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Nanofluids have attracted tremendous attention during the last two decades. The researchers all over the world
investigate the feasibility of the nanofluids use in different phenomena and equipment. The ever-increased
importance of nanofluids shows the urgent need to have a comprehensive review of nanofluids utilization in
diverse areas. This paper presents a comprehensive assessment of nanofluids' applications in various
microchannel geometries. All studies have been categorized into three main classes: experimental, analytical
and numerical studies. Critical information has been presented in a comprehensive table in each section. Also,
statistical considerations such as bibliographic analysis have been performed. The results show ever-increasing
importance of nanofluids applications in microchannels. The bibliographic analysis shows the changing in the
research concerns in the last decade. Almost all studies have demonstrated the preferred nanofluids thermal
behavior in microchannels, compared to the base fluids.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

In this section, the summary of the historical background of
microchannels and nanofluids is presented. Also, important studies
and their interesting incentives are described.
ha),
tiau.ac.ir (A. Rahnama).
1.1. Microchannels

Great endeavors along with the industrial miniaturizing trend
resulting in advanced micro and nano-size equipments, have taken
place in last few decades. Today, the importance of fluid flows in
micro size applications has ever increased significantly.

It seems that the first study of the microchannel has been done
by Tuckerman and Pease [1] for cooling the VLSI (Very Large Scale
Integration) applications. They designed and tested a new and compact,
water-cooled integral heat sink for silicon integrated circuits. It has been
concluded that in high power densities, feasibility of ultra high-speed
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VLSI circuits is greatly enhanced by the heat sink. Therefore, they intro-
duced an important device, playing a vital role in the most transfer
phenomena, in decades later.

Kandlikar et al. [2] investigated heat transfer and characteristics of
fluid flow in minichannels and microchannels in a comprehensive
book. Single phase gas and liquid flow, Single phase electrokinetic flow,
boiling, condensation and biomedical applications in microchannels
have been considered in details.

In another experimental study, byMala and Li [3], a series test is con-
ducted on the effects of microchannel diameter changes on pressure
drop. Their experimental studies indicate significant departure of flow
characteristics from the predictions of the theory for microchannel
with smaller diameters. For the microchannel with large diameters,
the experimental results are in rough agreement with the conventional
theory. Fig. 1 shows the different microchannel geometries schematics.

Microchannels are used in microelectronic cooling [4], industrial
heat exchangers [5,6], automotive [7,8]; cooling of gas turbine blades
[9], power and process industries [10–12]; HVAC systems [13,14];
bioengineering [15,16], infrared detectors and laser mirrors [17,18],
renewable energies [19,20], microsesnors [21,22] and, etc.

1.2. Nanofluids

Coming back to the nineteenth century may be necessary to have a
better look at the nanofluids historical background. Maxwell [23], for
the first time, proposed the idea of making a suspension of dispersed
mini-size particles in the liquids to achieve enhanced thermal proper-
ties. The idea couldn't attract the global attention because of the higher
mass of the particles in the nano-size world and resulted particle sedi-
mentation. About one century later, Choi and Eastman [24] introduced
a new class of heat transfer fluids capable of to be engineered by
Fig. 1. Conventional microchannel geometries.
suspending metallic nanoparticles in conventional heat transfer fluids.
The resulting “nanofluids” are expected to exhibit high thermal conduc-
tivities compared to those of conventionally used heat transfer fluids,
and they represent the best hope for enhancement of heat transfer.

Thereupon, nanofluids have attracted enormous attention between
thermal scientists and engineers, over the world. Followed by explosive
growth of experimental studies on the nanofluids thermal and hydro-
dynamic behavior in two last decades, recent breakthroughs in the
manufacturing process enabled the scientists to study on very small
nano-size particles from different materials. Almost all of them ob-
served the promising thermophysical properties of nanofluids.

Today, nanofluids applications are successfully experienced in a
wide range of industries. Fig. 2 shows some important applications
of nanofluids. The use of nanofluids includes, but not limited to, heat
exchangers [25–27], impingement jets [28–30], automotive [31–33],
renewable energies [34–36], heating and tempering process [37–39],
nuclear reactors [40,41], electronic chips cooling [42–44], lubrication
[45–47] combustion [48–50], medicine [51–53], etc.

In this paper, the authors have tried to review all the journal papers
that dealt with microchannels and nanofluids. The papers have been
categorized into three main types: analytical studies, experimental
studies and numerical studies.

2. Experimental studies

Vinoth and Kumar [54] investigated the effect of the cross section of
channel on the heat transfer performance of an oblique finned, experi-
mentally. They designed and used three different shapes of ribbed
microchannels: square, semicircle, and trapezoidal involved alumina/
water nanofluids. Eventually, it has been observed that trapezoidal
cross-section profile has better performance in heat transfer and flow
characteristics compared to square and semicircle ones.

In another interesting experimental study, by Azizi et al. [55] the
thermal performance of a cylindrical microchannel heat sink comprised
of 86 rectangular microchannels with a hydraulic diameter of 560 μm
assembled into a cylindrical geometry was investigated. The Cu–water
nanofluid with different concentrations was used as a coolant in a
laminar flow. Fig. 3 shows the aforementioned microchannel heat sink.

Appreciable enhancement of the convective heat transfer coefficient
of the nanofluid with the base fluid of water at 0.3% mass fraction was
obtained without a major pressure drop in comparison to the previous
similar experimentalworks. However, increasing Re number at a certain
point resulted in the reduction of thermal effectiveness and heat trans-
fer performances of theMCHS. They attributed this phenomenon to the
agglomeration or sedimentation of nanoparticles at higher flow rates as
well as a lower residence time of the coolant which would cause insuf-
ficient contact time for a proper heat exchange with the MCHS wall.

Duangthongsuk andWongwises [56] conducted an experiment on the
zigzagmicrochannel heat sink. They investigated the effect of single cross-
cutting of the flow channel, Reynolds number, and particle concentration
on the Nusselt number and pressure drop characteristics. They found
that cross-cutting of the flow channel has little effect on the heat transfer
performance. Also, particle concentration has a significant effect on the
heat transfer performance, but has no effect on the pressure drop. This is
a challenging finding because of it seems that the particle concentration
can affect the resulting pressure drop and need more investigations.

Boiling phenomena in microchannel has been studied by Vafaei and
Wen, experimentally [57]. They dispersed alumina nanoparticles in
water as a base fluid in a parallel plates microchannel to consider the
critical heat flux (CHF). They found that the general trend of CHF varia-
tionwithmass flux and initial subcooling is similar to that of pure fluids
in microchannels and nanofluids in macrochannels, i.e. CHF increases
with the increase of mass flux and initial subcoolings.

Maganti et al. [58] used parallel microchannel heat sink configura-
tions for microprocessor cooling in a series of experiments. Their coolant
was a different range of nanofluids: Al2O3, CuO, CNT, graphene and SiO2



Fig. 2. Important nanofluids application.
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nanoparticles dispersed in water. A schematic of their experimental
setup is shown in Fig. 4.

They used afigure ofmerit (FoM)method to quantify the thermal per-
formance of microchannel heat sink and found that the Z configuration
employing nanofluid is the best suitable solutions for uniform thermal
loads to achieve uniform cooling as well as reducing the maximum tem-
perature produced within the device. Their results were very promising
and viable approach for futuristic thermal mitigation of microprocessor
systems.
Fig. 3. Microchannel setup [55].
Anoop & Sadr [59] presented for the first time the near-wall velocity
measurements for nanofluids using nanoparticle image velocimetry.
This novel technique uses evanescent illumination in the solid–fluid
interface to measure near-wall velocity field with an out of-plane reso-
lution on the order of 100 nm. They measured the near-wall velocity
data and compared with that of the base fluid at the same flow condi-
tion. Those measurements vindicate the homogenous and Newtonian
characteristics of the nanofluids in the near-wall region. Despite the
low particle concentrations investigated, their work also discusses the
complexity involved in utilizing the methodology and possible errors
arising during experimentation, so as to implement this measurement
tool more effectively in the future.

The one of the early works on the nanofluids applications in the
microchannels came back to the Lee and Mudawar [60] experimental
investigations of nanofluids cooling capabilities in microchannels at
two states: the single-phase flow and the two-phase flow. Their results
were some frustrating about nanofluids applications: for two-phase
cooling, nanoparticles caused catastrophic failure by depositing into
large clusters near the channel exit due to localized evaporation once
boiling commences. This clustering phenomenon quickly propagates
upstream to fill the entire channel, preventing coolant from entering
the heat sink and causing catastrophic failure of the cooling system.
Their other interesting results are that higher single-phase heat transfer
coefficients are achieved in the entrance region of microchannels with
increased nanoparticle concentration. However, the enhancement is
weaker in the fully developed region, proving that nanoparticles have
an appreciable effect on thermal boundary layer development. Higher
concentrations also produce greater sensitivity to heat flux. Also, they
summarized the advantages of nanofluids as Higher single-phase heat
transfer coefficient, especially for laminar flow, due to increased ther-
mal conductivity and the disadvantages of the nanofluids as increased
axial rise in wall temperature due to degraded specific heat, increase
pumping power due to greater pressure drop, long-term fluid settling
and potential clogging of flow passages, possible damage to flow loop
parts by erosion, inability to sustain flow boiling, high cost of nanopar-
ticle suspensions.

Kalteh et al. [61], in another interesting study, considered the heat
transfer due to alumina-water nanofluid flow inside a wide rectangular
microchannel heat sink is studied both numerically and experimentally.
The two-phase Eulerian-Eulerian method is used to simulate the
nanofluid flow. Also, homogeneous modeling is done to compare with



Fig. 4. (Top) conventional thermal management technique for present day microprocessor systems. (Bottom) proposed a microprocessor cooling system employing microchannel based
heat spreader, thus eliminating heat sink and fans as well as not involving the technologically involved concept of microchannels on the silicon microprocessor itself. Further, nanofluids
are employed to reduce the extent of flow maldistribution induced hot spots in the flow domain as well as induce more uniform cooling of the whole heat spreader [58].
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the experimental and two-phase results. For the experimental study,
a microchannel heat sink using a silicon wafer and 2 glass layers is
made. For pure water, 0.1% and 0.2% alumina-water nanofluid experi-
ments are done for different Reynolds numbers in an open loop and a
constant heat flux. Comparing the experimental, homogeneous and two-
phase results, it canbe seen that two-phase results are in better agreement
with the experimental results. This shows that the two-phase method is
more appropriate than the single-phase model to simulate the nanofluid
flow. Also, the two-phase results show that the velocity and temperature
difference between the base liquid and nanoparticle phases is very small
and negligible and the nanoparticles distribute evenly in the base liquid.
Thus, the nanofluid can be considered as a single-phase mixture. Velocity
and temperature profiles for two-phase results are flatter than the pure
water or homogeneous model profiles. Also, the average Nusselt number
increases with an increase in Reynolds number and nanofluid volume
concentration as well as a decrease in nanoparticles size.
Simsek et al. [62] observed that the prepared silver nanofluid has
nearly equal pumping power requirement to that of water due to the
very low concentration of 50 to 100 nm silver nanoparticles in water.
The flow was laminar and the Reynold number was in a narrow range
of 20 to 71. Their results were interesting because of relatively high
enhancement in the Nusselt number (56%) at a very low concentration.

The nanofluids applications in the renewable energy field are ever-
increasing. One the promising study in this area has done by Ahlatli
et al. [63]. They conducted a series of experiments on solarmicrochannel
collectors in two quartz and glass materials, including carbon nanotube/
water nanofluids as a coolant in a laminar flow regime. They found that
as the weight fraction of nanofluids increased, the measured heat trans-
fer, pump power, and pressure drop increased. The heat transfer of
nanofluids is higher than that of the base fluid. The high-weight-
fraction nanofluids become more effective when quartz is used at the
top surface of the heat exchanger.



No. Ref. Type of study Microchannel
geometry

Flow regime Reynolds
number

Base fluid Nanoparticle
material

Nanoparticle
size (nm)

Nanoparticle
concentration
(%)

Maximum
enhancement
in heat
transfer (%)

Findings

1 Vinoth & Kumar
[54]

Experimental Semicircle
Trapezoidal
Square

Laminar 250–850 Water Al2O3 40–50 0–0.25 4.6 The micro-channel was studied for different cross-sections. By
comparing three cross-sections, trapezoidal section shows
higher heat transfer characteristics. It was found that trape-
zoidal cross section has a higher Nusselt number by 8.54% and
26.4% and heat transfer rate by 3.13% and 5.87% than square
and semicircle respectively.

2 Simsek et al. [62] Experimental Rectangular Laminar 20–71 Water Ag 50–100 0–0.00357 56 The silver nanofluids led to lower thermal resistances
compared to DI water for all microchannel sizes. Hence, the
prepared silver nanofluids yielded the lowest wall tempera-
tures along the microchannels.
The prepared silver nanofluids has nearly equal pumping
power requirement to that of DI water due to the very low
nanowire and surfactant concentrations.

3 Ahlatli et al. [63] Experimental Solar
microchannel
collector

Laminar 50–1500 Water Carbon
nanotube

9.2 nm
1.5 μm

0.01–0.5 wt – As the weight fraction of nanofluids increased, the measured
heat transfer, pump power, and pressure drop increased. The
heat transfer of nanofluids is higher than that of the base fluid.
The high-weight-fraction nanofluids become more effective
when quartz is used at the top surface of the heat exchanger.

4 Ahmed et al. [64] Experimental Triangular Laminar 50–300 Water Al2O3

SiO2

40 0–0.9 – The larger number of channels and smaller fin thickness,
referred less thermal resistance rather than only increasing
the pumping power. Higher nanoparticle concentration
showed better thermal stability for both nanofluids than
pure water.

5 Anbumeenakshi &
Thansekhar [65]

Experimental Rectangular Laminar 45–80 Water Al2O3 43 0.1–0.25 – The values of thermal effectiveness obtained for nanofluids
encourage the use of nanofluids in microchannel heat sinks
for thermal management of temperature sensitive cooling
applications.

6 Singh et al. [66] Experimental
Numerical

Rectangular Laminar – Water CNT – 0.001–0.005 200 The thermal boundary layers distorted due to use of
nanofluids and heat transfer coefficient increases about three
times as compared to water.

7 Azizi et al. [55] Experimental Cylinderical Laminar b900 Water CuO 25 0.05–0.3 wt 23 The experimental results confirm that finding an optimum
flow rate is crucial for heat transfer devices which may
otherwise be compromised by the impact of larger pressure
drops.

8 Azizi et al. 2016
[67]

Experimental Cylinderical Laminar b900 Water CuO 25 0.05–0.3 wt – The correlation was obtained for the prediction of the Nusselt
number of dilute Cu-water nanofluid (mass fraction of b0.3
wt%), in laminar flow regime (Re b 900) in the rectangular
microchannel.

9 Halelfadl et al. [68] Experimental Rectangular Laminar – Water CNT 10 nm
1.5 μm

0.01 wt – The optimized aspect ratio is also lower for the nanofluids
which means a narrower channel and higher exchange
surface. Finally, since a MCHS generally operates at higher
than room 1temperature, the use of aqueous carbon nano-
tubes based nanofluid is clearly desirable to enhance the
cooling performances of high heat generation from a MCHS.

10 Duangthongsuk &
Wongwises [56]

Experimental Zigzag Turbulent 2500–8000 DI water SiO2 15 0.3–0.8 15 As the flow rate increases, the pressure drop of the fluid
will increase. However, a minor increase in pressure drop
is obtained when increasing the particle concentration.
Moreover, a cross-cut of the flow channel has no significant
effect on the pressure drop.

11 Diao et al. [69] Experimental Rectangular – – R141b Al2O3 b300 0.001–0.1 100 The same heat transfer enhancement could be achieved by
using a suitable amount of nanoparticles to modify the
microchannel surface instead of using a nanofluid with

(continued on next page)
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(continued)

No. Ref. Type of study Microchannel
geometry

Flow regime Reynolds
number

Base fluid Nanoparticle
material

Nanoparticle
size (nm)

Nanoparticle
concentration
(%)

Maximum
enhancement
in heat
transfer (%)

Findings

adequate concentration. Further, there exists an optimal
nanoparticle deposition thickness that can produce the
maximum heat transfer enhancement. The larger the
nanofluid concentration the thicker the nanoparticle
deposition on its surface.

12 Yari Ghale et al.
[70]

Experimental
Numerical

Rib-rectangular Laminar 150–900 Water Al2O3 – 0–2 – The Nusselt number and friction coefficient of nanofluids in
the ribbed microchannel are higher than those of simple
microchannel, and this enhancement increased with
increasing the width of the ribs.

13 Anoop & Sadr [71] Experimental – Laminar – Water SiO2 20 0–4 wt – The particle migration Induced by shear may have caused this
increase. The effect of this increase in the measured near
wall velocity gradient has implications on the viscosity
measurement for these fluids.

14 Manay & Sahin
[72]

Experimental Rectangular Laminar 50–850 Water TiO2 25 0.25–2 – An increase in the microchannel height decreased the heat
transfer rate and enhanced the pressure drop. Convection
heat transfer coefficient has also increased with an increase
in the volume fraction.

15 Karami & Rahimi
[73]

Experimental Rectangular Laminar 10–100 Water Boehmite 5–10 0.01–0.3 wt – The flow regime in the microchannel is laminar. It was
observed that the presence of nanoparticles has a remarkable
effect on decreasing the average temperature of the PV cell.

16 Jung et al. [74] Experimental Rectangular Laminar 5–300 Water Al2O3 170 0–1.8 32 The Nusselt number increases with increasing the Reynolds
number in laminar flow regime, which is contradictory to the
result of the conventional analysis.

17 Chein & Chuang
[75]

Experimental Rectangular Laminar – Water CuO 20–80 0.2–0.4 – It was also found that raising the nanofluid bulk temperature
could prevent the particles from being agglomerated into
larger scale particle clusters.

18 Zhang et al. [76] Experimental Rectangular – – Water GO – 0–0.05 wt – The film-like shape of graphene oxide contributed to the for-
mation of nonporous structure of deposition that blocked
nucleation sites. An energy dispersive spectrometer (EDS)
analysis of the deposit was carried out and the graphene oxide
was found to be reduced chemically during the boiling pro-
cess and thus causing the deposition.

19 Yu et al. [77] Experimental Rectangular Laminar 1.7–3.3 Water TiO2 – 0.005–0.01 wt 91.9 The enhancements observed in the experiments were not
predicted by the conventional numerical models because
the numerical models accounted for the change in the
thermo-physical property values only and did not incorporate
the effect of precipitation (i.e., the “nanofin effect”).

20 Xia et al. [78] Experimental Rectangular Laminar 200–500 Water Al2O3

TiO2

5
5

0–1 42.9 The thermal motion of nanoparticles could promote the
interruption of laminar flow and intensify the heat transfer
between fluids and channel walls. The cyclical change with a
fixed period on equivalent diameter could also help destroy
the boundary layers.

21 Vafaei & Wen [57] Experimental Parallel plates Laminar – Water Al2O3 – 0.001 – The general trend of CHF variation with mass flux and initial
subcooling is similar to that of pure fluids in microchannels
and nanofluids in macrochannels, i.e. CHF increase with the
increase of mass flux and initial subcoolings.

22 Sarafraz et al. [79] Experimental Rectangular Laminar b1500 Water CNT 5–10 nm
2 μm

0.05–0.1 wt 29 The higher the mass concentration, the lower operating time
is required to reach the constant fouling thermal resistance.
However, overall thermal resistance of the microchannel
(without considering the fouling effect) was found to linearly
decrease with the mass concentration of nanofluid.

23 Kalteh et al. [61] Experimental
Numerical

Rectangular Laminar 200–1000 Water Al2O3 40 0.1–0.2 130 The two-phase method is more appropriate than the homoge-
neous method to simulate the nanofluid heat transfer. Also,
the two-phase results show that the velocity and temperature
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difference between the phases is very small and negligible.
Moreover, the average Nusselt number increases with an
increase in Reynolds number and volume concentration as
well as with a decrease in the nanoparticle size.

24 Murshed et al. [80] Experimental Rectangular – – Water Spherical
TiO2

Cylinderical
TiO2

15
10 ∗ 40

0–0.1 – The dimensions of microchannels such as channel depth can
significantly influence the droplet formation process. The
smaller the depth of the channel the larger the increase of
droplet size with temperature.

25 Peyghambarzadeh
et al. [81]

Experimental Rectangular Laminar 500–2000 Water Al2O3

CuO
20
40

0–1 49
27

Fanning friction factor for pure water and nanofluids were in
good agreement with the classical relation of 16/Re in the
laminar flow regime.

26 Halelfadl et al. [68] Analytical
Experimental

Rectangular Laminar – Water CNT 9–10 nm
15 μm

0–0.01 wt 13 Since a MCHS generally operates at higher than room
temperature, the use of aqueous carbon nanotubes based
nanofluid is clearly desirable to enhance the cooling perfor-
mances of high heat generation from a MCHS.

27 Xu & Xu [82] Experimental Rectangular – – Water Al2O3 40 0–0.2 wt – The increased percentage of the thin liquid film evaporation
heat transfer accounts for the heat transfer enhancement with
nanofluid. The present work identifies a possibility that
nanofluid with low concentrations can be used in forced
convective boiling heat transfer with microchannel test
sections.

28 Maganti et al. [58] Experimental Parallel plates Laminar 10–150 Water Al2O3

CuO
CNT
Graphene
SiO2

45
30
–
–
14

1–5 – From the FoM It has been perceived that the Z configuration
employing nanofluid is the best suitable solutions for uniform
thermal loads to achieve uniform cooling as well as
reducing the maximum temperature produced within the
device. The present results are very promising and viable
approach for futuristic thermal mitigation of microprocessor
systems.

29 Wu et al. [83] Experimental Rectangular Laminar – Water Nano PCM 120 0–30 wt – Slurry with encapsulated nano-PCMs encounters a lower
pressure drop compared to that of bare nano-PCMs. Slurries
with bare and encapsulated nano-PCMs provide nearly the
same heat transfer performance.

30 Anoop & Sadr [59] Experimental Rectangular Laminar – Water SiO2 10–20 0.1–1 wt – It was observed that even though nanofluids viscosity had
increased with particle loading, the near-wall velocity values
were similar to that of the base fluid for a given flow rate.

31 Putra et al. [84] Experimental Rectangular Laminar 100–350 Water Al2O3

SnO2

– 0–5
0–1

13
14

–

32 Sarafraz et al. [85] Experimental Rectangular Laminar 100–1400 Water Ag – 0.01–0.1 wt 47 The maximum heat transfer coefficient was reported at the
entrance region of the microchannel and it decreased along
with the length of the MCHS.

33 Chabi et al. [86] Experimental Rectangular Laminar b1800 Water CuO 40 0–0.2 40 Enhancement of the convective heat transfer coefficient of
nanofluids decreased with further increasing of Reynolds
number.

34 Sivakumar et al.
[87]

Experimental Serpentine Laminar 100–1500 Water CuO
Al2O3

15 0–0.3 – Increased forced convective heat transfer coefficient with the
increase in nanoparticle concentration.

35 Thansekhar &
Anbumeenakshi
[88]

Experimental Rectangular Laminar b100 Water CuO
SiO2

43 0.1–0.25 32.8 Nanofluids with higher volume concentration show better
heat transfer enhancement. The additional pressure drop
caused by the nanofluids is not so high.

36 Ho et al. [89] Experimental Rectangular Laminar 226–1676 Water Al2O3 33 0–2 70 The nanofluid cooled heat sink outperforms the water-cooled
one, having significantly higher average heat transfer
coefficient and thereby markedly lower thermal resistance
and wall temperature at high pumping power

37 Diao et al. [90] Experimental Rectangular – – R141b Cu 20 0.001–0.1 50 The effect of thermal resistance of nanofluids for lower
operating pressures is more apparent than that for higher
operating pressures.

38 Wu et al. [91] Experimental Trapezoidal Laminar 190–1020 Water Al2O3 56 0–0.26 15.8 At the same pumping power, the thermal resistance of the
silicon microchannel heat sink can be reduced by using
nanofluids instead of pure water, and the reduction in the

(continued on next page) 293
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(continued)

No. Ref. Type of study Microchannel
geometry

Flow regime Reynolds
number

Base fluid Nanoparticle
material

Nanoparticle
size (nm)

Nanoparticle
concentration
(%)

Maximum
enhancement
in heat
transfer (%)

Findings

thermal resistance is more obvious with the increase in the
particle concentration.

39 Manay & Sahin
[92]

Experimental Rectangular Laminar 100–750 Water TiO2 25 0–2 39.7 The adding nanoparticles with a smaller average diameter
than 25 nm into the base fluid caused the thermal resistance
to decrease.

40 Boudouh et al.
[93]

Experimental Rectangular Laminar – Water Cu 35 5–50 mg/L – The local heat flux, local vapor quality, and local heat transfer
coefficient increase with copper nanoparticles concentration.
The surface temperature is high for de-ionized water and it
decreases with copper nanoparticles concentration.

41 Lee & Mudawar
[60]

Experimental Circular Laminar 200–1000 Water Al2O3 36 0–2 – For two-phase cooling, nanoparticles caused catastrophic fail-
ure by depositing into large clusters near the channel exit due
to localized evaporation once boiling commences.

42 Nitiapiruk et al.
[94].

Experimental Rectangular Laminar 250–1700 Water TiO2 – 0–2 – The use of a very old model such as Maxwell model to
calculate the thermal conductivity gives very good estimation
of the Nusselt number.

43 Topuz et al. [95] Experimental Circular Laminar–turbulent 500–4000 Water Al2O3

TiO2

SiO2

13
10–25
18

0–1 15.3 As long as tube diameter is decreased, it was seen that the
heat transfer rate could increase

44 Kalteh et al. [61] Numerical
Experimental

Rectangular Laminar b1000 Water Al2O3 40 0–5 130 The two-phase results show that the velocity and tempera-
ture difference between the phases is very small and negligi-
ble. Moreover, the average Nusselt number increases with an
increase in Reynolds number and volume concentration as
well as with a decrease in the nanoparticle size.

45 Rimbault et al.
[96]

Experimental Rectangular Laminar–turbulent b5000 Water CuO 29 0–4.5 – The nanofluids overall energetic performance, defined by
the heat transferred/pumping power ratio, remains lower
than that of water for a given Reynolds number. This ratio
decreases with an augmentation of the particle volume
fraction

46 Zhang et al. [97] Experimental Circular – – Water Al2O3 – 0–0.77 10.6 The Nusselt number of nanofluids is higher than that of
deionized water, and increases with increasing Reynolds
number and particle concentration.

47 Abdulbari & Ming
[98]

Experimental Rectangular – – Water SiO2

Bi2O3

Fe3O4

TiO2

200–300
90–210
50–100
b100

– – All the nanofluids exhibited a certain critical concentration
above which increasing the concentration had no greater
impact on the pressure drop or the DR of the system.

48 Saini et al. [99] Experimental Rectangular Laminar – Water Al2O3 80 0–0.5 27 The microchannels are proved vital in the field of heat
transfer. Their higher surface to volume ratios gives high
heat transfer coefficients, which carries more heat from
small places.

49 Chevalier et al.
[100]

Experimental Rectangular Laminar – Water SiO2 35–190 1.4–7 – The increase in the nanofluids viscosity obeys a classical
model, but with a crowding factor which is a function of the
diameter of the particles. This size dependence is explained by
the influence of the shearing motion on the aggregate
aspect ratio.

50 Vafaei & Wen
[101]

Experimental Rectangular – – Water Al2O3 25 0.001–0.1 – The flow boiling experiments reveal a modest increase in CHF
by nanofluids, being higher at higher nanoparticle concentra-
tions and higher inlet subcoolings. The bubble formation
experiments show that suspended nanoparticles in the liquid
phase alone can significantly affect bubble dynamics.
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3. Analytical studies

Sohel et al. [102] solved governing equations of nanofluids (copper
and alumina dispersed in water and ethylene glycol) flow through
the circular microchannel and minichannel heat sink concentrated
entropy generation. They concluded that nanofluids gave the maxi-
mum decreasing rates of the fluid friction entropy generation rate
are 38% and 35% respectively at 6% volume fraction of the nanoparti-
cles. Smaller diameter showed less entropy generation in case of all
nanofluids.

Malvandi and Ganji [103] studied the effects of nanoparticle
migration and asymmetric heating on the magnetohydrodynamic
forced convection of alumina/water nanofluids in microchannels,
analytically. A two-component heterogeneous mixture model is
used for nanofluids with the hypothesis that Brownian motion and
thermophoretic diffusivities are the only significant slip mechanisms
between solid and liquid phases. Assuming a fully developed flow
and heat transfer, the basic partial differential equations including
continuity, momentum, and energy equations have been reduced
to two-point ordinary boundary value differential equations and
solved numerically. A schematic of the solution domain is shown in
Fig. 5.

They found that the non-uniform distribution of nanoparticles
causes velocities to move toward the wall with a higher heat flux and
enhances heat transfer rate there. In addition, inclusion of nanoparticles
in a very strong magnetic field and slip velocity at the walls has a nega-
tive effect on performance.

Radwan et al. [104] conducted an analytical study on the perfor-
mance enhancement of concentrated photovoltaic systems using a
microchannel heat sink with nanofluids. In this study, alumina–water
and silicon carbide–water nanofluids with different volume fractions
are used as cooling mediums. The influence of cooling mass flow rate
and nanoparticles volume fractions on the performance of a LCPV/T
system is investigated at different values of concentration ratio. Their
physical model is shown in Fig. 6.

They concluded that the use of nanofluids achieves higher solar cell
electrical efficiency, particularly at the low Reynolds number and the
higher the concentration ratio, than the use of water. The influence of
Fig. 5. A schematic of the s
nanofluids on thermal efficiency varies according to the concentration
ratio. At low concentration ratios, nanofluids enhance the thermal effi-
ciency, whereas, at high concentration ratios, nanofluids slightly
reduce the thermal efficiency. The friction power significantly increases
with the increase in both Reynolds number and nanoparticles volume
concentration.

In another interesting study, Rahimi-Gorji et al. [105] conducted a
statistical optimization of microchannel heat sink geometry cooled by
different nanofluids (copper, alumina, silver and Titanium Dioxide in
water and ethylene glycol as base fluids). Response surface methodol-
ogy (RSM) is applied to obtain the desirability of the optimum design
of the channel geometry. They assumed the microchannel heat sink
as a porous medium. They found that by increasing the nanoparticles
volume fraction, the Brownianmovement of the particles, which carries
the heat and distributes it to the surroundings, increases and, conse-
quently, the difference between coolant andwall temperature becomes
less.

Mah et al. [106] analyzed entropy generation of viscous dissipa-
tive in laminar fully developed forced convection of water–alumina
nanofluid in circular microchannels. In the first-law analysis, closed
form solutions of the temperature distributions in the radial direc-
tion of the models with and without viscous dissipation term in
the energy equation are obtained. The results show that the heat
transfer coefficient decreases with nanoparticle volume fraction
largely in the laminar regime of nanofluid flow in microchannel
when the viscous dissipation effect is taken into account. In the sec-
ond law analysis, the two models are compared by analyzing their
relative deviations in entropy generation for different Reynolds
number and the nanoparticle volume fraction. When the viscous
dissipation is taken into account, the temperature distribution
is prominently affected and consequently the entropy generation
ascribable to the heat transfer irreversibility is significantly in-
creased. The increase of entropy generation induced by the increase
of the nanoparticle volume fraction is attributed to the increase of
both the thermal conductivity and viscosity of nanofluid which
causes augmentation in the heat transfer and fluid friction irrevers-
ibilities, respectively. By incorporating the viscous dissipation effect,
both thermal performance and exergetic effectiveness for forced
olution domain [103].



Fig. 6. The physical model of the problem [104].
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convection of nanofluid in microchannels dwindle with nanoparti-
cle volume fraction, contrary to the widespread conjecture that
nanofluids possess advantages over pure fluid associated with
higher overall effectiveness from the aspects of first-law and second
law of thermodynamics.

Ting et al. [107] studied the entropy generation of viscous dis-
sipative alumina/water nanofluids laminar convection in asym-
metrically heated porous microchannels with solid-phase heat
generation. The thermal non-equilibrium entropy generation func-
tion is derived by using a differential method. The results show
that the thermal asymmetries significantly affect the temperature
distribution and hence the heat transfer irreversibility in the sys-
tem. However, the fluid friction irreversibility is barely affected
by the thermal asymmetries. For the case without solid-phase
heat generation, the entropy generation can be minimized when
the wall heat flux ratio is 1 = 2. Besides, there is an optimum
Reynolds number at Re = 22 which further reduces the entropy
generation. In the case with solid-phase heat generation, the
entropy generation is minimized at wall heat flux ratio of 3:4, but
the optimum Reynolds number vanishes. The solid-phase heat
generation irreversibility dominates other irreversibilities and
intensifies the entropy generation conspicuously. The second-law
performance of nanofluid can be enhanced only when the internal
heat generation is relatively low.
For nanofluids with larger-sized nanoparticles, the fluid-phase
temperature increases due to viscous dissipation in the vicinity of
the walls, leading to the bifurcation of heat flux at the channel
walls.

Moshizi and Malvani [108] studied magnetic field effects on
nanoparticle migration of mixed convection of magnetohydrody-
namic nanofluids flow in microchannels with temperature-
dependent thermo-physical properties. A modified Buongiorno's
model is employed for the nanofluid which takes into account
the effects of thermophoresis and Brownian motion. The Navier's
slip condition is considered in the wall to assess the non-
equilibrium region near the fluid–solid interface. After the fluid
flow has been assumed to be fully developed, the governing equa-
tions including the continuity, momentum, energy, and nanoparti-
cle volume fraction have been simplified to a set of ordinary
differential equations and solved numerically. Their physical geometry
is shown in Fig. 7.

The results are obtained with and without considering the depen-
dency of thermos-physical properties upon temperature. It is shown
that neglecting the dependency of thermophysical properties to the
temperature does not significantly affect the flow fields and heat trans-
fer behavior of nanofluids, but it changes the relative magnitudes.
Furthermore, in the presence of magnetic field, smaller nanoparticles
are more appropriate than the larger ones.



No. Ref. Type of study Microchannel
geometry

Flow
regime

Reynolds
number

Base
fluid

Nanoparticle
material

Nanoparticle
size (nm)

Nanoparticle
concentration
(%)

Maximum
enhancement
in heat transfer
(%)

Findings

1 Ganguly et al.
[109]

Analytical Parallel plate Laminar ≪1 Water Al2O3 25 0–2 – Magnetohydrodynamic effect reduces advective transport of the liquid resulting in
a gradual reduction of heat transfer. Increase in nanoparticle volume fraction
shows decrease in heat transfer. Similar effects are observed with increase in
aggregate sizes of the nanoparticles. Total entropy generation is found to be
dominant in the thermally developing region of the microchannel, whereas it
drops sharply in the thermally developed region. Presence of nanoparticles in
the base fluid reduces the total entropy generation in the microchannel,
thereby indicating a decrease in thermodynamic irreversibility with increasing
nanoparticle volume fraction.

2 Hosseini et al.
[110]

Analytical Rectangular Laminar – Water Al2O3

CuO
25–45 0–4 – - Nusselt number has a direct relationship with applying a magnetic field on

MCHS.
- When nanoparticle volume fraction increases the Brownian movement of

the particles carrying the heat and distributing it to the surroundings
increases, which has a great influence on the heat transfer process.

- As the nanoparticles size declined, the difference between the coolant
and wall temperatures decreased, as a result of the increase in Nusselt
number.

3 Moshizi &
Malvandi
[108]

Analytical Parallel plates Laminar – Water Al2O3 1–10 0.02–0.1 – Neglecting the dependency of thermophysical properties to the temperature does
not significantly affect the flow fields and heat transfer behavior of nanofluids, but
it changes the relative magnitudes. Furthermore, in the presence of magnetic field,
smaller nanoparticles are more appropriate than the larger ones.

4 Mital [111] Analytical Rectangular Laminar – Water Al2O3 10 0–10 – Comparing the minimized thermal resistances revealed only a small benefit since
the nanoparticles increase the pumping power which can alternately be diverted
toward an increased velocity in a pure fluid heat sink. The benefit further
diminishes with the increase in available pumping power.

5 Ting et al.
[112]

Analytical Rectangular Laminar 0–200 Water Al2O3 40 0–4 70 By reducing the nanoparticle diameter below the threshold value, the thermal
performance can be enhanced as much as 70%. Besides, the thermal performance
can be enhanced up to 53% by embedding porous material into microchannels.

6 Ting et al.
[113]

Analytical Circular Laminar
Turbulent

0–2000 Water Al2O3 60 0–8 – By reducing the size of the nanoparticle and increasing the diameter of the
microchannel, the degree of synergy between the velocity and temperature fields
of the nanofluid flow in microchannel can be intensified. On the other hand, the
field synergy in the nanofluid cooling improves in the presence of viscous
dissipation.

7 Ting et al.
[114]

Analytical Circular Laminar – Water Al2O3 60.4 0–10 – At low Peclet number, the contribution of the streamwise conduction in nanofluid
is found to be more than twofold of that in its base fluid. The effect of streamwise
conduction on the nanofluid flow in microchannel heat sink is significant albeit not
8particularly dominant for low Peclet number and high nanoparticle volume
fraction of the nanofluid.

8 Ting et al.
[107]

Analytical Parallel plates Laminar 150 Water Al2O3 5 0–4 – The second-law performance of nanofluid can be enhanced only when the internal
heat generation is relatively low. When the suspended nanoparticle is smaller than
the threshold size, the entropy generation can be reduced as much as 42%. The
intensification of solid phase heat generation significantly reduces the discrepancy
between the thermal equilibrium and non-equilibrium models to b1%.

9 Ting et al.
[107]

Analytical Parallel plates Laminar 120 Water Al2O3 5–100 0–4 47 For nanofluid with larger-sized nanoparticles, the fluid- phase temperature
increases due to viscous dissipation in the vicinity of the walls, leading to the
bifurcation of heat flux at the channel walls.

(continued on next page)
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No. Ref. Type of study Microchannel
geometry

Flow
regime

Reynolds
number

Base
fluid

Nanoparticle
material

Nanoparticle
size (nm)

Nanoparticle
concentration
(%)

Maximum
enhancement
in heat transfer
(%)

Findings

10 Hatami & Ganji
[115]

Analytical Fin-shaped
rectangular

Laminar – Water Cu 1–25 0–6 – By increasing the nanoparticles volume fraction, Brownian motion of the particles
which carries heat and distributes it to the surroundings increases, and consequently
difference between the coolant and wall temperature will become less.

11 Sohel et al.
[102]

Analytical Circular Turbulent 10,000 Water
EG

Al2O3

Cu
– 2–6 – Nanofluid gave the maximum decreasing rates of the fluid friction entropy generation

rate are 38% and 35% respectively at 6% volume fraction of the nanoparticles. Smaller
diameter showed less entropy generation in case of all nanofluids.

12 Mah et al.
[106]

Analytical Circular Laminar b2300 Water Al2O3 60.4 0–8 – The first-law analysis shows that the heat transfer coefficient decreases with
nanoparticle volume fraction largely in the laminar regime of nanofluid flow in
microchannel when the viscous dissipation effect is taken into account.

13 Sarkar &
Ganguly [116]

Analytical Parallel plates – – Water CuO 25 0–2 – The peak of the total entropy generation curve reduces with increasing nanofluids
volume fractions and increases with increasing Ha. A higher magnitude of total
entropy generation is seen nearer to the channel walls.

14 Halelfadl et al.
[68]

Analytical
Experimental

Rectangular Laminar – Water CNT 9–10 nm
15 μm

0–0.01 wt 13 Since a MCHS generally operates at higher than room temperature, the use of
aqueous carbon nanotubes based nanofluid is clearly desirable to enhance the
cooling performances of high heat generation from a MCHS.

15 Rahimi-Gorji
et al. [105]

Analytical Rectangular Laminar – Water
EG

Cu
Al2O3

Ag
TiO2

25–45 0–8 – By increasing the nanoparticles volume fraction, the Brownian movement of
the particles, which carries the heat and distributes it to the surroundings,
increases and, consequently, the difference between coolant and wall
temperature becomes less.

16 Malvandi &
Ganji [103]

Analytical Parallel plates Laminar – Water Al2O3 20 2–10 – The non-uniform distribution of nanoparticles causes velocities to move toward
the wall with a higher heat flux and enhances heat transfer rate there. In addition,
inclusion of nanoparticles in a very strong magnetic field and slip velocity at the
walls has a negative effect on performance.

17 Malvandi et al.
[117]

Analytical Parallel plates Laminar – Water Al2O3 1–10 2–10 – Neglecting the temperature dependency of thermophysical properties does not
significantly influence the flow fields and heat transfer behavior of nanofluids, but
changes the relative magnitudes. Moreover, unlike temperature-dependent buoy-
ancy force, concentration-dependent one exerts considerable effects upon flow
fields and nanoparticle migration.

18 Malvandi et al.
[118]

Analytical Parallel plates Laminar – Water Al2O3 20 2–10 – The heat transfer rate intensifies in the presence of heat absorption, whereas it
reduces for the case of heat generation. Furthermore, there is no considerable
change in the pressure loss; hence, the performance of the system is increased in
the presence of heat absorption.

19 Malvandi et al.
[119]

Analytical Circular Laminar – Water Al2O3 – 0–4 – The optimum diameter of nanoparticles for the case of constant wall temperature
should be smaller than that of constant wall heat flux.

20 Radwan et al.
[104]

Analytical Rectangular Laminar 3000 Water Al2O3

SiC
20 0–4 – The use of nanofluids achieves higher solar cell electrical efficiency, particularly

at lower Reynolds number (Re) and higher concentration ratio, than the use of
water. The influence of nanofluids on thermal efficiency varies according to the
concentration ratio.

21 Zhao et al.
[120]

Analytical Parallel plates – – Water Al2O3 – 0–10 – The Nusselt number is found to increase with Ha. Furthermore, the Nusselt number
decreases with an increase in S and Br for different Ha. More interestingly, the
distinct heat transfer performances with nanoparticle volume fraction can be
witnessed.

22 Zhao et al.
[121]

Analytical Parallel plates – – Water Al2O3 – 0–8 – An improvement of the heat transfer performance with increasing nanoparticle
volume fraction can be witnessed. The local entropy generation grows slowly
from the centerline toward the wall and a sharp variation takes place at the walls.

23 Ghazvini &
Shokouhmand
[122]

Numerical
Analytical

Rectangular – – Water CuO – – – The modified Darcy equation for the fluid and two-equation model for heat
transfer between fluid and solid sections are employed in porous media approach.
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Fig. 7. The physical geometry of the problem in the presence of magnetic field [108].
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4. Numerical studies

Abbaszadeh et al. [123] studiedMHD forced convection and entropy
generation of CuO-water nanofluids in a rectangular microchannel
considering slip velocity and temperature jump. They utilized KKL
model to estimate thermal conductivity of the nanofluids. They found
that when the Hartmann or Reynolds numbers, or the volume fraction
of nanoparticles increase, the average Nusselt number and the total
entropy generation rate increase. Furthermore, when the Knudsen
number increases, the total entropy generation rate decreases, in the
presence of a magnetic field. Their results about distribution of
streamline, temperature and entropy generation in the ribbed
microchannel is shown in Fig. 8.

As can be seen in this figure, two vortices have been formed
downstream of themicromixers where its size increases as the Reyn-
olds number increases. Also, over the micromixers, the accumulation
of the streamlines increases, and as a result, the velocity of the flow
increases significantly in these regions. Most of the local entropy is
generated over plates and micromixers. It is also obvious that as
the Reynolds number increases, the constant generated entropy
lines are more accumulated, especially on micromixers, and as a re-
sult, the total entropy generation rate augments through the



Fig. 8. Streamlines, isothermal, and constant generated entropy lines in Re= 10 and 100, Kn = 0.1, and in different Hartmann numbers [123].

Fig. 9. The solution domain of the problem with different attack angles ribs [124].
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microchannel. It is noteworthy that the magnetic field has an unde-
niable influence on the entropy generation in a way that when the
Hartmann number increases, the entropy generation increases
significantly.

Parsaiemeher et al. [124] conducted a numerical study on the turbu-
lent flow and heat transfer of water/alumina nanofluids inside a rectan-
gular ribbed. The Reynolds number has been changed in awide range of
15,000 to 30,000. The solution domain of their problem with different
attack angles ribs is shown in Fig. 9.

They found that using nanofluids in the ribbed microchannel with
different attack angles, thermal enhancement can be as large as 237%
compared of that of the pure water. This is the largest amount of
Fig. 10. Schematic of micro pin fin heat sink with (square, cir
enhancement in the Nusselt number in the microchannel by using
nanofluids that have reported, yet. They also concluded that in higher
Reynolds numbers, by using ribs and nanofluids, the performance eval-
uation criterion improves.

Hermann-Priesnitz et al. [125] studied the thermal design explora-
tion of a swirl flow microchannel heat sink for high heat flux applica-
tions based on numerical simulations. They simulated the working
fluids as copper/water nanofluids in laminar flow. They concluded
that when reducing the microchannel height, boundary layers may
merge and the entrainment effect is lost, therefore the total heat flux
may not always increase with a decrease of the flow passage area, as
opposed to conventional microchannels.
cular and triangular) fins and unfinned heat sink [128].
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Findings

CMC
aqueous

CuO 30–50 0–4 – The heat transfer and friction coefficients have been increased with
baffle height and the volume fraction of nanoparticles. The average
Nusselt number increases by adding the nanoparticles to both
Newtonian and non-Newtonian base fluids but this increasing is
higher for Newtonian base fluid. Also, the average Po number
values are significantly lower for non-Newtonian nanofluids.

Water TiO2 20–80 1–4 – Nanoparticle migration increases concentration of the particles in
central regions, and this migration is more noticeable for higher
mean concentrations and larger particles. The thermal entropy
generation rate intensifies with increasing wall heat flux and
particle size while decreases with increasing concentration.

000 Water SWCNT – 0–8 – The thermal resistance and ratio of maximum and minimum
temperature difference for the bottom wall of microchannel as well
as the ratio of thermal resistance decrease by increasing the
nanoparticles volume fraction and decrement of k. The Performance
evaluation criteria (PEC) factor at the bottom of the channel increases
in all ratios of k by augmenting volume fractions of nanoparticles.

Water Al2O3

SiO2

ZnO
CuO

30–60 1–2 – Increasing the nanoparticles volume fraction together with
decreasing the nanoparticles diameter enhances the Nusselt
number value. The pressure drop coefficient did not change
significantly by using nanofluid with various volume fractions and
varied nanoparticle diameters. Moreover, nanofluid can enhance
the performance of MCHS with V-shaped inlet/outlet arrangement.
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No. Ref. Type of study Microchannel
geometry

Flow
regime

Reyno
numb

1 Islami et al. [133] Numerical Parallel plates Laminar 5–50

2 Heshmatian &
Bahiraei [134]

Numerical Circular Laminar 2000

3 Abbasian Arani et al.
[135]

Numerical Double layered
microchannel

Laminar 500–2

4 Abdollahi et al.
[136]

Numerical Rectangular Laminar –



5 Nebbati & Kadja
[137]

Numerical Rectangular Laminar 200–1200 Water Al2O3 38 0–4 – When using temperature dependent properties, a decrease in the
bottom surface local temperature and a decrease of the average
shear stress, which was attributed to the decrease of dynamic
viscosity with temperature as compared to the case of constant
properties calculations.

6 Abbaszadeh et al.
[123]

Numerical Parallel plate Laminar 10–100 Water CuO 29 0–4 – When the Hartmann or Reynolds numbers, or the volume fraction
of nanoparticles increase, the average Nusselt number and the total
entropy generation rate increase. Furthermore, when the Knudsen
number increases, the total entropy generation rate decreases, in
the presence of a magnetic field.

7 Tran et al. [138] Numerical Multi-nozzle
trapezoidal

Laminar 900 Water Al2O3

TiO2

– 0.1–1 – The overall thermal resistance of the MNT-MCHS, using TiO2-water
nanofluid with a nanoparticle volume fraction of 1%, could improve
up to 6.7% as compared to that using pure water. A nanofluid with
higher thermal conductivity and higher nanoparticle volume frac-
tion would be achieved a higher thermal performance compared to
those with smaller thermal conductivities and smaller nanoparticle
volume fractions.

8 Ghadirzadeh &
Kalteh [139]

Numerical Annulus Laminar 5–50 Water Al2O3 10–100 0–5 18.6 The higher slip factor, radius ratio, Re and volume fractions and
also smaller particle diameters, increases the Nusselt number. Also
slip velocity and temperature jump increases with slip factor.
Nanoparticles volume fraction doesn't have a significant effect on
slip velocity, while increases the temperature jump.

9 Alvarino et al. [140] Numerical – Laminar 590 Water Al2O3 30–50 1–6 – Self diffusion plays a non-negligible role in the particles distribu-
tion field in microchannels, been characterized by a strong
Depending on the Peclet number. There seems to be a threshold
tube diameter that delimitates the superior range, where
thermophoresis diffusion dominates, and the lower one, where
self-diffusion is dominant.

10 Khodabandeh &
Abbasi [141]

Numerical Trapezoidal Laminar – Water Al2O3 50 0–1 – The results show that for a constant pressure drop, microchannel
with a 70° side angle in the optimum state, has the maximum total
thermal conductivity in the dimensionless state. In addition, by
reducing the side angle of the trapezoidal cross-section, the total
thermal conductivity would be reduced in a dimensionless state.

11 Tafarroj et al. [142] Numerical Rectangular Laminar 400, 1200 Water TiO2 – 0–2 – An appropriately trained artificial neural network can act as a good
alternative for costly and time consuming experiments on the
nanofluid flow in microchannels.

12 Parsaiemehr et al.
[124]

Numerical Rectangular
ribbed

Turbulent 15,000–30,000 Water Al2O3 50 0–4 237 The changes of attack angle of the ribs, due to the changes of flow
pattern and created vortexes inside the channel, have a significant
effect on fluid mixing. Also, the maximum rate of heat transfer
enhancement accomplishes in attack angle of 60°. With Reynolds
numbers of 15,000, 20,000 and 30,000 and attack angle of 60°
compared to the attack angle of 0°, the amount of the Nusselt
number enhances to 2.37, 1.96 and 2 times, respectively. Also, it
can be concluded that, in the high Reynolds numbers, by using ribs
and nanofluids, the performance evaluation criterion improves.

13 Farsad et al. [143] Numerical Rectangular Laminar – Water Al2O3

CuO
Cu

11 8 4.5 The uniformity of temperature in the MCHS is enhanced by using
nanofluids. Therefore, this uniformity causes the thermo mechani-
cal stresses between MCHS and microelectronic devices reduce.

14 Abbassi et al. [144] Numerical Sudden
expansion
microchannel

Laminar 50–200 Water CuO – 0–2 35 An investigation of the expansion ratio of microchannel shows that
the average Nusselt number increases with decrease in expansion
ratio as well as to increase in Reynolds number.
Also, the Bifurcation has been occurring in a higher Reynolds
number that is different for each expansion ratio of the
microchannel.

15 Ali Akbari et al.
[132]

Numerical Rectangular Turbulent 10,000–60,000 Water CuO 100 0–4 – With an increase in R/W ratio in these teeth, the pumping power,
coefficient of friction, and pressure drop are largely reduced,
causing higher fluid performance in tooth heat transfer.

(continued on next page)
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No. Ref. Type of study Microchannel
geometry

Flow
regime

Reynolds
number

Base fluid Nanoparticle
material

Nanoparticle
size (nm)

Nanoparticle
concentration
(%)

Maximum
enhancement
in heat
transfer (%)

Findings

16 Aminossadati et al.
[145]

Numerical – Laminar 0–1000 Water Al2O3 40 0–4 65.3 The microchannel performs better heat transfers at higher values of
the Reynolds and Hartmann numbers. The average Nusselt number
on the middle section surface of the microchannel increases as the
solid volume fraction increases. The rate of this increase is
considerably more at higher values of the Reynolds number and at
lower values of the Hartmann number.

17 Ali Akbari et al.
[146]

Numerical Rib-rectangular Laminar 10–100 Water Al2O3 50 0–4 11.2 By increasing the rib's heights and volume fraction of nanoparticles,
friction coefficient, heat transfer rate and average Nusselt number
of the ribbed-microchannels tend to augment. In addition, the sim-
ulation results confirm that changing the solid volume fraction and
the rib's height, cause significant changes in temperature and
dimensionless velocity along the centerline of the flow, through
the ribbed areas.

18 Agnihotri & Sharma
[147]

Numerical Trapezoidal Laminar – Water TiO2 – 0–2 – The heat transfer coefficient is high in comparison to the water as a
coolant in microchannel heat sink because of boundary layer,
variation of Nusselt number decreases along the flow direction.

19 Malvandi et al.
[119]

Numerical Circular Laminar – Water Al2O3 1–100 1–4 – Increasing the nanoparticle volume fraction is beneficial for larger
nanoparticles when the thermophoresis effect dominates the
Brownian motion one. Furthermore, slippage at the fluid solid
interface has a positive effect on the performance.

20 Singh et al. [66] Experimental
Numerical

Rectangular Laminar – Water CNT – 0.001–0.005 200 The thermal boundary layers distorted due to use of nanofluids and
heat transfer coefficient increases about three times as compared to
water.

21 Behnampour et al.
[132]

Numerical Trapezoidal
Rectangular
Triangular

Laminar 1–100 Water Ag 50 0–4 100 Among all of the investigated rib forms, the rectangular one made
the most changes in the streamlines and the triangular form has the
best thermal performance evaluation criteria values. For all studied
Reynold numbers, heat transfer values are least for rectangular rib
from. Therefore, trapezoidal ribs are recommended in high Reynold
numbers.

22 Herrmann-Priesnitz
et al. [125]

Numerical Circular Laminar 1–1000 Water Cu – 2–4 – When reducing the microchannel height, boundary layers may
merge and the entrainment effect is lost, therefore the total heat
flux may not always increase with a decrease of the flow passage
area, as opposed to conventional microchannels.

23 Abubakar & Che
Sidik [126]

Numerical Rectangular Laminar 140–1400 Water Fe3O4 13 0–0.8 – The highest Nusselt number has been observed as the fluid enters
the channel inlet. This could be anticipated as a result of the
development of the thermal entry region of the channel and the
value of the Nusselt number tend to stabilize after fully develop
region has been achieved.

24 Yari Ghale et al. [70] Experimental
Numerical

Rib-rectangular Laminar 150–900 Water Al2O3 – 0–2 – The Nusselt number and friction coefficient of nanofluids in the
ribbed microchannel are higher than those of simple microchannel,
and this enhancement increased with increasing the width of
the ribs.

25 Ababaei et al. [148] Numerical Parallel plates Laminar 10–100 Water CuO 28.6 0–4 The optimum arrangements of the micromixers belong to cases in
which the heights of micromixers are smaller, the distance
between them is lower, and their numbers are more.

26 Gravndyan et al.
[149]

Numerical Rectangular Laminar 10–300 Water TiO2 – 0–4 – The friction factor is approximately independent from the
aspects ratio, being dependent on the volume fraction of solid
nanoparticles

27 Hung et al. [150] Numerical Rectangular Laminar – Water Al2O3

Diamond
38 1–5 21.6 As the particle volume fraction of the nanofluid increases, the

thermal resistance first decreases and then increases. The lowest
thermal resistance can be obtained by properly adjusting the
volume fraction and pumping power under given geometric
conditions.
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28 Pourmehran et al.
[151]

Numerical Rectangular Laminar – Water Al2O3

CuO
35–50 0–4 – By increasing the particle volume fraction or inertial force

parameter, the Nusselt number develops. Also, increasing nano
particle size causes to decrease the Nusselt number and total
thermal resistance

29 Zhao et al. [152] Numerical – Laminar – Water Al2O3 13–28 1–5 – The nanoparticle deposited porous coating layer improves the
surface wettability while significantly reducing the thin film

30 Hedayati et al. [127] Numerical Parallel plates Laminar – Water Al2O3 20 2–6 – The non-uniform nanoparticle distribution makes the velocities
move toward the wall with the higher heat flux and enhances the
heat transfer rate there. Moreover, the advantage of nanofluids is
increased in the presence of a slip velocity at the walls.

31 Hedayati &
Domairry [153]

Numerical Parallel plates Laminar – Water TiO2 20 2–6 – The mutual effects of momentum enrichment and thermal
conductivity enhancement, which are both functions of nanoparticle
concentration, determine the total variation in the heat transfer rate.
In regions of high nanoparticle concentration, local viscosity and
conductivity both increase, causing a drop in velocities and an
increase in thermal conductivity, respectively.

32 Heydari et al. [154] Numerical – Laminar 100–400 Water TiO2 50 0–4 – The results indicate that the ribs affect the physics of the fluid
whose effect greatly depends on the Reynolds number of the flow.

33 Seyf &
Mohammadian
[155]

Numerical Rectangular Laminar 200–600 Water Al2O3

CuO
43
29

0–4 – The relative enhancements in the pumping power become more
prominent for higher values of Reynolds numbers. It was also
found that the performance index and pumping power are not
sensitive to volume fraction at higher and lower Reynolds
numbers, respectively.

34 Esmaeilnejad et al.
[156]

Numerical Rectangular Laminar 100–800 Water Al2O3

CuO
30 1–4 39 The thermal resistance with Peclet number of 700 and 4% volume

fraction reduces approximately 27.2% with shear thinning
non-Newtonian base fluid and pressure drop will increase approx-
imately 50.7%.

35 Ramiar et al. [157] Numerical – Laminar 10–150 Water
EG

Al2O3 – 0–3 11.5 Adding nanoparticles will decrease conduction number which is a
scale of axial conduction. Also, it was found that considering
variable properties will cause severe changes to the Nusselt
number distribution especially for low Reynolds numbers.

36 Mirzaei & Dehghan
[158]

Numerical Rectangular Laminar 150–450 Water Al2O3 38.4 0–2 – Heat transfer coefficient and Nusselt number in the variable
property approach is higher than their value in constant property
approach. It‘s due to viscosity decreasing (which causes velocity
profile to be flatter near the wall) and heat conduction coefficient
increasing.

37 Ali Akbari et al.
[159]

Numerical Rectangular Laminar 1–100 Water Al2O3 50 0–4 350 By investigating Nusselt number and friction factor, it is observed
that the increase in nanoparticle volume fractions causes nanofluid
heat transfer properties to have a higher heat transfer and friction
factor compared to the base fluid used in cooling due to an increase
in viscosity.

38 Ebrahimi et al. [160] Numerical Rectangular Laminar 100–900 Water Al2O3

CuO
29–36 0.5–3 53.06 Based on second law analysis, nanofluids are an excellent option for

heat transfer applications and could enhance the thermodynamic
performance of the device.

39 Ababaei &
Abbaszade [161]

Numerical Parallel plates Laminar 0.1–10 Water Al2O3 – 0–3 – As the Knudsen number increases, both the average Nusselt
number and the total entropy generation rate decrease.

40 Zhang et al. [162] Numerical Rectangular Laminar b450 Water Al2O3 – 0.5–3.5 – The combination of teardrop dimple/protrusion structure and
nanofluids could effectively strengthen heat transfer with low
pressure loss.

41 Wang et al. [163] Numerical Rectangular Laminar 0.025–250 Water Al2O3 – 0–2 – The numerical formulation based on Buongiorno model can involve
the effects of Brownian motions and thermophoresis of nanoparticles,
and can enforce velocity slip and temperature jump boundary
conditions. The validity of this model was verified by comparing the
numerical results with published results.

42 Karimipour et al.
[164]

Numerical Rectangular Laminar 0.01–200 Water Cu 10 0–4 79 LBM can used to simulate forced convection for the nanofluids
micro flows. Also, the effect of the temperature jump on the heat
transfer rate is significant.

(continued on next page)
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No. Ref. Type of study Microchannel
geometry

Flow
regime

Reynolds
number

Base fluid Nanoparticle
material

Nanoparticle
size (nm)

Nanoparticle
concentration
(%)

Maximum
enhancement
in heat
transfer (%)

Findings

43 Kuppusamy et al.
[165]

Numerical Trapezoidal
grooved

Laminar 266–798 Water Al2O3

CuO
ZnO
SiO2

25 0–4 – The heat transfer augmentation happens in grooved MCHS due to
the secondary flow and thermal and hydrodynamic boundary layer
disruption which clearly demonstrated in the local Nusselt number.
This phenomenon induces even more Brownian motion among
nanoparticle which gives an enormous thermal enhancement.

44 Shamsi et al. [166] Numerical Rectangular Laminar 5–300 Water
CMC

Al2O3 25–100 0–2 An increase in the angle of attack and as a result of a sudden contact
between the fluid and the ribs and also a reduction in the coflowing
length (length of the rib) cause a cut in heat transfer by the fluid in
farther parts from the solid wall (tip of the rib).

45 Lopez et al. [167] Numerical Parallel plates
Vertical

Laminar 0.5–2 Water Al2O3 – 0–0.2 – The global entropy generation decreased with both nanoparticle
volume fraction and suction/injection Reynolds number while
it increased with Grashof number (Buoyancy force intensity),
radiation parameter and conduction-radiation parameter

46 Cruz-Duarte et al.
[168]

Numerical Rectangular Laminar – Water TiO2 – 0.01–0.9 wt – Nanofluids represent a good alternative for designs with lower
volume flow rates, requiring a lower nanoparticle volume fraction.
Furthermore, the Cuckoo Search algorithm was more accurate and
faster than the other two methods.

47 Arjun & Rakesh
[169]

Numerical Circular Laminar
Turbulent

5–11,980 Water Al2O3 23 0–5 83 The enhancement of heat transfer in laminar nanofluid flow is
greater as compared to turbulent nanofluid flow with respect to its
base fluid.

48 Rajabifar [170] Numerical Rectangular Laminar – Water Al2O3 47 1–4 – The desirable cooling enhancement achieved by using these
advanced coolants and undesirable increase of the needed
pumping power which are implied by relevant Nusselt and Euler
numbers, respectively, are balanced and optimum configuration is
realized.

49 Manay et al. [171] Numerical Rectangular Laminar 100–1000 Water Al2O3

CuO
– 0–2 287

321
The nanofluids enhance heat transfer while the Reynolds number
and the volume fractions are increasing.

50 Najafabadi &
Moraveji [172]

Numerical Converging Laminar – Water Al2O3 – 0–2 – The addition of nanoparticles to the base fluid improved heat
transfer performance, but decreased hydrodynamic efficiency of
the system.

51 Heydari et al. [173] Numerical Rib-rectangular Laminar 5–500 Water Ag 25–75 0–4 The friction coefficient and pumping power are almost independent
of nanoparticle diameter. However, increasing Reynolds number,
pumping power enhancement becomes more important by
increasing the volume fraction of nanoparticles.

52 Uysal et al. [174] Numerical Rectangular Laminar 10–100 EG ZnO b100 0–4 – The convection heat transfer coefficient and pressure drop increases
with an increase in nanoparticle volume fraction value of nanofluids.
However, the Nusselt number decreases with increasing nanoparticle
volume fraction, while the Darcy friction factor is not affected.

53 Alipour et al. [175] Numerical Trapezoidal Turbulent 10,000–16,000 Water Ag – 0–4 – As the Reynolds number increased, the average Nusselt number
and average convection heat transfer coefficient in the ribbed
microchannels with higher R/W ratio increased in comparison to
the fully-attached serration condition.

54 Sabaghan et al.
[176]

Numerical Rectangular Laminar 100–250 Water/EG TiO2 21–60 1–2.3 – The efficiency of the nanofluids significantly declines with
increasing Reynolds number and nanoparticle diameter.

55 Ahmed & Eslamian
[177]

Numerical Rectangular Laminar 1–100 Water CuO 10 0–5 100 By low Re numbers (Re b 10), Brownian force makes the flow
inhomogeneous. Application of nanofluid is only feasible for low
Re numbers (Re b 10).

56 Yue et al. [178] Numerical Manifold Laminar 100–400 Water Al2O3 29
47

0–4 11.3 With an increasing volume fraction of nanoparticles, Nusselt number
and pumping power increase, but total entropy generation decreases.
Increasing the particle diameter leads to decreasing the Nusselt
number, pumping power, and performance index, but increasing the
total entropy generation. Finally, increasing the Reynolds number
leads to increasing the Nusselt number and pumping power, but
decreasing performance index and total entropy generation.
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57 Yang et al. [179] Numerical Trapezoidal Laminar
Turbulent

0–3000 Water CuO – 0.2–0.4 – Comparisons of the thermal resistance predicted by the single-phase
and two-phase models with corresponding experimental results
show that the two-phase model is more accurate than the
single-phase model. In the laminar flow, the thermal resistance of
nanofluids is smaller than that of the water, which decreases as the
particle volume fraction and the volumetric flow rate increase.

58 Yang et al. [180] Numerical Rectangular Laminar 100–400 Water Al2O3 – 0–4 12.67 Numerical results show that the enhancement in heat transfer
mainly depends on the nanoparticle volume fraction and the fins
aspect ratio. In this study, increasing the nanoparticle volume
fraction or the fins aspect ratio can increase the heat transfer effect.

59 Wu et al. [181] Numerical Rectangular Laminar b500 Water Al2O3 36 1–4.5 – The effectiveness of nanofluids on improving the heat management
capability of MCHS is related to the given pumping power of the
electronic device. A reduction of thermal resistance could be gained
by using nanofluids as coolant only when the given pumping power
is high. To save pumping power, a moderate inlet velocity is required.

60 Forghani-Tehrani
et al. [182]

Numerical Rectangular Laminar 10–200 Water Ag 10 0–4 – The Lorentz force was generated due to the magnetic field
existence in the opposite direction of flow. This fact corresponded
to less the maximum value of horizontal velocity and more velocity
adjacent to the walls. Larger slip coefficient led to more Us
especially at higher amounts of Hartmann number.

61 Sivasankaran &
Narrein [183]

Numerical Helical Laminar 6–25 Water Al2O3 42 0–1 – The presence of porous media led to the better thermal enhancement
and significant improvement in heat transfer performance was
observed for sinusoidal velocity inlet conditions as compared to
steady flow conditions. In addition, the proposed model showed
better accuracy in predicting nanofluid flow.

62 Nikkah et al. [184] Numerical Rectangular Laminar 1–100 Water CNT 30 0–0.25 – The local Nusselt number along the length of microchannel changes
in a periodic manner and increases with the increase in Reynold
number. It is also noted that the rise in slip coefficient and weight
percentage of nanoparticles leads to increase in Nusselt number,
which is greater in higher Reynolds numbers.

63 Sheikhalipour
Abbassi [185]

Numerical Trapezoidal Laminar 300–1100 Water Al2O3

CuO
20–60 0–8 – The average Nusselt number increases rapidly with the decrease of

the diameter of nanoparticles, but increasing the nanoparticle size
N60 nm does not affect heat transfer considerably. Moreover, when
the Reynolds number is low, adding more nanoparticles increases
heat transfer slightly, so using nanofluid in applications where the
Reynolds number is not commonly high (e.g. in microchannel fluid
flow) sounds ineffective.

64 Nojoomizadeh &
Karimipour [186]

Numerical Rectangular Laminar 0.1–10 Oil CNT 30 0–0.4 – The velocity of the nanofluids increases with an increased Reynolds
number so there is less time for heat transfer between the nanofluids
and the walls which increases the local Nusselt number. Also, a
decrease in porosity has greater impact on Nusselt numbers; hence
for high Reynolds numbers and low porosity and Darcy, the amount
of increase in the local Nusselt number would be greater

65 Rostami & Abbassi
[187]

Numerical Wavy Laminar b300 Water Al2O3 120 0–2 11.6 The Nusselt number increases because of wavy walls of the
microchannel in comparing with straight walls microchannels and
because of using nanofluid instead of water as working fluid. Also,
the increase in particles volume fraction result in Nusselt number
increment without sensitive increase in pressure drop.

66 Trinavee et al. [188] Numerical Circular Laminar 500–1900 Water Al2O3 38 1–4 – A comparison of the constant and the variable property model
showed that heat transfer is further enhanced; entropy, shear
stress and pressure drop further decrease when temperature
dependent properties of the nanofluids are considered instead of
constant properties.

67 Kalteh et al. [61] Experimental
Numerical

Rectangular Laminar 200–1000 Water Al2O3 40 0.1–0.2 130 The two-phase method is more appropriate than the homogeneous
method to simulate the nanofluid heat transfer. Also, the two-phase
results show that the velocity and temperature difference between the
phases is very small and negligible. Moreover, the average Nusselt
number increases with an increase in Reynolds number and volume
concentration as well as with a decrease in the nanoparticle size.

(continued on next page)
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68 Jang & Choi [189] Numerical Rectangular Laminar – Water Cu
Diamond

6
2

0–1 – The potential of deploying a combined microchannel heat sink with
nanofluids as the next generation cooling devices for removing
ultra-high heat flux as much as 1350 W/cm, when the difference
between junction temperature and inlet coolant temperature is 80 °C,
is demonstrated.

69 Narrein et al. [190] Numerical Helical – – Water Al2O3 – – The two-phase mixture model with modified effective thermal con-
ductivity and viscosity equations is employed for solving the prob-
lem numerically.

70 Hasan et al. [191]. Numerical Rectangular Laminar – Water Al2O3

Cu
– 1–5 – For high flow rates the heat transfer was dominated by the volume

flow rate and nanoparticles did not contribute to the extra heat
absorption. Also the performance of CFMCHE can be increased con-
siderably by using nanofluids with higher thermal conductivities.

71 Rahmati et al. [192] Numerical Rectangular Laminar – Water Al2O3 – 0–5 10.93 The average Nusselt number is the function of Richardson number,
Knudsen number and volume fraction of nanoparticles. Increasing
the Richardson number, makes the forced convection less effective
and leads in reduction of the Nusselt number. Hence, increasing the
Knudsen number, leads to the temperature gradient reduction and
reducing the average Nusselt number.

72 Kuppusamy et al.
[193]

Numerical Triangular Laminar 266–798 Water Al2O3

CuO
ZnO
SiO2

25–80 1–4 – The nanofluid flow and heat transfer characteristics in the TGMCHS
mainly attribute to the redeveloping thermal and hydraulic bound-
ary layers, vortices generation and the increased heat transfer sur-
face at the groove area. This entire phenomenon enhances heat
transfer significantly but it augments the pressure drop.

73 Mohammed et al.
[194]

Numerical Rectangular Laminar 100–1000 Water Al2O3 – 1–5 – The presence of nanoparticles could enhance the cooling of MCHS
under the extreme heat flux conditions with the optimum value of
nanoparticles. Only a slight increase in the pressure drop across the
MCHS is found compared with the pure water-cooled MCHS.

74 Abubakar et al.
[195]

Numerical Rectangular Laminar 140–1400 H2O4 Fe3O4 – 0.4–0.8 – As the volume fraction increases have an effect in reducing the
temperature due to an increase in thermal conductivity and lower
heat capacity.

75 Sheikhzadeh et al.
[196]

Numerical Rectangular Laminar 50–400 Water Al2O3 – – – With an increasing aspect ratio, horizontal velocity along the center
line increased and then, average Nusselt number and the inlet and
outlet thermal resistance decrease in the microchannel.

76 Nasiri et al. [197] Numerical Rectangular Laminar 100–500 Water Fe3O4 30 0–4 By applying a non-uniform magnetic field, the entropy generation
due to heat transfer decreases at first and then increases. By using
the uniform magnetic field, the frictional entropy generation and
thermal entropy generation are negligible. In all studied cases, the
total entropy generation decreases using non-uniform magnetic
fields.

77 Sheikhzadeh et al.
[198]

Numerical Rectangular Laminar 10–500 Water Al2O3 – 0–6 – The increase in Reynolds number caused an increase in the heat
transfer rate as well as pressure drop and decrease in the thermal
resistance.

78 Hasan [128] Numerical Pin fin Laminar 100–900 Water Al2O3

Diamond
– 1–4 – Using of nanofluid instead of pure fluid as a coolant leads to an

enhanced heat transfer performance by increasing the amount of
heat dissipated, but it also leads to increased pressure drop for all
fins shapes and nanofluids studied.

79 Maganti & Dhar
[199]

Numerical Rectangular Laminar 5–150 Water Al2O3 – 0–5 – Due to the overall augmented cooling performance of the nanofluids,
the thermodynamic performance is pronounced than the case of
water when employed in microscale flow systems.

80 Najafabadi &
Moravej [200]

Numerical Rectangular Laminar 331–1678 Water Al2O3 – 0–2 28.9 Increasing the volume fraction of nanoparticles leads to increases in
the heat transfer coefficient and reduces the heat sink wall
temperature, but it results in the undesirable effect of increase in
pumping power and total entropy generation.
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81 Sakanova et al.
[201]

Numerical Wavy Laminar 99–232 Water Diamond – 0–1 22.93 The effect of wavy MCHS is shown on thermal resistance, pressure
drop, and friction factor. It is found that in case of the pure water is
applied as the coolant the heat transfer performance of the MCHS is
significantly improved comparing with the traditional straight
channel MCHS, while the replacement of the pure water by
nanofluids makes the effect of wavy wall unnoticeable.

82 Abbassi Amiri et al.
[202]

Numerical Parallel plates Laminar 50–200 Water CuO 50–100 0–5 – The Eulerian two phase model of the CuO nanofluids enhances the
heat transfer instead of using pure water as a coolant. Reynolds
number and nanoparticle volume concentration increase the
average Nusselt number, while the pressure drop increases only
slightly. Also, the heat transfer increases with decrease in the
nanoparticle diameter.

83 Mohamad Noh et al.
[203]

Numerical Rectangular Laminar 140–14,000 Water Diamond
Al2O3

SiO2

CuO

– 0–2 – In low Reynolds numbers, the entrance region was relatively short.
However, at high Reynolds numbers, the effects of developing
region became more significant. Fully developed flow may not be
achieved inside the microchannel heat sink for high Reynolds
number.

84 Islami et al. [204] Numerical Parallel plates Laminar 5–50 Water Al2O3 36 0–4 – The main mechanism of enhancing heat transfer or mixing is the
recirculation zones that are created behind the baffles. The size of
these zones increases with Reynolds number and baffle height. The
fluid pushing toward the wall by the opposed wall baffle and
reattaching of separated flow are the locations of local maximum
heat transfer and friction coefficients.

85 Wang et al. [205] Numerical Rectangular Laminar – Water Al2O3 – 0–1 – The improvement in cooling performance of nanofluid-cooled
MCHS is attributed that optimal geometric structure increases inlet
flow velocity and effective thermal conductivity of nanofluid, which
enhances convective heat transfer between nanofluid and channel
wall.

86 Ali Akbari et al.
[206]

Numerical Rectangular Laminar 10–1000 Water +
CMC

Al2O3 25 0.5–1.5 – The increase of the volume fraction of the solid nanoparticles and a
reduction in the diameter of the nanoparticles would improve heat
transfer which is most significant in Reynolds number.

87 Karimipour et al.
[164]

Numerical Parallel plates Laminar 10–100 Water Al2O3

Ag
10 0–4 – Moreover the profiles of slip velocity and temperature jump are

drawn. It is observed that more slip coefficient corresponds to less
Nusselt number and more slip velocity especially at larger
Hartmann number.

88 Petrovic et al. [207] Numerical Parallel plates Laminar b1400 Water Cu
NEPCM

36 1.3–5 The thermal behavior of NEPCM-water slurry is highly dependent
on melting range. NEPCM with lower values of melting ranges
shows better characteristics in terms of both comparison criteria
(Re or Π) referred to maximum temperature of the substrate.

89 Nik Mazlam et al.
[208]

Numerical Rectangular Laminar – Water CNT 9.2 nm
1.5 μm

0–0.1 13 Since MCHS does operate at high operating temperature, the imple-
mentation of the CNT nanofluids as the working fluid is an attrac-
tive approach to remove the heat and thus provide an effective
method for the removal of high heat flux.

90 Snoussi et al. [209] Numerical Rectangular Laminar 100–1000 Water Al2O3

Cu
– 0–2 20 For all considered volume fractions, the sink friction factor

decreases with increasing the Reynolds number and slightly
increases by increasing the volume fractions, and, with increasing
the volume fractions and the Reynolds number, the pressure drop
increases.

91 Mohammadian
et al. [210]

Numerical Rectangular Laminar 120–480 Water Al2O3 29
38.4
47

0–4 – The Reynolds number has significant effect on performance of the
system and by decreasing it the effectiveness increases and heat
transfer contribution of entropy decreases while the pumping
power and frictional contribution of entropy decrease.

92 Ali Akbari et al.
[131]

Numerical Rectangular Turbulent 10,000–60,000 Water CuO 100 0–4 – Using tooth with higher R/W in higher Reynolds in average Nusselt
ratios and average heat transfer coefficient has better performance
than a full tooth.

93 Adham et al. [211] Numerical Rectangular Laminar – Water SiC
TiO2

– 1–9 – The thermal resistance and the pumping power were significantly
affected by the variation in the nanoparticles volume fraction. With
the increase in the volume fraction, the thermal resistance is
decreasing while the pumping power is increasing.

(continued on next page)
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No. Ref. Type of study Microchannel
geometry

Flow
regime

Reynolds
number

Base fluid Nanoparticle
material

Nanoparticle
size (nm)

Nanoparticle
concentration
(%)

Maximum
enhancement
in heat
transfer (%)

Findings

94 Tran et al. [138] Numerical Trapezoidal Laminar 100–900 Water Al2O3

TiO2

5
5

0.1–1 36.6 A nanofluid with higher thermal conductivity and higher
nanoparticle volume fraction would be achieved a higher thermal
performance compared to those with smaller thermal conductivities
and smaller nanoparticle volume fractions.

95 Nouri et al. [212] Numerical Rectangular
with sudden
expansion

Laminar 100–1000 Water CuO 30 1–6 – Increasing the volume concentration of nanoparticles increases the
entropy generation. Decreasing the nanoparticles diameter reduces
the entropy generation.

96 Nojoomizadeh et al.
[213]

Numerical Parallel plates Laminar
Turbulent

10–100
1592–478

Water CNT 30 0–0.25 – It is observed that less Darcy number leads to a more local Nusselt
number and also applying the porous medium corresponds to
higher slip velocity.

97 Mohsenian et al.
[214]

Numerical Converging Laminar 100–600 Water TiO2 10 0–0.5 wt 90 By increasing convergence angle and decreasing aspect ratio of the
channel, the velocity of the channel increases.

98 Fani et al. [215] Numerical Trapezoidal Laminar b1200 Water CuO 100–200 1–4 -ju With an increase in nanoparticles diameter, average Nusselt
number of base fluid decreases more than that of the nanoparticles
and this signifies that base fluid has more efficacy on thermal
performance of copper-oxide nanofluid.

99 Ebrahimi et al. [216] Numerical Rectangular – – Water CNT 25 0–1 – Increase nanolayer thickness causes increase thermal conductivity,
so the temperature gradient in micro channel heat sinks will be
decreased if nanolayer thickness increase.

100 El Mghari et al.
[130]

Numerical Square Laminar b700 Water Cu – 0–5 56 The increase of the nanoparticles volume fraction is also
accompanied by a very slight increase of the pressure drop. Heat
transfer improvement obtained using nanofluids is much important
than decreasing microchannel hydraulic diameter.

101 Chen & Ding [217] Numerical Rectangular Laminar – Water Al2O3 33 0–2 – The temperature distribution of the channel wall is found to be
practically insensitive to the inertial effect, while the fluid
temperature distribution and the total thermal resistance alter
noticeably due to the inclusion of flow inertial force.

102 Bhattacharya et al.
[129]

Numerical Rectangular Laminar 250 Water Al2O3 20 0–3 – Improvement of MCHS performance due to use of nanofluid becomes
more pronounced with an increase of nanoparticle concentration.

103 Soltanipour et al.
[218]

Numerical Rectangular Laminar b1500 Water Al2O3 40 0–4 29 Due to Lorentz forces vortices are generated near the magnetic
sources and number and strength of vortices depend strongly on
Hartmann number.

104 Yang & Lai [219] Numerical Parallel plates Laminar b16 Water Al2O3 47 0–4 21 The dimensionless velocity profiles of nanofluids at a fixed Reynolds
number are the same, but the dimensionless temperature distribution
is more uniform with the use of nanofluid under the same Reynolds
number, which signifies that more energy is transferred through the
fluid due to the enhanced thermal conductivity associated with the
presence of nanoparticles.

105 Lelea & Laza [220] Numerical Circular Laminar 15–100 Water Al2O3 13–47 1–5 – If the analysis is made for fixed Re, the thermal characteristics
expressed in terms of maximum surface temperature are better if
the nanofluid is used as the working fluid.

106 Salman et al. [221] Numerical Circular Laminar 10–1500 EG Al2O3

CuO
ZnO
SiO2

25
45
65
80

0–4 – The Nusselt number for all cases increases with the volume
fraction, but it decreases with the rise in the diameter of
nanoparticles. In all configurations, the Nusselt number increases
with Reynolds number.

107 Shalchi-Tabrizi &
Seyf [222]

Numerical Circular Laminar b250 Water Al2O3 29–47 0–4 – Using nanofluid has induced drastic effects on the pumping power
that increases with particle volume fraction and Reynolds number.
Finally, it was found that generated total entropy decreases with
increasing volume fraction and Reynolds number and decreasing
particle size.

108 Fani et al. [223] Numerical Trapezoidal Laminar b1200 Water CuO 100 1–4 – Considering the viscous dissipation, pressure drop varies very
slowly, while with the increase in the nanoparticles volume
fraction and therefore increase in viscous dissipation, heat transfer
reduces non-linearly.
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109 Narrein et al. [190] Numerical Helical Laminar 6–25 Water Al2O3 42 1–3 – The heat transfer coefficient increases on increasing nanoparticle
volume concentration, but the Nusselt number performance
deteriorates as a result of increasing thermal conductivity.

110 Tokit et al. [224] Numerical Rectangular Laminar 140–1034 Water Al2O3

CuO
SiO2

30–60 1–4 163.9 The Nu number increased with the increase of nanoparticle, volume
fraction and with the decrease of nanoparticle diameter.

111 Mehraban Rad &
Aghanajafi [225]

Numerical Rectangular Laminar – Water CNT – – – The heat transfer enhancement of using nanofluid can be further
increased if thermal radiation in near field media taken to account

112 Arabpour et al.
[226]

Numerical Rectangular Laminar 10–100 Water CNT – 0–8 – In different Reynolds numbers, applying oscillating heat flux
significantly influences the profile figure of Nusselt number and this
impressionability is obvious in Reynolds numbers of 10 and 100.

113 Arabpour et al.
[227]

Numerical Rectangular Laminar 10–100 Water CNT – 0–8 – By enhancing the volume fraction of nanoparticles, slip velocity
coefficient, Reynolds number and significant reduction in thermal
resistance of solid wall, Nusselt number enhances.

114 Abdollahi et al.
[228]

Numerical Rectangular Laminar 150–700 Water Al2O3 – 0–2.5 – Using ellipse ribs results in better performance of the microchannel
rather than diamond ribs and no ribs. It was also shown that at least
2% of the nanoparticles volume fraction is required to achieve an
enhancement in heat transfer.

115 Akbarinia et al.
[229]

Numerical Rectangular Laminar 7–15 Water Al2O3 – 0–5 – At a given Reynolds number, the major enhancement in the Nusselt
number is not due to increasing the nanoparticle concentrations,
but it is due to the increasing the inlet velocity to reach a constant
Re. Constant Reynolds number studies of nanofluids are not
sufficient approach to evaluate the heat transfer and the skin
friction factor due to the nanofluids usage.

116 Abbassi &
Aghanajafi [230]

Analytical
Numerical

Rectangular Laminar 100–2000 Water Cu 23 0.3–6 – Incorporating nanoparticle in base fluid does not considerably
affect solid wall temperature distribution. It is found that heat
transfer enhancement of using nanofluid can be further increased
if the fluid flow changes to turbulent regime.

117 Seyf & Feizbakhshi
[231]

Numerical Semicircle – – Water CuO
Al2O3

28.6–29
38.4–47

– – Enhancement of heat transfer is intensified with increasing volume
fraction of nanoparticles and Reynolds number

118 Ghazvini &
Shokouhmand [122]

Numerical
Analytical

Rectangular – – Water CuO – – – The modified Darcy equation for the fluid and two-equation model
for heat transfer between fluid and solid sections are employed in
porous media approach.

119 Lelea [232] Numerical Square Laminar Water Al2O3 13–47 0–9 The results reveal a different local heat transfer behavior compared
to the analysis made on a basis of the constant Re.

120 Mohammed et al.
[233]

Numerical Triangular Laminar – Water Al2O3

Ag
CuO
Diamond
SiO2

TiO2

– 0–2 – Diamond-H2O and Ag–H2O nanofluids are recommended to
achieve overall heat transfer enhancement and low pressure drop,
respectively, compared with pure water.

121 Li & Kleinstreuer
[234]

Numerical Trapezoidal – – Water CuO 28.6 0–4 – The thermal performance increases with volume fraction; but, the
extra pressure drop, or pumping power, will somewhat decrease
the beneficial effects. Microchannel heat sinks with nanofluids are
expected to be good candidates for the next generation of cooling
devices.

122 Shi et al. [235] Numerical Rectangular Laminar – Water Al2O3 – 0–2 8.49 The axial conduction effect cannot be ignored for the microchannel,
which significantly affects the inlet and outlet region of the
microchannel especially when the Reynolds number is low. The
nanofluilds temperature in the microchannel increases with the
curve and does not match the conventional linear growth
hypothesis.

123 Minea et al. [236] Numerical Circular Laminar 500–1500 Water Al2O3 – 0–3 21 The convective heat transfer coefficient for a nanofluid is enhanced
than that of the base liquid. Wall heat transfer flux is increasing
with the particle volume concentration and Reynolds number.

124 Kalteh &
Abedinzadeh [237]

Numerical Rectangular Laminar 5–25 Water Al2O3 – 0–4 17 The microchannel heat transfer performance improved by
increasing the Reynolds number. The magnetic field does not have
a remarkable effect on the heat transfer coefficient, but increases
the friction factor up to 86%.

(continued on next page)
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Flow
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in heat
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Findings

125 Kalteh [238] Numerical Rectangular Laminar b100 Water
EG
Engine
oil

SiO2 – 0–1 – An almost equal pressure drop for all the nanoparticles dispersed in
water, while, the heat transfer coefficient is highest for
water-diamond and is the lowest for water-SiO2 nanofluids. Also,
the pressure drop for water-based nanofluids is very lower than the
others and the heat transfer coefficient is the highest for
water-based nanofluids.

126 Hasan [239] Numerical Sudden
expansion

Laminar 100–900 Water CuO
Al2O3

Diamond

– 0–5 – Using of nanofluids lead to enhance the heat transfer and the
improvement got by geometric parameters such as using of
expanded microchannels or fins is much larger than that obtained
by using nanofluids for the same heat sink.

127 Ramiar & Ranjbar
[240]

Numerical Rectangular Laminar 10–1200 Water CuO
Al2O3

6–47 0–3 6.5 The obtained results show more steep changes in Nusselt number
for lower diameters and also higher values of the Nusselt number
by decreasing the diameter of nanoparticles. Also, by utilizing
conduction number as the criterion, it was concluded from the
results that adding nanoparticles will intensify the axial
conduction effect in the geometry considered.

128 Patel & Modi [241] Numerical Rectangular Laminar – Water Al2O3 – 0–2.5 – The average heat transfer coefficient, average Nusselt number
variations decreases along the flow direction due to the growing
boundary layer thickness and extremely high in the entrance
region due to the very thin local boundary layer. As the heat flux
increase, the average heat transfer coefficient and the average
Nusselt number also increases for the constant pressure drop.

129 Saberi & Kalteh
[242]

Numerical Rectangular Laminar – Water – 11–100 0–5 18 Increasing the nanoparticles volume fraction to φ = 5% causes 18%
enhancement in the Nusselt number compared to the pure water.
Also, increasing the nanoparticles diameter from 11 nm to 100 nm
for φ = 5% results in a13.33% decrease in the Nusselt number.
Finally, considering the viscous dissipation effect, a reduction in
the Nusselt number is observed.

130 Nimmagadda &
Venkatasubbaiah
[243]

Numerical Rectangular Laminar b600 Water
Methanol

Cu
Al
SWCNT

b100 0–3 71.25 The study also shows that by dispersing SWCNT nanoparticles, one
can enhance the heat transfer characteristics of base fluid contain-
ing methanol as antifreeze. The conduction phenomena of a solid
region cause the interface temperature between solid as well as
fluid regions to increase along the length of the microchannel.

131 Li et al. [244] Numerical Rectangular Laminar 100–700 Water Al2O3 30 0–3 – The effect of inlet velocity, geometrical structure of microchannel
and Reynolds number on the flow and heat transfer performance is
weakened with the increase of the nanoparticle volume fraction.
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Fig. 11. The publication growth about nanofluids applications in microchannels.
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5. Statistical considerations

First of all, it should be noted that the nanofluids applications in
microchannels have ever increasing importance. The scientific attention
to this area has increased in last decades. The annual number of pub-
lished papers has enhanced since 2006 till now, drastically (Fig. 11).
While the focus of researchers at early years was on the feasibility of
the nanofluids application inmicrochannels, today researchers encoun-
ter with different questions about the optimum channel size, geometry,
and etc.
Fig. 12.Most important journals concerning n
This section focuses on the statistical results of the study. Table 4
shows all the journal names corresponding published papers on the
nanofluids application in themicrochannels. Type of studies have deter-
mined in the table. “Applied Thermal Engineering”, “International
Communication in Heat and Mass Transfer” and “International Journal
of Heat and Mass Transfer” are three top journals interesting this
novel field that all published by Elsevier. This table shows the number
of published papers in three main classes: analytical, experimental
and numerical. Also, the portion of each journal in published papers in
this field has shown in Fig. 12.
anofluids application in microchannels.
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No.
1

2

3

4

5

6

7

8

9

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

Journal name
 Analytical
 Experimental
 Numerical
 Total
 Percentage
2

International
Journal of Heat
and Mass Transfer
3
 7
 12
 22
 11.1
2

International
Communication in
Heat and Mass
Transfer
3
 5
 13
 21
 10.6
2
Applied Thermal
Engineering
2
 8
 10
 20
 10.1
3
3

Physica E:
Low-dimensional
Systems and
Nanostructures
0
 0
 10
 10
 5.0
3

Energy
Conversion and
Management
4
 2
 1
 7
 3.5
3

Heat and Mass
Transfer
0
 3
 4
 7
 3.5
3

International
Journal of Thermal
Sciences
0
 3
 4
 7
 3.5
3

Advanced Powder
Technology
1
 0
 4
 5
 2.5
Journal of Thermal
Analysis and
Calorimetry
0
 1
 3
 4
 2.0
3
0
 Numerical Heat
Transfer, Part A:
Applications
0
 0
 4
 4
 2.0
1

3

Powder
Technology
2
 0
 2
 4
 2.0
2
 Experimental
Thermal and Fluid
Science
0
 3
 0
 3
 1.5
3

3

International
Journal of
Technology
0
 3
 0
 3
 1.5
3
4

4

Journal of Heat
Transfer
0
 0
 3
 3
 1.5
4
5

4

Applied
Mathematics and
Computation
0
 0
 2
 2
 1.0
4
6

4

Advances in
Mechanical
Engineering
0
 0
 2
 2
 1.0
4
7
 Chemical
Engineering
Science
1
 0
 1
 2
 1.0
8
 European Journal
of Mechanics
B/Fluids
1
 0
 1
 2
 1.0
4
9
 Heat Transfer
Engineering
0
 0
 2
 2
 1.0
0

4

International
Journal of
Engineering
Research &
Technology
0
 1
 1
 2
 1.0
1

4

International
Journal of Heat
and Fluid Flow
0
 1
 1
 2
 1.0
2

4

International
Journal of Science,
Technology &
Management
0
 0
 2
 2
 1.0
3

5

Journal of Applied
Fluid Mechanics
0
 0
 2
 2
 1.0
4

5

Journal of
Brazilian Society
of Mechanical
Sciences and
Engineering
0
 0
 2
 2
 1.0
5
 Journal of Fusion
Energy
1
 0
 1
 2
 1.0
5
6
 Journal of Taiwan
Institute of
1
 0
 1
 2
 1.0
continued)
No.
 Journal name
 Analytical
 Experimental
 Numerical
 Total
 Percentage
Chemical
Engineers
7
 Microfluids and
Nanofluids
1
 1
 0
 2
 1.0
8
 The Journal of
Engineering
Research
0
 1
 0
 1
 0.5
9
 Alexandria
Engineering
Journal
0
 0
 1
 1
 0.5
0
 AIP Advances
 0
 1
 0
 1
 0.5

1
 Al-Qadisiyah

Journal for Engi-
neering Science
0
 0
 1
 1
 0.5
2
 Applied
Mechanics and
Materials
0
 0
 1
 1
 0.5
3
 Applied Physics
Letters
0
 1
 0
 1
 0.5
4
 Applied
Mathematical
Modelling
0
 0
 1
 1
 0.5
5
 Advanced
Research in Fluid
Mechanics and
Thermal Sciences
0
 0
 1
 1
 0.5
6
 Chemical
Engineering
Research and
Design
0
 1
 0
 1
 0.5
7
 Colloids and
Surfaces A:
Physicochem
Engineering
Aspects
1
 0
 0
 1
 0.5
8
 Defect and
Deffusion Forum
0
 0
 1
 1
 0.5
9
 Energy
 0
 0
 1
 1
 0.5

0
 Entropy
 0
 0
 1
 1
 0.5

1
 Energy Procedia
 0
 0
 1
 1
 0.5

2
 European Physical

Journal Plus

1
 0
 0
 1
 0.5
3
 Exp Tech
 0
 1
 0
 1
 0.5

4
 Global Journal of

Nanomedicine

0
 0
 1
 1
 0.5
5
 International
Journal of
Advanced
Design and
Manufacturing
Technology
0
 0
 1
 1
 0.5
6
 Iranian Journal of
Chemical
Engineering
0
 0
 1
 1
 0.5
7
 International
Journal of
Mechanical
Engineering and
Applications
0
 0
 1
 1
 0.5
8
 International
Journal of
Mechanical
Sciences
0
 0
 1
 1
 0.5
9
 International
Journal of Nano
Dimension
0
 0
 1
 1
 0.5
0
 IJST Iranian
Journal of Science
and Technology
0
 0
 1
 1
 0.5
1
 Journal of
Advanced
Research in Fluid
Mechanics and
Thermal Sciences
0
 0
 1
 1
 0.5
2
 Journal of
Advanced
0
 0
 1
 1
 0.5
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No.
5

5

5

5

5

5

5

6

6

6

6

6
6

6

6

6

6

7

7
7
7

7

7

7

7

Journal name
 Analytical
 Experimental
 Numerical
 Total
 Percentage
7
7

Research in
Materials Science
3

8

Journal of
Electronics
Cooling and
Thermal Control
0
 0
 1
 1
 0.5
4
 Journal of
Mechanical
Engineering
0
 0
 1
 1
 0.5
5
 Journal of
Mechanical
Engineering
Sciences
1
 0
 0
 1
 0.5
6
 Journal of
Molecular Liquids
0
 0
 1
 1
 0.5
7
 Journal Of
Micromechanics
and
Microengineering
0
 1
 0
 1
 0.5
8
 Journal of
Magnetism and
Magnetic
Materials
1
 0
 0
 1
 0.5
9
 Journal of
Mechanical
Science and
Technology
0
 0
 1
 1
 0.5
0
 Journal of
Nanoparticle
Research
0
 0
 1
 1
 0.5
1
 Journal of
Nanostructures
0
 0
 1
 1
 0.5
2
 Journal of
Nanofluid
0
 0
 1
 1
 0.5
3
 Journal of Physics
Conference Series
0
 0
 1
 1
 0.5
4
 Journal Teknologi
 0
 0
 1
 1
 0.5

5
 Journal of Thermal

Science and
Engineering
Applications
0
 0
 1
 1
 0.5
6
 Journal of Thermal
Science and
Technology
0
 0
 1
 1
 0.5
7
 Modern
Mechanical
Engineering
0
 0
 1
 1
 0.5
8
 IOP Conference
Series Materials
Science and
Engineering
0
 1
 0
 1
 0.5
9
 International
Journal of
Non-Linear
Mechanics
0
 0
 1
 1
 0.5
0
 Nanoscale
Research Letters
0
 1
 0
 1
 0.5
1
 Open Physics
 0
 0
 1
 1
 0.5

2
 Particuology
 0
 0
 1
 1
 0.5

3
 Physics and

Chemistry of
Liquids
0
 0
 1
 1
 0.5
4
 Renewable and
Sustainable
Energy Reviews
0
 0
 1
 1
 0.5
5
 Songklanakarin
Journal of Science
and Technology
0
 0
 1
 1
 0.5
6
 Strojarstvo
Journal for the
Theory and
Application in
Mechanical
Engineering
0
 0
 1
 1
 0.5
7
 Thermochimica
Acta
0
 0
 1
 1
 0.5
continued)
No.
 Journal name
 Analytical
 Experimental
 Numerical
 Total
 Percentage
8
 Thermal Science
 0
 0
 1
 1
 0.5

9
 Thermal Science

and Engineering
Progress
0
 0
 1
 1
 0.5
0
 World Academy
of Science,
Engineering and
Technology
0
 1
 0
 1
 0.5
Total
 24
 47
 128
 199
 100
From the table, it is shown that about 12% of the published papers
have been studied, analytically. Also, the portion of experimental and
numerical studies is 24% and 64%, respectively. This shows that analyt-
ical studies are scarce. Also, expensive equipment and testingdifficulties
resulted in a small portion of this type of study.

Fig. 13 shows all studied microchannel geometries in the pub-
lished papers. About 57% of the studies performed on rectangular
microchannels. Also, parallel plates (14%), circular (9%) and trape-
zoidal (6%) geometries have more studied than the other geometries
such as zigzag, helical, wavy, square, and etc.

Fig. 14 shows the trend of different journals with different impact
factors to publish numerical, analytical and experimental studies.
Numerical studies are abundant in the journals with less impact factor.
As a journal impact factor increased, the portion of numerical studies in
a category decreased, from 81% to 53%. Inverse behavior was expected
from analytical and experimental studies that increased from 3% to
16% and 15% to 30% respectively, by an increase in journal impact factor.
It concluded that well-known and important journals are more willing
to publish analytical and experimental manuscripts. The weak relation
between universities and industries, rare available research fund, ex-
pensive experimental setups are seems to be key reasons to researcher
tend to numerical approaches, in developing countries, especially.

The most important keywords in all of the published papers in two
periods are shown in Fig. 15: a) from 2006 to 2011 and b) from 2012
to 2018. The greater word means the more important and frequent
word in the literature. This is a bibliographic analysis method to find
the critical concerns in a specificfield of research, on the basis of number
ofword repetitions. From Fig. 5, one could observe that the change of re-
search concerns over time. The 5 top frequentwords in thefirst selected
period are:

- Nanoparticle
- Temperature
- Reynolds
- Volume
- Increase

The high frequency of the word “Nanoparticle” shows the impor-
tance of the nanoparticles physical properties in the heat transfer coef-
ficient measurement in the first period. It should be noted that 63% of
used nanoparticles in the literatures are alumina, in the first period.
Researchers have looked for the best nanoparticle materials to suspend
in the base fluid. Today, it is obvious that the metal elements or alloys
are the best materials to be nanoparticles, because of some promising
properties such as high thermal and electrical conductivity and their
high availability.

The words “Temperature” and “Reynolds” are frequent, since these
concepts are related to the heat transfer and fluid flow phenomena.
Also, the word “Volume” points the volume fraction or volume concen-
tration concept, an important concern about nanoparticle suspending in
the base fluid. Increased pumping power requirement and low suspen-
sion stability over time are two big concerns about nanofluids related to
the volume concentration.



Fig. 14. Different type of study published in different journal categories: a) impact factor b 1 b) 1 b impact factor b 2 c) 2 b impact factor b 3 d) impact factor N 3.

Fig. 13. The used microchannel geometries in the published papers.
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Fig. 15. The bibliographic analysis from the papers published a) before 2012 b) after 2012.
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The high repetition of the word “Increase” shows the importance of
comparison between nanofluids and base fluids thermal and hydrody-
namics performance. Enormous research and studies showed the pre-
ferred nanofluids application in microchannel during the last decade.

Also, the 5 top frequent words in the second selected period are:

- Concentration
- Increase
- Coefficient
- Diameter
- Numerically

The words “Concentration” and “Increase” are still frequent. The
word “diameter” shows the scientific trend about the effect of nanopar-
ticle diameter on the nanofluids thermal and hydrodynamic properties.
The word “Numerically” is one of the most frequent words in the liter-
ature in the second period. It also shows that the numerical studies
have ever increased.

6. Conclusion

This paper deals with all important published papers related to
nanofluids applications in microchannels. Critical information of all
studies in three categories (analytical, experimental and numerical)
has collected. Also, statistical considerations such as bibliographic
analysis have been performed. Key results could be summarized as
follows:

- The scientific society has more paid attention to the nanofluids
applications in microchannel during the last decade.
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- More than half of the studies used numerical approach, in each
period of time. Numerical studies have grown rapidly in the last
decade, compared to analytical and experimental studies.

- Well-known journals are more willing to publish analytical and
experimental studies. Although, innovative and notable numerical
papers are exceptions from this rule.

- Almost all studies demonstrate preferred thermal behavior of
nanofluids in microchannels, compared the base fluids. Increased
pumping power requirement and some concerns about nanoparti-
cles are remained.

- Increased Reynolds number results in an enhanced Nusselt number.
Suspending low fraction of nanoparticles in the base fluids can
improve thermal and fluid flow properties in microchannels.
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