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Abstract

Recently, many researchers have focused on their

studies on the analysis of nanofluid flows due to

their participation in the enhancement of heat

transfer rates in industrial processes. The ordinary

fluids, such as water, mineral oils, and so on, are

known for their low thermal conductivity in heat

transfer processes. A significant enhancement in the

thermal properties of ordinary fluid may be obtained

by adding nanoparticles having a diameter of less

than 100 nm or suspension of fibers. Better spread-

ing, wetting, dispersion, and stability and with ac-

ceptable viscosity are the main advantageous

properties of nanofluids on a solid surface. The na-

nofluids are encountered in various thermal en-

gineering systems such as in heat exchangers,

refrigeration, thermal management of fuel cells,

cooling of nuclear reactors, microelectromechanical

systems, and others. In particular, the thermal con-

version is known as a great application of nano-

technology, and many studies have been achieved

with such fluids in heat exchangers. Therefore, this

paper aims to present a global insight into the dif-

ferent applications of nanofluids in various heat

exchangers, that is, heat pipe and plate‐fin heat ex-

changers. All research works have been summarized
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into three main parts: laminar, transition, and tur-

bulent nanofluid flow regimes.
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heat pipe heat exchangers, laminar flow, nanofluids, plate‐fin heat

exchangers, transitional flow, turbulent flow

1 | INTRODUCTION

In the last two decades, the nanofluids have attracted considerable attention, and many re-
searchers explored the applicability of nanofluids' use in various equipment. Knowledge of
nanofluids' advantages and their physical properties and performance is needed, which may
provide further development in thermal sciences.1

Solid nanoparticles are dispersed in the base fluids such as oil, water, or ethylene glycol (EG)
to obtain nanofluids. The main objective of the preparation of these fluids is to increase the
thermal conductivity and, consequently, the heat transfer. The light mass, small size, and high
performance of thermal systems are the main requirements of advances in device miniatur-
ization.2 A great effort has been made by many researchers to establish convective transport
models for nanofluids.3‐10

1.1 | Nanofluids for heat transfer applications

Nanoparticle suspensions are employed in various engineering applications, due to their in-
creased thermal conductivity, as reported by Thomas and Sobhan.11 These authors focused on
the convective heat transfer and phase change in nanofluids.

Rashidi et al12 reviewed and summarized the experimental and numerical studies that were
achieved regarding the performance of nanofluids in evaporating and condensing energy
systems. They illustrated the advantages and disadvantages of nanofluid utilization in such
systems. They claimed that the efficiency of the thermal system might be highly influenced by
the suspension and deposition of nanoparticles.

Moreira et al13 revealed in their literature review that many studied focused on pool boiling
and single‐phase flows, while only a few investigations on the flow boiling are published. They
summarized the different explanations pointed out by distinct authors regarding the physical
mechanisms of heat transfer in nanofluids flow.

The literature review reveals that nanofluids considerably enhance the thermal character-
istics of the forced convection. The volume fraction of particles has a high impact on heat
transfer rates, while the pressure losses are appreciably high only when the particle con-
centration is higher than 5%. The increase of heat transfer rates with the raise of nanoparticle
concentration has been confirmed by the literature studies. However, some researchers have
observed a negative effect of higher volume fractions on heat transfer rates. Generally, the high
thermal conductivity of nanoparticles leads to increased heat transfer characteristics such as
CuO nanoparticles compared to TiO2 and Al2O3. Furthermore, the size of nanoparticles should
be minimized to intensify the chaotic movement of nanoparticles within the fluid.14
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Sridhara and Satapathy15 performed a study with Al2O3/water nanofluids. They changed the
size of nanoparticles from 13 to 302 nm, and they observed a thermal conductivity improvement
of 2% to 36%. Barber et al16 reviewed the last studies on convective boiling and both pool boiling
applications. The enhancements, CHF, and decreases in the nucleate boiling were the main
parameters discussed by these authors.

1.2 | Experimental features, mechanisms, and thermal performance
criteria

Choi et al17 interested in the study of the internal forced convection of nanofluids. They focused
on the effects of the nanoparticle size, volume fraction, operating temperature, and the pH on
the overall heat transfer rates. They reported that the mechanisms for the improvement of the
internal forced convective heat transfer could be mainly categorized into two devices, namely
the movement of nanoparticles in fluid flow and the change in thermophysical properties.

A detailed review of the characteristics of nanofluids forced convection under constant wall
temperature, and constant heat flux in heat exchangers was presented by Gupta et al.18 Most of
the experimental studies revealed an enhancement in heat transfer coefficient with increased
Reynolds number. The utilization of nanofluids was confirmed to be an up‐and‐coming tech-
nique for heat transfer improvement, but a lack of agreement between some researchers was
observed.

1.3 | Applications of nanofluids in a porous medium

Nanofluids in porous media have received further attention during the last decades. The cooling
of microchannel heat sinks may be optimized by the utilization of nanofluids. However, the use
of these fluids in such devices requires a deep understanding of the mechanisms of convection
in porous media.19

The different applications of nanofluids in porous media were presented in detail in the
review of Khanafer and Vafai.20 These authors reported that further enhancement in heat
transfer rates in various thermal systems might be obtained with the combination of porous
medium and nanofluids. This is due to the thermal characteristics of nanofluids combined with
the larger surface area/volume of the porous media.

The present review reports a summary of the outstanding studies on nanofluids in various
heat exchangers, that is, heat pipe and plate‐fin heat exchangers (PFHEs). The study is orga-
nized into three main classes: laminar, transition, and turbulent nanofluid flow regimes.

2 | NANOFLUID TRANSPORT UNDER LAMINAR FLOW
REGIME

The most outstanding studies on the laminar regime of nanofluid flows are described in this
section, as reported in Table 1. Moraveji et al21 studied by numerical simulations the flow of
CuO‐water nanofluid inside microchannels. They used both the single‐phase model and two‐
phase models (mixture, Eulerian, and volume of fluid models). Their results revealed that the
two‐phase models are more reliable and precise than the single‐phase model for this kind of
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TABLE 1 Nanofluid flows relative to the laminar regime

Author(s)

Physical model
Nanofluid
Flow regime
Study type
Method Geometry/experimental setup

Moraveji
et al21

Microchannel

CuO‐water (ϕ= 0.005%,
0.01%, and 0.1%)

Laminar regime:
Re= 40‐100

3D numerical simulation

Finite volume method

Sasmal22 Inclined elliptic cylinder

Al2O3‐water (ϕ= 0%‐6%)
Laminar regime:

Re= 0.01‐40
2D numerical simulation

Finite element method

Kumar et al23 Helically coiled tube
heat exchanger

Al2O3‐water (ϕ= 0.1%,
0.4%, and 0.8%)

Laminar regime: Dean
number
(De) = 1650‐2650

3D numerical simulation

Finite volume method
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TABLE 1 (Continued)

Author(s)

Physical model
Nanofluid
Flow regime
Study type
Method Geometry/experimental setup

Hassan et al24 Circular tube

Cu2O‐ethylene glycol
(ϕ= 1%, 2.5%,
and 4.5%)

Laminar regime:
Re= 36, 71,
and 116

Experimental study

Two‐step method

Hussein et al25 Car radiator with tubes
and container

SiO2‐water and TiO2‐
water (ϕ= 1%‐2.5%)

Laminar regime:
Re= 250‐1750

Experimental study

Two‐step method

Bayat and
Nikseresht26

Circular tube

Al2O3‐EG, Al2O3‐water,
and Al2O3‐EG/water
mixture (ϕ= 0%‐9%)

Laminar regime:
Re= 100‐2000

Numerical study

Finite volume approach

(Continues)
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TABLE 1 (Continued)

Author(s)

Physical model
Nanofluid
Flow regime
Study type
Method Geometry/experimental setup

Alosious et al27 Automobile flat tube
radiator

CuO‐water and Al2O3‐
water (ϕ= 0.05%‐1%)

Laminar regime:
Re= 136‐816

Experimental and 3D
numerical study

Finite volume numerical
method and two‐step
experimental method

Anbu et al28 Helically corrugated
tubes with spiraled
rod inserts

TiO2‐deionized water
(ϕ= 0.1%, 0.15%,
0.2%, and 0.25%)

Laminar regime:
500 < Re< 2500

Experimental study

LVDV‐I PRIME C/P to
find viscosity and
KD2 Pro Thermal
Property Analyzer to
measure the thermal
conductivities

Arunachalam
and
Edwin29

Straight circular tube
with and without
V‐cut twisted tape
inserts

(Al2O3‐Cu)‐water
(ϕ= 0.1%‐0.4%)

Laminar regime:
Re≤ 2000

Experimental study

Brookfield viscometer:
(LVDV‐I PRIME
C/P) to find the
viscosity of
nanofluids and KD2
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TABLE 1 (Continued)

Author(s)

Physical model
Nanofluid
Flow regime
Study type
Method Geometry/experimental setup

Pro Thermal
Property Analyzer to
measure the λnf

Kong et al30 Helically coiled heat
exchanger

DI‐water/GNPs:
deionized water‐
based graphene
nanofluids
(ϕ= 0.05%
and 0.08%)

Laminar regime:
Re= 500‐7000

Experimental study

Two‐step method

Kumar et al31 Compact heat exchanger
with
multilouvered fins

Al‐water (ϕ= 0.1%
and 0.2%)

Laminar regime:
Re= 40‐110 for hot
fluid; and Re= 1000‐
2200 for cold air

Experimental study

Transmission electron
microscope and
X‐ray diffraction

Liou et al32 Louvered microchannel

Al2O3‐water (ϕ= 0%‐4%)
Laminar regime:

Re= 100‐400
2D numerical simulation

Lattice Boltzmann
method

(Continues)
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nanofluids. Sasmal22 used the two‐phase Buongiorno's model to study the flow of water‐based
Al2O3 nanofluid in an inclined elliptic cylinder. They suggested an analytical correlation for
predicting the Nusselt number for such fluids.

For Al2O3/water nanofluids, Kumar et al23 simulated the hydrothermal characteristics of a
helically coiled tube heat exchanger. Abreu et al35 interested in the convective heat transfer of
aqueous suspensions of multiwalled carbon nanotubes (MWCNTs). They observed an increase
in the heat transfer coefficient by about 47% for a volume fraction of 0.5%. They reported that
nanofluids' effective thermal conductivity enhancement, by itself, cannot fully explain the
improvement of the respective dynamic heat transfer capabilities.

The experimental study performed by Ahmad et al36 for Al2O3/water and SiO2/water na-
nofluids flowing through a heat pipe heat exchanger showed that the addition of small amounts
of nanosized Al2O3 particles to the base fluid increases the heat transfer rates significantly.
However, an adverse effect of silica nanofluids was observed, compared to the alumina
nanofluids.

TABLE 1 (Continued)

Author(s)

Physical model
Nanofluid
Flow regime
Study type
Method Geometry/experimental setup

Sivakumar
et al33

Serpentine‐shaped
microchannel

Al2O3‐water and CuO‐
water
(ϕ= 0.01%‐0.3%)

Laminar regime:
Re= 100.96‐1307.15

Experimental
investigation

Scanning electron
microscope

Tan et al34 Helical heat exchanger

MWCNTs‐xanthan gum
(XG) (ϕ= 1.0%, 0.5%,
and 0.2%)

Laminar regime:
600 < Re< 1700

Experimental study

Two‐step method

Abbreviations: 2D, two‐dimensional; 3D, three‐dimensional; EG, ethylene glycol; MWCNTs, multiwalled carbon nanotubes.
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Arbaban et al37 used the finite volume method to explore the heat transfer and buoyancy‐
driven Cu‐water flow in a heat pipe heat exchanger equipped with radial fins attached to the
inner cylinder. They found an increase in Nusselt number with the increased volume fraction of
nanoparticles. Furthermore, the addition of nanoparticles has yielded a decrease in the absolute
value of temperature gradient and stream function.

Hassan et al24 tested the effect of volume concentrations (1%, 2.5%, and 4.5%) of the EG base
cuprous oxide (Cu2O) nanofluids on the convective heat transfer. Compared with the base fluid,
they found a thermal enhancement by about 74% at 4.5% of nanoparticle concentration and
Re= 116. For laminar flow conditions, Heris et al38 studied the thermal properties of turbine oil‐
based nanofluids through a heat pipe heat exchanger. They prepared the nanofluids by dis-
persing Al2O3, TiO2, and CuO nanoparticles in turbine oil with a volume fraction lower
than 1%.

Hojjat et al39 incorporated three different nanoparticles (CuO, TiO2, and γ‐Al2O3) in car-
boxymethyl cellulose (CMC) solutions to enhance thermal performance through a uniform heat
pipe heat exchanger. Their experimental results showed increases in the heat transfer coeffi-
cient with the raise of nanoparticle loading. In another paper,40 these authors used the same
nanofluids flowing through a heat pipe heat exchanger with constant wall temperature. They
observed a significant enhancement in heat transfer rates with increased nanoparticle con-
centration and Peclet number. Hussein et al25 interested in the cooling of the flat copper heat
pipe heat exchanger of the automobile. They used the suspensions of TiO2 and SiO2 in water,
and they obtained increases in the cooling enhancement with increasing nanoparticle
concentration.

Manay and Mandev41 studied experimentally the mixed convective heat transfer in a heat
pipe heat exchanger. They used water and water‐based SiO2 nanofluids with 0.2% and 0.4% of
volume concentrations. The overall heat transfer has been increased by 12% to 14% and 29% to
32% for the volume fractions of 0.2% and 0.4%, respectively.

By using the computational fluid dynamic (CFD) method, Bayat and Nikseresht26 studied
the forced convection of three nanofluids flowing a horizontal heat pipe heat exchanger. The
increasing mass of EG, as well as Reynolds number, yielded an increase in heat transfer rates.
Chun et al42 performed an experimental study on the flow of several alumina nanoparticles and
transformer oil through a double‐pipe heat exchanger (DPHE). They noticed that the particle
shape, particle loading, and the surface properties of nanoparticles are the main parameters to
improve the heat transfer properties of nanofluids.

By experiments and numerical simulations, Alosious et al27 used Al2O3‐water and CuO‐
water nanofluids with 0.05% of volume concentrations in a flattened tube of an automobile
radiator. The maximum heat transfer enhancement and stability were obtained with Al2O3

nanofluids, compared with CuO nanofluids.
For TiO2/DI‐water (DW)nanofluids, Anbu et al28 studied by experiments the hydrothermal

characteristics in uniformly heated plain and helically corrugated tubes (HCT) with and
without spiraled rod inserts (SRI). The SRI and HCT used in combination allowed higher
thermal performance factors than the individual techniques.

Arunachalam et al29 explored experimentally the hydrothermal characteristics of alumina‐
water nanofluids and Cu‐alumina‐water hybrid nanofluids flowing in a straight tube with and
without V‐cut twisted tape insert. With a mixing of 0.01% and 0.4% of volume fractions for
copper and alumina, respectively, they observed a functional enhancement in Nu compared to
that of water. Furthermore, the Al2O3‐Cu/water hybrid nanofluid with a concentration of 0.01%
has yielded a higher friction factor than those of the Al2O3/water nanofluid and base fluid.
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Estelle et al43 explored the heat transfer phenomenon of carbon nanotubes (CNTs) nano-
fluids at an operating temperature of 45°C stabilized by lignin as a surfactant. Both water and
the mixture of water‐EG were used to prepare the nanofluid. They focused on the influence of
the entrance region, nanofluids composition, and Reynolds number.

Fan et al44 studied the flow of nanofluid and its thermal characteristics under laminar flow
conditions in a horizontal channel. Guo et al45 used the mixture of DW and EG to prepare stable
nanofluids composed of γ‐Fe2O3. They reported that the sodium oleate, which has been em-
ployed as a surfactant, intensifies the dispersion of nanoparticles. The composed nanofluids
have a Newtonian behavior with viscosity depending on the nanoparticle loadings. The ob-
tained results revealed increases in heat transfer coefficients with augmented volume fraction
and Reynolds number.

As well‐known, the palm oil is widely employed in heat exchangers. Hussein et al46 tested
the effect of the presence of nanoparticles suspended in palm oil, and they observed a decrease
of friction factor with increased Reynolds number and decreased nanoparticle concentrations.
They also noticed that stable nanofluids lead to a significant enhancement of thermal
properties.

Nanofluids are also used in food industries as heating mediums to reduce time and energy.
Jafari et al47 explored the effect of volume fraction of alumina nanoparticles on the overall heat
processing of tomato juice in a shell‐and‐tube heat exchanger (STHE). They observed an in-
crease in viscosity, density, and thermal conductivity and a decrease in heat transfer rates with
the augmentation of nanoparticles concentrations. They reported that the decrease/increase of
the parameters mentioned above depends strongly on the nanoparticle diameter.

Jafarimoghaddam et al48 used Ag/oil nanofluid to enhance the heat transfer coefficient of
the bearing shaft of a rotating turbine, and they obtained exciting results.

Kong et al30 incorporated DW‐based graphene nanofluids (DW/GNPs) in vertical helical
coils to recover the hot exhaust gas of combustion. Compared with DW, they obtained an
increase in thermal conductivity by about 13.36% and an enhancement in heat transfer coef-
ficient by 21% to 25% at a particle concentration of 0.05%.

Kumar et al31 determined by experiments the thermophysical characteristics of Al/water
nanofluids at two concentrations (0.1% and 0.2%) and different temperatures of the base fluid.
They examined the effect of these nanofluids on the efficiency of a compact heat exchanger.
They noticed an increase in density, viscosity, and thermal conductivity with increased con-
centrations. However, the growth of fluid temperature has yielded an intensification of thermal
conductivity and a decrease in density and viscosity.

Lee49 designed an experimental apparatus to measure the heat transfer rates from a heated
wire to nanofluids. They claimed the existence of a strong dependence of thermal enhancement
with the concentration of nanoparticles. However, it remains hard to determine a relation
between heat improvement and velocity, as reported by these authors.

For a circular tube, Lee et al50 interested in the laminar flow of water‐based nanofluids
containing commercial CNTs. The surface area, the temperature difference between the inlet
and outlet sections as well as the pumping power were used as criteria to determine the thermal
performance for such systems. Based on the values of the figure of merit (FOM), they de-
termined the most efficient water‐based CNT nanofluids in terms of thermal performance.

Liou et al32 used the lattice Boltzmann method to determine the hydrothermal character-
istics of the laminar flow of Al2O3/water nanofluids through a two‐dimensional (2D) louvered
microchannel. The forced convective heat transfer was considered here. Their results revealed
an enhancement of heat transfer rates with the addition of nanoparticles, but with an
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unnoticeable increase in pressure drop. Compared with the smooth channel, they obtained an
improvement in Nusselt number by about 7.06 with the use of nanofluids.

Maganti et al51 employed a Eulerian‐Lagrangian twin‐phase model to explore the hydro-
thermal properties of nanofluids in a parallel microchannel. They suggested a concentration
maldistribution factor to measure the distribution of the particulate phase. They reported that
the homogeneous single‐phase model is not suitable for modeling the nanofluids flows in such
complex situations. The simulation by twin‐phase model revealed a deviation of thermal per-
formance from those obtained by homogeneous models since the distribution of particles does
not entirely follow the fluid flow pattern.

Mutuku52 explored the cooling efficiency of EG‐based nanofluid incorporating three types of
nanoparticles: CuO, Al2O3, and TiO2. From the different working fluids, the temperature at the
boundary layer has been rapidly decreased with the CuO‐EG nanofluids.

For Al2O3‐water nanofluids, Rashmi et al53 studied the natural convective heat transfer by
using the CFD approach. As illustrated by computed results, the increase in particle con-
centration has yielded a decrease in heat transfer.

For Al2O3/water and CuO/water nanofluid, Sivakumar et al33 studied by experiments the
forced convective heat transfer through a serpentine‐shaped microchannel. Compared with the
base fluid, CuO/water nanofluid provided the superiority in thermal enhancement. Further
heat enhancement has been obtained with increased particle concentration.

For a helically baffled heat exchanger, Tan et al34 explored the cooling capacity of non‐
Newtonian nanofluids. Compared with the base fluids, the non‐Newtonian nanofluids provided
the best performance in terms of heat transfer coefficient, Nusselt number, and pressure drop.

Uddin and Harmand54 embedded an isothermal vertical plate in a porous medium, and they
studied by numerical simulations the natural convective heat transfer of six different nano-
fluids. The increase of volume fraction provided an enhancement of heat transfer rates until an
optimal level, but on the further increase in volume fraction, the heat transfer rate has
decreased.

For low Reynolds numbers, Umer et al55 used various particle concentrations (1%, 2%, and
4%) of copper oxide nanoparticles in DW to explore the thermal improvement at constant wall
heat flux. Increases of heat transfer coefficient were observed with the rise of Reynolds number
and volume fraction. The maximum gain in the heat transfer coefficient (61%) was reached at
Re= 605 and 4% of the volume fraction.

For EG‐silicon carbide (SiC‐EG) nanofluid, Wang et al56 studied the laminar mixed con-
vection numerically in a 2D triangular enclosure having an inner rotating coaxial cylinder. They
used the rotational velocity, Rayleigh numbers, and solid volume fraction to determine the
overall thermal characteristics.

Under the laminar conditions, Jokar and O'Halloran57 used the CFD method to study the
heat transfer phenomenon in alumina/water (1.0‐4.0 vol%) nanofluid. They reported that the
dispersion of nanoparticles in the base fluid yields a decrease in the total heat transfer in
the PFHE.

Under laminar flow conditions within PFHEs, Khoshvaght‐Aliabadi et al58 studied by ex-
periments and CFD simulations, the forced convective heat transfer of copper‐base DW na-
nofluid. They explored the effect of nanoparticle concentration, Reynolds number, and some
geometrical parameters (wing width, wing height, longitudinal wings pitch, and channel
length). They developed two correlations for the variations of the Fanning friction factor and
the Colburn factor, taking into account the values of geometrical parameters, nanoparticles
volume fraction, and Reynolds number.
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Ma et al59 studied the 3D laminar flow characteristics of DW and Al2O3‐water nanofluid
through microchannel plate‐fin heat sinks. They examined the influence of nanoparticle vo-
lume fraction (0.5% < ϕ< 5%), channel aspect ratio (0 < ε< 1), and Reynolds number
(100 < Re< 1000) on entropy generation and pressure drop. They found an increase in the
pressure drop and entropy generation with the raise of nanoparticle concentration, channel
aspect ratio, and Reynolds number. At Re= 500 and ε= 0.5, the pressure drop was increased by
9% when the nanoparticle concentration increased from 0% to 3%.

3 | NANOFLUID TRANSPORT UNDER THE
TRANSITIONAL FLOW REGIME

Many studies on the flow of nanofluids in heat exchangers were achieved under various geo-
metrical configurations, different models, and boundary conditions. Among them, Chandrasekar
et al60 studied by experiments the hydrothermal characteristics of Al2O3/water nanofluid in a heat
pipe heat exchanger fitted with wire coil inserts. For 0.1% of volume fraction, they studied the
effects pitch ratio at the transitional flow regime (Reynolds number ranging from 2500 to 5000).
For both the tube fitted with wire coil inserts as well as the plain tube, these authors reported a
considerable increase in heat transfer rates with the use of nanofluids, with only a negligible
increase in the friction factor.

Naik et al61 used water/propylene glycol‐based CuO nanofluids as a working medium to
explore the characteristics of transient flow and convective heat transfer in heat pipe heat
exchanger equipped with helical elements. They studied the effect of nanoparticle concentra-
tions having an average diameter of less than 50 nm. With a concentration of 0.5%, the Nusselt
number was higher by about 28% than that for a plain tube, and it was increased by 5.4 times
over the base fluid when helical elements with a twist ratio of 3 were inserted. Compared with
the base fluid, increases of the friction factor by 10% and 140% for the tube without and with
helical elements, respectively, were reached. However, these percentages of the friction factor
were estimated to be very low compared to the heat transfer enhancement.

Minea and Moldoveanu62 used the Mouromtseff number, known as a convenient FOM, to
compare the performance of three metallic oxides (Al2O3, CuO, and TiO2) dispersed in water.
The obtained results showed the feasibility of successful applications of the considered nano-
fluids for a single‐phase forced convection flow through a heat pipe heat exchanger.

Qi et al63 explored by experiments the hydrothermal properties of TiO2‐water nanofluids
flowing inside a spirally fluted heat pipe heat exchanger. They reported that the considered
nanofluids perform better in the spirally fluted compared with the smooth tube.

Ruan and Jacobi64 studied the intertube falling‐film heat transfer and mode transitions of
aluminum oxide nanofluids. Cao et al65 employed various alumina nanofluids to enhance the
performance of a heat exchanger provided with double pipes and counter flows. The experi-
mental results revealed both negative and positive thermal improvements. They suggested a
modified equation explaining the above phenomena by taking into account the physical
characteristics of nanofluids.

Edel and Mukherjee66 studied the boiling of water and nanofluids in a rectangular micro-
channel under various heat fluxes. For Reynolds numbers corresponding to the transitional
flow regime, they investigated the influence of nanoparticles on the onset of bubble elongation
and the onset of nucleate boiling. Thermal increases in the thin film regions, as well as
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stabilization and growth of bubble nucleation, were observed with increased nanoparticle
concentration.

Under transitional flow conditions, El‐Shaarawi et al67 explored by the difference element
method the forced convection in a thick‐walled annulus, filled with a porous medium. They
established a parametric exploration to determine the influence of Peclet number, Darcy
number, inertia term, and heat capacity of the porous medium on the hydrothermal
characteristics.

Liu et al68 explored the improvement of thermal conductivities of water, EG, and synthetic
engine oil by adding MWCNT, copper, and copper oxide. For the preparation of nanofluids,
they used the chemical reduction method as well as the physical mixing method. They noticed
that that the dynamic dispersion is effective only at low Reynolds number (ie, in the laminar
and transitional flow regimes).

Narahari et al69 performed a 2D numerical simulation of the transient natural convection of
a nanofluid flow past an isothermal vertical plate. They took into consideration the thermo-
phoresis and Brownian motion effects. The increase of the Brownian motion parameter yielded
a decrease of skin‐friction and a slight increase in Nusselt number. While the rise of the
thermophoresis parameter provided an increase in the skin‐friction and a decrease in the
Nusselt number. The rise of time increased the average skin‐friction (f) and a drop of Nusselt
number (Nu). However, both Nu and f reach the steady‐state value as time progresses.

Saxena et al70 addressed the influence of temperature (changed from 25°C to 75°C) on the
thermophysical properties of alumina‐water nanofluid. The increasing power input yielded an
increase in heat transfer rates and a slight decrease in pressure loss. The flow of the used
nanofluids under turbulent conditions provided more thermal effectiveness than the transi-
tional regime.

Tesfai et al71 addressed the temperature dependence of yttria and copper nanofluids for
laminar and turbulent flow regimes. Compared with copper nanofluids, the strong temperature
dependence of thermal conductivity for yttria nanofluids was observed, with an increase of 7.5%
to 21% for the temperature range 25°C to 85°C. A gradual decrease of the effective viscosity of
yttria nanofluids was observed, with insensitivity for copper nanofluids. Yttria nanofluids were
found viable for both laminar and turbulent flows for temperatures above 37°C and 45°C,
respectively. However, the applicability of copper nanofluids was found to be limited only at
low Reynolds numbers (ie, laminar flow) for temperatures above 75°C.

Timofeeva et al72 determined by experiments and theoretical modeling the thermophysical
properties of different shapes of alumina nanoparticles in a fluid containing equal volume
fractions of water and EG. By using the Hamilton‐Crosser equation, they found a substantial
diminution in thermal conductivities due to the effect of particle shape that is caused by
interfacial effects. This diminution is found to be proportional to the total surface area of
nanoparticles. Moreover, a sharp increase in the viscosity of suspensions was obtained due to
the structural constraints caused by small agglomerates concentration with high aspect ratios of
nanoparticles. A considerable effect of nanoparticle surface charge on viscosity was observed.
The viscosity of this nanofluid may be reduced by adjusting pH without considerably decreasing
thermal conductivity, as claimed by these authors.

Aiming to enhance the efficiency of a PFHE, Khoshvaght‐Aliabadi73 equipped a channel
with vortex generators (VGs) and Cu/water nanofluid. Their experimental results illustrated the
superiority of VG over the use of nanofluid in terms of thermal enhancement. They obtained a
hydrothermal performance factor of 1.67 by combining both techniques (VG and nanofluid).
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They also suggested some correlations for predicting the friction factor and Nusselt number of
nanofluids flow through such PFHEs.

Under the transitional flow regime, Khoshvaght‐Aliabadi et al74 studied the forced con-
vective flows of various nanofluids through a wavy corrugated channel of a PFHE. They ex-
plored the influence nanoparticle concentrations (copper nanoparticles in DW), types of oxide
nanoparticles (SiO2, TiO2, ZnO, Fe2O3, Al2O3, and CuO), and types of base fluid (DW‐EG
mixture). Among the different nanofluids tested, they observed that the SiO2‐DW nanofluid
provides the best hydrothermal efficiency, and the TiO2‐ and CuO‐DW nanofluids come in
second and third.

4 | NANOFLUID TRANSPORT UNDER TURBULENT
FLOW REGIME

By adding cetyltrimethylammonium chloride (CTAC) solution to CuO nanoparticles, Wang
et al75 obtained a new type of nanofluid able to reduce the drag effects and improve the thermal
characteristics simultaneously. Their experimental study, carried out with a heat pipe heat
exchanger having 25.6 mm of inner diameter, showed the absence of apparent differences
between the newly developed nanofluid and the conventional drag‐reducing fluid in terms of
drag‐reducing characteristics. However, they obtained a noticeable thermal enhancement,
which depended on the CTAC concentration, nanoparticle concentration, as well as the liquid
temperature.

Dabiri et al76 tested the influence of SiC/water and MgO/water nanofluids on hydrothermal
properties in a heat pipe heat exchanger with constant heat flux. The increase of volume
fraction of nanofluids yielded a rise in their viscosity, density, and thermal conductivity.

Babu et al77 evaluated the performance of TiO2 nanofluids in a micro heat pipe heat ex-
changer equipped with twisted tape inserts. A significant effect of nanoparticle concentration,
type of pitch, and pitch ratio on the hydrothermal characteristics was observed. At minimum
volume fraction of nanoparticles, the addition of micro fin arrangement in the tube improved
the efficiency ratio significantly.

For turbulent flow conditions, Iyahraja et al78 addressed by experiments the forced con-
vective heat transfer of silver‐water nanofluids inside a heat pipe heat exchanger with a uniform
heat flux condition. A significant enhancement in thermal performance was obtained even with
the addition of low concentrations of silver nanoparticles. For a concentration of 0.1% and at
Re= 2.1 × 104, the Nusselt number increased up to 32.6%. They suggested empirical correlations
to estimate Nusselt number and friction factor for the considered nanofluid.

For a mixture of water/EG, Monfared et al79 explored the effect of boehmite alumina
nanoparticle shapes (spherical, cylindrical, platelet, blade, and brick shapes) on the entropy
generation in a DPHE (Table 2). The spherical shape of nanoparticle yielded the lowest fric-
tional entropy generation rate and maximum total entropy generation rates. However, the
platelet shape provided the highest frictional entropy generation rate and minimum thermal
and total entropy generation rates.

In an experimental study, Aghayari et al88 interested in an Al2O3 nanofluid flowing in a
counter flow DPHE. Compared with the base fluid, they obtained a thermal enhancement by
about 12%. This enhancement is reached by decreasing thermal boundary layer thickness and
increasing thermal conductivity.
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TABLE 2 Nanofluid flows relative to turbulent regime

Author(s)

Physical model
Nanofluid
Flow regime
Study type
Method Geometry/experimental setup

Dabiri et al76 Circular tube

SiC‐water and MgO‐water
(ϕ= 0.04%‐0.2%)

Turbulent regime:
104 < Re≤ 7.4 × 104

Experimental investigation

Monfared et al79 Double‐pipe heat exchanger

Boehmite alumina‐(water/
ethylene glycol)
(ϕ= 0.5%‐2.0%)

Turbulent regime: Re= 5000‐
20 000

3D numerical simulation

Finite volume method

Motevasel et al80 Straight vertical pipe

Al2O3‐water, CuO‐water,
and SiC‐water
(ϕ= 0.02%‐0.2%)

Turbulent regime:
Re= 10 000‐50 000

Experimental study

(Continues)
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TABLE 2 (Continued)

Author(s)

Physical model
Nanofluid
Flow regime
Study type
Method Geometry/experimental setup

Mansoury et al81 Heat exchanger

Al2O3‐water (ϕ= 0.2%, 0.5%,
and 1%)

Turbulent regime:
104 < Re< 4.5 × 104

Experiments

LabVIEW system
engineering software

Sahoo and
Sarkar82

Louvered fin automotive
radiator

Hybrid nanofluids (Ag, Cu,
SiC, CuO, and TiO2)‐EG/
water (ϕ= 0%‐1%)

Turbulent regime

Numerical simulation

EES code

Khalifa and
Banwan83

Concentric tube heat
exchanger

γ‐Al2O3‐water (ϕ= 0.25%,
0.5%, 0.75%, and 1%)

Turbulent regime:
3000≤ Re< 7000

Experimental study

Two‐step method
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TABLE 2 (Continued)

Author(s)

Physical model
Nanofluid
Flow regime
Study type
Method Geometry/experimental setup

Arzani et al84 Annular heat exchanger

EGNP‐(water‐ethylene
glycol) (ϕ= 0.01%, 0.05%,
0.1%, and 0.2%)

Turbulent regime: Re= 5000‐
17 000

3D numerical simulation

Finite volume method

Benabderrahmane
et al85

Parabolic trough solar
receiver

Al2O3‐(C2H10O/C2H10),
Cu‐(C2H10O/C2H10),
Sic‐(C2H10O/C2H10), and
C‐(C2H10O/
C2H10) (ϕ= 1%)

Turbulent regime:
2.57 × 104≤ Re≤ 2.57 ×
105

3D numerical simulation

Finite volume method

Ghasemi et al86 Mini double‐pipe heat
exchanger

(TiO2‐Al2O3)‐water
(ϕ= 0.01%, 0.02%, 0.03%,
0.04%, and 0.05%)

Laminar and turbulent
regimes: Re= 1000‐6000

Experimental investigation

Artificial neural networks

(Continues)
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For a DPHE, Doruk et al89 addressed the hydrothermal characteristics for the flow of water
and nanoencapsulated n‐nonadecane based nanofluids. No improvement in heat transfer rates
were obtained with 0.42% and 0.84% of volume fractions, while an enhancement by about 10%
was reached with a particle concentration of 1.68%. Moreover, only a slight increase in the
friction factor was observed, compared with the base fluid.

Malvandi and Ganji90 investigated numerically the mixed convective heat transfer of na-
nofluids in a vertical heat pipe heat exchanger. The effects of Gr and on nanoparticle volume
fraction, velocity, temperature profiles, average Nusselt number, and pressure coefficient were
investigated. The raise of slip parameter (λ) and Grashof number (Gr) reduced the maximum
value of velocity in the core region of the annulus, while the velocity increased in the area closer
to the pipe walls. Moreover, the slip condition led to more efficient thermal transfer by the
nanofluid than that for the no‐slip condition.

Mohammadian et al91 used very dilute Ag‐DW and DW nanofluids at various concentrations
to study the hydrothermal characteristics from a vertical heat pipe heat exchanger. They per-
formed some experiments in a wind tunnel, and the heat transfer properties of the system were
determined at various air velocities. At the same value of external Reynolds number (Reext), the
raise of internal Reynolds number (Reint) led to an increase in Nusselt number and thermal
conductance, with a reduction in the effectiveness. They also found a proportional augmen-
tation of external Nusselt number, effectiveness, and thermal conductance with the raise of
Reext and Reint.

For a heat pipe heat exchanger with a constant wall heat flux condition, Motevasel et al80

addressed by experiments the hydrothermal effects of three kinds of nanofluids (silicon carbide,
copper oxide, and aluminum oxide at 0.0002 to 0.002 of concentrations in water). Compared
with the base fluid, the selected concentrations yielded an increase in the heat transfer coef-
ficient by about 11% to 18%.

TABLE 2 (Continued)

Author(s)

Physical model
Nanofluid
Flow regime
Study type
Method Geometry/experimental setup

Ahmed et al87 Ribbed triangular duct

Al2O3‐distilled water, and
SiO2‐distilled water
(ϕ= 0.5% and 1%)

Turbulent regime:
Re= 4000‐8000

Numerical and experimental
study

Finite volume numerical
method

Two‐step experimental
procedure

Abbreviations: 3D, three‐dimensional; EG, ethylene glycol.
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Under turbulent flow conditions, Mansoury et al81 explored experimentally the thermal
enhancement provided by an Al2O3/water nanofluid in different heat exchangers (a plate heat
exchanger [PHE], STHE with various tube passes, and a DPHE). In this study 0.2%, 0.5%, and
1% were the volume concentrations of nanofluids used in the study. The best thermal outcomes
of about 26% were obtained with the DPHE, while only 7% was reached for the PHE. However,
the PHE provided the lowest pressure loss due to the addition of nanoparticles at 1% of volume
fraction with a maximum value of 10%.

For a DPHE, Raei et al92 evaluated experimentally the turbulent hydrothermal properties of
γ‐Al2O3/water nanofluid. The friction factor and heat transfer coefficient reached their max-
imum values of 25 and 23%, respectively, at 0.15% of the volume fraction.

For a heat pipe heat exchanger and under the constant temperature as wall condition,
Topuz et al93 evaluated experimentally the thermal behavior of water‐based nanofluids (ZnO
[18 nm], TiO2 [10‐25 nm], and Al2O3 [13 nm] nanoparticles at 0.5%, 0.7%, and 1.0% of volume
fractions). Compared with DW as the base fluid, the best thermal enhancement of 15.3% was
reached by using Al2O3 nanofluid with 1.0% concentration, with no significant pressure penalty.

Mehrabi et al94 modeled the hydrothermal behavior of titanium dioxide‐water nanofluids by
applying the fuzzy C‐means adaptive neuro‐fuzzy inference system approach. Mansoury et al95

established an experimental study on the thermal efficiency of Al2O3/water nanofluid, with
0.2%, 0.5%, and 1% of concentrations, through different heat exchangers (an STHE, a PHE, and
a DPHE). The highest and lowest values of the heat transfer coefficient, namely 60% and 11%,
were obtained by the DPHE and the PHE, respectively. Furthermore, the PHE allowed the
lowest pressure drop (27%), while the highest penalty of 85% was observed for the DPHE
and STHE.

Akhavan‐Zanjani et al96 achieved experiments on the performance of the graphene‐water
nanofluid inside a heat pipe heat exchanger with a uniform surface heat flux. The UV spec-
troscopy results indicated the stability of the working nanofluid. The study revealed an en-
hancement in heat transfer coefficient, viscosity, and thermal conductivity by 6.04%, 4.95%, and
10.30%, respectively.

Boertz et al97 used the single‐phase approach to model the flow of SiO2/water‐EG nanofluids
through a heat pipe heat exchanger under a constant heat flux. The mass ratio of base fluid was
60:40 EG/W, and the nanoparticle concentrations were changed from 0% to 10%. For the same
heat transfer rate, the increase of Reynolds numbers and particle concentrations yielded further
pumping power with the use of nanofluids.

For Reynolds numbers varying from laminar to turbulent flow regimes, Celata et al98 per-
formed experimental measurements on water‐based SiC (3, 6, and 9 wt%) and TiO2 (9 wt%)
nanofluids through a heat pipe heat exchanger heated with uniform heat flux. They prepared
the nanofluids by laser synthesis of nanoparticles and then by dispersion in water.

For a uniformly heated pipe and from the laminar to turbulent flow regimes, Chandrasekar
and Suresh99 determined experimentally the thermal behavior of water‐based nanocrystalline
alumina (Al2O3) nanofluids. The color of Al2O3/water nanofluids was used as an indicator to
check the compatibility of nanoparticles.

By using both numerical and experimental methods, Colla et al100 addressed the convective
heat transfer behavior of a water‐Al2O3 nanofluid inside a heat pipe heat exchanger. Compared
with pure water fluid, they reported that the heat transfer coefficient increases with the raised
nanofluids concentrations. However, a decrease in Nusselt number values was observed for the
mixture of nanofluids with higher concentrations.
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For a horizontal heat pipe heat exchanger, Hojjat et al101 studied by experiments the
characteristics of suspensions of three nanoparticles (TiO2, CuO, and γ‐Al2O3) in an aqueous
non‐Newtonian solution of CMC with 0.5 wt%. The selected nanofluids provided a significant
enhancement in the thermal performance without penalty in pressure losses.

For horizontal corrugated heat pipe heat exchanger and under uniform wall temperature
condition, Karami et al102 studied by experiments the characteristics of MWCNTs with oil
nanofluids (0.05, 0.1, and 0.2 wt%). The range of Reynolds number 1000 to 3000 for which the
flow is transitional in the smooth channel, and it is turbulent in the corrugated channel, has
yielded the highest heat transfer rates.

Under turbulent flow conditions of Al2O3/water nanofluid through a heat pipe heat ex-
changer, Lin et al103 focused on their numerical study on particle convection, coagulation,
diffusion, and breakage. They considered in their simulations initial uniform distributions of
particle concentration. However, this uniformity disappeared with increased intensity from the
wall of the tube to its center.

Nasiri et al104 selected the TiO2/H2O and Al2O3/H2O to achieve their experimental study on
the thermal enhancement by nanofluids through a square channel with a constant temperature
as a wall boundary condition. They reported a similar thermal performance for both nanofluids.

Sahoo and Sarkar82 used different PG brine‐based hybrid nanofluids (alumina, copper,
copper oxide, titanium oxide, silver, and silicon carbide) as coolants in the flat tube automotive
radiator. From the different working fluids, 1% Ag hybrid nanofluid (0.5% Al2O3 and 0.5% Ag)
allowed to obtain the highest values of thermal enhancement, effectiveness, and pumping
power. Savari et al105 developed a fundamental correlation for predicting the Nusselt number of
the water/EG‐based nanofluids, including graphene or nitrogen‐doped graphene.

Shahrul et al106 performed a study on the flow of nanofluids with different concentrations
(from 0.01 to 0.04) through an STHE. The increase of nanoparticle concentrations led to an
increase in density and thermal conductivity, while the specific heat capacity was decreased.

Srinivas et al107 explored the corrosive behavior and thermal performance of carboxylated
water‐based nanofluids for automotive applications. The mixture of sebacic acid/water was
dispersed with MWCNTs. Their results indicated resistance to corrosion provided by the dis-
persion of carboxylated water with CNTs. However, and with addition to CNTs, the dispersion
of carboxylated water with nanosized Al2O3, copper, and silver‐yielded significant corrosion.

Under different flow conditions, Doshmanziari et al108 addressed by experimental and
numerical measurements the thermal performance of Al2O3/water nanofluid flowing in a
spiral‐coil tube. Compared with the base fluid, a thermal enhancement by about 61% was
obtained, and a corresponding correlation was established.

Hu et al109 used nonequilibrium molecular dynamics simulations (chaotic movements of
nanoparticle [CMN]) to address the influence of CMN on hydrothermal characteristics
of nanofluids. Their results revealed a significant increase in shear rates; the participation of
increased CMN and thermal conductivity in thermal enhancement were 31.4% to 50.2% and
49.8% to 68.6%, respectively.

Kanikzadeh and Sohankar110 explored by CFD simulations the influences of nanofluids
(water/TiO2 and water/Al2O3) and ribs on the hydrothermal characteristics in a cooling channel
with U‐type and rotating motion. Better thermal enhancements were obtained with turbulence
than that with enlarging heat surface area. They reported that the high heat transfer rates may
be achieved with nanofluids at the highest Reynolds number and ribs at the lowest ones.

Khalifa and Banwan83 used four volume fractions (0.25%, 0.5%, 0.75%, and 1%) for dispersed
γ‐Al2O3 nanoparticles DW. Their experimental results revealed an increase in convective heat
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transfer with increasing flow rated and particle concentrations. The best thermal enhancement
of 22.8% and 20% in heat transfer coefficient and Nusselt number, respectively, was reached at a
particle concentration of 1% and Re= 6026.

Modak et al111 interested in the hydrothermal of CuO‐water nanofluids jet on a hot surface.
Compared with the base fluid (pure water), their experimental measurement revealed an im-
provement in Nusselt number by 14% and 90% for nanofluids volume fraction of 0.15% and
0.60%, respectively.

Arzani et al84 used the sonication method to disperse functionalized graphene nanoplatelets
(GNPs) in water‐EG. The developed nanofluid provided a significant increase in the heat
transfer coefficient, compared with the base fluid.

Benabderrahmane et al85 used different types of nanofluids at 1% of volume fraction and
573 K of operating temperature to enhance the heat transfer rates in a parabolic collector
receiver having longitudinal fins. For the range of Reynolds number 2.57 × 104≤ Re≤ 2.57 ×
105, an increase of Nusselt number from 1.3 up to 1.8 times was observed. Furthermore, the
metallic nanoparticles performed better than other nanoparticles.

Ghasemi et al86 reported an experimental study on TiO2‐Al2O3/water nanocomposite flows
in inserting twisted tape. They evaluated the effect of nanoparticle concentration, twisted ratio,
and Reynolds number on the exergetic efficiency.

Kong et al112 used ethyl alcohol and (Ag/alcohol) of 0.02% volume fraction as contrast
working fluids to address the pool boiling heat transfer on a smooth silicon chip surface. An
agitating device was fixed above the top of the chip to improve thermal efficiency. The obtained
results revealed a significant increase in the heat transfer coefficient by using nanofluids,
especially in the nucleate boiling region. However, the critical heat flux (CHF) remained almost
constant.

Rahimi‐Esbo et al113 studied the steady and unsteady asymmetric jet of incompressible
nanofluid flow at various particle concentrations. An increase in Nusselt number was observed
with the rise of particle concentrations, Reynolds number, and aspect ratio of the channel. By
experiments and numerical simulations, Ahmed et al87 combined both nanofluids (Al2O3/water
and SiO2/water) and VGs to enhance the hydrothermal characteristics through an equilateral
triangular channel. The triangular shape of the channel yielded lower heat transfer rates and
lower pressure losses than the other shapes. Moreover and with the use of a triangular channel,
the combination of nanofluids and VGs was really an efficient technique, giving the highest
thermal enhancement with moderate friction losses.

Pantzali et al114 studied the influence of the use of a nanofluid (CuO in water, 4% vol/vol) in
a miniature PHE with the modulated surface. They reported that, for a given heat duty, the
required nanofluid volumetric flow rate is lower than that of water, causing a lower pressure
drop. As a result, less pumping power and smaller equipment are needed.

In an attempt to enhance the exergetic and energetic performance of a PFHE, Kumar et al115

used various spacing in the PHE and different nanofluids (Al2O3, CeO2, TiO2, ZnO, MWCNT,
GNP, and hybrid [CuþAl2O3]). The maximum heat transfer coefficient, which was 53% higher
than that of water at 0.75 vol%, was obtained with the spacing of ΔX= 5mm in PHE and the
MWCNT/water nanofluid.

Khoshvaght‐Aliabadi et al116 used three passive heat transfer improvement techniques,
namely nanofluids, winglets, and perforations, for wavy PFHEs. Their study was achieved for
Reynolds numbers ranging between 3900 and 11 400. The maximum enhancement factor of
1.26 was obtained for the winged WPF at the highest waviness aspect ratio and the lowest
Reynolds number.
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Tiwari et al117,118 used Al2O3/water as a cooling fluid in corrugated PFHEs. In an attempt to
enhance the hydrothermal characteristics of a PFHE, Ray et al119 used three types of nanofluids
(SiO2, CuO, and Al2O3) dispersed in a mixture of water and EG. The mixture yielded an
increase in the overall thermal performance, and a decrease in the pumping power was. Under
turbulent flow conditions, Abed et al120 used different nanomaterials (ZnO, SiO2, Al2O3, and
CuO) with particle diameter 20 to 80 nm and volume fractions 0% to 4.0% to enhance the
performance of a corrugated trapezoidal PFHE. They found an increase in the heat transfer rate
with an increased volume fraction of nanofluid. However, the decreased diameter of nano-
particles has yielded an increase in the pressure drop. For a PHE, Javadi et al121 compared the
thermal enhancement provided by different nanofluids (SiO2, TiO2, and Al2O3) with base fluid
(liquid nitrogen). Their results revealed that the thermal conductivity of TiO2 and Al2O3 was
almost the same, but it was higher than that for SiO2 nanomaterial. The lower values of heat
transfer enhancement were observed with the SiO2 nanofluid.

Maré et al122 compared by experiments the efficiency of CNTs/water and Al2O3/water at low
temperatures in a PFHE. Their findings showed a considerable improvement in the heat
transfer rates with the aforementioned nanofluids. The study conducted experimentally by
Zamzamian et al123 on the hydrothermal characteristics of CuO/EG, and Al2O3/EG nanofluids
in PHE and double‐pipe revealed an increase in HTC ranging from 3.0% to 49.0%, compared
with the base fluid. The study achieved by Kabeel et al124 for Al2O3/water nanofluids in PFHEs
revealed an increase in the thermal performance by a 13% rise for 4.0% of particle volume
fraction.

The heat transfer process and exergy of CuO/water (0.5‐1.5 vol%) nanofluid in a PFHE were
investigated by Khairul et al.125 Their results showed a decrease in exergy losses by 24% and an
increase in the heat transfer rates from 18.5% to 27.2%, compared with the base fluid.
Khoshvaght‐Aliabadi et al126 used a CuO/water nanofluid to enhance the hydrothermal effi-
ciency of different PFHEs (plain/perforated/offset‐strip/louvered/wavy/VG and pin). The heat
transfer rates, as well as the pressure drop values, were increased with the weight concentration
of the nanofluid.

For PFHEs, Khoshvaght‐Aliabadi73 combined two heat transfer enhancement techniques,
namely: VGs and Cu/water nanofluids under different volume fractions. The maximum ther-
mal enhancement factor that was obtained by using both techniques was about 1.67.

Kumar et al127 explored the effect of chevron angle (30°/30°, 60°/60°, and 30°/60°) on the
energetic and exergetic performance of a PFHE with ZnO/water nanofluid at various con-
centrations (from 0.5% to 2%). The maximum enhancement in heat transfer rates, as well as the
optimum reduction in exergy loss, were reached with the chevron angle 60°/60° at 1% of
particle volume fraction. The total entropy generation was also minimized for this configura-
tion, which was 41.78% and 26.94% for 60°/60° as compared with 30°/30° and 30°/60°,
respectively.

Barzegarian et al128 explored by experiments the effect of turbulent flows of TiO2‐water
nanofluid (with a 20‐nm diameter at 0.3, 0.8, and 1.5 vol%) on the hydrothermal characteristics
of a brazed PHE. They obtained an enhancement in the convective heat transfer coefficient by
about 6.6%, 13.5%, and 23.7% at 0.3%, 0.8%, and 1.5% weight fraction of nanoparticles, re-
spectively. Besides, the overall improvement at mentioned volume fractions of nanoparticles
was about 2.2%, 4.6%, and 8.5%, respectively.

Khoshvaght‐Aliabadi and Salami129 studied numerically the turbulent flow of Al2O3‐water
nanofluid through the offset‐strip channel of a PFHE. They explored the effect of several
parameters, including the nanoparticles concentration (0%‐4%), channel length (50, 100, and
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150mm), channel height (5, 10, and 15mm), strip pitch (5, 10, and 15mm), strip length (5, 10,
and 15mm), strip thickness (0.5, 1.0, and 1.5 mm), and Reynolds number (6000‐22 000). Among
the different parameters investigated, the channel height had the most significant effect on the
overall performance of the PFHE, followed by the strip thickness.

5 | CONCLUSION

Solid nanosized particles are dispersed in base fluids such as water, mineral oil, or EG to
prepare nanofluids. The main objective is to enhance the heat transfer rates in the thermal
device. These prepared nanofluids, under their different physical properties, have been recently
employed in various thermal engineering processes such as heat exchangers, thermal storage,
thermal management of fuel cells, power generation, refrigeration, cooling of hydrogen storage,
cooling of nuclear reactors, air conditioning systems, microelectromechanical systems, and so
on. Metallic and nonmetallic nanosized particles with an average diameter of less than 100 nm
may be used, such as SiO2, Al2O3, Cu, CuO, Ag, and TiO2. Type, shape, and size of particles
have a great effect on the thermal conductivity of nanofluids, and consequently, on the overall
performance. The different experimental and theoretical studies achieved for different working
conditions (different flow regimes and temperatures) allow us to determine the thermophysical
properties of nanofluids taking into account different sizes, shapes, and types of particles. It has
been observed from various works of researchers that small addition of particle concentration to
the base fluid yields a good thermal improvement. For example, nanoparticles are added to
compressor oil to increase the coefficient of performance of refrigeration processes. In some
applications, solid nanoparticles are added to the refrigerants. In heat exchanger design, the
high thermal efficiency obtained by nanofluids allows more compact and lightweight
structures.
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