
IP: 62.215.193.29 On: Sun, 19 Dec 2021 07:40:35
Copyright: American Scientific Publishers

Delivered by Ingenta

R
E
V
IE
W

Copyright © 2019 by American Scientific Publishers

All rights reserved.

Printed in the United States of America

Journal of Nanofluids
Vol. 8, pp. 893–916, 2019
(www.aspbs.com/jon)

Nanofluid Flow in Complex Geometries—A Review
Younes Menni1,∗, Ali J. Chamkha2, 3, and Ahmed Azzi1,4

1Unite of Research on Materials and Renewable Energies-URMER-Department of Physics, Faculty of Sciences,
Abou Bekr Belkaid University, P.O. Box 119-13000-Tlemcen, Algeria
2Mechanical Engineering Department, Prince Sultan Endowment for Energy and Environment,
Prince Mohammad Bin Fahd University, Al-Khobar 31952, Saudi Arabia
3RAK Research and Innovation Center, American University of Ras Al Khaimah, P.O. Box 10021,
Ras Al Khaimah, United Arab Emirates
4Department of Mechanical Engineering, Faculty of Technology, Abou Bekr Belkaid University,
BP P.O. Box 230-13000-Tlemcen, Algeria

Nanofluid is envisioned to describe a fluid, in which nanometer-sized particles are suspended, in convectional
heat transfer of basic fluids. Convectional heat transfer fluids, including oil, water and ethylene glycol mixture,
are poor heat transfer fluids, since the thermal conductivity of these fluids plays important role on the heat
transfer coefficient between the heat transfer medium and the heat transfer surface. Therefore, numerous meth-
ods are proposed to improve the thermal conductivity of these fluids by suspending nano/micro-sized particle
materials in liquids. Recently, several numerical studies on the modeling of convection heat transfer in nanoflu-
ids are published. In this paper, we present various successful studies in three basic complex geometries,
i.e., microchannels, heat exchangers, and solar energy collectors. We have made a variety of contributions by
providing the various numerical and experimental techniques followed and then discussing them.
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1. INTRODUCTION
Several engineering applications require high heat trans-
fer performance. Over the last several decades, scien-
tists and engineers have tried to develop fluids, which
provide better performances for a variety of thermal
applications.1 Applying nanotechnology to heat transfer,
the new concept of ‘nanofluid’, introduced by Choi,2

has been proposed to meet the new heat transfer chal-
lenges. This new kind of fluid is manufactured by dis-
persing an amount of solid nanoparticles in traditional
heat transfer fluids. Maxwell3 was the first to show the
possibility of increasing thermal properties, particularly
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conductivity, of a liquid by including a volume fraction
of solid particles. Several investigations revealed that the
dispersion of a small amount of different kinds of nanopar-
ticles (i.e., Al2O3, CuO, TiO2� in water or ethylene gly-
col exhibit enhanced thermal conductivity, as reviewed
in Wang and Mujumdar,4 Murshed et al.,5 Kakac et al.6

Different concepts have been proposed to explain this
enhancement in thermal performance, which results to be
higher with respect to that of classical mixtures.
An international nanofluid property benchmark exer-

cise, or INPBE, was conducted by 34 organizations par-
ticipating from around the world. The objective was to
compare thermal conductivity data obtained by different
experimental approaches for identical samples of various
nanofluids.7 The nanofluids tested in the exercise were
comprised of aqueous and nonaqueous base fluids, metal
and metal oxide particles, near-spherical and elongated
particles, at low and high particle concentrations. The
data analysis revealed that the data from most organiza-
tions lie within a relatively narrow band (±10% or less)
about the sample average with only few outliers. The ther-
mal conductivity of the nanofluids was found to increase
with particle concentration and aspect ratio, as expected
from classical theory. There are (small) systematic dif-
ferences in the absolute values of the nanofluid thermal
conductivity among the various experimental approaches;
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however, such differences tend to disappear when the data
are normalized to the measured thermal conductivity of
the basefluid.
Angayarkanni and Philip8 reviewed the recent devel-

opments in the field of nanofluids from a heat transfer
perspective. The details of preparation of nanofluids
by various techniques, thermal conductivity measure-
ment techniques, studies on thermal conductivity and
heat capacity in nanofluids and phase change materials,
the factor influencing thermal properties of nanofluids
(e.g., volume fraction, particle size, particle morphology,
interfacial tension, temperature, base fluid, agglomeration),
various proposed mechanisms, theoretical models on ther-
mal conductivity, and the effect of Nano-inclusions in
phase change materials were discussed in detail. Suffi-
cient background information was also provided for the
beginners. Philip and Shima9 also provided an overview
of recent advances in the field of nanofluids, especially
the important material properties that affect the thermal
properties of nanofluids and novel approaches to achieve
extremely high thermal conductivities. The background
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information was also provided for beginners to better
understand the subject.
Angayarkanni and Philip10 reported extremely large tun-

able thermal conductivity (k) in alkanes using inverse
micellar templating and nanofillers. The thermal proper-
ties of n-hexadecane containing inverse micelles of dif-
ferent volume fractions (�� were studied during freezing
and melting. The k enhancement between the solid and
liquid phase in the presence of oleic acid, dioctyl sodium
sulfo succinate, and sorbitan oleate inverse micelles (size
∼1.5–6 nm) are found to be 185, 119, and 111%, respec-
tively. Unlike the conventional nanofluids, the k enhance-
ment in micellar template alkanes was perfectly reversible
under repeated thermal cycling owing to themonodisper-
sity and non aggregating nature of micelles. The results
suggested that during the first-order phase transition, the
inverse micelles with highly packed linear chain surfac-
tant are pushed to the inter crystal boundaries of alkanes,
thereby reducing the interfacial thermal resistance. The
k contrast sin surface modified graphite nanofibers and
multiwalled carbon nanotube in n-hexadecane at 15 �C for
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a � ∼0.0039 were found to be 161 and 157%, respec-
tively. The surface modified nanofillers disperse din alka-
nes showed a higher thermal contrast compared to bare
ones, owing to their uniform dispersibility in inter crys-
tal regions. Their findings of the large thermal contrast
using inexpensive surfactant micelles in alkane should
have interesting applications in heat management.

Shima and Philip11 investigate the role of thermal con-
ductivity (k) of dispersed nanomaterial on the thermal and
rheological properties of metal and metal oxide nanofluids
with average particles size (∼7 nm), stabilized with a
monolayer of surfactant. Iron oxide and silver nanopar-
ticles were synthesized by coprecipitation and reduction
techniques, respectively. They confirmed that the ther-
mal conductivity of nanoparticle does not influence the k

enhancement in stable nanofluids at low particle loading.
In such nanofluids, the k enhancement follows the effective
medium theory (i.e., lower Hashin and Shtrikman bounds)
where both the k and viscosity follow a time independent
behavior. The results confirmed that in the dilute limit, the
k of nanofluids is solely dependent on the volume fraction
of nanoparticle. The results also suggested that the surface
functionalization of nanoparticles is the key to obtain time
independent thermophysical properties, which is important
for practical applications.

Angayarkanni and Philip12 studied the thermal proper-
ties and internal microstructures of n-hexadecane alkane
containing nanoinclusions of copper nanowire, multi
walled carbon nanotube, and graphene nanoplatelets of
different volume fractions. Just below the freezing point,
a large thermal contrast was observed in all the three
systems. The thermal conductivity decreased with tem-
perature below the freezing temperature and stabilizes
at ∼10 �C below the freezing point. More than 100%
of thermal conductivity enhancement was observed with
0.01 wt.% of nanofillers during the liquid to solid phase
change. It was speculated that the reduction in the inter-
facial thermal resistance and the internal stress generated
during the first order phase transition, due to the presence
of nanoinclusions at grain boundaries of alkane crystals,
led to the observed increase in the thermal conductivity.
They found that an optimal nanoparticle loading with the
space filling agglomerates in a phase change alkane can
provide an extremely large thermal conductivity. Though
the thermal conductivity enhancement at higher particle
loading was independent of the bulk thermal conductiv-
ity of dispersed nanomaterials, an anomalously large ther-
mal contrast was observed at a very low concentration in
copper nanowire suspension. These results provided new
approaches to achieve large thermal storage in organic
phase change materials

Angayarkanni et al.13 studied the thermophysical prop-
erties of nanofluids with different types of nanoparticles as
a function of concentration, shapes, size and base fluids.

The authors concluded that the nanoparticle concentration,
shape and size play a major role in specific heat capacity of
nanofluid. In the Fe3O4 nanofluids, the specific heat capac-
ity was found to decrease with increasing particle concen-
tration while an increase in the specific heat capacity was
observed in Al2O3/PAO based nanofluid. This suggested
that PAO molecules strongly modify the interfacial thermal
characteristics of Al2O3 nanoparticles. The size dependent
studies on specific heat capacity suggested that the specific
heat capacity increases with decreasing dispersed nanopar-
ticle size. The study showed that the particle morphology
also plays a major role in specific heat capacity of nanoflu-
ids and the specific heat capacity decreases with increasing
aspect ratio of nanoparticles due to reduced surface atomic
contributions.
Mishra et al.14 probed the role of surface functional-

ization and physical properties of nanoinclusions in ther-
mal conductivity enhancement during liquid–solid phase
transition in a hexadecane-based phase change material
(PCM). Hexadecane-based PCM was loaded with six dif-
ferent nanoinclusions: carbon black nanopowder (CBNP),
nickel nanoparticles (NiNPs), copper nanoparticles, sil-
ver nanowires (AgNWs), multiwalled carbon nanotubes,
and graphene nanoplatelets (GNPs). The nanoinclu-
sions CBNP, NiNP, AgNW, and GNP were surface-
functionalized with oleic acid. Nanoinclusion-loaded PCM
showed a large enhancement in thermal conductivity,
which was more prominent in the solid state. Interest-
ingly, a maximum thermal conductivity enhancement of
∼122% was observed in the solid state for the PCM
loaded with 0.01 wt% CBNP. Higher thermal conduc-
tivity enhancement in the solid state was attributed to
the formation of a nanocrystalline network structure dur-
ing freezing of the PCM, consisting of a needlelike
microstructure, which was confirmed by optical phase
contrast microscopy. During solidification, the nanoinclu-
sions were driven toward the grain boundaries, thereby
forming a quasi-two-dimensional network of percolating
structures with high thermal transport efficiency due to
the enhancement of phonon-mediated heat transfer and
near-field radiative heat transfer. Thermal conductivity
increased with the increased loading of the nanoinclusions
due to the formation of more interconnecting aggregates.
Among the carbon-based nanoinclusions, the highest ther-
mal conductivity enhancement was obtained for the PCM
loaded with CBNP, which was attributed to the low fractal
dimensions and volume-filling capability of CBNP aggre-
gates. In the case of metallic nanoinclusions, the highest
thermal conductivity enhancement was obtained for the
PCM loaded with AgNW, which was due to the large
aspect ratio of AgNW. The carboxylic group of oleic acid
attached to the nanoinclusions was found to provide better
steric stability with insignificant aggregation and improved
thermal stability, which were beneficial for practical appli-
cations. They indicated that the initial thermal conductivity
of carbon-based nanoinclusions has an insignificant role
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in the thermal conductivity enhancement of the PCM but
the volume-filling capability of the nanoinclusion has a
prominent role.
In spite of the immense industrial benefits of phase

change materials (PCM) in energy conservation and man-
agement, the practical applicability of organic PCM is
severely limited due to its low thermal conductivity.15

Mishra et al.15 reported enhanced thermal conductivity
during the first order liquid–solid phase transition in,
phenol-water system, loaded with four different nano-
inclusions, viz., �-Al2O3, SiO2, hydrophobic SiO2 and
TiO2. Nano-inclusion loaded PCM showed a large ther-
mal conductivity enhancement, which was attributed to the
formation of nano-crystalline needle like microstructure in
the PCM, during freezing, which squeezes the nano-
inclusions towards the grain boundaries, thereby forming
a quasi 2D network of high thermal conductivity perco-
lation pathways. In the solid state, thermal conductivity
enhancement was found to increase with concentration of
the nano-inclusions due to the formation of larger well
dispersed aggregates. Atomic force microscopy images,
showed an increased contact area for closely packed larger
aggregates at higher concentration of the nano-inclusions.
The results showed lower thermal conductivity enhance-
ment for the PCM loaded with hydrophobic silica, which
was attributed to the higher interfacial resistance of the
hydrophobic interfaces. Addition of carbon black nano
powder to the nano-inclusion loaded PCM showed a syn-
ergistic increase in thermal conductivity due to the fractal
aggregates of carbon black that act as volume filling agents
and reduce the inter-aggregate gaps, thereby enhancing
the conductive pathways. These studies showed the nano-
inclusion assisted thermal conductivity enhancement in
phenol-water system as a PCM with tunable phase tran-
sition temperature for room temperature thermal energy
storage applications.
Nanofluids have attracted tremendous attention during

the last two decades. There searchers 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 compre-
hensive review of nanofluids utilization in diverse areas.
This manuscript shows a comprehensive assessment of
nanofluids’ applications in various complex geometries.
All studies have been categorized into three main classes:
(i) nanofluid flow in microchannels, (ii) nanofluid flow in
heat exchangers, and (iii) nanofluid flow in solar energy
collectors.

2. ON THE NANOFLUIDS APPLICATIONS
IN MICROCHANNELS

In this section, the summary of the historical back-
ground of microchannels and nanofluids is presented.
Also, important studies and their interesting incentives are
described.

Mahajan et al.16 examined the effect of rotation for con-
vective instability in a thin layer of a magnetic nanofluid
saturating a porous medium within the frame work of
linear theory. The model used incorporates the effect of
Brownian diffusion, thermophoresis and magnetophoresis.
The Eigen value problem was solved by employing the
Chebyshev Pseudo spectral method and the results were
discussed for various combinations of boundary conditions
on impermeable, free, conducting, and with constant heat
flux surfaces for water and ester based magnetic nanoflu-
ids. The effect of magnetic field, rotation, permeability
and modified particle density increment was analyzed on
the onset of convection. In the microgravity environment,
the magnetic nanofluid was more resilient to convection
and, in general, for all boundary conditions requires higher
temperature gradient for the threshold of convection.
Chanie et al.17 studied the convective heat and mass

transfer in magneto-hydrodynamic nanofluid through a
porous medium over a stretching sheet subject to a mag-
netic field, thermal radiation, and chemical reaction effects.
The effects of porosity, thermal radiation, magnetic field,
and chemical reaction to the flow field were briefly
explained for various values of the governing parameters.
They have further assumed that the nanoparticle volume
fraction at the wall may be actively controlled. Two types
of nanofluids, namely Cu-water and Ag-water were stud-
ied. The partial differential equations contained in the gov-
erning equations of the problem were transformed in to
nonlinear ordinary differential equations using similarity
transformations. The transformed equations were solved
analytically by optimal homotopy asymptotic method
(OHAM). For selected values of the parameters involved
in the governing equations like nanoparticle volume frac-
tion, the porous medium parameter, magnetic parameter,
Schmidt number, Soret number, thermal radiation param-
eter and chemical reaction parameter, analytical results
for velocity field, temperature distribution, concentration,
Skin friction coefficient, heat transfer coefficient and mass
transfer coefficient were obtained. The results were ana-
lyzed and discussed with the help of graphs and tables.
Comparisons with previously published works were per-
formed and they are found in a good agreement.
Mehraban Rad and Aghanajafi18 studied the thermal

analysis of single phase laminar flow nanofluid cooled
rectangular microchannel heat sink (MCHS) subject to
the uniform wall temperature condition. The solutions for
velocity and temperature distributions were obtained from
both high aspect-ratio and low-aspect-ratio microchannels.
The practical criterion for the validity of the model were
used to express the cases which were assumed to pro-
duce inaccuracy in heat transfer prediction, and the par-
ticipating area of base and tip plates of microchannel in
radiation exchange was defined. The radiation effects of
ultra-fine particles incorporated in a base coolant fluid,
in heat transfer enhancement of nanofluid cooled MCHS
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were considered, and effects of near field thermal radia-
tion on total heat transfer of micro heat sinks were also
investigated.

Moraveji et al.19 conducted a three numerical study
on the laminar flow of CuO–H2O nanofluid through a
combination of four parallel microchannels. The prob-
lem was comprehensively simulated through applying a
single-phase model and three particular two-phase mod-
els (mixture, Eulerian and VOF). The primary aim of this
study was to comparatively distinguish the most appropri-
ate and accurate model for numerical studies of nanoflu-
ids in microchannels. The results were compared with
one another and the data obtained from an experimen-
tal work. Regarding the results, an acceptable consistency
was observed for all models with the experimental data.
The current study truly demonstrated that applying single-
phase model to simulate and evaluate the laminar flow of
CuO-water nanofluid inside microchannels with uniform
wall temperature is more modest, precise and reliable com-
pared with two-phase models.

Madhava Reddy and Venu Vinod20 investigated the
heat transfer characteristics of CuO–H2O nanofluid flow-
ing through a microchannel having dimples/protrusions.
The effect of the depth of the dimple/protrusion on heat
transfer and friction factor was investigated using FLU-
ENT. The dimples/protrusions were arranged in a stag-
gered manner. Using computational fluid dynamics, three
dimensional numerical solutions were carried out for var-
ious Reynolds numbers. The heat transfer characteristics
were obtained at various inlet velocities, volume fraction
of nanofluid and the depth of the dimple/protrusion. To
compute heat transfer enhancement, thermal performance
parameter (TP) was used. Thermal performance was found
to increase with an increase in concentration of CuO in
nanofluid and Reynolds number. TP was found to increase
with an increase in the dimple/protrusion depth up to
20 �m where as a depth of 25 �m has shown a decrease
in TP due to increase in form friction.

El Mghari et al.21 presented a numerical study of
nanofluid condensation heat transfer inside a single hor-
izontal smooth square tube. The numerical results were
compared to previous experimental predictions, and show
that the heat transfer coefficient can be improved 20% by
increasing the volume fraction of Cu nanoparticles by 5%
or increasing the mass flux from 80 to 110 kg/m2s. Reduc-
ing the hydraulic diameter of the microchannel from 200
to 160 mm led to an increase in average condensation
heat transfer coefficient of 10%. A new correlation esti-
mating Nusselt number for condensation of nanofluids or
pure vapor was proposed.

Kumar et al.22 numerically examined the thermo-
hydraulic performance analysis of a tapered double layer
microchannel heat sink (DL-MCHS). Water and Al2O3–
H2O nanofluid coolants are used with uniform heat flux
at the base of DL-MCHS. Comparatively higher heat

transfer and lower pressure drop can be achieved con-
sidering temperature dependent thermo-physical proper-
ties. An overall performance factor was determined which
indicated that though the tapered channel gives better
thermal performance than straight channel, it was not
always advantageous, if hydraulic performance was also
considered, due to the increase in pressure drop penalty.
Finally, from optimization study, maximum heat transfer
was obtained at tapering factor of 0.32.
Matin and Ping23 reported with an analytical solution

in forced convection of laminar fully developed flow and
heat transfer of Al2O3-water nanofluid in a slit microchan-
nel with constant wall heat flux in the presence of a vis-
cous dissipation effect. The novelty in the solution was
to include the magneto-hydrodynamic (MHD) effect, con-
sider a slip condition for velocity at the wall, and use a
temperature-dependent model for thermal conductivity that
has not been applied to such a situation before. Closed-
form solutions were obtained based on the Brinkman num-
ber, Hartman number, dimensionless slip coefficient, and
nanoparticle volume fraction. The results were discussed
in terms of dimensionless velocity and temperature dis-
tributions and the Nusselt number. It was observed that
the Nusselt number diminishes with an increase in the
dimensionless slip coefficient and Brinkman number and
it increases with an increase in the Hartman number and
nanoparticle volume fraction. In addition, it was shown
that the classical Maxwell model for thermal conductivity
overestimates the Nusselt number compared to the present
model.
Abbass and Aghanajafi24 analyzed the effect of incorpo-

rating Cu nanoparticles in MCHS coolant fluid. The par-
ticle diameter was of nanometer size and base fluid in
combination of nanoparticles was called nanofluid. Gov-
erning equations for fluid flow and heat transfer were
based on well-established porous medium model and
accordingly, modified Darcy equation and two equation
model were employed. Appropriate equations for both
fluid flow and heat transfer were derived and cast into
dimensionless form. Velocity profile was obtained ana-
lytically and in order to solve conjugate heat transfer
problem a combined analytical-numerical approach was
employed. For heat transfer analysis, thermal dispersion
model was adopted and latest proposed model for effective
thermal conductivity—which considers the salient effect
of interfacial shells between particles and base fluid—was
integrated into model. The effects of dispersed particles
concentration, thermal dispersion coefficient and Reynolds
number were investigated on thermal fields and on ther-
mal performance of MCHS. Additionally, the impact of
turbulent heat transfer on heat transfer enhancement was
considered.
Abbaszadeh et al.25 investigated the flow field, heat

transfer and entropy generation of forced convection of
CuO-water nanofluid in a parallel plate microchannel in
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the presence of magnetic field. Two vertical micromixers
were attached on the hot walls of the microchannel. To
consider the effect of the Brownian motion of the nanopar-
ticles, the KKL model was utilized to estimate thermal
conductivity of the nanofluid. The governing equations,
which were accompanied with the slip velocity and tem-
perature jump boundary conditions, were solved by the
finite volume method (FVM) and SIMPLER algorithm.
The results showed that when the Hartmann or Reynolds
numbers, or the volume fraction of nanoparticles increase,
the average Nusselt number and the total entropy gener-
ation rate increase. Furthermore, when Knudsen number
increases, the total entropy generation rate decreases.
Abdollahi et al.26 performed a three-dimensional numer-

ical simulation of an interrupted microchannel heat sink to
investigate the pressure drop and heat transfer characteris-
tics of a nanofluid flow. In the first part the effect of two
different rib shapes on flow characteristics was studied to
find the optimum design. In this part water was used as
working fluid. For the second part of the present work, an
Al2O3/water nanofluid with different volume fractions was
modeled as the working fluid, and its performance was
compared to water. Analysis showed that 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 nanoparticles volume fraction is required to
achieve an enhancement in heat transfer.
Ladosz et al.27 presented a model for the calculation of

pressure drop of three-phase liquid–liquid–gas slug flow
in microcapillaries of a circular cross section. Introduced
models consisted of terms attributing for frictional and
interfacial pressure drop, incorporating the presence of a
stagnant thin film at the wall of the channel. Different for-
mulations of the interfacial pressure drop equation were
employed. The results proved that three-phase slug flow
pressure drop can be successfully predicted by extend-
ing existing two-phase slug flow correlations. Good agree-
ment of Bretherton’s equation was reached only at lower
Canumbers, indicating that an extension of the interfacial
pressure drop equation. Additionally it was demonstrated
that pressure drop increases substantially if dry slug flow
occurs or if microchannels with significant surface rough-
ness are employed. Those influences were not accounted
for in the models presented.
Arabpour et al.28 studied the laminar flow and heat

transfer of kerosene/MWCNT nanofluid in a novel design
of a double-layer microchannel under the influence of
oscillating heat flux and slip boundary condition. The
main purpose of this study was cooling the microchan-
nel heat sink by using kerosene/MWCNTs. The impor-
tant results of this study indicated that among the studied
Reynolds numbers, Reynolds numbers of 100 and 1 have
the maximum and minimum amounts of average Nusselt
number, respectively. The enhancement of volume frac-
tion of nanoparticles, Reynolds number and dimensionless

slip velocity coefficient cause considerable augmentation
of heat transfer and reduction in thermal resistance of
surface.
Arabpour et al.29 investigated the laminar heat trans-

fer of kerosene nanofluid/multi-walled carbon nanotubes
in the microchannel heat sink. The considered microchan-
nel was two layers in which the length of bottom layer
is truncated and is equal to the half of the length of bot-
tom layer. The length of microchannel bottom layer was
L= 3 mm, and the length of top layer was L1 = 1.5 mm.
The microchannel was made of silicon, and each layer of
microchannel has the thickness of t = 12.5 lm. Along the
external bottom wall, the sinusoidal oscillating heat flux
was applied. The top external and lateral walls were insu-
lated, and they do not have heat transfer with the environ-
ment. The results of this research revealed that in different
Reynolds numbers, applying oscillating heat flux signifi-
cantly influences the profile figure of Nusselt number and
this impressionability is obvious in Reynolds numbers of
10 and 100. Also, by increasing the slip velocity coeffi-
cient on the solid surfaces, the amount of minimum tem-
perature reduces significantly which behavior remarkably
entails the heat transfer enhancement.
Bhattacharya et al.30 used the conjugate heat transfer

approach to numerically study the laminar forced convec-
tive heat transfer characteristics of Al2O3/H2O nanofluid
flowing in a silicon microchannel heat sink (MCHS) of
rectangular cross-section using thermal dispersion model.
The results were presented in terms of thermal resistance
that characterizes MCHS performance. It was observed
that use of nanofluid improves MCHS performance by
reducing fin (conductive) thermal resistance.
Chabi et al.31 experimentally investigated the enhance-

ment of convective heat transfer coefficient of CuO/water
nanofluids at 0.1 and 0.2 vol% in a rectangular MCHS.
This work specially focused on the local convective heat
transfer coefficient at the entrance region of the microchan-
nel. Experimental results showed that convective heat
transfer coefficient enhances with increasing Reynolds
number and nanofluid concentration. Further increase in
the fluid flow rate and nanofluid concentration deterio-
rates the heat transfer coefficient enhancement. It was
due to rapid formation of sediment and nanofluid insta-
bility. The maximum local heat transfer coefficient was
observed at the channel entrance due to the entrance region
effect and minimum boundary layer thickness. The results
showed that the entrance region effect depends on the
Reynolds number, and higher Reynolds number causes
higher entrance region effect. Considerable enhancement
of the average heat transfer coefficient was obtained com-
pared with deionized water. For the cases of 0.1 and
0.2 vol% of CuO/water nanofluids, 18 and 40% enhance-
ments were respectively obtained.
Chakraborty and Roy32 presented a theoretical analysis

to assess the influence of nanofluids on thermally devel-
oping and hydrodynamically developed electroosmotic
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transport in parallel plate microchannels (Graetz prob-
lem). The hydraulic diameters of the microchannels were
assumed to be beyond a certain threshold limit, so that
the electric double layers formed adjacent to the plates
do not overlap with each other. The volumetric heating
arising from the conduction currents in the flow was mod-
eled using Ohm’s law. The viscous generation terms in
the energy equation were neglected, based on the ear-
lier findings that the consequent effects were negligible
as compared to the Joule heating effects in electroosmoti-
cally driven microchannel flows. Closed form expressions
for the pertinent temperature distributions and the Nusselt
number variations were obtained by employing the method
of separation of variables in conjunction with an eigen
value formulation, in order to assess the influence of vol-
ume fraction of the dispersed nanoparticles on the over-
all rates of convective transport. It was revealed that the
effects of nano-particles in the fluid turn out to be sig-
nificant in the thermal entrance region only, especially
for higher Peclet number values. The implications of the
incorporation of nanofluids were demonstrated to be some-
what non-trivial in nature, and were strongly determined
by the effective Peclet number values obtained on the basis
of the phase-integral values of the thermo-physical prop-
erties and the pertinent flow parameters.

Duursma et al.33 performed experiments using nanoflu-
ids in horizontal, rectangular high-aspect-ratio microchan-
nels where heat was provided electrically to the
microchannel wall to bring about heating and phase
change whilst recording temperature (via infrared cam-
era) and channel pressure drop. High-speed video captured
images of boiling two-phase flow through the transpar-
ent microchannel wall. Nanofluids used were solutions
of aluminium oxide in ethanol with particle concentra-
tions from 0.01% to 0.1%, with pure ethanol as refer-
ence. Friction factors for the nanofluids were evaluated.
Single phase fluid pressure drop did not vary signifi-
cantly with nanoparticle concentration. When flow boiling
occurred, the two-phase flow pressure drop was unstable
and fluctuating. Inlet pressures had greater amplitude of
oscillation but similar frequency to outlet pressures. Heat
transfer increased with the presence of nanoparticles com-
pared with pure ethanol. Moreover evaporation from the
meniscus was studied. There is a sudden evaporation phe-
nomenon where the meniscus rapidly forms. Infrared data
demonstrate the effect of heat flux on temperature dis-
tribution near the three phase contact line. Nanoparticles
enhance boiling heat transfer coefficients, peaking at a
concentration of 0.05% with significant enhancement over
pure ethanol.

Gholami et al.34 numerically investigated the laminar
and forced flow and heat transfer of oil/multi-walled car-
bon nanotubes nanofluid in a microchannel. The purpose
of this research was to investigate the effect of using
rectangular, oval, parabolic, triangular and trapezoidal rib

shapes on behavior and heat transfer of nanofluid flow
in the rectangular microchannel. This research was simu-
lated in Reynolds numbers of 1, 10, 50 and 100 and vol-
ume fractions of 0, 2 and 4% of nanoparticles by using
finite volume method. The results of this research indi-
cated that the existence of ribs enhances the friction factor
and Nusselt number, significantly. Also, the shape of rib
was one of the most important factors for determining the
behavior and heat transfer of cooling fluid flows. Among
the investigated rib shapes, the parabolic rib, comparing to
the augmentation of friction factor, has the best proportion
of Nusselt number enhancement.
Govone et al.35 considered double-diffusive forced con-

vection in a porous micro reactor when the solid walls’
thicknesses are included within the system. The LTNE
model of thermal transport was applied on the porous
section of the system, and a first-order, catalytic chemical
reaction was implemented as the concentration boundary
conditions. The governing equations were solved using a
combined analytical-numerical solution technique. A com-
prehensive analysis of temperature, Nusselt number and
concentration profiles were then provided. It was found
that the radiation parameter decreases the temperature of
the system and consequently increases the Nusselt num-
ber on the hot wall. As the temperature profile of Case 2
has more room to vary compared with Case 1, the effects
of radiation parameter and the volumetric concentration of
nanoparticles were more influential on the transport char-
acteristics of Case 2. Importantly, for the first time, it was
shown that increasing the radiation parameter of the porous
solid phase can result in a bifurcation in the temperature
fields of the system. It was also shown that due to the
effect of the second derivative of the nanofluid tempera-
ture, the concentration field for both cases is very similar.
The consequences of these on the modelling of practical
micro reactors were subsequently discussed.
Hung et al.36 presented an analytical study on forced

convection of laminar fully developed flow of incom-
pressible, constant property nanofluids in microchannels.
Closed-form solutions for the temperature distributions in
the radial direction with the incorporation of viscous dis-
sipation were obtained under isoflux boundary condition.
The effects of the governing parameters, including mod-
ified Brinkman number, thermal conductivity ratio, and
nanoparticle volume fraction of the nanofluids, on the
temperature distributions were investigated and analyzed
for both heating and cooling processes. The heat trans-
fer performance characterized by the Nusselt number was
investigated based on the effects induced by these param-
eters. In the comparison between the models with and
without viscous dissipation, it was found that the ther-
mal performance of a microchannel is overrated when
viscous dissipation is excluded in the analysis. It was
concluded that these governing parameters are intimately
interrelated in the flow and thermal analyses of nanoflu-
ids in microchannels. The interrelationship of the viscous
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dissipation effect and the nanoparticle volume fraction was
examined in a contour deviation map of Nusselt numbers
between the model with and without considering the vis-
cous dissipation.
Izadi et al.37 aimed to investigate the effect of some

parameters on microchannel heat sinks. Two different con-
jugated domains for both flow field and substrate were
considered in order to solve the hydrodynamic and ther-
mal fields. The results of the present study were compared
to those of analytical and experimental ones, and a good
agreement was observed. The effects of Reynolds num-
ber, thermal conductivity and thickness of substrate on the
thermal and hydrodynamic indexes were studied. In gen-
eral, considering the wall affected the thermal parameter
while it had no impact on the hydrodynamics behavior.
The results showed that the effect of nanoparticle vol-
ume fraction on the increasing of normalized local heat
transfer coefficient is more efficient in thick walls. For
higher Reynolds number, the effect of nanoparticle inclu-
sion on axial distribution of heat flux at solid-fluid inter-
face declines. Also, less end losses and further uniformity
of axial heat flux lead to an increase in the local normal-
ized heat transfer coefficient.
Kalteh and Abedinzadeh38 used the Lattice Boltzmann

method to study the flow and heat transfer of water-Al2O3

nanofluid in a two-dimensional microchannel under the
influence of an external magnetic field. The temperature of
the lower wall was kept constant, and the upper wall was
insulated. An external magnetic field perpendicular to the
flow direction with constant intensity was applied to the
microchannel. The lattice Boltzmann method results were
compared with the results of the work done with other
methods, and good agreement was observed. Also, the
effects of relevant parameters such as the Reynolds num-
ber, the Hartmann number and the nanoparticles volume
fraction on the heat transfer and the friction coefficient
were examined. The results showed that the microchannel
heat transfer performance is improved 19% by increas-
ing the Reynolds number from 5 to 25. The magnetic
field does not have remarkable effect on the heat trans-
fer coefficient, but increases the friction factor up to 86%.
Also, heat transfer coefficient enhances 17% by increas-
ing the nanoparticles volume fraction up to 4%, but the
rate of improvement in heat transfer coefficient decreases
at higher Reynolds and Hartmann numbers.
Liu and Yang39 solved the nonlinear Poisson-Boltzmann

equation and the Navier-Stokes equations for EOF in
smooth and rough microchannels by using FEM based on
the non-uniform grid. The effects of surface roughness
on EOF were analyzed with the homogeneously charged
rough channels. The simulation results indicated that the
strong flow resistance can enhance the pressure reduction
and decrease the velocity in microchannels. The average
EOF velocity varied linearly with the EDL thickness in

smooth channels, which does not vary with the rough-
ness height or interval space or EDL thickness monoton-
ically in homogeneous rough channels. The EOF velocity
decreased quickly when the roughness height is very small
and slowly after that, and it was influenced most signifi-
cantly when the roughness interval space is the same as
the roughness height.
Lobasov et al.40 studied numerically the regimes of flow

and mixing of water and a nanofluid with aluminum oxide
nanoparticles in a T-shaped microchannel. The Reynolds
number was varied from 10 to 400, and the volume con-
centration of nanoparticles was varied from 0 to 10%.
Nanofluids with mean sizes of particles from 50 to 150 nm
were considered. The viscosity coefficient of the nanofluid
was taken from experimental data. In all cases, it exceeded
the viscosity coefficient of water and depended on not
only the concentration of nanoparticles, but also on their
sizes, and the viscosity of the nanofluid with smaller par-
ticles was higher than the viscosity of the nanofluid with
large particles. It was established that there exist regimes
of steady irrotational flow, steady vortex flow with two
horseshoe vortices, and steady flow with two vortices in
the mixing channel. It was shown that when the flow
goes from the regime with horseshoe vortices to the flow
conditions with two single vortices, the mixing efficiency
increases several times. It was established that the flow
conditions and the mixing efficiency largely depend on the
volume concentration of particles and their sizes.
Maganti et al.41 performed a detailed computational

study using an Eulerian-Lagrangian twin-phase model to
determine the concentration and thermohydraulic maldis-
tributions of nanofluids in parallel microchannel systems.
The study revealed that nanofluids cannot be treated as
homogeneous single-phase fluids in such complex flow sit-
uations, and effective property models drastically fail to
predict the performance parameters. To comprehend the
distribution of the particulate phase, a novel concentra-
tion maldistribution factor was proposed. It was observed
that the distribution of particles does not entirely fol-
low the fluid flow pattern, leading to thermal perfor-
mance that deviates from those predicted by homogeneous
models. Particle maldistribution was conclusively shown
to be due to various migration and diffusive phenom-
ena such as Stokesian drag, Brownian motion and ther-
mophoretic drift. The implications of particle distribution
on the cooling performance were illustrated, and smart
fluid effects (reduced magnitude of maximum temperature
in critical zones) were observed for nanofluids. A compre-
hensive mathematical model to predict the enhanced cool-
ing performance in such flow geometries was proposed.
The study clearly highlights the effectiveness of discrete
phase approach in modeling nanofluid thermohydraulics
and sheds insight on the specialized behavior of nanofluids
in complex flowdomains.
Manay and Sahin42 determined the upper limitations of

the particle volume fraction for heat transfer performance
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of TiO2-water nanofluids in microchannels. Nanofluids
were prepared by the addition of TiO2 metallic nano par-
ticles into distilled water chosen as base fluid in five dif-
ferent volumetric ratios (0.25%, 0.5%, 1.0%, 1.5% and
2.0%). The effects of the Reynolds number (100–750) and
particle volume fraction at constant microchannel height
(200 �m) on heat transfer and pressure drop characteris-
tics were analyzed experimentally. Adding metallic oxide
particles with nano dimensions into the base fluid did not
cause excessive increase of friction coefficient but pro-
vided higher heat transfer than that of pure water. It was
also observed that water–TiO2 nanofluid increased heat
transfer upto 2.0 vol.%, but heat transfer decreased after
2.0 vol.%. Furthermore, the thermal resistance was cal-
culated and, it was seen that adding nanoparticles with a
smaller average diameter than 25 nm into the base fluid
caused the thermal resistance to decrease.

Mirzaei and Dehghan43 numerically investigated the
laminar flow and heat transfer of water-Al2O3 nanofluid
under constant heat flux. Single-phase with temperature
dependant effective properties was assumed for fluid.
Enhancement in heat transfer and increase in friction
factor were obtained by the use of nanofluid. Heat
transfer enhancement was more obvious by the use of
variable properties. Also, effects of temperature variation
on nanofluid heat transfer were greater than the pure water.

Mohsenian et al.44 numerically examined the flow
of non-Newtonian nanofluid through a converging
microchannel. TiO2 nanoparticles with 10 nm diameters
were dispersed in an aqueous solution of 0.5%.wt Car-
boxymethyl cellulose (CMC) to produce the nanofluid.
Both nanofluid and the base fluid show pseudo plas-
tic behavior. The equations were solved with finite vol-
ume approach using collocated grid. It was found that by
increasing the volume fraction and Reynolds number and
the convergence angle, the Nusselt number increases. Also,
it was observed that by increasing convergence angle and
decreasing aspect ratio of the channel, the velocity of the
channel increases.

Moshizi and Malvandi45 presented an analysis for
the laminar fully developed mixed convection of alu-
mina/water nanofluid inside a concentric microannulus,
which is subjected to a constant volumetric internal heat-
ing/cooling. The Brownian motion and thermophoretic
diffusivity were considered by using the modified
Buongiorno model to consider the effects of nanoparti-
cle migration. To consider different modes of nanoparti-
cle migration, two different heat fluxes were considered
at the walls: q′′

wi on the inner wall and q′′
wo on the

outer wall. By examining the order of magnitudes for
various terms of the governing equations, it was con-
cluded that despite the temperature-dependent buoyancy
forces, concentration-dependent buoyancy forces have
considerable effects on the flow fields and nanoparticle
migration.

Naphon and Nakharintr46 studied the heat transfer char-
acteristics of jet impingement of nanofluids in a rectangu-
lar mini-fin heatsink. The TiO2 nanofluid was used as the
working fluid with deionized water as the base one. Due to
the change in the fluid transport properties and flow fea-
tures, the heat transfer characteristics of the nanofluid were
shown to be better than those for deionized water. The
experimental results also showed a slight increase in the
nanofluid pressure drop due to the presence of nanopar-
ticles, which can be considered as one of the benefits
of using nanofluids. Therefore, the results of this study
were of technological importance for efficient design of
the cooling systems of electronic devices to enhance their
cooling performance.
Narrein et al.47 developed a three-dimensional helical

microchannel heat sink (HMCHS) model to investigate
the heat transfer characteristics using Al2O3-water-based
nanofluid. The two-phase mixture model with modified
effective thermal conductivity and viscosity equations was
employed for solving the problem numerically. The model
developed was validated by comparing the results of
Nusselt number with available experimental and numerical
data for a wide range of Reynolds number. The detailed
results of the thermal field were reported for the effects of
helix radius (0.15–0.30 mm), pitch (0.5–2.0 mm), number
of turns (7–10), and aspect ratio (1.5–3.0). The analysis
presented a unique fundamental insight into the complex
secondary flow pattern in the channel due to curvature
effects.
Narrein et al.48 performed numerical investigations on

the thermal and hydraulic characteristics of pulsating lam-
inar flow in a three-dimensional helical microchannel heat
sink (HMCHS) model using Al2O3-water-based nanofluid.
The simulation was performed in the laminar regime for
Reynolds number ranging from 6 to 25. The two-phase
mixture model with modified effective thermal conduc-
tivity and viscosity equations was employed to solve the
problem numerically. The detailed results for thermal and
flow fields were reported for the effects of amplitude (1–3),
frequency (5–20 rad/s), and nanoparticle concentration
(1%–3%). The results indicated that the heat transfer per-
formance improves significantly for sinusoidal velocity
inlet conditions compared with steady flow conditions.
Raisi et al.49 provided a numerically study of the ther-

mal performance of a microchannel, cooled with either
pure water or a Cu-water nanofluid, while considering the
effects of both slip and no-slip boundary conditions on
the flow field and heat transfer. The microchannel was
partially heated at a constant temperature and cooled by
forced convection of a laminar flow at a relatively lower
temperature. The effects of pertinent parameters such as
Reynolds number, solid volume fraction, and slip velocity
coefficient on the thermal performance of the microchan-
nel were studied. The results of the numerical simulation
indicated that the heat transfer rate is significantly affected
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by the solid volume fraction and slip velocity coefficient
at high Reynolds numbers.
Sarkar and Ganguly50 studied the flow and heat transfer

characteristics associated with thermally fully developed
magnetohydrodynamic flows of nanofluids in microchan-
nels. The flow was taken to be actuated by the application
of an external electric field, which induces the electroos-
motic flow, along with externally applied pressure gradient
in the axial direction. The classical boundary condition of
uniform wall heat flux was considered, and the effects of
viscous dissipation as well as Joule heating were taken into
account. Closed-form analytical expressions for the perti-
nent velocity and temperature distributions and the Nusselt
number variations were obtained, in order to examine
the role of nanofluids in influencing the fully developed
thermal transport in electroosmotic microflows under the
effect of magnetic field. Fundamental considerations were
invoked to ascertain the consequences of particle agglom-
eration on the thermophysical properties of the nanofluid.
It was revealed that the inclusion of nanofluid changes
the transport characteristics and system irreversibility to a
considerable extent and can have significant consequences
in the design of electroosmotically actuated microfluidic
systems.
Snoussi et al.51 treated numerically the laminar

nanofluid flow in 3D copper microchannel heat sink
(MCHS) with rectangular cross section, and a constant
heat flux, using the computational fluid dynamics soft-
ware (FLUENT). Results for the temperature and veloc-
ity distributions in the investigated MCHS were presented.
In addition, experimental and numerical values were com-
pared in terms of friction factors, convective heat trans-
fer coefficients, wall temperature and pressure drops, for
various particle volume concentrations and Reynolds num-
bers. The numerical results showed that enhancing the heat
flux has a very weak effect on the heat transfer coeffi-
cient for pure water, but an appreciable effect for the case
of a nanofluid. For all considered volume fractions, the
sink friction factor decreases by 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.
Soltanipour et al.52 presented a numerical analysis of

Al2O3-water nanofluid forced convection and entropy gen-
eration in a microchannel. The nanofluid was subjected
to the position-dependent magnetic fields arising from
electrical current through wires. The effects of Hartmann
number, axial position and number of magnetic sources
and Reynolds number on heat transfer enhancement were
explored. Moreover, frictional, magnetic, heat transfer and
total entropy generation were computed for Hartmann
number ranging from 0 to 1000. Results showed that
hydrodynamic and thermal behaviors of nanofluid in the
microchannel were alerted considerably by the applica-
tion of position dependent magnetic field. It was observed
that due to Lorentz forces vortices are generated near

the magnetic sources and number and strength of vor-
tices depend strongly on Hartmann number. For multiple
magnetic sources heat transfer enhancement depends on
number and relative position of magnetic sources. Second
law analysis indicated that total entropy generation rate
declines as Hartmann number increases.
Teng et al.53 analyzed the characteristics of alumina

(Al2O3�/water nanofluid to determine the feasibility of its
application in an air-cooled heat exchanger for heat dissi-
pation for PEMFC or electronic chip cooling. The exper-
imental sample was Al2O3/water nanofluid produced by
the direct synthesis method at three different concentra-
tions (0.5, 1.0, and 1.5 wt.%). The experiments in this
study measured the thermal conductivity and viscosity of
nanofluid with weight fractions and sample temperatures
(20–60 �C), and then used the nanofluid in an actual air-
cooled heat exchanger to assess its heat exchange capacity
and pressure drop under laminar flow. Experimental results
showed that the nanofluid has a higher heat exchange
capacity than water, and a higher concentration of nanopar-
ticles provides an even better ratio of the heat exchange.
The maximum enhanced ratio of heat exchange and pres-
sure drop for all the experimental parameters in this study
was about 39% and 5.6%, respectively. In addition to
nanoparticle concentration, the temperature and mass flow
rates of the working fluid can affect the enhanced ratio of
heat exchange and pressure drop of nanofluid. The cross-
section aspect ratio of tube in the heat exchanger was
another important factor to be taken into consideration.
Thansekhar and Anbumeenakshi54 presented the result

of experimental investigation of the influence of nanoflu-
ids on the enhancement of heat transfer in a microchannel
heat sink. The microchannel heat sink has 25 numbers
of rectangular microchannels of 0.42 mm width, 4.2 mm
depth and 100 mm length. Nanofluids of Al2O3/water
and SiO2/water with volume concentration of 0.1% and
0.25% and deionized water were used as heat transfer
fluids. The nanofluid and its volume concentration were
found to affect the heat transfer. Significant heat transfer
enhancement of the microchannel was observed with the
nanofluids when compared to deionized water. Nanofluid
Al2O3/water exhibits better heat transfer performance than
SiO2/water due to the higher thermal conductivity of
Al2O3/water. Nanofluids with higher volume concentration
showed better heat transfer enhancement. The additional
pressure drop caused by the nanofluids was not so high.
Toghraie et al.55 investigated the flow and heat trans-

fer characteristics in smooth, sinusoidal and zigzag-shaped
microchannel with and without nanofluid by the finite vol-
ume method. Effects of amplitude and wave length of sinu-
soidal and zigzag-shaped microchannel, volume of fraction
and Reynolds number on heat transfer, performance evalu-
ation criterion were evaluated. The results showed that by
increasing volume fraction of Copper oxide nanoparticle,
Nusselt numbers were increased. Obtained results showed
that if only the increase in heat transfer is considered,
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using sinusoidal microchannels without nanoparticles is
more effective method than using of nanoparticles in
smooth microchannels. By analyzing the effect of wave-
length and amplitude on changes of Nusselt number, it
was found that by decreasing sinusoidal and zigzag-shaped
microchannel wavelengths, Nusselt number will increase.
Also, the authors concluded that for selection of the best
microchannel, the zigzag shaped one is a more appropriate
one as compared to the sinusoidal microchannel.

Toghraie et al.56 numerically investigated the flow and
heat transfer of water/CuO nanofluid in the microchannel
with L-shaped porous ribs. The effect of using water/CuO
nanofluid on the PEC of microchannel was also inves-
tigated. The flow was simulated in four Reynolds num-
bers and two different volume fractions of nanoparticles
in laminar flow regime. The investigated parameters were
the thermal conductivity and the porosity rate of porous
medium. The results indicated that with the existence of
porous ribs, the nanofluid does not have a significant effect
on heat transfer increase. By using porous ribs in flow with
Reynolds number of 1200, the heat transfer rate increased
up to 42% and in flow with Reynolds number of 100, this
rate increased by 25%.

Vafaei and Wen57 investigated the flow boiling
heat transfer of aqueous alumina nanofluids in single
microchannels with particular focuses on the critical heat
flux (CHF) and the potential dual roles played by nanopar-
ticles, i.e., (i) modification of the heating surface through
particle deposition and (ii) modification of bubble dynam-
ics through particles suspended in the liquid phase. Two
sets of experiments were performed: (a) flow boiling of
formed nanofluids in single microchannels where the effect
of heating surface modification by nanoparticle deposition
was apparent and (b) bubble formation in a quiescent pool
of alumina nanofluids under adiabatic conditions where the
role of suspended nanoparticles in the liquid phase was
revealed. The flow boiling experiments revealed a mod-
est increase in CHF by nanofluids, being higher at higher
nanoparticle concentrations and higher inlet subcoolings.
The bubble formation experiments showed that suspended
nanoparticles in the liquid phase alone can significantly
affect bubble dynamics. Further discussion revealed that
both roles are likely co-existent in a typical boiling system.
Properly surface-promoted nanoparticles could minimize
particle deposition hence little modification of the heat-
ing surface, but could still contribute to the modification
in heat transfer through the second mechanism, which is
potentially promising for microchannel applications.

Yang et al.58 presented the numerical simulation of
the three-dimensional incompressible steady and laminar
fluid flow of a trapezoidal microchannel heat sink using
nanofluids as a cooling fluid. The numerical optimiza-
tion was demonstrated as a trapezoidal microchannel heat
sink design which uses the combination of a full facto-
rial design and the genetic algorithm method. Three opti-
mal design variables represented the ratio of upper width

and lower width of the microchannel (1�2≤ � ≤ 3�6), the
ratio of the height of the microchannel to the difference
between the upper and lower width of the microchannel
(0�5≤ �≤ 1�866), and the volume fraction (0≤ �≤ 4%).
The dimensionless entropy generation rate of a trape-
zoidal microchannel was minimized for fixed heat flux
and inlet velocity. Numerical results for the system dimen-
sionless entropy generation rate showed that the system
dimensionless friction entropy generation rate increases
with Reynolds number; on the contrary, the higher the
Reynolds number, the lower the system dimensionless
thermal entropy generation rate. The results showed that
the two-phase model gives higher enhancement than the
single-phase model assuming a steadily developing lami-
nar flow.
Zhao et al.59 developed a thin film evaporation model

based on the augmented Young-Laplace equation and
kinetic theories to describe the nanofluid effects on the
extended evaporating meniscus in a microchannel. The
nanofluid effects included the structural disjoining pres-
sure, a thin porous coating layer at the surface formed by
the nanoparticle deposition and the thermophysical prop-
erty variations compared with the base fluid. The results
showed that the nanofluid thermal conductivity enhance-
ment mainly due to the Brownian motion tends to greatly
increase the liquid film thickness and the thin film heat
transfer. The structural disjoining pressure effect tends to
enhance the nanofluid spreading capability and the thin
film evaporation. The nanoparticle deposited porous coat-
ing layer improves the surface wettability while signifi-
cantly reducing the thin film evaporation with increasing
layer thickness due to the thermal resistance across this
layer. The nanofluid thermal conductivity enhancement
together with the structural disjoining pressure effect can-
not counteract the thermal resistance effects of the porous
coating layer when the coating layer thickness is suffi-
ciently large.

3. ON THE NANOFLUIDS APPLICATIONS
IN HEAT EXCHANGERS

The topic is of paramount importance. Heat exchangers
are used in several sectors and in very diverse fields. The
improvement of their performance has been and is still
of major concern to theorists and practitioners. Due to
increasing applications of flow, heat and mass transfer of
nanofluids, Nandeppanavar et al.60 presented some impor-
tant investigations of a two-dimensional MHD stagna-
tion point flow, heat and mass transfer through a porous
media due to porous stretching sheet with effect of ther-
mal radiation. The governing equations of the consid-
ered study were partial differential equations, which were
transformed into non-linear ordinary differential equations
using new similarity variables, which were solved by
numerically using fourth order Runge-Kutta method with
most efficient shooting technique. The influence various
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parameter on the velocity, temperature and concentration
profiles were discussed through plots and tables. To vali-
date their results, they calculated and tabulated the com-
parative results where one can find that, their results were
in very good agreement with earlier published work under
some limiting conditions.
Mahdy61 obtained a non-similarity solution to examine

the combined effect of spatially stationary surface waves
and the presence of fluid inertia on free convection along
a heated vertical wavy surface pointing downwards in
a nanofluid saturated porous medium. In this pioneering
study, it was assumed that the medium contains gyrotactic
microorganisms along with nanoparticles and the surface
was subjected to concentration of nanoparticles and den-
sity of motile microorganisms. The influences of Brownian
motion and thermophores is were incorporated into the
model for nanofluids. The boundary-layer regime was con-
sidered where the Darcy-Rayleigh number was very large.
A suitable coordinate transformation was considered to
reduce the governing boundary-layer equations into non-
similar. A detailed parametric study (nanofluid and biocon-
vection parameters) was performed to access the influence
of the various physical parameters on the reduced Nusselt,
reduced Sherwood and reduced microorganisms density
numbers. The results of the problem were presented in
graphical forms and discussed.
Elias et al.62 conducted experiments to compare the heat

transfer performance and pressure drop characteristics in a
plate heat exchanger (PHE) for 30� and 60� chevron angles
using water based Al2O3 nanofluid at the concentrations
from 0 to 0.5 vol.% for different Reynolds numbers. The
thermo-physical properties were determined and presented
in this study. At 0.5 vol% concentration, the maximum
heat transfer coefficient, the overall heat transfer coeffi-
cient and the heat transfer rate for 60� chevron angle have
attained a higher percentage of 15.14%, 7.8% and 15.4%,
respectively in comparison with the base fluid. Conse-
quently, when the volume concentration or Reynolds num-
ber increases, the heat transfer coefficient and the overall
heat transfer coefficient as well as the heat transfer rate of
the PHE (Plate Heat Exchangers) increases respectively.
Similarly, the pressure drop increases with the volume con-
centration. 60� chevron angle showed better performance
in comparison with 30� chevron angle.
Arzani et al.63 presented a novel synthesis proce-

dure for preparing functionalized graphene Nano platelets
(GNPs). Using sonication method, the functionalized
GNPs were dispersed in water-ethylene glycol to prepare
water-ethylene glycol-based functionalized GNP nanoflu-
ids. Meanwhile, the thermophysical properties of the pre-
pared nanofluids, i.e., thermal conductivity, specific heat
capacity, and rheological properties were investigated. As
the second phase of study, the heat transfer performance
of an annular channel was simulated and measured in the
presence of the prepared nanofluids. To this end, a compu-
tational fluid dynamics study was carried out to calculate

the heat transfer rate as well as pressure drop of the well
dispersed nanofluids. Meanwhile, the effects of concentra-
tion and Reynolds number on the convective heat transfer
coefficient were investigated at constant wall temperature
boundary condition under turbulent flow regime. Consist
with the results, the convective heat transfer coefficient
of nanofluids were significantly higher than that of the
base-fluid.
Sharma64 investigated the effect of Al/water nanoflu-

ids on the rheological performance of an automobile car
radiator. Nanofluids were fabricated by two-step meth-
ods, i.e., dispersing of aluminum metal bases nanoparticles
of size 75–135 nm in double-distilled water. Experiments
were conducted on single-pass cross-flow compact heat
exchanger by varying the various parameters such as inlet
temperature, flow rate through the heat exchanger, con-
centration of nanoparticles and velocity of air employed
for cooling purpose. It was concluded that the hot side
Nusselt numbers are improved by 3.37 and 5.0877% for
0.2 and 0.3% concentrations of nanofluids, respectively,
at 318.15 K inlet fluids temperature as compared to base
fluids.
Kumar et al.65 tested the heat transfer and friction fac-

tor of a shell and helically coiled tube heat exchanger
using Al2O3/water nanofluid at 0.1%, 0.4% and 0.8% par-
ticle volume concentration. It was found that the over-
all heat transfer coefficient, inner heat transfer coefficient
and experimental inner Nusselt number are 24%, 25% and
28%, respectively, higher than water at 0.8% particle vol-
ume concentration of nanofluid. It was observed that the
presence of nanoparticles further intensify the formation of
secondary flow and proper mixing of fluid when nanofluid
passes through the helically coiled tube.
Kumar et al.66 made the heat transfer coefficient and

pressure drop of a helically coiled tube heat exchanger
handling Al2O3/water nanofluids by using computational
fluid dynamics fluent (CFD) software package. This was
done under laminar flow condition in the Dean number
(De) range of 1650–2650 and the nanoparticles volume
concentration of 0.1%, 0.4% and 0.8%. The effect of some
important parameters such as nanoparticle volume concen-
tration and Dean number (De) on heat transfer and pres-
sure drop was studied. The average relative error between
experimental Nu, pressure drop results and CFD results
were found to be 8.5% and 9.5% respectively.
Mousavi et al.67 performed two-dimensional numerical

simulations to investigate the influence of the magnetic
field on the nanofluid flow inside a sinusoidal channel.
This work revealed the influence of variable magnetic field
in the heat transfer of heat exchanger while the mixture
was in a single phase. In this heat exchanger, the inner tube
was sinusoidal and the outer tube was considered smooth.
The magnetic field was applied orthogonal to the axis
of the sinusoidal tube. The influence of different param-
eters, like the intensity of magnetic field and Reynolds
number, on the heat transfer was investigated. According
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to the obtained results, the sinusoidal formation of the
internal tube significantly increased the Nusselt number
inside the channel. In addition, the variation of the skin
friction showed that the magnetic field increases the skin
friction (more than 600%) inside the sinusoidal channel.

Heri et al.68 numerically investigated the laminar flow-
forced convective heat transfer of Al2O3/water nanofluid
in a triangular duct under constant wall temperature con-
dition. In this investigation, the effects of parameters, such
as nanoparticles diameter, concentration, and Reynolds
number on the enhancement of nanofluids heat transfer
was studied. Besides, the comparison between nanofluid
and pure fluid heat transfer was achieved in this work.
The results indicated that the nanofluid Nusselt number
increases with increasing concentration of nanoparticles
and decreasing diameter. Also, the enhancement of the
fluid heat transfer becomes better at high Re in laminar
flow with the addition of nanoparticles.

Aghayari et al.69 reported the heat transfer of a fluid
containing nanoparticles of aluminum oxide with the water
volume fraction (0.1–0.3) percent. The heat transfer of the
fluid containing nano water aluminum oxide with a diame-
ter of about 20 nm in a horizontal double pipe counter flow
heat exchanger under turbulent flow conditions was stud-
ied. The results showed that the heat transfer of nanofluid
in comparison with the heat transfer of fluid is slightly
higher than 12 percent.

Amani et al.70 assessed the contribution of TiO2

nanoparticles on thermal performance of a 0.5 mass%
aqueous solution of Carboxymethyl cellulose (CMC) in a
square channel. In this regard, a neural network model was
firstly developed for modeling of power law index, con-
sistency index, and thermal conductivity of the aqueous
solution of TiO2/CMC-water non-Newtonian nanofluid in
terms of the nanoparticle concentration and temperature.
Then, an attempt was made to evaluate the friction fac-
tor and heat transfer coefficient relative values. According
to the results, it was found that the friction factor ratio
is directly proportional to the temperature and nanoparti-
cle content, while it inversely varies relative to the shear
rate. Moreover, heat transfer coefficient ratio was improved
at elevated nanoparticle content, and this improvement is
much more profound at higher temperature conditions. The
application of TiO2/CMC-water nanofluid was found to be
more favorable for applications with elevated shear rate
conditions.

Arya et al.71 conducted experimental investigations on
the thermal performance of a flat heat pipe working with
carbon nanotube nanofluid. It was used for cooling a heater
working at high heat flux conditions up to 190 kW/m2.
The heat pipe was fabricated from aluminium and was
equipped with rectangular fin for efficient cooling of con-
denser section. Inside the heat pipe, a screen mesh was
inserted as a wick structure to facilitate the capillary
action of working fluid. Influence of different operating

parameters such as heat flux, mass concentration of carbon
nanotubes and filling ratio of working fluid on thermal
performance of heat pipe and its thermal resistance were
investigated. Results showed that with an increase in heat
flux, the heat transfer coefficient in evaporator section of
the heat pipe increases. For filling ratio, however, there was
an optimum value, which was 0.8 for the test heat pipe.
In addition, CNT/water enhanced the heat transfer coeffi-
cient up to 40% over the deionized water. Carbon nano-
tubes intensified the thermal performance of wick structure
by creating a fouling layer on screen mesh structure, which
changes the contact angle of liquid with the surface, inten-
sifying the capillary forces.
Benkhedda et al.72 numerically studied the laminar

mixed convection in horizontal annulus filled with a
TiO2/water nanofluid and Ag-TiO2/water hybrid nanofluid.
The numerical simulations were performed for various
nanoparticles volume fractions, between 0 and 8% and
Grashof numbers between 105 and 106. The results showed
that for all studied Grashof numbers, the local and aver-
age Nusselt numbers, and the bulk temperature increase
with the increasing of the volume fraction and the Grashof
number. The heat transfer was very enhancement when
using a Ag-TiO2/water hybrid nanofluid compared to the
similar TiO2/water nanofluid. Moreover, the exploitation
of the numerical results that we obtained enabled us to
develop two new correlations, which allow the estimation
of the average Nusselt number. The results revealed that
the numerical data were in a good agreement with the cor-
relation data. The maximum error for nanofluid and hybrid
nanofluid was around 2.5% and 4.7% respectively.
Chang et al.73 performed an experimental investiga-

tion into the two-phase spray cooling heat transfer per-
formance of Al2O3-water nanofluid given three differ-
ent nanoparticle concentrations (0, 0.001 and 0.05 vol%)
and three different spray operating times (10, 20 and
30 hours). The results showed that for an Al2O3 concen-
tration of 0 vol% (i.e., pure DI water), the spray oper-
ating time has a negligible effect on the heat transfer
performance. However, for Al2O3 concentrations of 0.001
and 0.05 vol%, the heat transfer coefficient decreases
with an increasing spray operating time. For the nanofluid
with 0 vol% Al2O3, the spray operating time has only a
small effect on the surface hydrophilicity. However, for
the nanofluids with nanoparticle concentrations of 0.001
and 0.05 vol%, respectively, the surface hydrophilicity
increases with an increasing spray operating time. Fur-
thermore, the surface hydrophilicity also increases with
an increasing nanoparticle concentration for a given spray
operating time. The energy dispersive X-ray spectroscopy
(EDS) results reveal the presence of a nanoparticle layer
on the sprayed surfaces with a higher heat flux. The thick-
ness of the deposited layer increases with an increasing
spray operating time, and leads to a lower heat trans-
fer performance and a higher surface hydrophilicity as a
result.
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Chen and Chang74 performed an experimental investi-
gation into the pool boiling heat transfer performance of
TiO2-R141b nanofluid containing 0 vol%, 0.0001 vol%,
0.001 vol%, and 0.01 vol% TiO2 nanoparticles. Scanning
electron microscopy (SEM) and energy-dispersive X-ray
spectrometry (EDS) observations revealed that some of
the TiO2 nanoparticles adhere to the heated surface during
the boiling process. As a result, the heat transfer perfor-
mance was poorer than that obtained using pure R141b as
the working fluid. Accordingly, a further investigation was
performed in which the heated surface is vibrated ultra-
sonically. It was shown that the ultrasonic vibration creates
an acoustic cavitation effect, which inhibits the formation
of the nano-sorption layer and improves the heat transfer
performance as a result.
Doshmanziari et al.75 carried out an experimental study

to investigate effect of pulsation on heat transfer of fluid
flow inside a spiral-coil tube. In order to perform the
experiments, a hot water reservoir tank was prepared and
the spiral-coil was immersed horizontally inside the tank.
Average temperature of the hot water bath was kept con-
stant at 60 �C to establish a quiescent region of uniform
temperature. The experiments were conducted in turbu-
lent flow regime using distilled water and Al2O3/water
nanofluid at 0.5, 1, and 1.5% particle volume concentra-
tion. Results showed that overall heat transfer coefficient
of the base fluid flow increases by using nanofluid or pul-
sation into the base fluid flow up to 14%. Heat transfer
results also indicated that combination of the nanofluid and
the pulsation into the fluid flow can increase significantly
the overall heat transfer coefficient up to 23%.
Elshazly et al.76 experimentally investigated the thermal

performance of shell and coil heat exchanger with dif-
ferent coil torsions (�� for 	-Al2O3/water nanofluid flow.
Five helically coiled tube (HCT) with 0�0442≤�≤ 0.1348
were tested within turbulent flow regime. The average size
of 	-Al2O3 particles was 40 nm and volume concentra-
tion (�� was varied from 0 to 2%. Results showed that
reducing coil torsion enhances the heat transfer rate and
increases HCT-friction factor (fc�. Also, it was noticed that
HCT average Nusselt number (Nut� and fc of nanofluids
increase with increasing 	-Al2O3 volume concentration.
One of the main contributions was to provide heat equip-
ments designers with Nut and fc correlations for practical
configurations shell and coil heat exchangers with a wide
range of nanofluid concentration.
Firouzfar et al.77 presented new experimental data on

the effectiveness of HPHE and energy saving enhance-
ment with nanofluids in HVAC systems. A heat pipe heat
exchanger was tested in a test rig under steady-state con-
ditions. The experiments were performed to compare the
heat pipe heat exchanger effectiveness and energy saving,
using nanofluid and pure methanol. The inlet air relative
humidity across the evaporator section was varied between
35 and 80%. The sensible effectiveness of the heat pipe

heat exchanger obtained from experiments varied about
5–22% for pure methanol and 9–32% for methanol-silver
nanofluid.
Ghasemi et al.78 aimed at optimizing the heat trans-

mission parameters such as Nusselt number and friction
factor in a small double pipe heat exchanger equipped
with rotating spiral tapes cut as triangles and filled with
aluminum oxide nanofluid. The effects of Reynolds num-
ber, twist ratio (y/w), rotating twisted tape and concen-
tration (w%) on the Nusselt number and friction factor
were also investigated. The central composite design and
the response surface methodology were used for evaluat-
ing the responses necessary for optimization. According
to the optimal curves, the most optimized value obtained
for Nusselt number and friction factor was 146.6675 and
0.06020, respectively. Finally, an appropriate correlation
was also provided to achieve the optimal model of the
minimum cost. Optimization results showed that the cost
has decreased in the best case.
Hazbehian et al.79 presented the theoretical and exper-

imental results of the second law analysis on the perfor-
mance of a uniform heat flux tube using in the laminar
flow regime. The carbon nanotube/water nanofluids were
considered as the base fluid. The experimental investiga-
tions were undertaken in the Reynolds number range from
800 to 2600, volume concentrations of 0.1–1%. Results
were verified with well-known correlations. The results
showed that the Nu number increased about 90–270%
with the enhancement of nanoparticles volume concen-
tration compared to water. The enhancement was partic-
ularly significant in the entrance region. Based on the
exergy analysis, the results showed that exergetic heat
transfer effectiveness is increased by 22–67% employ-
ing nanofluids. The exergetic efficiency was increase with
increase in nanoparticles concentration. On the other hand,
exergy loss was reduced by 23–43% employing nanoflu-
ids as a heat transfer medium with comparing to con-
ventional fluid. In addition, the empirical correlation for
exergetic efficiency was also developed. The consequential
results obtained from the correlation were found to be in
good agreement with the experimental results within ±5%
variation.
Hosseinnezhad et al.80 investigated the effect of the

enhancement of Al2O3 nanoparticles density on turbulent
flow heat transfer of water in the tubular heat exchanger
with twisted-tape inserts. The investigated parameters of
the present study were Reynolds numbers at the range
of 10,000–30,000, the effect of twist ratio of twisted-
tape inserts from 2.5 to 4, co-swirl flow and counter-
swirl flow of two twisted-tapes inside the tube and volume
fractions of nanofluid from 1 to 4%. The results of this
research revealed that, by decreasing the twist ratio, the
counter-swirl flow twisted-tape and the enhancement of
volume fraction of Al2O3 nanoparticles in the base fluid,
the amount of average Nusselt number increases.
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Khoshvaght-Aliabadi81 individually and simultaneously
investigated the effects of two passive heat transfer
enhancement techniques, namely VG channel instead of
plain channel and Cu/water nanofluid instead of deion-
ized water, on performance of a PFHE. It was observed
that the combination of the two heat transfer enhancement
techniques has a noticeably high thermal-hydraulic perfor-
mance, about 1.67. Finally, correlations are developed to
predict Nusselt number and friction factor of nanofluids
flow inside the VG channel.

Kim et al.82 adapted a carbon nanofluid to examine the
characteristics of its cooling performance in an exhaust
gas recirculation (EGR) cooler, compared with that of
the usual working fluid water. After steady state, the
heat transfer rate of water became nearly constant; how-
ever, that of the nanofluid showed a slight increase, sug-
gesting that something happened to the nanofluid. The
result showed that the cooling performance of the carbon
nanofluid was a little better than that of water; however,
its performance data improved with time while those of
water were stable. It showed that assembly of the carbon
nanoparticles changed with its circulation through the EGR
cooler and the shape of the particle assembly depended on
the dispersion method employed.

Kumar et al.83 carried out Al2O3/water nanofluids under
turbulent flow condition. The Al2O3/water nanofluids of
0.1%, 0.4%, and 0.8% particle volume concentration were
prepared by using two step method. The tube side experi-
mental Nusselt number of 0.1%, 0.4% and 0.8% nanoflu-
ids were found to be 28%, 36% and 56%, respectively
higher than water. These enhancements were due to higher
thermal conductivity of nanofluid, better fluid mixing and
strong secondary flow formation in coiled tube. The pres-
sure drop of 0.1%, 0.4% and 0.8% were found to be 4%,
6%, and 9%, respectively higher than water. The increase
in pressure drop was due to increase in nanofluid viscosity
while adding nanoparticles. The measurement of nanofluid
thermal performance factor was found to be greater than
unity. It was concluded that the Al2O3 nanofluid can be
applied as a coolant in helically coiled tube heat exchanger
to enhance heat transfer with negligible pressure drop.

Liu et al.84 investigated enhancements of thermal con-
ductivities of ethylene glycol, water, and synthetic engine
oil in the presence of copper (Cu), copper oxide (CuO),
and multi-walled carbon nanotube (MWNT) using both
physical mixing method (two-step method) and chemical
reduction method (one-step method). Experimental results
showed that nanofluids with low concentration of Cu,
CuO, or carbon nanotube (CNT) have considerably higher
thermal conductivity than identical base liquids. For CuO-
ethylene glycol suspensions at 5 vol.%, MWNT-ethylene
glycol at 1 vol.%, MWNT-water at 1.5 vol.%, and MWNT-
synthetic engine oil at 2 vol.%, thermal conductivity was
enhanced by 22.4, 12.4, 17, and 30%, respectively.

Maddah et al.85 provided an experimental investiga-
tion of the exergetic efficiency due to the flow and heat

transfer of nanofluids in different geometries and flow
regimes of the double pipe heat exchangers. The experi-
ments with different Geometrical Progression Ratio (GPR)
of twists as the new modified twisted tapes and differ-
ent nanofluid concentration were performed under similar
operation condition. Pitch length of the proposed twisted
tapes and consequently the twist ratios changed along
the twists with respect to the Geometrical Progression
Ratio (GPR) whether reducer (RGPR < 1) or increaser
(IGPR> 1). Regarding the experimental data, utilization
of RGPR twists together with nanofluids tends to increase
exergetic efficiency. The results proved that the introduced
ANN model is reliable and capable in proposing a proper
development plan for a heat exchanger and/or to determine
the optimal plan of operation for heat transfer process.
Maddah and Ghasemi86 experimentally investigated the

heat transfer efficiency of water and iron oxide nanofluid
in a double pipe heat exchanger equipped with a typ-
ical twisted tape, and the impacts of the concentration
of nanofluid and twisted tape on the heat transfer effi-
ciency were also studied. The temperature of the hot fluid
(nanofluid), the temperature of the cold fluid (water), mass
flow rate of hot fluid (nanofluid), mass flow rate of cold
fluid (water), the concentration of nanofluid and twist
ratio were input data in artificial neural network and heat
transfer was output or target. Heat transfer efficiency in
the presence of 0.03 wt% nanofluid increases by 30%
while using both the 0.03 wt% nanofluid and twisted tape
with twist ratio 2 increases the heat transfer efficiency
by 60%. Implementation of various structures of neural
network with different number of neurons in the middle
layer showed that 1-10-6 arrangement with the correla-
tion coefficient 0.99181 and normal root mean square error
0.001621 was suggested as a desirable arrangement.
Siavashi and Jamali87 numerically investigated the heat

transfer and entropy generation of developing laminar
forced convection flow of water-Al2O3 nanofluid in a
concentric annulus with constant heat flux on the walls.
In order to determine entropy generation of fully devel-
oped flow, two approaches were employed and it was
shown that only one of these methods can provide appro-
priate results for flow inside annuli. The effects of con-
centration of nanoparticles, Reynolds number and thermal
boundaries on heat transfer enhancement and entropy gen-
eration of developing laminar flow inside annuli with dif-
ferent radius ratios and same cross sectional areas were
studied. The results showed that radius ratio is a very
important decision parameter of an annular heat exchanger
such that in each Re, there is an optimum radius ratio to
maximize Nu and minimize entropy generation. Moreover,
the effect of nanoparticles concentration on heat trans-
fer enhancement and minimizing entropy generation was
stronger at higher Reynolds.
Mansoury et al.88 intended a comprehensive experi-

mental investigation to survey consequence of nanofluid

J. Nanofluids, 8, 893–916, 2019 907



IP: 62.215.193.29 On: Sun, 19 Dec 2021 07:40:35
Copyright: American Scientific Publishers

Delivered by Ingenta

Nanofluid Flow in Complex Geometries—A Review Menni et al.

R
E
V
IE
W

on performance of sundry parallel flow heat exchangers
with the same heat transfer surface area. An experimental
setup including one double-pipe heat exchanger, two shell-
and-tube heat exchangers with different tube passes, and
one plate heat exchanger was designed and built to carry
out the experiments. The experiments were performed
under turbulent flow conditions using distilled water and
Al2O3/water nanofluid with 0.2, 0.5, and 1% particle vol-
ume concentrations. Through this study, the double-pipe
heat exchanger reflected the best outcomes in the heat
transfer coefficient with a maximum enhancement of 26%,
while only a 7% increment in the heat transfer coefficient
is observed for the plate heat exchanger. On the other hand,
minimum punishment for pressure drop of the working flu-
ids due to adding the nanoparticles was observed in the
plate heat exchanger at 1% volume concentration with a
maximum value of 10%.
Meena et al.89 demonstrated the enhancement of a ther-

mosyphon heat exchanger with fins and without fins using
Cu-nanofluid as a working fluid. The thermosyphon heat
exchanger had 13 tubes with Di-water and Cu-nanofluid
as working fluids, and a filling ratio of 50% by total vol-
ume. The exchangers were installed with two fin sizes: 0.5
and 1.0 cm. The fins were a 16 piece/pipe. The evapora-
tor section was heated by a heater, while the condenser
section was cooled by fresh air. The hot air was controlled
at three levels: 60, 70, and 80 �C, and the fresh air veloc-
ities were adjusted at three levels: 0.5, 1.0, and 1.5 m/s.
The test operation focused on the heat transfer rate and
thermal effectiveness of the thermosyphon heat exchanger
with a fin using Cu-nanofluid as a working fluid. It was
found that the maximum value of heat transfer rate and
thermal effectiveness occurred when the air velocity was
0.5 m/s, 1 cm of fin, temperature 80 �C, and using Cu-
nanofluid as the working fluid. It was indicated that the
heat transfer rate and thermal effectiveness performance
increased when compared with DI-water at all variables.
Mohammadiun et al.90 experimentally studied the fluid

flow of the Al2O3/ethylene glycol (EG) nanofluid in a cor-
rugated tube fitted with twisted tapes under turbulent flow
conditions. The experiments with different twists ratio and
different nanofluid concentration were performed under
similar operation condition. The investigated ranges were
(1) three different Al2O3 concentrations: 0.5, 1 and 1.5 %
by volume (2) three different twist ratios of twisted tape:
y/w= 2, 3.6 and 5 and (3) Reynolds number from 6000 to
30,000. The thermal performances of the heat exchanger
with nanofluid and twisted tapes were evaluated for the
assessment of overall improvement in thermal behavior.
Over the range studied, the maximum thermal performance
factor 4.2 was found with the use of Al2O3/EG nanofluid
at concentration of 0.5% by volume in corrugated tube
together with twisted tape at twist ratio of 2.
Monirimanesh et al.91 sought the effect of using

nanofluid in thermosyphon-type heat pipe heat exchangers

on energy conservation of an air conditioning sys-
tem. Two heat exchangers in-series were deployed using
TiO2/methanol nanofluids with 0–4 wt% concentrations
as working fluids. The impacts of temperature and rela-
tive humidity on the effectiveness of 2 and 4-row heat
exchangers were analyzed experimentally and more that
40% energy saving was obtained.
Noghrehabadi and Pourrajab92 investigated the effect of

nanofluids on heat transfer inside circular tubes under uni-
form constant heat flux boundary condition. The work-
ing nanofluid was a suspension of 	-Al2O3 nanoparticles
of average diameter 20 nm. The heat transfer coefficients
were calculated experimentally in the range of 1057 <
Re < 2070 with different particle volume concentrations
of 0.1%, 0.3% and 0.9%. Increasing the particle volume
fraction led to enhancement of the convective heat trans-
fer coefficient. The results showed that the average heat
transfer coefficient increased 16.8% at 0.9% volume con-
centration and Reynolds number of 2070 compared with
distilled water. In addition, the enhancement of the con-
vective heat transfer was particularly significant in the
entrance region and decreased with axial distance. Finally,
an empirical correlation for Nusselt number was proposed
for the present range of nanofluids.
Pourfayaz et al.93 performed an experimental investiga-

tion of convective heat transfer for SiO2/water nanofluid
through circular and square cross sections with the same
hydraulic diameter. Constant heat flux boundary condi-
tion and low volume concentrations of nanofluids (0.05,
0.07 and 0.2%) were the governing conditions of the
experiment. In each of the experiments, the average heat
transfer coefficients were obtained in several test condi-
tions for square and circular cross sections. It was found
that the circular-shaped channel could be better for heat
transfer purposes at the same flow rate, while the square
shaped channel has a higher heat transfer coefficient at
the same Reynolds number. The slope of the lines for
the square cross section was more than that for circular
cross sections which result in a steeper increase in aver-
age heat transfer coefficient versus Reynolds number in
the square-shaped channel. The increase of the Reynolds
number may decrease the dead zones in the square channel
that causes the double enhancement of the average heat
transfer coefficient.
Raei et al.94 performed an experimental study to inves-

tigate the effects of Al2O3/water nanofluid on the hydro-
dynamics and convective heat transfer of a counter flow
double-tube heat exchanger. The nanofluid was used as
hot fluid and passed through the inner tube of the
heat exchanger considering fully developed turbulent
flow regime. Local convective heat transfer coefficient in
double-tube heat exchanger was been measured experi-
mentally for the first time. Results showed that nanofluids
had higher Nusselt number than pure water.
Rashidi et al.95 numerically investigated the laminar

forced convection flow and heat transfer of Cu-water
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nanofluid for a wavy channel. The single phase and three
different two-phase models predictions (Eulerian, mixture,
and VOF) were studied, and their results were compared.
The heat transfer coefficient, temperature, and velocity
distributions were investigated. The results showed that
the differences between the temperature field in the sin-
gle phase and two-phase models are greater than those in
the hydrodynamic field. Also, it was found that the heat
transfer coefficient predicted by the single phase model is
enhanced by increasing the volume fraction of nanopar-
ticles for all Reynolds numbers; while for the two-phase
models, when the Reynolds number is low, increasing the
volume fraction of nanoparticles will enhance the heat
transfer coefficient in the front and the middle of the wavy
channel, but gradually decrease along the wavy channel.

Rashidi et al.96 performed a review of the literature
on the area of heat transfer improvement employing a
combination of nanofluid and inserts. Inserts were baf-
fles, twisted tape, vortex generators, and wire coil inserts.
The progress made and the current challenges for each
combined system were discussed, and some conclusions
and suggestions were made for future research. A good
improvement in the heat transfer rate was obtained by
employing vortex generator in pure water, while a con-
siderable improvement was achieved by employing the
vortex generator and nanofluids simultaneously followed
with a moderate rise of the friction factor. The geometrical
parameters of coil wires have a significant influence on the
thermal efficiency of the combined thermal system. The
heat transfer rate enhances by increasing the coil diameter.
The heat transfer improvement created by combining the
use of nanofluid and twisted tapes was higher at the pipe
outlet (compared to what happens at the inlet) as a result
of the influence of the swirl flow. Helical baffles were
introduced as a replacement for segmental types. A small
displacement of the baffle leads to an intense change in the
flow and temperature fields. When one wants to achieve
high heat transfer rates and small pressure drops, it is bet-
ter to employ helical baffles with small helix angle.

Salimpour and Dehshiri-Parizi97 experimentally inves-
tigated the laminar forced convective heat transfer of
TiO2/water nanofluids through conduits with different
cross sections. The effects of different parameters, such
as cross-sectional shape, Reynolds number, and concentra-
tion of nanoparticles, on the enhanced heat transfer were
examined by designing and assembling an experimental
apparatus. Results showed that adding a small amount
of nanoparticles to the base fluid improves heat trans-
fer behavior in conduits. A conduit with a circular cross
section performs better than conduits with square and tri-
angular cross sections. However, conduits with square and
triangular cross sections exhibit more relative enhance-
ments than a conduit with a circular cross section.

Suresh et al.98 carried out an experimental investigation
on the convective heat transfer and friction factor charac-
teristics in the plain and dimpled tube under laminar flow

with constant heat flux and distilled water and CuO/water
nanofluids. For this, CuO nanoparticles with an average
size of 15.3 nm were synthesized by sol–gel method. The
experimental results showed that there exists a difference
in the enhancement levels of Nusselt numbers obtained
with nanofluids in plain tube and dimpled tube. Hence it
was proposed that the mechanism of heat transfer enhance-
ment obtained with nanofluids is due to particle migration
from the core of fluid flow to tube wall.
Sözen et al.99 aimed to improve the thermal perfor-

mance of recuperator, an air–air heat exchanger, includ-
ing heat pipe bundle by utilizing a nanofluid, which is
the mixture of nanoparticles of a metal oxide and deion-
ized water, by this experimental study. The tests were con-
ducted by filling the heat pipe at the rate of 1/3 of heat
pipe volume both deionized water and alumina nanofluid,
respectively. Coolant air was used to determine how much
heat could be extracted from the condenser section. The
findings obtained from the tests show that thermal per-
formance of a heat pipe bundle-including recuperator was
remarkably enhanced when nanoparticles containing work-
ing fluid was used as the working fluid in place of deion-
ized water. The maximum improvement was achieved as
37.04% during the tests conducted at 6 kW heater power.
Venkitaraj et al.100 reported the experimental study on

convective heat transfer characteristics of water based tita-
nium dioxide nanofluids in fully developed flow through
a uniformly heated pipe heat exchanger fitted with modi-
fied butterfly inserts. Nanofluids were prepared by dispers-
ing TiO2 nanoparticles of average particle size 29 nm in
deionized water. The heat transfer experiments were per-
formed in laminar regime using nanofluids prepared with
0.1% and 0.3% volume fractions of TiO2 nanoparticles.
The thermal performance characteristics of conventional
butterfly inserts and modified butterfly inserts were also
compared using TiO2 nanofluid. The inserts with different
pitches 6 cm, 9 cm and 12 cm were tested to determine the
effect of pitch distance of inserts in the heat transfer and
friction. The experimental results showed that the modifi-
cation made in the butterfly inserts were able to produce
higher heat transfer than conventional butterfly inserts.

4. NANOFLUID FLOW IN SOLAR
COLLECTORS

A modest review of the literature has been conducted to
assess the exchange and the behavior of the nanofluids’
flow at solar air channels, mainly those used in the solar
energy collectors.
Armaghani et al.101 considered forced convection heat

transfer of nanofluids in a channel filled with porous
media under the Local Thermal Non-Equilibrium (LTNE)
condition and includes a three-equation energy model,
for the fluid/particle/solid phases. The fully-developed
flow and the steady Darcy-Brinkman equation were
employed in the porous medium channel. The local
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thermal non-equilibrium model was assumed between the
fluid, particles and the solid phases. The nanoparticles
were considered with a non-uniform distribution inside the
channel. As a result, the volume fraction distribution equa-
tion was also coupled with the other governing equations.
The effects of the Nield number and the modified thermal
capacity ratio on the heat transfer were completely studied.
In this study, they introduced one model for calculating
the absorbed heat flux by solid, particle and fluid phases.
In this study, three new different heat flux models were
proposed and compared together. The effect of Nield num-
ber on absorbed heat flux obtained by four models were
completely studied and compared together.
Awad et al.102 studied the influence of viscous dis-

sipation on free convection in a nanofluid saturated
porous media, caused by non-linear density temperature-
concentration variation. The non-Darcy model was used
to describe the behavior of the medium in which the
nanofluid flows through. The governing equations contain
both nanoparticle Brownian motion and thermophores is
effects. The non-linear system of partial differential equa-
tions governing the fluid flow are transferred to non-linear
coupled ordinary differential equations, and then have been
solved using the successive linearization method (SLM)
to obtain the velocity, temperature, solute concentration
and nanoparticle concentration in the respective boundary
layer. A parabolic temperature and concentration-density
relationship and viscous dissipation were considered in this
study. The Soret effect was investigated. The skin friction
and rate of heat transfer were evaluated numerically for
various parameter values.
Hady et al.103 presented a numerical study of a nat-

ural convection about a vertical cone embedded in a
non Darcian nanofluid containing gyrotactic microorgan-
isms saturated porous medium. In addition, a convective
boundary condition was considered into the model for
nanofluid. The set of governing equations was transformed
into a set of nonlinear ordinary differential equations
by using unique similarity transformations. Runge-Kutta
method of fourth order was used to solve these equations.
The Brownian motion and thermophores is effects were
incorporated in the nanofluid model. The effects of Biot
number, thermophoresis parameter Nt, Brownian motion
parameter Nb and non-Darcy parameter ND with fixed
values of other parameters on the dimensionless veloc-
ity and temperature were illustrated graphically. It was
found that an increase in convective parameter leads to
increasing both the dimensionless velocity and temper-
ature. Also with an increase in non-Darcy parameter,
the dimensionless temperature increases, whereas veloc-
ity decreases. In addition, the dependency of the reduced
Nusselt numbers and density number of the motion
microorganisms on the governing parameters was dis-
cussed. It was found that the density number of the motion
microorganisms decreases as the non-Darcy parameter
and Rayleigh number increase, whereas it increases with

increasing the convective parameter and buoyancy ratio
parameter.
Stalin et al.104 performed theoretical and experimen-

tal analyses for a flat-plate solar collector operating with
water and CeO2/water nanofluid as the working fluids. The
flat-plate solar water heater with 100 L per day capac-
ity along with ladder-type heat exchanger having collector
area of 2 m2 was fabricated for the experimental study.
The average particle size and volume fraction of nanoflu-
ids were considered as 25 nm and 0.01%, respectively. The
maximum collector efficiency of nanofluid was obtained
at the optimum mass flow rate of 2 lpm in experimen-
tal study. The developed mathematical model was rea-
sonably matching the experimental results with the error
of ±7.5%.
Rashidi et al.105 conducted a review of the literature on

the implementation of nanofluid technology in active and
passive solar distillation systems. The progress made and
the existing challenges were discussed, and some conclu-
sions and suggestions were made for future research. The
review indicated that the daily productivities of solar distil-
lation systems enhance by using nanofluid and increasing
the volume fraction of nanoparticles. However, long-term
operational stability and life cycle assessment remain crit-
ical issues. These factors should be considered for future
research in this field.
Rao et al.106 studied the boundary layer analysis of

nanofluid flow over a bidirectional exponentially stretching
sheet in the presence of transverse magnetic field and also
in convective condition. The effects of Brownian motion
and thermophoretic diffusion of nanoparticle were consid-
ered from the mathematical model. The results revealed
the existence of interesting Sparrow-Gregg-type Hills for
temperature distribution pertinent to some range of para-
metric values. Moreover the numerical data of drag coef-
ficient, local heat and mass transfer rates were evaluated
and analyzed. Effects of local Biot number on temperature
and concentration profiles were qualitatively similar. Both
the temperature and concentration profiles were enhanced
for higher values of local Biot number.
Siva Raman et al.107 investigated the influence of the

different type of nanoparticles on Hiemenz boundary layer
flow and heat transfer of incompressible nanofluid along
a porous wedge sheet in the presence of suction/injection
due to solar energy. The wall of the wedge was embed-
ded in a uniform Darcian porous medium in order to
allow for possible fluid wall suction or injection and has
a power-law variation of the wall temperature. The par-
tial differential equations governing the problem under
consideration were transformed by a special form of Lie
symmetry group transformations viz. one-parameter group
of transformation into a system of ordinary differential
equations, which were solved numerically using Runge-
Kutta-Gill based shooting method. The conclusion was
drawn that the flow field and temperature are significantly
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influenced by thermal radiation, nanoparticle volume frac-
tion, and porosity of the sheet.

AbdElhafez et al.108 investigated the possibility of
improving the solar heat recovery from copper-water
nanofluids using a micro heat exchanger. This micro heat
exchanger consisted of double brass tubes with a micro
annular space. The effect of nanoparticles addition to the
base fluid and its flow rate on the heat transfer characteris-
tics and heating rate for both nanofluids in solar simulator
section and water in shell side of micro heat exchanger
were studied. The nanofluids were forced to flow in the
tube side, while the fluid in the shell side was pure water.
The effect of copper (Cu) weight fraction in nanofluids
and the flow rate of nanofluids on the heat transfer coef-
ficient (h), overall heat transfer coefficient (U ), thermal
resistance (R), and heating rate for both nanofluids in heat-
ing section and cold water in micro heat exchanger were
studied. Four different concentrations of nanofluids in the
range 0.01–0.1 wt.% was used. The flow rate of nanoflu-
ids was changed in laminar region using a control valve.
The temperature of heated nanofluids varied from 22 to
73 �C. The heat transfer and overall heat transfer coeffi-
cients of the nanofluids 0.1 wt.% were found to increase
by 49.9 and 42.08%, respectively, when it was compared
with pure water. Also to be increased by increasing the
nanofluid flow rate. Also, it was observed that the weight
fraction has no significant effect on the final temperature
of the nanofluid exit from heating section.

Akhatov et al.109 represented the simulation results of
the thermal performances of flat-plate solar collector with
heat transfer fluid-nanofluid (SiO2 +water with 5% con-
centration). The dependence of the outlet temperature and
gained useful energy of heat transfer fluid (nanofluid) on
the flow rates (10, 15 and 20 L/h) at different ranges of
incident solar radiation (500–1000 W/m2) was obtained.

Akhatov et al.110 presented an analysis of the mod-
ern state of studies of the thermophysical properties of
nanofluids and the heat-transfer mechanism in them. The
results of experimental studies of obtaining and determin-
ing the dynamic viscosity of the nanofluids (SiO2+water)
with various concentrations of nanoparticles were given.
Nanofluids were obtained using a two-stage method in an
ultrasonic field with a frequency of 20 kHz. It was shown
that, in the SiO2+water system, nanoparticles with sizes
of 7, 12, and 16 nm are most stable. Various SiO2 concen-
trations in the volume range 0.5–5% were tested, and their
thermophysical properties were studied for the purpose of
using them as a heat-transfer medium in flat-plate solar
collectors.

Anbuchezhian et al.111 examined the influence of the
different type of nanoparticles on boundary layer flow and
heat transfer of incompressible nanofluid along the porous
vertical plate with temperature dependent heat source due
to solar energy. The governing partial differential equa-
tions for mass, momentum and energy conservation were

transformed into ordinary differential equations by using a
Lie symmetry group transformation. These equations were
solved numerically using R. K. Gill with shooting method.
The effects of the magnetic parameter, heat source, ther-
mal stratification, radiation and nanoparticle volume frac-
tion parameter of nanoparticles were discussed. Numerical
results for temperature and velocity were presented graph-
ically for various parameter conditions. The conclusion
was drawn that the flow field and temperature are signif-
icantly influenced by radiation, heat source and magnetic
field.
Bellos and Tzivanidis112 reviewed the recent trends in

the solar concentrating collectors and to give the emphasis
on the performance enhancement methods which applied
to the concentrating technologies. Optical and thermal
enhancements methods were investigated for the follow-
ing collector types: compound parabolic concentrator,
parabolic trough collector, linear Fresnel reflector and solar
dish concentrator. The emphasis was given to the uti-
lization of nanofluids as working fluids because a lot of
research was focused on them in the last years. More-
over, the use of internal fins and inserts in the flow,
the use of modified absorbers, as well as various opti-
cal design optimizations were included in this review. The
final conclusions of this work clearly indicate the most
effective enhancement methods in the concentrating solar
collectors, as well as the future fields that have to be
investigated.
Bellos and Tzivanidis113 investigated the use of various

nanoparticles (Cu, CuO, Fe2O3, TiO2, Al2O3 and SiO2�
dispersed in thermal oil (Syltherm 800). A detailed para-
metric analysis was performed for flow rates from 50 to
300 L min−1, for inlet temperatures from 300 K to 650 K
and for nanoparticle concentrations up to 6%, while the
impact of the solar irradiation level on the thermal effi-
ciency enhancement was also investigated. Moreover, a
new index for the working fluid evaluation in solar collec-
tors was introduced. The analysis was conducted with a
developed thermal model in Engineering Equation Solver.
According to the final results, the most efficient nanopar-
ticle was the Cu, with CuO, Fe2O3, TiO2, Al2O3 and
SiO2 to follow, respectively. It was found that the higher
enhancement is observed for lower flow rates, higher inlet
temperatures and higher nanoparticle concentrations, while
it is approximately constant for the different solar irra-
diation levels. For the typical operating conditions with
150 L min−1 flow rate and 600 K inlet temperature, the
thermal efficiency enhancement was found 0.31, 0.54 and
0.74% for Cu concentrations 2, 4 and 6%, respectively.
Bozorgan and Shafahi114 summarized the research done

on the nanofluids’ applications in solar thermal engi-
neering systems in recent years. This review article pro-
vided comprehensive information for the design of a
solar thermal system working at the optimum conditions.
This review identified the opportunities for future research
as well.
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Daniel et al.115 presented a numerical study of combined
effects of thermal stratification and convective heating for
the two-dimensional unsteady flow of hydromagnetic nat-
ural convection of nanofluid with buoyancy effects against
permeable stretching sheet in presence of electric field.
Viscous dissipation and Ohmic heating, as well as radia-
tive heat transfer, were taken into account in the heat con-
vection field. The impact of the chemical reaction due
to zero flux of nanoparticle concentration was adopted.
The model associated with Brownian motion and ther-
mophoretic diffusion was controlled with slip flow as well
as the convective boundary conditions with effects of ther-
mal stratification were employed. The numerical computa-
tions revealed that that electric and magnetic fields exhibit
opposite’s flow behaviour due to fluid motion and both
enhance the fluid temperature field. The consequence of
convective heating intensifies the nanofluid temperature for
higher values as thermal stratification reduces the profiles
and its associate’s thermal boundary layer thickness.
Faizal et al.116 analyzed the impact on the performance,

fluid flow, heat transfer, economic, and environment of a
flat-plate solar thermal collector by using silicon dioxide
nanofluid as absorbing medium. The analysis was based
on different volume flow rates and varying nanoparticles
volume fractions. The study was indicated that nanofluids
containing small amount of nanoparticles have higher heat
transfer coefficient and also higher energy and exergy effi-
ciency than base fluids. The measured viscosity of nanoflu-
ids was higher than water but it gives negligible effect on
pressure drop and pumping power. Using SiO2 nanofluid
in solar collector could also save 280 MJ more embodied
energy, offsetting 170 kg less CO2 emissions and having a
faster payback period of 0.12 years compared to conven-
tional water-based solar collectors.
Goyal and Bhargava117 carried out a computational

study of heat transfer and buoyancy driven fluid low in
nanofluid filled triangular enclosure with slanting wavy
wall. A two phase model for nanofluid with Brownian
motion and Thermophoresis, the two essential slip mecha-
nisms responsible for enhancing heat transfer in nanofluid
were considered. It was observed that heat transfer rate
significantly depends upon the Ra, Ntand Nb but not so
much on A. The knowledge about heat transfer can be
used to effectively control the temperature (both in winters
and summers) inside a greenhouse. One of the industrial
applications of this problem thus, lies in the design of
greenhouse solar collector, and was discussed in detail in
this study.
Imtiaz et al.118 explored the flow of viscous nanofluid

over a stretching sheet with mixed convection. The main
objective here was to examine the Newtonian heating
effect. The partial differential equations were reduced to
the ordinary differential equations (ODE). The resulting
ODEs were computed for the convergent series solutions.
Plots for physical quantities of interest were displayed

and discussed. Local Nusselt and Sherwood numbers were
computed and analyzed.
Kandasamy et al.119 analyzed the influence of the differ-

ent type of nanoparticles on Hiemenz boundary layer flow
and heat transfer of incompressible Cu-water nanofluid
along a porous wedge sheet in the presence of thermal
stratification due to solar energy. The wall of the wedge
was embedded in a uniform Darcian porous medium to
allow for possible fluid wall suction or injection and has
a power-law variation of the wall temperature. The partial
differential equations governing the problem under consid-
eration were transformed by a special form of Lie sym-
metry group transformations viz., one-parameter group of
transformation into a system of ordinary differential equa-
tions which were solved numerically by Runge-Kutta-Gill-
based shooting method. The conclusion was drawn that the
flow field and temperature were significantly influenced
by convective radiation, thermal stratification, buoyancy
force,and porosity of the sheet.
Sajid Khan et al.120 focused on the detailed techni-

cal and cost-effective feasibility analyses of a 60 MWe
steam power plant integrated with parabolic trough solar
collectors. Al2O3 nanoparticles were mixed with thermal
oil, to make nanofluid, which circulates in the collector
loop. Results showed that turbines are the main source
of exergy destruction (63855 kW) followed by feed water
heaters and boiler. Overall energetic and exergetic efficien-
cies of the system were observed to be 22.64 and 23.83%,
respectively. The integration of PTC system with conven-
tional plant resulted in a reduction in fuel consumption
which significantly brings down the CO2 emissions by
almost 33%.
Khullar and Tyagi121 examined the potential of the

nanofluid-based concentrating solar water heating system
(NCSWHS) as an alternative to systems based on fossil
fuels. The authors reported a quantitative assessment to
assess the potential environmental benefits which could be
obtained from NCSWHS if substituted for those using fos-
sil fuels. The analysis revealed that considerable emission
reductions (about 2.2× 103 kg of CO2/household/ year)
and fuel savings can be achieved if the NCSWHS were
adopted.
Meibodi et al.122 aimed to analyze the second law of

thermodynamics for a flat-plate solar collector using SiO2

nanoparticles with a diameter of 40 nm suspended in
a mixture of EG and water (50:50 vol%). The results
were presented in terms of exergy efficiency, entropy
generation parameter, and Bejan number for three dif-
ferent mass flow rates and various solar radiation inten-
sities. It was found that when nanofluid concentration
increases from 0 to 1%, exergy efficiency enhances up to
62.7% for a mass flow rate of 1 L min−1, whereas the
corresponding increases in mass flow rates of 1.75 and
2.5 L min−1 are 45.2 and 39.7%, respectively. The results
also elucidated that entropy generation parameter, which
is a function of entropy generation, ambient temperature,
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and solar radiation,reduces with increasing the nanofluid
concentration.

Mohamad et al.123 analyzed the influence of the cop-
per nanoparticles in the presence of magnetic field on
unsteady Hiemenz flow and heat transfer of incompress-
ible Cu-nanofluid along a porous wedge sheet due to solar
energy. The conclusion was drawn that the temperature is
significantly influenced by magnetic strength, nanoparticle
volume fraction, convective radiation and porosity of the
wedge sheet.

Nasrin et al.124 presented a numerical visualization of
heat transport for forced convective heat transfer by a two-
dimensional heat function formulation through a direct
absorption solar collector (DASC) filled with water-copper
nanofluid. It was observed that the radiative heat flux vari-
ation decreases the mean heat transfer, but increases the
collector efficiency and entropy generation for nanofluids
more than that for pure water. According to the results
obtained from this study, under similar operating condi-
tions, DASC was found to have higher efficiency than a
flat-plate solar collector (FPSC). Generally, a DASC per-
formed better than a flat-plate collector; however, much
better designed flat-plate collectors might be able to match
or outperform the efficiency of a nanofluid-based DASC
under certain conditions.

An experimental study on the performance of solar flat
plate collector with different absorber tube configurations
and working fluids such as EG-water and EG-water-ZnO
nanofluid termed as case 1 and case 2, respectively. 0.02%
volume fraction of ZnO nanoparticle and 0.015 kg/s of
mass flow were considered by Niranjan et al.125 for this
study. The maximum absorbed energy parameter (FR) was
0.91 for grooved tube 1 and case 2, which was 12.34%
more than FR value of case 1.

Polvongsri and Kiatsiriroat126 carried out a study on
water solar collector performance having silver nano-
fluid as working fluid. In this study, 20 nm silver par-
ticles mixed with water at the concentrations of 1,000
and 10,000 ppm were undertaken in three small iden-
tical closed-loop flat-plate solar collectors each area of
0.15 m× 1.0 m. The mass flux of the working fluid var-
ied between 0.8–1.2 liter/min-m2 and the inlet tempera-
tures were controlled in the range of 35–65 �C. The tests
were performed outdoor under a steady-state condition.
The experimental results showed that at the same Reynolds
number, the convective heat transfer coefficient of the
nano-fluid inside the solar absorber tube at 1,000 ppm was
slightly higher than that of water and at 10,000 ppm, the
heat transfer coefficient was about 2 times of that from
water.

Rashidi et al.127 performed a second law of thermo-
dynamics analysis for nanofluid turbulent flow in a solar
heater duct with rib roughness on the absorber plate. The
effects of different parameters including rib height, rib
wedge angle, rib pitch, Reynolds number, and nanofluid

concentration on the thermal and frictional irreversibilities
were investigated and discussed. The results indicated that
the thermal entropy generation decreases about 11.1% by
using nanofluid with concentration of 0.04. The frictional
and thermal entropy generations decreased by increasing
the rib pitch. Moreover, the thermal entropy decreased
about 21.05% by increasing the rib height in the range
of 0.025–0.033 for Re = 3200. Finally, it was found that
the thermal entropy generation decreases by increasing the
wedge angle of the rib.
Sami128 developed a numerical mathematical model to

predict the thermal behaviour of thermal solar collec-
tors using nanofluids under different magnetic fields. The
model was based upon energy conservation equations for
nanofluids flow, heat transfer for different nanofluids and
magnetic field. The thermal behaviour of the solar collec-
tors during charging phase was studied, predicted numeri-
cally and analysed using different nanofluid materials and
magnetic fields. Comparisons were made against litera-
ture data for validation purposes of the predictive model.
The model fairly predicted heat absorbed and solar panel
efficiency under different nanofluids conditions, magnetic
fields and compared well with existing data on the subject.
Raja Sekhar et al.129 carried out experimental inves-

tigations to understand the fluid behavior, for thermally
developing laminar mixed convection flow of water in an
inclined tube under uniform wall heat flux boundary con-
ditions. The working fluid at low Reynolds number in
the mixed laminar flow range was undertaken with water
in thermosyphon mode for different inclination angles
of the tube. Local and average coefficients were deter-
mined experimentally and compared with theoretical val-
ues for water-based Al2O3 nanofluids. The results showed
an enhancement in heat transfer in the experimental range
with Rayleigh number at higher inclinations of the collec-
tor tube for water and nanofluids.
Sheikh et al.130 aimed to model the problem of the

enhancement of heat transfer rate of solar energy devices,
using nanoparticles and to find the exact solutions of
the considered problem. The classical model was trans-
formed to a generalized model using two different types
of time-fractional derivatives, namely the Caputo-Fabrizio
and Atangana-Baleanu derivatives and their comparative
analysis was presented. The solutions for the flow profile
and heat transfer were presented using the Laplace trans-
form method. The variation in the heat transfer rate was
observed for different nanoparticles and their different vol-
ume fractions. Theoretical results showed that by adding
aluminum oxide nanoparticles, the efficiency of solar col-
lectors may be enhanced by 5.2%. Furthermore, the effect
of volume friction of nanoparticles on velocity distribution
was discussed in graphical illustrations. The solutions were
reduced to the corresponding classical model of nanofluid.
Tahari et al.131 demonstrated in this paper the phys-

ical effect of a variable magnetic field on a nanofluid-
based concentrating parabolic solar collector (NCPSC).
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A section of reservoir was modeled as a semi-circular
cavity under the solar radiation with the magnetic source
located in the center or out of the cavity and the governing
equations were solved by the FlexPDE numerical software.
The effect of four physical parameters, i.e., Hartmann
Number (Ha), nanoparticles volume fraction (
), magnetic
field strength (	� and magnetic source location (b), on
the Nusselt number was discussed. To find the interac-
tion of these parameters and its effect on the heat transfer,
a central composite design (CCD) was used and analysis
was performed on the 25 experiments proposed by CCD.
Analysis of variance (ANOVA) of the results revealed that
increasing the Hartmann number decreases the Nusselt
number due to the Lorentz force resulting from the pres-
ence of stronger magnetic field.
Xian et al.132 reported recent review on the effects of

implantation of nanofluid in vehicle engine cooling sys-
tem and other major applications, i.e., solar collector, elec-
tronics cooling system, flow boiling and thermal energy
storage system. Thermophysical properties and heat trans-
fer performance of nanofluids obtained in simulation, test
rigs and even real vehicle engine experiments were dis-
cussed thoroughly. Models and correlations used by past
researchers to compute thermophysical properties were
also included. In the last part, various advantages from
using nanofluid were summarized, and suggestions for
research gap between past studies were discussed to fur-
ther improve the investigation work in the future.
Mohamed et al.133 analyzed the problem of steady

three-dimensional laminar boundary layer flow of non-
Newtonian nanofluid in the presence of heat genera-
tion/absorption and chemical reaction in this contribution.
The flow was caused by a bidirectional radiating stretching
surface embedded in porous media. Sisko fluid model, one
of the various fluid models of non-Newtonian fluid, was
considered for stress–strain relationship. The nanofluid
was assumed electrically conducted through a constant
applied magnetic field. Effects of Brownian motion and
thermophoresis in the nanofluid model were considered.
The local-similarity transformation was used to transfer
the governing partial differential equations into the ordi-
nary differential equations which were then solved analyti-
cally by employing Homotopy analysis method. Effects of
various physical parameters on velocity, temperature and
concentration distributions were studied and discussed, as
well as the skin friction coefficient and Nusselt number.
Prabhavathi et al.134 presented a numerical solution to

the MHD boundary layer heat and mass transfer flow of
Al2O3-water and Cu-water based nanofluids over a ver-
tical cone saturated by porous media with heat genera-
tion/absorption, thermal radiation and chemical reaction
in the present analysis. Though they have different vari-
eties of nanofluids, they have considered Al2O3-water and
Cu-water based nanofluids (with volume fraction 1% and
4%) in this problem. The governing partial differential

equations describing the steady-state conservation of mass,
momentum, energy as well as conservation of nanopar-
ticles for nanofluids were transformed into the set of
ordinary differential equations by using suitable similar-
ity transformations and were solved numerically subject
to the boundary conditions using an efficient, extensively
validated, variational finite element method. The influ-
ence of important non-dimensional parameters on veloc-
ity, temperature and nanoparticle concentration fields as
well as the skin-friction coefficient, Nusselt number and
Sherwood number were examined in detail and the results
were shown in graphically and in tabular form to illustrate
the physical importance of the problem.

5. CONCLUSION
Today, nanofluids applications were successfully experi-
enced in a wide range of industries, i.e., drying process,
tempering process, solar collectors, solar water heater,
solar panel cooling, fuel cells, transformer cooling, car
radiators, industrial exchangers, nuclear reactors, acous-
tic cavitation, magnetic fluids, heat sink, heat pipes,
minichannels, microchannels, impingement jets, crystal
silicon mirrors, spray cooling, turbine blades, engine,
journal bearings, drug delivery, cancer therapy, combus-
tion, etc. This paper reviewed and summarized the exper-
imental and numerical studies implemented on nanofluids
including traditional and novel approaches. The research
works performed employing techniques such as single-
phase: conventional or dispersion, Lattice Boltzmann, two-
phase: Eulerian-Eulerian (mixture, VOF, or Eulerian), or
Eulerian-Lagrangian, etc. This paper reported a summary
of the experimental and numerical investigations done
employing different nanofluids’ heat transfer enhancement
strategies in different microchannels, complex geometries,
i.e., heat exchangers, and solar energy collectors, along
with the geometry type and the findings.
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