealed that thermal performance obtained by double-layered rectangular channel is higher than
single-layered one. In order to verified the ability of rectangular shape in heat transfer augmentation,
Razalietal., [24] has compared the performance of microchannel with rectangular-shape and square-
shape. The result shows that, microchannel with square-shape has a better thermal performance
than rectangular-shape especially at low Reynolds number. However, pressure drop produced by
square-shape channel is higher than rectangular channel. Selection of microchannel shape is very
important to ensure the overall performance of microchannel can be enhanced without high penalty
of pressure drop.
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2.4 Nanofluid Application in Microchannel Heatsink

In early investigation of microchannel performance, most of researcher focus their attention to
improve the design of flow passage so as the thermal resistance could be decreased and thus improve
the heat transfer performance. However, there are some researcher try to enhance the heat transfer
performance by changing the transport properties such as thermal conductivity of the fluid used in
the microchannel heatsink. Nowadays, discovery of new potential fluid as a coolant will improve the
ability of convective heat transfer in microchannel heatsink. Long years ago, early researcher has
added solid particle with the size of micrometer and milimeter in the based fluid (water) to improve
the thermal conductivity that could help to improve heat transfer performance. However, this
method is impractical for the microchannel heatsink due to the issue of clogging effect. In 1995, Choi
et al., [25] has introduced the new potential coolant named as nanofluid. Nanofluid is prepared by
dispersing solid particle with the size of nanometer in based fluid. The present of nanoparticle in the
base fluid has increased the heat transfer coefficient of base fluid due to the thermal conductivity of
solid particle is higher than fluid [26]. This characteristic contributes the heat transfer performance
[27].

There have some criteria that need to be considered in nanofluid preparation such as based fluid
selection, nanoparticle size, nanoparticle shape, nanoparticle concentration purity of nanoparticle,
dispersibility of nanoparticle, thermal conductivity, preparation method and compatibility of
nanoparticle that leads to homogenies mixture of nanofluid [28]. Table 1 shows the list of nanofluid
that available in open literature. It can be seen that, most of the researchers are interesting on
application of Al,O3 nanoparticle as additives in the base fluid in microchannel heatsink. Besides that,
pure water such as DI water and distilled water most widely used as the base fluid in their analysis.
Alfaryjat and his co-researcher team [29] studied the effect of the base fluid that homogenized with
Al>,O3 nanoparticle on fluid flow and heat transfer characteristic in rhombus microchannel heatsink.
They have revealed that Al,03 nanoparticle that dispersed in pure water has the highest heat transfer
coefficient compare to other base fluid such as engine oil, glycerine and ethylene glycol. Furthermore,
Al,Os/water provide the lowest thermal resistance among other base fluid. Although all the base fluid
has a similar friction factor, Al,Os/water shows the lowest value of pressure drop due to great
enhancement of heat transfer performance. The effectiveness of Al,O3 nanoparticle as additives has
been analysed experimentally by Thansekhar et al., [30] for the low Reynolds number of 55 to 90.
The result has demonstrated that Al,Os/water has the better heat transfer performance compare to
SiO2 due to its thermal conductivity. Thermal conductivity is one of the factor that determine the
performance of nanofluid.

However, Razali et al., [31] claim that the performance of Al,Os/water decreases for long term
used due to the changed of the crystallite size that effected by growth in heating process. Due to this
problem, Sivakumar et al., [32] has analysed the other potential additives such as CuO nanopartcle.
The analysis has compared the performance of Al,O3 nanoparticle with CuO naopartilce in different
base fluid such as ethylene glycol and pure water. The result shows that heat transfer coefficient of
CuO/EG is higher than Al,Os/water and CuO/water due to EG base fluid has a higher viscosity and
density. This statement appears to contradict with Alfaryjat et al., [29]’s research which prove that
water has a better performance as a base fluid compare to EG. Volume concentration also play a mail
role for heat transfer performance. It can improve or reduce the performance of nanofluid. Most of
researcher use less than 1% of volume concentration for their analysis. Chabi et al., [33] claims that
nanofluid with too high volume concentration tends to reduce heat transfer coefficient due to rapid
formation of sedimentation and nanofluid stability. The statement has been supported by Manay et
al., [34] in their study to determine the upper limit of volume concentration for TiO, nanoparticle.
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The result shows that, only for the volume concentration below than 2.0%, overall thermal efficiency
increases with volume concentration. Besides that, TiO, nanofluid just show the enhancement of
heat transfer performance for the volume concentration of 0.25% - 2.0%. When the larger volume
concentration was added, the heat transfer performance has decreased. Increasing in volume
concentration also give a significant effect on thermal resistance due to particle deposition.
Furthermore, they have stated that, the thermal resistance can be reduced by using nanoparticle that
has average diameter of 25nm.

3. Conclusion

This paper presented a comprehensive review about the application of nanofluid in microchannel
heatsink. There have several parameters that need to be consider for a better heat transfer
performance. Thermal conductivity of the nanoparticle plays a main role that will indicate the heat
transfer performance. Selection of the base fluid also give a significant effect on thermal
performance. Each nanoparticle has their own limitation of nanoparticle volume concentration. Use
the optimum volume concentration will increase the heat transfer performance with small pressure
drop. Excessive of nanoparticle volume concentration will increase the thermal resistance and will
reduce the overall thermal performance of microchannel heatsink. It is very important to understand
the behaviour of nanofluid so as the performance of microchannel can be predicted. As a new coolant
in a cooling system, there has many challenges that need to be identified and overcome for different
application. The major concern that need to be considered are the stability of nanofluid that using
two step method in nanofluid preparation and production cost to produce the nanoparticle.

Reference

[1] Sidik, Nor Azwadi Che, Muhammad Noor Afig Witri Muhamad, Wan Mohd Arif Aziz Japar, and Zainudin A. Rasid.
"An overview of passive techniques for heat transfer augmentation in microchannel heat sink." International
Communications in Heat and Mass Transfer 88 (2017): 74-83.

[2] Black, James R. "Electromigration—A brief survey and some recent results." [EEE Transactions on Electron
Devices 16, no. 4 (1969): 338-347.
[3] Ghani, Ihsan Ali, Nor Azwadi Che Sidik, and Natrah Kamaruzaman. "Hydrothermal performance of microchannel

heat sink: The effect of channel design." International Journal of Heat and Mass Transfer 107 (2017): 21-44.

(4] Farsad, E., S. P. Abbasi, M. S. Zabihi, and J. Sabbaghzadeh. "Numerical simulation of heat transfer in a micro channel
heat sinks using nanofluids." Heat and Mass Transfer 47, no. 4 (2011): 479-490.

[5] Qin, Yap Zi, Amer Nordin Darus, Nor Azwadi Che Sidik, and Nor Azwadi. "Numerical analysis on natural convection
heat transfer of a heat sink with cylindrical pin fin." J. Adv. Res. Fluid Mech. Therm. Sci. 2, no. 1 (2014): 13-22.

[6] Ny, G., N. Barom, S. Noraziman, and S. Yeow. "Numerical study on turbulent-forced convective heat transfer of
Ag/Heg water nanofluid in pipe." J. Adv. Res. Mater. Sci. 22, no. 1 (2016): 11-27.

[71  Go, Jeung Sang. "Design of a microfin array heat sink using flow-induced vibration to enhance the heat transfer in
the laminar flow regime." Sensors and Actuators A: physical 105, no. 2 (2003): 201-210.

[8] Krishnaveni, T., T. Renganathan, J. R. Picardo, and S. Pushpavanam. "Numerical study of enhanced mixing in
pressure-driven flows in microchannels using a spatially periodic electric field." Physical Review E 96, no. 3 (2017):
033117.

[9] Hessami, Mir-Akbar, Andrew Berryman, and Pratish Bandopdhayay. "Heat transfer enhancement in an electrically
heated horizontal pipe due to flow pulsation." In ASME 2003 International Mechanical Engineering Congress and
Exposition, pp. 49-56. American Society of Mechanical Engineers, 2003.

[10] Hong, Fangjun, and Ping Cheng. "Three dimensional numerical analyses and optimization of offset strip-fin
microchannel heat sinks." International Communications in Heat and Mass Transfer 36, no. 7 (2009): 651-656.

[11] Chai, Lei, Guodong Xia, Mingzheng Zhou, Jian Li, and Jingzhi Qi. "Optimum thermal design of interrupted
microchannel heat sink with rectangular ribs in the transverse microchambers." Applied Thermal Engineering 51,
no. 1-2 (2013): 880-889.

[12] Chai, Lei, and Liang Wang. "Thermal-hydraulic performance of interrupted microchannel heat sinks with different
rib geometries in transverse microchambers." International Journal of Thermal Sciences 127 (2018): 201-212.

170



Volume 45, Issue 1 (2018) 165-176

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences ”

(13]

(14]

(15]

(16]

(17]

(18]

(19]
[20]

(21]

[22]
(23]
[24]
[25]
(26]
(27]
(28]

(29]

(30]
(31]
(32]

(33]

(34]

(35]

(36]

Sui, Y., C. J. Teo, Poh Seng Lee, Y. T. Chew, and C. Shu. "Fluid flow and heat transfer in wavy
microchannels." International Journal of Heat and Mass Transfer 53, no. 13-14 (2010): 2760-2772.

Mills, Zachary Grant, Alok Warey, and Alexander Alexeev. "Heat transfer enhancement and thermal-hydraulic
performance in laminar flows through asymmetric wavy walled channels." International Journal of Heat and Mass
Transfer 97 (2016): 450-460.

Lee, Y. J.,, P. S. Lee, and S. K. Chou. "Enhanced thermal transport in microchannel using oblique fins." Journal of
Heat Transfer 134, no. 10 (2012): 101901.

Lee, Yong Jiun, Pawan K. Singh, and Poh Seng Lee. "Fluid flow and heat transfer investigations on enhanced
microchannel heat sink using oblique fins with parametric study." International Journal of Heat and Mass
Transfer 81 (2015): 325-336.

Kuppusamy, Navin Raja, R. Saidur, N. N. N. Ghazali, and H. A. Mohammed. "Numerical study of thermal
enhancement in micro channel heat sink with secondary flow." International journal of heat and mass transfer 78
(2014): 216-223.

Li, Ping, Yaoyuan Luo, Di Zhang, and Yonghui Xie. "Flow and heat transfer characteristics and optimization study
on the water-cooled microchannel heat sinks with dimple and pin-fin." International Journal of Heat and Mass
Transfer 119 (2018): 152-162.

Gong, Liang, and Bo Wei. "The Characteristics of Fluid Flow and Heat Transfer in Wavy, Dimple and Wavy-Dimple
Microchannels." In Applied Mechanics and Materials, vol. 394, pp. 173-178. Trans Tech Publications, 2013.

Gong, Liang, Hui Lu, Hongyan Li, and Minghai Xu. "Parametric numerical study of the flow and heat transfer in a
dimpled wavy microchannel." Heat Transfer Research 47, no. 2 (2016): 105-118.

Li,Y.F., G. D. Xia, D. D. Ma, Y. T. Jia, and J. Wang. "Characteristics of laminar flow and heat transfer in microchannel
heat sink with triangular cavities and rectangular ribs." International Journal of Heat and Mass Transfer 98 (2016):
17-28.

S.W. Beng, Aziz Japar, W. M. A,, "Numerical analysis of heat and fluid flow in microchannel heat sink with triangular
cavities," Journal of Advanced Research in Fluid Mechanics and Thermal Sciences, 34 (2017): 1-8.

Hung, Tu-Chieh, Wei-Mon Yan, and Wei-Ping Li. "Analysis of heat transfer characteristics of double-layered
microchannel heat sink." International Journal of Heat and Mass Transfer 55, no. 11-12 (2012): 3090-3099.

Razali, A. A., and A. Sadikin. "CFD simulation study on pressure drop and velocity across single flow microchannel
heat sink." J. Adv. Res. Des. 8 (2015): 12-21.

Choi, Stephen US, and leffrey A. Eastman. Enhancing thermal conductivity of fluids with nanoparticles. No.
ANL/MSD/CP--84938; CONF-951135--29. Argonne National Lab., IL (United States), 1995.

Noh, N. M., A. Fazeli, and NA Che Sidik. "Numerical simulation of nanofluids for cooling efficiency in microchannel
heat sink." J. Adv. Res. Fluid Mech. Therm. Sci. 4, no. 1 (2014): 13-23.

Lee, Y. K. "The use of nanofluids in domestic water heat exchanger." J. Adv. Res. Appl. Mech. 3, no. 1 (2014): 9-24.
Sidik, Nor Azwadi Che, Muhammad Mahmud Jamil, Wan Mohd Arif Aziz Japar, and Isa Muhammad Adamu. "A
review on preparation methods, stability and applications of hybrid nanofluids." Renewable and Sustainable
Energy Reviews 80 (2017): 1112-1122.

ALFARYJAT, Altayyeb, Adina-Teodora GHEORGHIAN, Ahmed NABBAT, Mariana-Florentina STEFANESCU, and
Alexandru DOBROVICESCU. "THE IMPACT OF DIFFERENT BASE NANOFLUIDS ON THE FLUID FLOW AND HEAT
TRANSFER CHARACTERISTICS IN RHOMBUS MICROCHANNELS HEAT SINK."

Thansekhar, M. R., and C. Anbumeenakshi. "Experimental Investigation of Thermal Performance of Microchannel
Heat Sink with Nanofluids Al203/Water and SiO2/Water." Experimental Techniques 41, no. 4 (2017): 399-406.
Razali, A. A., A. Sadikin, and S. A. lbrahim. "Heat transfer of Al203 nanofluids in microchannel heat sink." In AIP
Conference Proceedings, vol. 1831, no. 1, p. 020050. AIP Publishing, 2017.

Sivakumar, A., N. Alagumurthi, and T. Senthilvelan. "Effect of serpentine grooves on heat transfer characteristics
of microchannel heat sink with different nanofluids." Heat Transfer—Asian Research 46, no. 3 (2017): 201-217.

A. Chabi, S. Zarrinabadi, S. Peyghambarzadeh, S. Hashemabadi, and M. Salimi, "Local convective heat transfer
coefficient and friction factor of CuO/water nanofluid in a microchannel heat sink," Heat and Mass Transfer, vol.
53, no. 2, pp. 661-671, 2017.

Manay, Eyuphan, and Bayram Sahin. "Heat transfer and pressure drop of nanofluids in a microchannel heat
sink." Heat Transfer Engineering 38, no. 5 (2017): 510-522.

Arabpour, Abedin, Arash Karimipour, and Davood Toghraie. "The study of heat transfer and laminar flow of
kerosene/multi-walled carbon nanotubes (MWCNTs) nanofluid in the microchannel heat sink with slip boundary
condition." Journal of Thermal Analysis and Calorimetry 131, no. 2 (2018): 1553-1566.

Tran, Ngoctan, Yaw-Jen Chang, and Chi-Chuan Wang. "Optimization of thermal performance of multi-nozzle
trapezoidal microchannel heat sinks by using nanofluids of Al 2 O 3 and TiO 2." International Journal of Heat and
Mass Transfer 117 (2018): 787-798.

171



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 45, Issue 1 (2018) 165-176

(37]

(38]

(39]

[40]

(41]

[42]

[43]

(44]

Sarafraz, M. M., V. Nikkhah, M. Nakhjavani, and A. Arya. "Thermal performance of a heat sink microchannel
working with biologically produced silver-water nanofluid: Experimental assessment." Experimental Thermal and
Fluid Science 91 (2018): 509-519.

Abdollahi, Ayoub, Rajnish N. Sharma, Hussein A. Mohammed, and Ashkan Vatani. "Heat transfer and flow analysis
of Al203-Water nanofluids in interrupted microchannel heat sink with ellipse and diamond ribs in the transverse
microchambers." Heat Transfer Engineering (2017): 1-9.

Vinoth, R., and D. Senthil Kumar. "Channel cross section effect on heat transfer performance of oblique finned
microchannel heat sink." International Communications in Heat and Mass Transfer 87 (2017): 270-276.
Duangthongsuk, Weerapun, and Somchai Wongwises. "An experimental investigation on the heat transfer and
pressure drop characteristics of nanofluid flowing in microchannel heat sink with multiple zigzag flow channel
structures." Experimental Thermal and Fluid Science 87 (2017): 30-39.

Arani, Ali Akbar Abbasian, Omid Ali Akbari, Mohammad Reza Safaei, Ali Marzban, Abdullah AAA Alrashed, Gholam
Reza Ahmadi, and Truong Khang Nguyen. "Heat transfer improvement of water/single-wall carbon nanotubes
(SWCNT) nanofluid in a novel design of a truncated double-layered microchannel heat sink." International Journal
of Heat and Mass Transfer 113 (2017): 780-795.

Sarafraz, M. M., V. Nikkhah, M. Nakhjavani, and A. Arya. "Fouling formation and thermal performance of aqueous
carbon nanotube nanofluid in a heat sink with rectangular parallel microchannel." Applied Thermal
Engineering 123 (2017): 29-39.

Snoussi, L., N. Ouerfelli, K. V. Sharma, N. Vrinceanu, A. J. Chamkha, and A. Guizani. "Numerical simulation of
nanofluids for improved cooling efficiency in a 3D copper microchannel heat sink (MCHS)." Physics and Chemistry
of Liquids (2017): 1-21.

Abubakar, S., CS Nor Azwadi, and A. Ahmad. "The use of Fe304-H204 nanofluid for heat transfer enhancement in
rectangular microchannel heatsink." J. Adv. Res. Mater. Sci.23 (2016): 15-24.

172



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences

Volume 45, Issue 1 (2018) 165-176

@

Table 1
Application of nanofluid in various shape of microchannel heatsink
Volume
Reynolds . . . Lo
Author Nature of work Numb Nanofluid concentration Based fluid Finding
umber
/ diameter
Thermal resistance decreases on increasing the
volume fraction and slip velocity coefficient
Arabpour A et al., . 0.4% Kerosene Heat transfer increases with Reynolds number
[35] Numerical 1-100 MWCNT 0.8% and volume concentration of nanoparticle
. 0
Increasing in volume fraction has increased the
friction coefficient due to enhancement in
viscosity and density
Thermal resistance was improved up to 6.7%
when using TiO2 with 1.0vol.% compare to DI
ALO 0.1vol.% water.
. . . o
Tran N et al., [36] Numerical 100-900 .2 3 0.5v0l.% DI water Thermal re5|§tance for TiO2 with '1.0V0|.A is lower
TiO2 1.0vol % than AlO3 with same concentration and DI water.
LVoLs The higher thermal performance could be
achieved with the nanofluid that have higher
thermal conductivity and concentration
Optimum concentration of silver nanofluid
(0.05wt.%) has enhanced the overall thermal
performance up 37% at the Reynolds number of
0.01wt.% 1400
. . o .
Sarafraz et al., [37] Experiment 50-1400 Silver, Ag 0.05wt.% DI water Silver nanofluid W',th 0.1wt.% has |rTcreas.e(.:1 the
01wt % heat transfer coefficient by 47% and it exhibit the
. ./0

highest one.

When the mass concentration of the Silver
nanofluid increases, heat transfer coefficient also
increases with pressure drop.
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@

Abdollahi et al., [38] Numerical

Vinoth et al., [39] Experiment
Duangthongsuk et .
Experiment
al., [40]

200-700

300-850

NA

Al203

Al,03

SiO2

1.0vol.% DI water
2.5vol.%
5.0vol.%

0.25v0l.% Distilled water

0.3vol.%
0.6vol.%
0.8vol.%

DI water

No significant effect on pressure drop by using
nanofluid in interrupted MCHS

At least 2.0vol.% is required to obtained an
enhancement in heat transfer performance
Al>-Oz/water with 5.0vol.% can enhance Nusselt
number more than 30% and give a great impact
on heat transfer performance.

Adding nanoparticle into water could increases
the heat transfer rate up to 4.6%

Heat transfer rate improvement for trapezoidal
cross section of oblique finned MCHS is highest
than square and semi-circle cross section for both
water and nanofluid by 3.13% and 5.88%
respectively.

Heat transfer rate improvement for trapezoidal
cross section of oblique finned MCHS is highest
than square and semi-circle cross section for both
water and nanofluid by 3.13% and 5.88%
respectively.

Thermal performance provided by nanofluid is
better than water by 3-15%.

Application of nanofluid in cross-cutting flow
channel just have small increases in pressure drop
Nusselt number increases with volume
concentration and Reynolds number
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Arani et al., [41] Numerical 500-2000 SWCNT
Sarafraz et al., [42] Experiment 100-1400 MWCNT
. . Al203
Snoussi et al., [43] Numerical 100-1000 ¢
u

4vol.%
8vol.%

Nominal size:

5-10nm
length:
2umeter

1.0vol.%
2.0vol.%

Distilled water

DI water

DI water

Thermal resistance, ratio of maximum
temperature to minimum temperature on the
bottom surface and ratio of thermal resistance
decreases on increasing the volume fraction and
Reynolds number

Heat transfer rate increases with volume fraction

MWCNT has the higher heat transfer coefficient
than  based fluid. Approximately 29%
enhancement.

Heat transfer increases significantly with volume
concentration and fluid flow rate

Fouling thermal resistance decreases with the
mass concentration.

MWCNT shows the lower temperature profile
along the MCHS than based fluid in microchannel.
The higher mass concentration , the lower
temperature profile is obtained

When using nanofluid, heat transfer coefficient
can be enhanced by applying the higher heat flux.
At the higher heat flux, wall temperature
deceases on increasing the volume fraction

Heat transfer increased by 14% - 20% when using
nanofluid compared to the base fluid
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S. B. Abubakar et al.,
[44]

Alfaryjat A., et al.,
[29]

Sivakumar A., et al.,
[32]

Numerical

Numerical

Experiment
Numerical

140
700
1400

700

100-1300

0.4vol.%
Fe304 0.6vol.%

0.8vol.%

4.0vol.%
AlbOs3

25 nm
CuO
NA

AlLO3

Distilled water

DI water
Engine oil
Glycerin
Ethylene glycol

Ethylene glycol
Distilled water

The presence of Fes04 nanoparticle in pure water
has a better heat transfer performance than pure
water due to the higher dynamic viscosity and
lower heat capacity.

The temperature of channel wall decreases on
increasing the volume fraction of Fe30a.

When using  FesOs/water, the surface
temperature decreases up to 0.04%, 0.07% and
0.08% for the 0.4vol.%, 0.6vol.% and 0.8vol.%,
respectively

Al,O,/water shows the lower value of thermal
resistance than other tested nanofluid in the
rhombus shape cross section.

Ai,O2/water has a higher heat transfer coefficient
than other tested nanofluid.

Al,Os/water shows the lower value of pressure
drop than other tested nanofluid in rhombus
shape cross section

Heat transfer coefficient for CuO/EG and
Al,Os/water is higher than their base fluid.

Heat transfer coefficient for CuO/EG is higher
than Al,O3/water and CuO/water

Brownian motion of nanoparticle in serpentine
shape channel has contributed to the
enhancement of heat transfer rate.
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