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Abstract: An effective way to enhance the heat transfer in mini and micro electronic devices is to
use different shapes of micro-channels containing vortex generators (VGs). This attracts researchers
due to the reduced volume of the electronic micro-chips and increase in the heat generated from
the devices. Another way to enhance the heat transfer is using nanofluids, which are considered to
have great potential for heat transfer enhancement and are highly suited to application in practical
heat transfer processes. Recently, several important studies have been carried out to understand and
explain the causes of the enhancement or control of heat transfer using nanofluids. The main aim
upon which the present work is based is to give a comprehensive review on the research progress on
the heat transfer and fluid flow characteristics of nanofluids for both single- and two- phase models
in different types of micro-channels. Both experimental and numerical studies have been reviewed
for traditional and nanofluids in different types and shapes of micro-channels with vortex generators.
It was found that the optimization of heat transfer enhancement should consider the pumping power
reduction when evaluating the improvement of heat transfer.

Keywords: heat transfer; nanofluids advantages and disadvantages; thermal hydraulic performance;
vortex generators; micro-channel

1. Introduction

Since 1931, researchers have explored ways to manage the heat flux generated from
electrical devices and offer better heat transfer rates using different approaches to enhance
the heat transfer in mini and micro cooling systems [1].

Nowadays, the impact of heat transfer and fluid flow have become more interesting
and challenging simultaneously due to rapid developments in electronic and electrical
devices and systems which become increasingly small in size, light in weight but high in
heat transfer dissipation demands. Therefore, enhancing the heat transfer in such systems
has been a strong motivation for this current research [2].

A possible and most effective approaches to enhance the heat transfer is the design
of a heat sink; the most popular heat sink used in air-cooled systems is a plate-fin heat
sink (PFHS) because of its simplicity to manufacture. Many investigations of PFHSs have
studied and optimized the fins’ height, thickness, and separation, yielding predictions of
heat transfer and entropy [3–6]. Other designs such as pinned heat sinks (PHSs) have also
been considered in both inline and staggered arrangements to enhance the heat transfer
rate [7]. They can take several shapes such as rectangular, square, circular, elliptical, NACA
and drop form [1,8–11]. The key components in the cooling of computer systems, and many
other applications such as air conditioning are heat exchangers and heat sinks [12–15].
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Based on the working fluid, heat exchangers are generally classified as gas, liquid, or a
combination. Some examples of heat exchangers are shown in Figure 1. Many studies
have shown that the liquid heat exchangers and heat sinks systems had great potential
for enhancing the heat transfer compared to gas systems based on some of their thermal
properties, which is higher in the liquid than in the gas [16,17].

Figure 1. Heat exchanger classification (a) plain rectangular fins: (b) offset strip fins, (c) louvered fins
(d) wavy fins.

Continuing developments in electronic and electrical devices and the increased heat
density associated with miniaturization mean that the thermal management of high heat
fluxes remains an active area of research [18].

However, another approach to improve the heat performance of the cooling systems
is to improve the thermo-physical properties of the coolants—for example, by developing
nanofluids [14,19–21], which have used widely in industry and studied extensively for
their impact on the environment [22–24]. Alternatively, the geometry of the heat sinks
can be adapted to improve heat transfer—for example, by modifying the pins in PHSs
or the channels in PFHSs. One very successful approach for air applications is the use of
micro-channels. Note that the micro-channels first appeared in 1981 [25].

Many ways by which the heat transfer might be enhanced, such as suggestions of new
designs of the geometry and/or advanced fluids, can be used [26]. Various geometries have
been designed to achieve a high performance of heat transfer using an extended surface
area [27,28].

Many experimental and numerical studies have investigated the heat transfer and fluid
flow performance of various modified geometries such as micro-channels with grooves
and ribs [29–32]. The effect of vortex generators (VGs) on heat transfer and fluid flow
characteristics were investigated experimentally in 1969 [33].

In addition to the surface area enhancement, vortex generators can be considered
as a geometry improvement, which creates secondary flows that can enhance the heat
transfer [34,35].

In the revolution of advanced manufacturing processes, VGs can take up various
forms such as protrusions, wings, inclined blocks, winglets, fins, and ribs [2,36], and have
been used to enhance heat transfer in different geometries such as circular and non-circular
ducts under turbulent flow [34,37,38]. They have also been used in laminar flow, with flat
plate-fins in rectangular channels [37–39], tube heat exchangers [40], heat sinks [41,42], and
rectangular narrow channels [43,44], as shown in Figure 1.

One of the promising systems by which high-performance heat rejection can be
achieved is micro- and mini-scale systems, such as micro-channel heat exchangers and
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heat sinks [12,15,45–47]. They are different from traditional channels and can be clas-
sified according to their associated hydraulic diameters, Dh, [48–50]. The classification
of the channel according to Mehendale et al. [49] is that the conventional channels with
Dh > 6 mm, compact Passages 1 mm< Dh ≤ 6 mm, meso-channels 100 mm< Dh ≤ 1 mm,
and micro-channels 1 µm < Dh ≤ 100 µm. while Kandlikar and Grande [50] had another
classification of the channel, the that the conventional channels with Dh > 3 mm, mini
channel 1 mm< Dh ≤ 3 mm, micro-channels 10 µm < Dh ≤ 200 µm, transitional channels
0.1 mm< Dh ≤ 10 mm, and the Molecular nanochannels with the Dh ≤ 0.1 µm.

On the other hand, using advanced fluids instead of traditional fluids (e.g., air and
water) has become common and effective. It can be a combination of two fluids like mixing
water and glycerin [51], or it can be a suspension of particles in a liquid, which is well
known as a nanofluid [52]. Recently, the use of nanofluids has been applied to manage the
heat transfer in batteries [53–56].

In this article, a comprehensive review has been conducted to focus on heat transfer
performance with different modifications of both the fluid and geometry. Furthermore,
the influence of evaluating heat transfer enhancement together with the pressure penalty
resulted from the modifications of the geometry and the fluid. This review paper is
divided into three main sections that consider straight micro-channels, vortex generators,
and nanofluids.

2. Uniform Micro-Channels

This section provides an idea of the investigations that have been carried out on a
uniform channel. It is divided into two sections: single-phase flow and two-phase flow.

2.1. Single Phase Flow

A numerical investigation of various shapes of rectangular micro-channels with the
range of width 44–56 µm, height 287–320 µm, and length 10 mm was conducted by
Shkarah et al. [57]. The materials used were aluminum, silicon, and graphene. Differ-
ent values of volumetric flow rate and heat flux with fully developed laminar flow of
water were utilized. The results showed that the thermal resistance was reduced by us-
ing graphene in the micro-channel. However, the findings have not yet been confirmed
experimentally and the numerical method considered the thermo-physical properties of
the materials as non-temperature-dependent, which may affect the results when compared
to the experimental setup.

Laminar flow of deionized water in a copper rectangular micro-channel with a hy-
draulic diameter ranging from 200 to 364 µm and with a length of 120 mm was numerically
studied by Lee et al. [58]. The finite volume method was implemented to determine the
Nusselt number at various aspect ratios. The study presented the distribution of local and
average Nusselt numbers as a function of non-dimensional axial distance. The researchers
proposed correlations which helped to enhance the heat transfer. The proposed correlations
considered the entrance length effect on heat transfer rate and were in very good agreement
with previous experimental studies. It was found that the new correlation was applicable
for thermally developed flow for local and average Nusselt number under laminar flow.

Mansoor et al. [59] performed three-dimensional simulations of a rectangular micro-
channel using single-phase laminar flow (Re ranged from 500 to 2000) of deionized water
as a working fluid. A heat flux of 130 W/cm2 was considered to investigate the thermal
characteristics in a copper micro-channel. The study used FLUENT commercial software,
(New York, NY, USA) and the results were compared with previous numerical and experi-
mental works, showing good agreement. It was found that the heat transfer coefficient was
decreased as the heat flux increased. In addition, a high Reynolds number and heat flux
led to a transition from single- to two-phase flow, while there was no transition when the
heat flux was less than 100 W/cm2.

An experimental study of a copper rectangular micro-channel with a hydraulic diame-
ter in the range of 318–903 µm and length of 24.5 mm was conducted by Lee et al. [60], using
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deionized water as a working fluid. The study used laminar and turbulent flows, with the
Reynolds number ranging from 300 to 3500 to investigate the heat transfer and fluid flow
regimes using single-phase flow. The results showed that heat transfer was increased as the
channel size decreased. However, decreasing the dimensions of the rectangular channel
requires more pumping power resulting from an increase in the associated pressure drop.

Deng et al. [61] compared a traditional rectangular cross-section copper micro-channel
with an omega shape micro-channel heat sinks of the same hydraulic diameter with ethanol
and deionized water as two-phase boiling flow, as shown in Figure 2. The results showed
that water is better than ethanol in both micro-channel types. Moreover, using the omega
micro-channel decreased the pressure drop compared to the conventional rectangular micro-
channel.

Figure 2. Micro-channel omega shape in mm [61] © Elsevier, 2015.

Micro-channels can be used not only with liquid but also with gas as a working
fluid; Balaj et al. [62] studied the influence of shear stress in micro- and nano-channels
using constant wall heat flux. The simulation model used the direct-simulation Monte
Carlo method. It was found that there is a sensible effect of the magnitude of viscous
dissipation on heat and flow performance; therefore, it should be considered in heat
transfer predictions. The study also showed that the heat transfer is significantly enhanced
when the heating condition is applied, while the heat transfer is decreased while utilizing
the cooling condition.

Xia et al. [63] numerically studied the heat transfer and fluid flow characteristics of a
liquid-cooled heat sink with three different inlet and outlet locations named c, I, and z, and
different header shapes that feed the micro-channels, as shown in Figure 3. The traditional
shape of a rectangular micro-channel was compared with a triangular shape. The results
showed that the best geometry is rectangular and the best location of the inflow regime was
I, then c, then z. Additionally, the results showed that better heat transfer characteristics
were achieved with the rectangular header shape. However, the results showed that using
the position shown in Figure 3c was the best design when using a volume flow rate of
150 mL/min. This can be attributed to the velocity uniformity compared to the trapezoidal
and triangular shapes.

Heat transfer can be enhanced by applying a magnetic field on water-based Fe3O4,
as indicated by the study by Ghasemian et al. [64]. They investigated the heat transfer
characteristics of a rectangular channel with a width of 0.2 cm and length of 2 cm subjected
to constant and variable magnetic fields under laminar flow. The finite volume method
was used to solve the governing equations and two-phase mixture flow was implemented
in the study. The results showed that three parameters enhanced the heat transfer, namely
frequency and locations (a, b) of magnetic fields, as shown in Figure 4. Noticeable en-
hancement of heat transfer appeared at fully developed flow, especially when applying the
magnetic field. Moreover, it was found that using an alternating magnetic field was better
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than a constant one by approximately 1.6 times. Using an alternating magnetic field acts as
a vortex generator to frequently disturb the fluid.

Figure 3. Different inlet and outlet positions and header shapes of micro-channel heat sinks [63] ©
Elsevier, 2015. (a) C-type; (b) Z-type; (c) I-type; (d) rectangular; (e) trapezoidal; (f) triangular.

Figure 4. Magnetic field distribution to enhance the heat transfer [64] © Elsevier, 2015.

A review of numerical and experimental investigations focusing on the heat transfer
and air-side flow using a fin and tube heat exchanger was presented by Pongsoi et al. [65].
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The study summarizes a significant effect such as tube arrangement, operating conditions,
and fin configurations. More than 35 articles related to heat exchangers were considered,
representing the experimental studies from the very early period. The study used geometry
design by comparing circular and spiral fins. It concluded that 57% of the heat exchangers
used a spiral fin; thus, the recommendation of the investigation was to use a spiral fin
instead of a circular fin in heat exchangers. Moreover, Pan et al. [66] presented the effect of
different inlet distribution manifold for different widths of rectangular micro-channels. The
investigation considered different dimensions of the inlet design of a Z-shape to examine
the effect of inlet distribution and the width of the channel on optimal design of a micro-
channel. The results showed that the width of the channel had a significant influence on
the optimization results.

Another review of micro- and mini-channel geometries is that of Dixit and Ghosh [48].
The study illustrated previous work in a single-phase flow with heat exchangers and heat
sinks in various types of flow such as laminar, turbulent, developing flows, and fully devel-
oped flow. It also presented the heat transfer performance such as convective heat transfer
under the condition of constant wall temperature and constant heat flux. The application
and fabrication of micro- and nano-scales were also adopted in this investigation. It was
concluded that it is still difficult to produce channels of micro-size due to manufacturing
limitations; however, micro-channels can be produced as parts, but it is still not easy to
combine the parts to produce micro-channels. Many issues can be found when producing
micro-channels from parts such as the accuracy of having equal distance between channels.
Moreover, the reliability of the glue for a specific application, the conductivity of the glue
used to combine the parts, and avoiding having a layer of the glue might influence the heat
transfer performance.

A numerical and experimental investigation of heat transfer and fluid flow perfor-
mances in a bronze rectangular micro-channel with dimensions of 1 and 0.3 mm was
presented by Gamrat et al. [67]. Water as a working fluid with a Reynolds number in
the range of 200–3000 was considered to investigate the mixed convective heat transfer
performance. The results of the numerical study showed that there was no sensible in-
fluence on the Nusselt number when the channel dimension changed from 1 to 0.1 mm.
Due to the limitation of the experimental measurement, the impact of this change has not
been measured.

Laminar flow in different rectangular copper micro-channels with a width and height
231 µm and 713 µm, respectively, was studied experimentally and numerically by Qu
and Mudawar [68]. Deionized water at a Reynolds number in the range of 139–1672 was
considered as the working fluid. Two heat flux values (100 and 200 W/cm2) were applied
on the bottom wall to investigate the fluid flow and heat transfer performance. It was
found that the outlet temperature of the fluid decreased at a high Reynolds number while
the pressure drop increased. It was also found that there was not much difference in
temperature at the top wall of the micro-channels; therefore, it can be considered as an
adiabatic wall.

However, most recent numerical studies considered the top wall (the wall which is
opposite the wall where heat flux was applied to) as an adiabatic wall. This is because the
low heat transfer at the top wall might transfer from the walls by conduction and the fluid
by convection, especially when using a plastic top wall.

2.2. Two-Phase Flow

A considerable number of studies have been carried out on the design of micro-
channels using two-phase models, as can be seen in the following paragraphs.

An experimental investigation of the heat transfer performance was conducted by
Hsu et al. [69] using different orientations of copper rectangular micro-channels with a
hydraulic diameter of 440 µm, heat flux of 25 kW/m2, and mass flux of 100 and 200 kg/m2s.
Two-phase boiling flow and HFE-7100 as a working fluid was considered. The setup
investigated the effect of the inclination from the horizontal to the vertical position on
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boiling heat transfer. It was found that the heat transfer coefficient rose with the vapor
quality and peaked when it reached 0.6 for the upward position.

Suwankamnerd and Wongwises [70] studied two-phase air–water flows in a copper
rectangular micro-channel having 267 µm hydraulic diameter with low Reynolds number.
The setup used a separate flow model as well as a homogeneous flow model to estimate the
pressure drop using the Friedrel correlation, which is used to measure the pressure drop in
two-phase flow. The investigation showed enhancement in the Nusselt number of 120%
compared to single-phase flow.

In addition, Mirmanto [71] studied the heat transfer coefficient in various dimensions
of a single copper rectangular micro-channel with a horizontal position. Boiling deionized
water at 98 ◦C at the inlet as a working fluid, 125 kPa as inlet pressure, 800 kg/m2 of mass
flux, and various values of heat flux were used in this study. The results showed that there
was good agreement between the experimental measurements and the numerical simula-
tion, especially in the pressure gradient. It was effective at the low pressure generated. At
fixed heat and mass flux, it was found that the heat transfer coefficient went down with
the quality in the smallest hydraulic diameter, while it was increased significantly with the
other diameters.

Konishi et al. [72] studied the effect of boiling flow on flow and heat transfer maps.
The geometry was a copper rectangular channel consisting of two heating walls fixed
opposite each other with liquid and mass inlet velocities ranging from 0.1 to 1.9 m/s and
224.2 to 3347.5 kg/m2 s, respectively; and a temperature of inlet sub-cooling in the range of
2.8–8.1 ◦C. Heat transfer and fluid flow measurements were adopted to examine the flow
performance. It was found that the temperature distribution improved as the gravity rose,
while it decreased in micro-gravity.

Gan et al. [73] experimentally investigated the pressure drop characteristics of two-
phase flow in a triangular silicon micro-channel with dimensions of 300, 212, and 155.4 µm
in width, depth, and hydraulic diameter, respectively. Acetone was considered as a working
fluid under various ranges of inlet temperature and pressure, mass velocity, superheat,
outlet quality, and heat flux. The pressure drop and boiling flow were performed. The
outcome of the study was a new correlation which considered the functionality of mass flux
and, therefore, the error of predicting the acetone data with 12.56% of mean absolute error.

Fang et al. [74] proposed a correlation of flow boiling to investigate the heat transfer
regime using a copper rectangular tube. The study adopted H2O, R718 as a working
fluid, two-phase laminar and turbulent flows. More than 1050 data points of water boiling
flow for mini- and micro-channels were collected. The results showed that the proposed
correlation was applicable to many refrigerant fluids, especially for R410 and NH3.

Shojaeian and Koşar [75] reviewed previous experimental studies on micro- and nano-
geometries using boiling flow. These geometries were in various shapes such as rectangular,
triangular, and cylindrical cross-section. Heat transfer and fluid flow characteristics were
presented and compared with different parameters such as single-phase and two-phase
flows. It was found that the nano- and micro-structures enhanced the heat transfer rate of
systems. Furthermore, the manufacturing ability increased to produce such complex shapes
of nano-/micro-channels. Consequently, manufacturing nano-/micro-configurations had
some finishing issues related to the surface. This can be tackled by coating the surface.

Asadi et al. [76] reviewed the validity of experimental correlations on pressure-drop
and heat-transfer characteristics in single- and two-phase flows with different geometries
of micro-channel. The investigation used 219 papers of experimental and numerical studies
(from 1982 to 2013). It was found that, before 2003, the researchers focused on experimental
and analytical investigations, while after 2003, the focus turned to numerical studies. It
also indicated that approximately 76% of researchers considered the laminar flow using
single-phase flow. This is because the behavior of the laminar flow can be predicted and
agreed with the experimental data. However, an important factor has not been considered
in this study, which is the energy consumption of using turbulent flow. For example,
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using turbulent flow will cost more pumping power to derive the flow, resulting in more
energy consumption.

In summary, straight micro-channels represented the starting stage in converting
from using conventional channels to micro-sized channels in various applications of micro-
electrical and micro-electronical chips. As reviewed in the previous sections, micro-channels
have rapidly received high attention by many researchers in different investigations, both
numerical and experimental, as presented in Figure 5.

Figure 5. Growth in number of publications of micro-channels [77] © Elsevier, 2017.

The limitation in manufacturing micro-channels was a reason for a reduction in
experimental studies. Another reason is the high price incurred to manufacture micro-
channels. It is to be expected that in the near future, the manufacturing developments
will easily allow production of micro-sized channels. Therefore, there is a real need to
develop straight micro-channels into channels with complex shapes such as zigzag, wavy,
and curved micro-channels to enhance the heat transfer. In addition, increasing the surface
area and developing the secondary flow in the micro-channels also contributes to enhance
the heat transfer rate. This can be achieved by adding some objects to increase the surface
area and disturb the flow to develop the secondary flow.

2.3. Curved and Tapered Rectangular Micro-Channels

Research on curved micro-channels has also received recent attention by many re-
searchers because of the high thermal and flow performance produced by these geometries,
as elaborated in the following paragraphs.

Numerical simulation of laminar flow using water as a cooling fluid was performed
by Guo et al. [78]. They investigated the influence on heat transfer performance of a curved
micro-channel with a square cross-section, as presented in Figure 6. This micro-channel
had a width and curve radius of 0.2 mm and 30 mm, respectively, and a Reynolds number
in the range of 100–865. It was found that at high convection heat transfer, the synergy
principle method can be applied. Note that this method applied to increase the accuracy
of the solution because it considers the heat transfer at the outer wall. This method is
applicable for such a curved channel because it presents the heat transfer accurately for the
outer walls with consideration of the fluid flow.
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Figure 6. Curved duct with square cross-sectional area [78] © Elsevier, 2011.

Chu et al. [79] performed both experimental and numerical investigations of curved
rectangular micro-channels with different diameters to study the influence of different
diameters of the curve on flow characteristics. The Reynolds number was in the range of
80–876 and deionized water as a working fluid was considered. The results showed good
agreement between the simulation and experiments. It was found that the curvature of the
channel geometry increased the velocity at the outer wall, thus leading to enhancement of
the heat transfer performance but increasing the friction factor.

A numerical study of a tapered aluminum micro-channel by Dehghan et al. [80]
investigated the influence of different tapering geometries on pressure drop reduction
using laminar flow and a constant heat flux of 100 W/cm2. The width of the channel was
fixed at the inlet to be 200 µm, while the outlet width was in the range of 75 to 200 µm with
the channel length being 12,000 µm. It was found that the Poiseuille number and Nusselt
number rose with tapering. The optimum heat transfer characteristics were found at an
outlet-to-inlet width ratio of 0.5. However, with no consideration of the pressure drop in
this study, it might be worth considering the pressure drop effect using the channel inlet,
which can be taken in a range from 75 to 200 µm.

3. Non-Uniform Channels and Vortex Generators

The effect of vortex generators (VGs) on the heat transfer and fluid flow characteris-
tics were investigated experimentally in 1969 [33]. Two types of vortex generators were
classified based on the direction of the axis of rotation of the vortices generated.

Several parameters such as the geometry, shape, and position of the VGs might play
a crucial role in enhancing the heat transfer, and the VG shape can be classified into
rectangular, delta wings, and winglets, as presented earlier in [81]. However, the wing
and winglet VGs are only suitable for air-based heat sinks. Various investigations have
also indicated potential benefits of using VGs with laminar flow at different Reynolds
numbers [35,43,82].

3.1. Non-Uniform Channels

Many experimental and numerical investigations have considered geometrical mod-
ifications of uniform channels to enhance the heat transfer performance. Liu et al. [83]
conducted an investigation of the influence of geometry on heat and flow maps using tur-
bulent air flow in a modified square channel with cylindrical slots of various diameters, as
shown in Figure 7a. The finite volume method was used to solve the governing equations,
utilizing FLUENT 12.1. The results emphasized that using cylindrical grooves and square
ribs in the channel (see Figure 7b) enhanced the heat transfer characteristics compared to
the uniform channel due to the extended surface area and the generation of vortices by
disturbing the flow. However, the pressure drop of the square-ribbed channel was higher
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than the cylindrical grooves channel and the uniform channel. This study agreed with the
results of cylindrical grooves in mini channels performed by Tang et al. [84].

Figure 7. Rectangular micro-channel [83] © Elsevier, 2015; (a) geometry description; (b) various
cylindrical grooves (cases A0–A3) and square ribs (case B).

Zhai et al. [85] simulated the flow in micro-channels with six types of cavities and
ribs in the single micro-channel walls. These were “triangular-cavities with circular-rib
(a) (Tri.C-C.R for short), (b) triangular-cavities with triangular-rib (Tri.C–Tri.R for short),
(c) triangular-cavities with trapezoidal-ribs (Tri.C–Tra.R for short), (d) trapezoidal-cavities
with circular-rib (Tra.C-C.R for short), (e) trapezoidal-cavities with circular-rib (Tra.C-C.R
for short), (f) trapezoidal-cavities with trapezoid-rib (Tra.C-Tra.R for short)”, as seen in
Figure 8. De-ionized water was used as a coolant with a Reynolds number ranging from 300
to 600, and a constant heat flux of 106 W/m2 was applied at the bottom wall of the micro-
channel. The finite volume method and FLUENT software was adopted to investigate the
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flow and heat transfer characteristics. The results showed that using triangular cavities
and ribs (see Figure 8f) offered better heat transfer compared to a uniform rectangular
micro-channel due to better interaction between the solid and the fluid.

Figure 8. Square channel with different ribs and cavities, (a) (Tri.C-C.R), (b) (Tri.C–Tri.R), (c) (Tri.C–
Tra.R), (e) (Tra.C-C.R), (f) (Tra.C-Tri.R), (g) (Tra.C- Tra.R) [86] © Elsevier, 2015.

Knupp et al. [86] proposed a hybrid simulation method to solve the heat transfer and
fluid flow characteristics via a single domain strategy and generalized integral transform
technique (GITT). This was applied to laminar flow in non-uniform channels, as shown
in Figure 9. The results showed that the GITT method was suitable to be applied for Mul-
tiphysics applications found to be in good agreement with the finite element calculation
form in the commercial software COMSOL Multiphysics, (New York, NY, USA). It is clear
that this study agreed well with the literature that using COMSOL Multiphysics provides
sufficient agreement with the experimental studies due to the temperature-dependent equa-
tions implemented in the software, and it is used widely for solving problems, especially
those with Multiphysics applications.

Figure 9. Irregular channel [86] © Elsevier, 2015.

Henze and Wolfersdorf [87] experimentally investigated the impact of tetrahedral
VGs on the Nusselt number and the flow velocity. The results showed that using the VGs
enhanced the heat transfer rate compared to the uniform channel. In addition, it was found
that the highest VGs offered the highest heat transfer enhancement. It was also indicated,
as expected, that the heat transfer was enhanced with an increasing Reynolds number.
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However, the pressure penalty has not been considered, which determines the pumping
power required compared to the uniform channel.

Dai et al. [88] experimentally investigated the influence of zigzag and sine wave micro-
channel structures on the laminar water flow and heat transfer maps. They used a Reynolds
number in the range of 50 to 900 with heat flux of 19.1 W. A uniform duct was simulated
to understand the behavior of hydraulic heat transfer. The results showed that the zigzag
geometry enhanced the heat transfer, while the pressure drop increased.

Karathanassis et al. [89] investigated the heat and flow characteristics in an array of
fin plate heat sinks. The geometry was designed to be three sections; for each section,
the hydraulic diameter was decreased by increasing the number of plates. The FVM was
applied to solve the governing equation of the numerical part, while a closed rig with a
flow rate ranging from 20 to 40 mL/s was used in the experimental part. It was found
that the heat transfer enhanced in the third section due to the buoyancy. Additionally,
the temperature was uniform when the Reynolds number decreased. Nevertheless, the
pressure drop increased due to an increase in the number of plates.

An analytical investigation has been conducted to study the effect of extended surface
area in heat sinks with four types of fins: (a) longitudinal rectangular fin array (LRFA),
(b) longitudinal trapezoidal fin array (LTFA), (c) annular rectangular fin array (ARFA), and
(d) annular trapezoidal fin array (ATFA), as shown in Figure 10 [90]. The results showed
that the triangular fin offered the best heat transfer rate compared to the other three models.
It was found that the optimum individual fin was different from the optimum value of heat
sink as a component. This is because the individual fin was shorter than the fin in the fins
array of the heat sink.

Figure 10. Various types of fins (a) LRFA, (b) LTFA, (c) ARFA, and (d) ATFA [90] © Elsevier, 2009.

Ebrahimi et al. [36] studied the impact of using linear VGs to generate vortices in the
micro-channel on fluid flow and heat transfer regimes. Different orientations of the VGs
and deionized water under laminar flow were considered to simulate three-dimensional
geometry utilizing a finite volume method. The results showed that the Nusselt number
rose from 2 to 25% when the Reynolds number ranged from 100 to 1100. However, the
friction factor increased by up to 30% when using longitudinal VGs. This friction factor
penalty could be acceptable if the space was limited and a certain heat transfer rate had to
be achieved.

Hong et al. [91] sought to improve the uniformity of the temperature distribution in
micro-channel heat sinks by considering a heat sink in which the micro-channels formed
a rectangular fractal-shaped network. Their numerical analysis of the 3D conjugate heat
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transfer revealed hotspots in regions where the channel density was sparse; however,
these could be overcome by local modifications of the channel size. The modified network
was found to have lower thermal resistance, lower pressure drop, and much improved
uniformity in temperature compared to parallel-channel heat sinks.

A recent study carried out by M. Al-Asadi and M. Wilson [1] examined different
geometries of perforated pin-finned heat sink. The study examined a perforated pin-finned
heat sink using air and water. The results showed that the perforated pin-finned heat sink
offered better heat transfer performance and lower pressure penalty compared to a solid
pin-finned heat sink when using air as a working fluid, whilst no enhancement was gained
when using water due to the high viscosity of the water. The study also compared different
shapes of vortex generators such as rectangular, triangular, and circular VGs in a uniform
channel. The results conducted that the circular VG was the best in enhancing heat transfer
among the examined shapes.

From the previous two sections, it can be seen that there is a gap in the knowledge of
different shapes of VGs, especially in cylindrical vortex generators. Thus, the next section
focuses on cylindrical vortex generators.

3.2. Cylindrical Vortex Generators

The above examples show that there are many ideas for geometrical modifications of
micro-channels, some of which are rather complex. A somewhat simpler yet still effective
class of geometrical modifications are ribs or cylinders added to the channel walls, base, or
interior. These act as transverse vortex generators and have been shown to enhance the
heat transfer [34,92–96].

A two-dimensional numerical study by Cheraghi et al. [45] considered a smooth
channel with fixed heat flux through the wall sides and an adiabatic cylinder at various
locations inside the channel. The Reynolds number was 100 and Prandtl number ranged
from 0.1 to 1. The authors found that the maximum enhancement occurred when the
cylinder was fixed halfway from the base to the top of the channel. The results also showed
that the low Prandtl number had a positive effect on heat transfer enhancement.

Turbulent flow in a channel with cylindrical vortex generators was investigated nu-
merically by Wang and Zhao [97]. It was found that utilizing a cylindrical vortex generator
enhanced the heat transfer by 1.18 times compared to the corresponding uniform chan-
nel. However, this study did not take into account the thermal conductivity of the rib,
which might distribute the heat to the fluid due to the high thermal conductivity of metals
compared to fluids, resulting in further enhancement of the heat transfer in micro-channels.

Chai et al. [98] numerically investigated the effects of ribs on the side walls of a silicon
micro-channel heated from below and cooled by laminar water flow. The ribs were arranged
in an offset manner on both side walls, and had various cross-sectional shapes, namely
rectangular, backward triangular, forward triangular, isosceles triangular, and semi-circular,
each with a protrusion of 25 µm into the channel. For a Reynolds number in the range of
190–838, Nusselt numbers up to 1.95 times that of a smooth channel were achieved, with the
apparent friction factor increasing up to 4.57 times. Performance evaluation criteria values
of 1.02 to 1.48 were found, with forward triangular ribs performing best for Re < 350, and
semi-circular ribs for Re > 400. In a further three-part work, the same authors also studied
aligned versus offset fan-shaped ribs on the opposite side walls [99–101]. Various other
side-wall rib shapes and configurations have also been considered by others, e.g., [102,103].

Al-Asadi et al. [104] studied the influence of cylindrical VGs with radii up to 400 µm on
3D conjugate heat transfer. In particular, VGs with quarter- and half-circular cross-sections
attached at the base of the micro-channel were considered, aligned perpendicular to the
flow direction, with an input heat flux in the range of 100–300 W/cm2 and a Reynolds
number ranging from 100 to 2300. While the quarter-circle VGs offered no improvement in
heat transfer, the half-circle cylindrical VGs provided a reduction in the thermal resistance
of the system. In addition to VGs completely spanning the width of the micro-channel,
shorter VGs were also considered. It was found that having a gap between each channel
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wall and the ends of the VGs offered further heat transfer benefits, particularly when the
pressure drop penalty was taken into account, though the underlying mechanisms by
which the gaps enhanced the performance were not explored.

Furthermore, Al-Asadi et al. [8] continued to investigate the influence of the gap in
detail in their recent study. It was found that the gap of 75 µm at each end offered the
highest heat transfer performance but a lower PEC index compared to the VG with a central
gap of 450 µm.

A vortex generator in a uniform heat sink enhances the heat transfer but offers a
high pressure drop. The heat transfer enhancement increases with the radius of the VGs.
However, Al-Asadi et al. [105] confirmed that the largest VGs do not offer a high PEC.

4. Nanofluids Overview

As remarked in the introduction, an alternative to modifying the geometry to enhance
the heat transfer is to modify the working fluid. The last decade has seen a dramatic
increase in the nanofluids, as can be seen in Figure 11. Compared to previous years, it
is expected that there will be more publications this year as the data are only from up to
April 2018.

Figure 11. Growth of publications in nanofluids [77] © Elsevier, 2017.

Using nanofluids increases the pumping cost to drive the flow of cooling systems.
Thus, researchers have extensively studied the effects of nanofluids on conjugate heat trans-
fer in various ways, such as the effect of fluid temperature, nanoparticle shape, clustering
of nanoparticles, and the effect of pH (potential of hydrogen). However, the most related
factors to this study are explained below.

4.1. Nanofluids Preparation

A nanofluid is a solid–liquid combination fluid obtained by dispersing nano-sized
particles up to 100 nm in a base fluid to improve thermal conductivity of the base liq-
uid [106–109]. Nanofluids can be prepared using several approaches such as a single-step
method and two-step method.

The single-step method is a direct evaporation method by which nanoparticles are
dispersed directly into a working fluid. In 1996, this method was used to prepare Al2O3
and CuO nanoparticles by Eastman et al. in Argonne National Laboratory in the USA [110].
The same procedure was employed by Lee et al. [111], Choi and Eastman [112], and
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Choi et al. [113]. After this, Zhu et al. [114] produced Cu-ethylene glycol nanofluid from
copper sulphate anhydride (CuSO4·5H2O) and sodium hypophosphite (NaH2PO2·H2O)
reaction under microwave irradiation. This one-step method produced nanofluid with
good stability.

In a two-step procedure, the first step introduces an inert gas to produce a dry powder
of nanoparticles. These nanoparticles are then dispersed in the conventional fluid. Li
and Xuan [108] used the inert gas method, which can produce clean nanoparticles and,
as a result, produce a stable nanofluid. However, this method is difficult and expensive
for nanoparticle requirements. Consequently, many other techniques may produce dry
nanoparticles, such as chemical techniques [115], the aerosol spray method [116], metal
vapor [117], arc discharge for nano-carbon tubes [118,119], laser ablation [120], a catalytic
process [121], or another successful method called the VEROS (vacuum evaporation on
running oil substrate) method [122]. In this technique, direct evaporation in a vacuum
onto the surface of running oil was used to produce nanoparticles in small size (10 nm).
However, the VEROS technique is not suitable for substances of more than one component,
such as metal oxides, and the separation of nanoparticles from the fluid is difficult to
produce the dry nanoparticles. The VEROS method was modified by Eastman et al. [123];
they replaced the oil by ethylene glycol to produce Cu-ethylene glycol nanofluid.

4.2. Thermo-Physical Properties of Nanofluids

Nanofluids have high thermo-physical properties [124]. As a result of having high
thermal conductivity, nanofluids can offer high heat transfer performance compared to the
base fluid without nanoparticles. Various considerations of nanofluid properties have been
made to evaluate and prepare nanofluids, such as the effect of base fluid, dispersion and
distribution [125], particle shape [126,127], volume concentration [128–131], particle-shell
structure [132,133], and thermal contact resistance [134,135]. Furthermore, different factors
affect the heat performance of nanofluids such as thermal conductivity, density, viscosity,
and heat capacity.

Nanofluids can be used with different shapes of different channels to enhance the
heat transfer; for example, a V shape wavy plate channel was studied numerically using
various types of nanoparticles and base fluids [136]. The study used a large range of
Reynolds number from 8000 to 20,000. The FVM was used to solve the governing equation
with the k–ε standard turbulent model to investigate the heat transfer performance. It
was found that the best nanofluid was silicon oxide particles in glycerin base fluid to
enhance the Nusselt number. However, the pressure drop increased using nanofluids. Such
studies should consider an optimization of the heat transfer enhancement and pressure
drop increase; a simple optimization factor such as the hydraulic thermal performance also
gives an indication about overall enhancement [104].

4.2.1. Experimental Data of Thermal Conductivity

Investigators focused on providing comprehensive data of thermal conductivity and
the factors which play a major role to enhancing the thermal conductivity of nanoflu-
ids. They found that the base fluid, nanoparticle size, material, and concentration are
the most effective parameters. Therefore, Table 1 illustrates a brief survey of thermal
conductivity studies.

Table 1. Heat transfer enhancement using different fluids.

Base Fluid Particles Size [nm] ϕ% Enhancement

Water [12] Al2O3 30 0.3–2 h > 57%, Nu = 62%

Water [110] 33 5 29%

Water [111] 24.4, 38.4 4 10%

EG 5 17%
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Table 1. Cont.

Base Fluid Particles Size [nm] ϕ% Enhancement

Water [137] 28 3 12%

EG 8 40%

EO 7 50%

Water [138] 38.4 4 24.3%

Water, EG, PO [139] 12.2–302 5 30%

Water [140] 36 10 29%

Water [141] 27–56 1.6 10%

Water [142] 48 1 4%

Water [143] 20 14.5 20%

Water [144] 110–210 1 0%

Water [145] 36, 47 6 28%

Water [146] 8–282 4 18%

EG 12–282 3 16%

Water [147] 36, 47 18 30%

Water CuO 36 5 60%

Oil 5 44%

Water [111] 18.6, 28.6 3.5 12%

EG 4 20%

Water [137] 23 4.5 12.3%

EG 6 12.5%

Water [138] 28.6 4 36%

Water [139] 29 6 58%

Water [143] 33 5 18%

Water [142] 33 1 5%

EG 1 9%

Water [147] 29 3.3 8%

Water [148] L = 50–100 0.4 9.6%

Water [149] TiO2 10,15 -40 rod 5 30, 33%

Water [150] 165 0.72 6.5%

Water [143] 40 2.5 6%

Water [151] 95 2 22%

Water [142] 1 14.4%

Water [152] 3 9.6%

Water [153] Fe3O4 9.8 5 38%

EG [142] WO3 38 0.3 14%

Water [143] ZrO3 20 10 15%

Water [144] 110–250 0.1 0%

Water [144] SiO2 20–40 0.1 0%

Water [154] 12 1 3%

EG [155] Cu <10 0.3 40%

Water [156] 100 7.5 75%



Energies 2022, 15, 1245 17 of 34

Table 1. Cont.

Base Fluid Particles Size [nm] ϕ% Enhancement

Oil 7.5 44%

Water [157] 50–100 0.1 23.8%

EG [158] Fe 10 0.55 18%

EG [159] 10 0.2 18%

EG [142] 10 0.55 18%

Water [160] AG, Au 10–20 0.001 4%

Toluene 0.001 9%

Toluene [161] Au 2 0.04 1.5%

Ethanol 4 0.03 1.4%

Toluene Fullerene
C60-C70 0.5–0.6 0.8 0%

Mineral oil [161] 10 0.8 6%

Increase in the thermal conductivity of the working fluid improves the efficiency of the
associated heat transfer process. However, investigations into the convective heat transfer
of nanofluids indicated that the enhancement of heat transfer coefficient exceeds the thermal
conductivity enhancement of nanofluids [162–165]. Moreover, other parameters such as
the density, heat capacity, and viscosity have a lower effect than thermal conductivity.

4.2.2. Theoretical Development of Nanofluid Equations

Investigators have started from the Maxwell equation [166] to predict the thermal
conductivity of nanofluids. Improving the Maxwell equation offered a better understand-
ing of the behavior of thermal conductivity since 1935, when Bruggeman [167] reported
that a high concentration of nanoparticles cannot be neglected. Moreover, in 1987, Hassel-
man [135] modified the theory of Maxwell considering the size of the composite dispersed
phase in addition to the volume concentration. However, these studies under-predicted the
experimental measurements.

Many investigations have tried to improve the Maxwell equation to produce a modi-
fied thermal conductivity equation that offers good agreement with the experimental data.
Modern techniques were utilized to enhance the prediction of nanoscale equations such as
the nanoparticle–matrix interfacial layer [168,169], nanoparticle Brownian motion [170,171],
and nanoparticle cluster/aggregate [172].

Nie et al. [173] used the exact expression for the heat flux vector of the base fluid plus
a nanoparticle system to estimate the contribution of nanoparticle Brownian motion to
thermal conductivity. It was found that its contribution is too small to account for the
abnormally high reported values. The mean free path and the transition speed of phonons
in nanofluids were estimated through density functional theory. It was found that a layer
structure can form around the nanoparticles and the structure does not further induce
fluid–fluid phase transition in the bulk fluid.

In contrast to Nie et al. [152], Ghasimi and Aminossadati [174] showed that consid-
ering Brownian motion would enhance the thermal conductivity. They used CuO-water
nanofluid in a right triangular enclosure. The results also reported that heat transfer was
enhanced with the increase in nanoparticles.

Xuan and Roetzel et al. [175] suspended ultrafine particles to change the properties and
heat transfer performance of the nanofluid, which exhibited a great potential in enhancing
the heat transfer. Based on the assumption that the nanofluid behaves more like a fluid than
a conventional solid–fluid mixture, they proposed two different approaches for deriving
the heat transfer correlation of the nanofluid. The effects of transport properties of the
nanofluid and thermal dispersion were also included.
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4.2.3. The Effect of Base Fluid

The base fluid can be water, oils, or ethylene glycol. Researchers have investigated the
effect of base fluid on heat transfer enhancement for two decades [176–178].

Xie et al. [179] studied the enhancement ratio of thermal conductivity between the base
fluids and nanofluids. They considered three types of base fluid (water, glycerol, ethylene
glycol and pump oil) with α-Al2O3 nanoparticles. The results showed that the water-based
nanofluid had the lowest thermal conductivity compared to other nanofluids, while the
thermal conductivity of the water itself was higher compared to the other base fluids.

However, using nanofluids with water-based nanofluid was most common in many
heat-transfer and fluid-flow applications.

4.2.4. The Effect of Nanoparticles Concentration

The influence of the concentration is an effective factor to enhance the thermo-physical
properties of nanofluids. It is the portion of volume of nanoparticles to the base fluid. Many
researchers declared that having solid particles in the base fluid would enhance the thermal
conductivity of nanofluids, increasing the viscosity and density of nanofluids [177,180–185].
Furthermore, nanofluids showed non-Newtonian behavior when using nanoparticles
of more than 5% [165,186]. However, due to the high thermal conductivity of metallic
nanoparticles, they offer the highest thermal conductivity of nanofluids compared to
the oxides and non-metallic nanoparticles. Yulong et al. [187,188] studied the effect of
volume concentration on thermal conductivity enhancement. They found that the thermal
conductivity enhanced with the nanoparticles, as shown in Figure 12.

Figure 12. The influence of nanoparticle concentrations on thermal conductivity.

Another study by Kumar et al. [189] investigated the impact of thermal conductivity
and base fluid on conjugate heat transfer. They utilized CuO and TiO2 up to 1% of volume
concentration and different base fluids of water and ethylene glycol under a temperature
ranging from 30 to 50 ◦C. The study found that the thermal conductivity enhanced as the
nanoparticle concentration increased for both cases; an example is shown in Figure 13.
The very famous study on thermal conductivity carried out by INPBE [190] reported
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that the enhancement relationship between the thermal conductivity and nanoparticles
concentration was approximately linear.

Figure 13. The influence of nanoparticle concentrations on thermal conductivity [189] © Elsevier, 2016.

4.2.5. The Influence of Nanoparticle Materials

As one might expect, the nanoparticle material has an effect on resulting nanofluid
properties. Nanoparticles can be metallic (Fe, Cu, Ag, Au, Al), carbon or metallic oxide
(Fe3O4, CuO, Al2O3, TiO2, SiC, SiO2, ZnO) [191–195]. Metallic oxide nanoparticles are
commonly used with water as a base fluid. This is because the oxides are considered
more stable than the pure metals in fluids. Moreover, the oxygen in the dioxides makes
nanoparticles disperse easily and stable in the base fluid. However, Al2O3 and SiO2/water
nanofluids offer the highest heat transfer enhancement among the common nanofluids.
Some researches have indicated that SiO2/water nanofluids offer higher heat transfer
enhancement compared to Al2O3/water [184,196–198], while others have reported the
opposite findings [199–201].

4.2.6. Thermal Conductivity

The thermal performance of a working fluid can be enhanced by increasing its thermal
conductivity. This is because solid nanoparticles have higher thermal conductivity than
the base fluid; for instance, at room temperature, the thermal conductivity of copper is
700 times higher than that of the water. Therefore, adding solid nanoparticles to the
base fluid improves the thermal conductivity of the working fluid. A ratio between
the nanofluids and the base fluid can be applied knf/kbf to calculate and evaluate the
enhancement of the thermal conductivity of nanofluids. The enhancement of thermal
conductivity achieved 40% in some cases, despite the concentration of the nanoparticles
not exceeding 10% [110,113,137,138,140,155,202].

In the last two decades, some researchers have indicated that there was no agreement
between the theoretical equations and experimental data in terms of thermal conductiv-
ity, while Keblinski et al. [203] reported that most results of numerical and experimental
investigations showed good agreement. However, the study by Keblinski et al. [203] was
supported by a benchmark study of thermal conductivity carried out by the International
Nanofluid Properties Benchmarking Exercise (INPBE) [190]. The INPBE sent samples to
30 organizations worldwide to measure the thermal conductivity. The results showed
that the thermal conductivity showed ±10% or lower average differences between the
experimental data and theoretical equation of thermal conductivity. Nanofluids have
high thermo-physical properties compared to the base fluid in terms of thermal conductiv-
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ity [204–208] and heat transfer coefficient [209–211]. Therefore, theoretical and experimental
surveys are presented in the next sections.

4.3. Nanofluid Equations
4.3.1. Thermal Conductivity

Modern equations of effective thermal conductivity [212] are presented based on the
basic correlation [213], which was developed [214] to be two equations: static and Brownian
thermal conductivity (see Equation (1)). The static thermal conductivity is proposed by [174]
(see Equation (2)) as below:

keff = kstatic + kbrownian (1)

kstattic = kf

[
(ks + 2kf)− 2ϕ(kf − ks)

(ks + 2kf) +ϕ(kf − ks)

]
(2)

where ks and kf are the thermal conductivities of the particles and the fluid, respectively.
The Brownian motion thermal conductivity equation [214] is:

kbrownian = 5 × 104βϕρfCpf

√
KT
ρsds

f(T,ϕ) (3)

where:

f(T,ϕ) =
(

2.8217 × 10−2ϕ+ 3.917 × 10−3
)( T

T0

)
+
(
−3.0669 × 10−2ϕ− 3.91123 × 10−3

)
where K is the Boltzmann constant, T is the fluid temperature, and T0 is the reference
temperature.

4.3.2. Viscosity Equation

The viscosity of the nanofluid is approximately the same as the viscosity of a base
fluid if containing dilute suspension of fine spherical particles, as shown below [174]:

µeff
µf

= 1
1−34.87(dp/df)

−0.3
ϕ1.03

df =
[

6M
Nπρfo

]1/3 (4)

where µeff and µf are the viscosity of nanofluid and base fluid, respectively, dp is the
nanoparticle diameter, df is the base fluid equivalent diameter, and ϕ is the nanoparticles
volume fraction. M is the molecular weight of the base fluid and N is the Avogadro number,
and ρfo is the mass density of the base fluid calculated at temperature T = 293 K.

4.3.3. The Density Equation

The effective density consists of three main parameters, which are the nanofluid
concentration (ϕ), nanoparticle density ρs, and base fluid density ρf [12]:

ρeff = (1 −ϕ)ρf +ϕρs (5)

4.3.4. The Effective Heat Capacity Equation

With Cps being the heat capacity of the solid particles, and Cpf being that of the base
fluid, the effective heat capacity of the nanofluid is given by [183]:

(Cp)eff =
(1 −ϕ)(ρCp)f +ϕ(ρCp)s

(1 −ϕ)ρf +ϕρs
(6)
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4.3.5. The Effective Thermal Expansion Equation

The thermal expansion for solid parts βs and for base βf fluid with ϕ can produce the
effective thermal expansion as follows [215,216]:

βeff =
(1 −ϕ)(ρβ)f +ϕ(ρβ)s

(1 −ϕ)ρf +ϕρs
(7)

4.4. Drawbacks of Nanofluids

Recent investigations have indicated that there is no benefit to using nanofluids. More-
over, Myers et al. [217] revealed that there is a lack of consistency between the mathematical
and experimental studies. The authors also indicated that comparing nanofluids on the ba-
sis of non-dimensional parameters such as the Reynolds number is misleading in drawing a
correct conclusion on the real heat transfer enhancement. Furthermore, Haddad et al. [218]
reviewed natural convection using nanofluids. They indicated that in numerical studies the
heat transfer was significantly enhanced using nanofluids; nevertheless, the experimental
investigations showed the opposite results. However, this study reviewed the natural
convection investigations only, which can support the opposite results of the experimental
studies because there is perhaps not enough flow to circulate the nanoparticles in the
system, which leads to augmentation of the nanoparticles in one place of the system. This
could cause hot spot zones, decreasing the heat transfer performance of the system. The
reason behind the discrepancy between the numerical and experimental studies of the same
working condition might be the augmentation, as the numerical studies do not take this
issue into account.

Another point of using a fixed Reynolds number and a fixed pumping power with
nanofluids was highlighted by Haghighi et al. [219]. The results showed that there is
no enhancement in heat transfer when using a fixed pumping power with nanofluids.
However, using a fixed Reynolds number showed good enhancement of heat transfer. The
same findings were concluded by Alkasmoul [220,221].

Though nanofluids enhance the heat transfer rate, they attract more cost in pumping
to drive the fluid [210,222–227].

There are other applications that indicate that water-based nanofluids cannot offer
any benefit for cooling systems because of the high temperature conditions; for instance,
semiconductor materials such as silicon carbide (SiC) and gallium nitride (GaN) operate
under special temperature conditions above 200 ◦C [228]. In this case, nanofluids do not
offer any option to enhance the heat transfer performance due to the limitation of the
temperature condition. Therefore, a replacement fluid should be used to overcome this
issue. The solution might be by suggesting another advanced liquid which has different
chemical properties to the nanofluid. This advanced fluid could be an ionic liquid which
works with high heat flux [229].

5. Evaluation of Heat Transfer Improvement

In electronics, the main aim of enhancing a cooling system is to reject the generated
heat and keep the electronics working in the range of a limited temperature of 85 ◦C [104].
Recently, optimizing the energy to reduce the power consumption of the cooling system
has attracted many researchers; the power consumption could be the pumping power of
the cooling system or the power reduction after enhancing the cooling system.

To help to evaluate the benefit reuse cost of a proposed modification of a cooling
system, a performance evaluation criterion (PEC) index can be formulated which accounts
for both change in heat transfer performance and fluid flow effects [230,231]. The heat
transfer term could be the Nusselt number or thermal resistance, while the fluid flow term
might be the friction factor or pressure drop. This formula can be used to evaluate the
performance of the overall enhancement of the system.
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Furthermore, the formula could be used to evaluate the performance of modification
of the geometry by comparing basic and developed designs such as a smooth and modified
micro-channel, as shown in the equation below [29,30]:

PEC =
Nu/Nus

(f/fs)
1/3 (8)

where Nu, Nus are the Nusselt numbers for modified and straight channels, and f, fs are
the friction factor for modified and straight channels.

An example of the importance of the PEC is the study by Al-Asadi et al. [8], which
indicated that the heat transfer was enhanced (the thermal resistance is reduced) using
cylindrical VGs with a central gap of 100 µm but higher pressure drop than the cylindrical
VGs with an end gap. However, the results were reversed (cylindrical VGs with an end
gap offer better heat transfer than the cylindrical VGs with a central gap of 100 µm) when
taking the pressure drop into account using PEC.

This evaluation method was used by many researchers to examine the performance of
the proposed designs. Furthermore, it could be considered as a starting point for optimizing
the whole system.

6. Validation of Numerical Methods Versus Experimental Investigations

Developments in numerical solution methods for heat transfer in the system have
made them more accurate and more closely aligned with the experimental data, for example,
considering the temperature dependence of the thermo-physical properties [104]. Many
investigations have been carried out to improve the numerical methods, such as the study
by Bushehri et al. [232], who proposed a new method to deal with fluids and solids
with an equation utilizing the (FVM) CFD software openFOAM, (New York, NY, USA)
with new boundary conditions for the temperature jump and flow slip. The equation
was tested against previous works and showed good agreement. It was applied to a
micro-channel heat sink consisting of two parallel plates to investigate the heat transfer
performance. The results indicated that the heat transfer was accurately calculated using
the proposed equation.

Moreover, many studies have paid attention to numerical simulation because it is
important to predict the experimental measurements such as heat flux, temperature, and
fluid velocity. Using simulation offered a low cost compared to the experimental setup [67].
Many investigations have also developed the numerical methods, making them more
accurate and efficient, for instance, improving a hybrid finite element method to solve
solid–liquid equations of the microchannel [233], as well as modifying a technique such as
the generalized integral transform technique (GITT) to solve the coupling equation, which
showed very good agreement with the COMSOL Multiphysics® [234].

An example of good agreement between the numerical and experimental studies can
be seen in Figure 14.

However, Al-Asadi et al. [1,8] showed that using governing temperature-dependent
equations for thermal properties gives better results than temperature-independent equa-
tions. The temperature dependence of the fluid properties is given by the following
expressions built into COMSOL based on experimental data:

ρ(TL) = 838.466135 + 1.40050603TL − 0.0030112376T2
L + 3.71822313 × 10−7T3

L (9)

µ(TL) = 1.3799566804 − 0.021224019151TL + 1.3604562827 × 10−4T2
L − 4.6454090319 × 10−7T3

L
+8.9042735735 × 10−10T4

L − 9.0790692686 × 10−13T5
L + 3.8457331488 × 10−16T6

L
(10)

Cp(TL) = 12010.1471 − 80.4072879TL + 0.309866854T2
L − 5.38186884 × 10−4T3

L + 3.62536437 × 10−7T4
L (11)

k(TL) = −0.869083936 + 0.00894880345TL − 1.58366345 × 10−5T2
L + 7.97543259 × 10−9T3

L (12)
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Figure 14. Validations between numerical findings of Qu and Mudawar [235] © Elsevier, 2002 and
experiments of Kawano et al. [236] © Elsevier, 1998; (a) friction coefficient, (b) inlet thermal resistance,
and (c) outlet thermal resistance.

It was found that applying the above equations used by Al-Asadi et al. [1,8] produces
better results compared to the experiments of Kawano et al. [236] as presented in Figure 15.
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Figure 15. Validation of the present model against experimental data of Kawano et al. [236] ©
Elsevier, 1998 and alternative numerical results of Qu and Mudawar [235] © Elsevier, 2002 and
Al-Asadi et al. [1,8].

7. Conclusions and Recommendations for Future Work

A comprehensive literature review has been provided in this paper to understand the
gaps in knowledge in the available literatures on micro-channel heat sink and nanofluids
investigations. Numerous experimental configurations and theoretical studies have been
devoted to investigating the variety of geometry designs such as straight, curved, regular,
irregular, extended surface, and vortex generators (VGs) to enhance the heat transfer
and fluid flow. Attempts at improvement included the use of different micro-channel
geometries, coolant types, and structural materials. Any improvements in the overall
performance of the systems were analyzed using different analysis methods. As a result,
several conclusions can be drawn, summarized as follows:

• All studies in the literature indicated that using extended surface areas such as ribs
or grooves in uniform channels offered better heat-transfer enhancements compared
to the uniform channels themselves. However, there will be a pressure drop penalty
caused by ribs and grooves disturbing the fluid flow. Thus, the modified channels are
a recent area focused especially on using VGs as their influence on heat transfer and
fluid flow characteristics. Two types of vortex generators (VG) have been classified
based on the direction of the axis of rotation of the vortices generated, which were
transvers and longitudinal VGs.

• Although there are many examples of geometrical modifications that offer some form
of benefit in terms of heat transfer, most of these are rather complex. So far, simpler
cylindrical vortex generators have only been explored partially in two recent studies.
However, they have focused on flow disturbance, treating the VGs as adiabatic objects;
therefore, conjugate heat transfer effects have not been precisely considered.

• Based on the available literature, there are few numerical studies of mini- or micro-
channels using cylindrical vortex generators [1,8,45,97,104,227], while no experimental
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investigation has been found; this is because of the limitations of manufacturing
micro-sized channels. However, the literature has shown good agreement between
the numerical and experimental studies for mini-channels. Thus, the motivation for
this review paper was to highlight the modified design of different shapes of VGs.

• Another aspect by which the heat transfer in micro-channels can be enhanced is by
using a nanofluid. However, the price is paid for the pumping power. The literature
showed that there is an argument when comparing SiO2 and Al2O3 nanoparticles in
water at the same concentration: some researchers revealed that the Al2O3 water offers
better heat transfer enhancement, whereas others indicated the opposite. However,
there are still areas of disagreement in terms of the benefit of using them. Although
the thermal conductivity can be enhanced, the drawback of nanofluids is the increases
in pressure drop required to drive the flow. Thus, deeper investigation has been
carried out and highlighted in this paper to study the performance of these two types
of nanofluids.

• Other ideas have focused on modifications within the parallel channels themselves—
for example, by adding grooves or ribs [29–32]. They act as vortex generators (VGs)
to enhance the heat transfer and fluid flow characteristics by disturbing the flow
and creating vortices that can be classified as transverse vortices, where the axis of
rotation is perpendicular to the flow direction, or longitudinal vortices, with axes
lying along the direction of flow. Longitudinal vortices are generally more effective
than transverse ones in enhancing the heat transfer performance [16,33,237]. VGs
can take various forms, such as protrusions, wings, inclined blocks, winglets, fins,
and ribs [2,36,103,238], and have also been used to enhance heat transfer in different
geometries such as circular and non-circular ducts under turbulent flow [19,34,239].
They have also been used in laminar flow [41], with flat plate-fins in rectangular
channels [37–39], tube heat exchangers [40], heat sinks [41,42], and narrow rectan-
gular channels [43,44]. Other recent investigations have also indicated the potential
benefits of using VGs of various shapes with laminar flow at different Reynolds
numbers [35,43,82].

• Indeed, developments in manufacturing capabilities and processes have opened wide
possibilities for modifying the heat sink types to enhance the performance of cooling
systems. Therefore, the air as a working fluid becomes limited to use in high heat flux
devices. Now, an interesting question is: can perforated PHS be used with water to
meet the requirement of electronics devises? Al-Asadi et al. [1] have answered this
question. The perforated PHS cannot be used with water to enhance the heat transfer
due to the difference of the thermo-physical properties between the air and water.
Therefore, Al-Asadi et al. [1] have offered a new design of a uniform micro-channel
with vortex generators (VGs) with different shapes and developed their investigation
by using quarter and half-circle VGs [104]. They then developed the VG configurations
to reduce the thermal resistance and pressure penalty by having a gap in the half-circle
VGs [8]. Thus, the motivation of this sequence is to develop a design to enhance the
heat transfer and reduce the power consumption of a micro cooling system.

Finally, the growing interest in the micro-channel heat sinks with VGs, which is
evident by the number of available studies, leads to the conclusion that research in this
fascinating area is still progressing and in need to further exploration. Moreover, there is
a gap in knowledge on using micro-channels with liquid coolants (applications demand
the capability to handle high heat-flux; therefore, developing liquid cooling systems is
increasingly important).

Therefore, more studies are needed to investigate the common air-based heat sink
with water as a working fluid [1]. Before presenting the investigation, it is important to
illustrate the methodology of using temperature-independent Equations (9)–(12) [8].

Practically, especially for large heat flux conditions, an ionic liquid could be sug-
gested [229] to enhance the heat transfer rate.



Energies 2022, 15, 1245 26 of 34

Author Contributions: Conceptualization, M.T.A.-A.; Formal analysis, M.T.A.-A.; Investigation,
M.T.A.-A., H.A.M., M.C.T.W.; Methodology, M.T.A.-A., H.A.M., M.C.T.W.; Supervision, H.A.M.,
M.C.T.W.; Writing-original draft, M.T.A.-A., H.A.M.; Writing-review and editing, M.T.A.-A., H.A.M.,
M.C.T.W. All authors have read and agreed to the published version of the manuscript.

Funding: There is no funding for this research.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request due to restrictions e.g., privacy or ethical.
The data presented in this study are available on request from the corresponding author. The data are
not publicly available due to the need for further research.

Acknowledgments: We thank the Basra Oil Company (BOC), Iraq for their sponsorship of Mushtaq
T. K. Al-Asadi.

Conflicts of Interest: The authors have no declared any conflict of interest.

References
1. Al-Asadi, M.; Al-Damook, A.; Wilson, M. Assessment of vortex generator shapes and pin fin perforations for enhancing

water-based heat sink performance. Int. Commun. Heat Mass Transf. 2018, 91, 1–10. [CrossRef]
2. Ahmed, H.; Mohammed, H.; Yusoff, M. An overview on heat transfer augmentation using vortex generators and nanofluids:

Approaches and applications. Renew. Sustain. Energy Rev. 2012, 16, 5951–5993.
3. Knight, R.W.; Goodling, J.S.; Hall, D.J. Optimal Thermal Design of Forced Convection Heat Sinks-Analytical. J. Electron. Packag.

1991, 113, 313–321. [CrossRef]
4. Knight, R.; Goodling, J.; Gross, B. Optimal thermal design of air cooled forced convection finned heat sinks-experimental

verification. In IEEE Transactions on Components, Hybrids, and Manufacturing Technology; IEEE: New York, NY, USA, 1992;
pp. 754–760.

5. Teertstra, P.; Yovanovich, M.M.; Culham, J.R. Analytical forced convection modeling of plate-fin heat sinks. J. Electron. Manuf.
2000, 10, 253–261. [CrossRef]

6. Copeland, D. Optimization of parallel plate heatsinks for forced convection. In Proceedings of the Sixteenth Annual IEEE
Semiconductor Thermal Measurement and Management Symposium, San Jose, CA, USA, 23 March 2000.

7. Sparrow, E.M.; Ramsey, J.W.; Altemani, C.A.C. Experiments on In-line Pin Fin Arrays and Performance Comparisons with
Staggered Arrays. J. Heat Transf. 1980, 102, 44–50. [CrossRef]

8. Al-Asadi, M.T.; Alkasmoul, F.S.; Wilson, M.C. Benefits of spanwise gaps in cylindrical vortex generators for conjugate heat
transfer enhancement in micro-channels. Appl. Therm. Eng. 2018, 130, 571–586. [CrossRef]

9. Zhou, F.; Catton, I. Numerical Evaluation of Flow and Heat Transfer in Plate-Pin Fin Heat Sinks with Various Pin Cross-Sections.
Numer. Heat Transfer, Part A: Appl. 2011, 60, 107–128. [CrossRef]

10. Jacobs, E.N. Tests of Six Symmetrical Airfoils in the Variable Density Wind Tunnel; NACA: Moffett Field, CA, USA, 1931.
11. Jacobs, E.N.; Ward, K.E.; Pinkerton, R.M. The Characteristics of 78 Related Airfoil Sections from Tests in the Variable-Density Wind

Tunnel; NACA: Moffett Field, CA, USA, 1933; pp. 299–354.
12. Albadr, J.; Tayal, S.; Al-Asadi, M. Heat transfer through heat exchanger using Al2O3 nanofluid at different concentrations.

Case Stud. Therm. Eng. 2013, 1, 38–44. [CrossRef]
13. Kherbeet, A.; Safaei, M.R.; Mohammed, H.A.; Salman, B.; Ahmed, H.; Alawi, O.A.; Al-Asadi, M. Heat transfer and fluid flow over

microscale backward and forward facing step: A review. Int. Commun. Heat Mass Transf. 2016, 76, 237–244. [CrossRef]
14. Al-Asadi, M.; Mohammed, H.; Kherbeet, A.; Al-Aswadi, A. Numerical study of assisting and opposing mixed convective

nanofluid flows in an inclined circular pipe. Int. Commun. Heat Mass Transf. 2017, 85, 81–91. [CrossRef]
15. Kherbeet, A.S.; Mohammed, H.; Ahmed, H.E.; Salman, B.; Alawi, O.A.; Safaei, M.R.; Khazaal, M. Mixed convection nanofluid

flow over microscale forward-facing step—Effect of inclination and step heights. Int. Commun. Heat Mass Transf. 2016, 78, 145–154.
[CrossRef]

16. Wang, C.-C.; Lo, J.; Lin, Y.-T.; Liu, M.-S. Flow visualization of wave-type vortex generators having inline fin-tube arrangement.
Int. J. Heat Mass Transf. 2002, 45, 1933–1944. [CrossRef]

17. Depaiwa, N.; Chompookham, T.; Promvonge, P. Thermal enhancement in a solar air heater channel using rectangular winglet
vortex generators. In Proceedings of the Proceedings of the International Conference on Energy and Sustainable Development:
Issues and Strategies (ESD 2010), Chiang Mai, Thailand, 2–4 June 2010.

18. Li, H.-Y.; Chen, C.-L.; Chao, S.-M.; Liang, G.-F. Enhancing heat transfer in a plate-fin heat sink using delta winglet vortex
generators. Int. J. Heat Mass Transf. 2013, 67, 666–677. [CrossRef]

19. Al-Asadi, M.T.; Mohammed, H.A.; Akhtar, S.N.; Kherbeet, A.S.; Dawood, H.K. Heat Transfer Enhancements Using Traditional
Fluids and Nanofluids in Pipes with Different Orientations: A Review. J. Nanofluids 2017, 6, 987–1007. [CrossRef]

http://doi.org/10.1016/j.icheatmasstransfer.2017.11.002
http://doi.org/10.1115/1.2905412
http://doi.org/10.1142/S0960313100000320
http://doi.org/10.1115/1.3244247
http://doi.org/10.1016/j.applthermaleng.2017.10.157
http://doi.org/10.1080/10407782.2011.588574
http://doi.org/10.1016/j.csite.2013.08.004
http://doi.org/10.1016/j.icheatmasstransfer.2016.05.022
http://doi.org/10.1016/j.icheatmasstransfer.2017.04.015
http://doi.org/10.1016/j.icheatmasstransfer.2016.08.016
http://doi.org/10.1016/S0017-9310(01)00289-7
http://doi.org/10.1016/j.ijheatmasstransfer.2013.08.042
http://doi.org/10.1166/jon.2017.1412


Energies 2022, 15, 1245 27 of 34

20. Soudagar, M.E.M.; Kalam, M.A.; Sajid, M.U.; Afzal, A.; Banapurmath, N.R.; Akram, N.; Mane, S.; C, A.S. Thermal analyses of
minichannels and use of mathematical and numerical models. Numer. Heat Transf. Part A Appl. 2020, 77, 497–537. [CrossRef]

21. Ali, M.S.; Anwar, Z.; Mujtaba, M.; Soudagar, M.E.M.; Badruddin, I.A.; Safaei, M.R.; Iqbal, A.; Afzal, A.; Razzaq, L.; Khidmatgar,
A.; et al. Two-phase frictional pressure drop with pure refrigerants in vertical mini/micro-channels. Case Stud. Therm. Eng. 2021,
23, 100824. [CrossRef]

22. Malakar, A.; Kanel, S.R.; Ray, C.; Snow, D.D.; Nadagouda, M.N. Nanomaterials in the environment, human exposure pathway,
and health effects: A review. Sci. Total Environ. 2020, 759, 143470. [CrossRef]

23. Soudagar, M.E.M.; Nik-Ghazali, N.-N.; Kalam, A.; Badruddin, I.; Banapurmath, N.; Akram, N. The effect of nano-additives
in diesel-biodiesel fuel blends: A comprehensive review on stability, engine performance and emission characteristics. Energy
Convers. Manag. 2018, 178, 146–177. [CrossRef]

24. Ahmed, W.; Amin, M.; Ahmed, K.; Mehamood, S.; Fayaz, H.; Mujtaba, M.A.; Soudagar, M.E.M.; Gul, M. Characteristics
investigation of silicone rubber-based RTV/µATH@nSiO2 micro/nano composites for outdoor high voltage insulation. J. Dispers.
Sci. Technol. 2021, 1–14. [CrossRef]

25. Tuckerman, D.; Pease, R. High-performance heat sinking for VLSI. IEEE Electron Device Lett. 1981, 2, 126–129. [CrossRef]
26. Baghban, A.; Sasanipour, J.; Pourfayaz, F.; Ahmadi, M.H.; Kasaeian, A.; Chamkha, A.J.; Oztop, H.F.; Chau, K.-W. Towards

experimental and modeling study of heat transfer performance of water- SiO2 nanofluid in quadrangular cross-section channels.
Eng. Appl. Comput. Fluid Mech. 2019, 13, 453–469. [CrossRef]

27. Nagarani, N.; Mayilsamy, K.; Murugesan, A.; Kumar, G.S. Review of utilization of extended surfaces in heat transfer problems.
Renew. Sustain. Energy Rev. 2014, 29, 604–613. [CrossRef]

28. Ahmed, S.C.; Asif, A.; Irfan, A.B.; Khan, T.M.Y.; Kamangar, S.; Abdelmohimen, M.; Soudagar, M.E.M.; Fayaz, H. Numerical inves-
tigation on pressure-driven electro osmatic flow and mixing in a constricted micro channel by triangular obstacle. International J.
Numer. Methods Heat Fluid Flow 2021, 31, 982–1013.

29. Manca, O.; Nardini, S.; Ricci, D. A numerical study of nanofluid forced convection in ribbed channels. Appl. Therm. Eng. 2012, 37,
280–292. [CrossRef]

30. Ahmed, M.; Yusoff, M.; Ng, K.C.; Shuaib, N. Effect of corrugation profile on the thermal–hydraulic performance of corrugated
channels using CuO–water nanofluid. Case Stud. Therm. Eng. 2014, 4, 65–75. [CrossRef]

31. Wang, C.-C.; Liaw, J.-S. Air-side performance of herringbone wavy fin-and-tube heat exchangers under dehumidifying condition
– Data with larger diameter tube. Int. J. Heat Mass Transf. 2012, 55, 3054–3060. [CrossRef]

32. Li, L.; Du, X.; Zhang, Y.; Yang, L.; Yang, Y. Numerical simulation on flow and heat transfer of fin-and-tube heat exchanger with
longitudinal vortex generators. Int. J. Therm. Sci. 2015, 92, 85–96. [CrossRef]

33. Johnson, T.R.; Joubert, P.N. The Influence of Vortex Generators on the Drag and Heat Transfer from a Circular Cylinder Normal to
an Airstream. J. Heat Transf. 1969, 91, 91–99. [CrossRef]

34. Min, C.; Qi, C.; Kong, X.; Dong, J. Experimental study of rectangular channel with modified rectangular longitudinal vortex
generators. Int. J. Heat Mass Transf. 2010, 53, 3023–3029. [CrossRef]

35. Chen, C.; Teng, J.-T.; Cheng, C.-H.; Jin, S.; Huang, S.; Liu, C.; Lee, M.-T.; Pan, H.-H.; Greif, R. A study on fluid flow and heat
transfer in rectangular microchannels with various longitudinal vortex generators. Int. J. Heat Mass Transf. 2014, 69, 203–214.
[CrossRef]

36. Ebrahimi, A.; Roohi, E.; Kheradmand, S. Numerical study of liquid flow and heat transfer in rectangular microchannel with
longitudinal vortex generators. Appl. Therm. Eng. 2015, 78, 576–583.

37. Leu, J.-S.; Wu, Y.-H.; Jang, J.-Y. Heat transfer and fluid flow analysis in plate-fin and tube heat exchangers with a pair of block
shape vortex generators. Int. J. Heat Mass Transf. 2004, 47, 4327–4338. [CrossRef]

38. Wu, J.; Tao, W. Effect of longitudinal vortex generator on heat transfer in rectangular channels. Appl. Therm. Eng. 2012, 37, 67–72.
39. Khoshvaght-Aliabadi, M.; Zangouei, S.; Hormozi, F. Performance of a plate-fin heat exchanger with vortex-generator channels:

3D-CFD simulation and experimental validation. Int. J. Therm. Sci. 2015, 88, 180–192.
40. Li, J.; Wang, S.; Chen, J.; Lei, Y.-G. Numerical study on a slit fin-and-tube heat exchanger with longitudinal vortex generators.

Int. J. Heat Mass Transf. 2011, 54, 1743–1751.
41. Yang, K.-S.; Jhong, J.-H.; Lin, Y.-T.; Chien, K.-H.; Wang, C.-C. On the Heat Transfer Characteristics of Heat Sinks: With and

Without Vortex Generators. IEEE Trans. Components Packag. Technol. 2010, 33, 391–397.
42. Chomdee, S.; Kiatsiriroat, T. Enhancement of air cooling in staggered array of electronic modules by integrating delta winglet

vortex generators. Int. Commun. Heat Mass Transf. 2006, 33, 618–626. [CrossRef]
43. Liu, C.; Teng, J.-T.; Chu, J.-C.; Chiu, Y.-L.; Huang, S.; Jin, S.; Dang, T.; Greif, R.; Pan, H.-H. Experimental investigations on

liquid flow and heat transfer in rectangular microchannel with longitudinal vortex generators. Int. J. Heat Mass Transf. 2011, 54,
3069–3080.

44. Ma, J.; Huang, Y.P.; Huang, J.; Wang, Y.L.; Wang, Q.W. Experimental investigations on single-phase heat transfer enhancement
with longitudinal vortices in narrow rectangular channel. Nucl. Eng. Des. 2010, 240, 92–102.

45. Cheraghi, M.; Raisee, M.; Moghaddami, M. Effect of cylinder proximity to the wall on channel flow heat transfer enhancement.
C. R. Mécanique 2014, 342, 63–72.

http://doi.org/10.1080/10407782.2019.1701883
http://doi.org/10.1016/j.csite.2020.100824
http://doi.org/10.1016/j.scitotenv.2020.143470
http://doi.org/10.1016/j.enconman.2018.10.019
http://doi.org/10.1080/01932691.2020.1857262
http://doi.org/10.1109/EDL.1981.25367
http://doi.org/10.1080/19942060.2019.1599428
http://doi.org/10.1016/j.rser.2013.08.068
http://doi.org/10.1016/j.applthermaleng.2011.11.030
http://doi.org/10.1016/j.csite.2014.07.001
http://doi.org/10.1016/j.ijheatmasstransfer.2012.02.025
http://doi.org/10.1016/j.ijthermalsci.2015.01.030
http://doi.org/10.1115/1.3580126
http://doi.org/10.1016/j.ijheatmasstransfer.2010.03.026
http://doi.org/10.1016/j.ijheatmasstransfer.2013.10.018
http://doi.org/10.1016/j.ijheatmasstransfer.2004.04.031
http://doi.org/10.1016/j.icheatmasstransfer.2006.01.002


Energies 2022, 15, 1245 28 of 34

46. Safaei, M.R.; Jahanbin, A.; Kianifar, A.; Gharehkhani, S.; Kherbeet, A.S.; Goodarzi, M.; Dahari, M. Mathematical Modeling for
Nanofluids Simulation: A Review of the Latest Works, in Modeling and Simulation in Engineering Sciences; Akbar, N.S., Beg, O.A., Eds.;
InTechOpen: London, UK, 2016.
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