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Addition of nanoparticles into a fluid can improve the heat transfer performance of the base
fluid in heat exchangers. In this work, the preparation method and process of nanofluids
are introduced, and thermal properties of nanofluids, such as thermal conductivity and
viscosity, are discussed deeply. This paper summarizes various theoretical models of
thermal conductivity and viscosity of nanofluids. A comprehensive literature survey on
applications and limitations of nanofluids has been compiled. This paper also aims to
review the natural and forced convective heat transfer characteristics of nanofluids with
and without magnetic fields. The discussion for the natural convective heat transfer of
nanofluids focuses on the heat transfer performance of non-conventional enclosures and
electric heaters. The effects on heat transfer due to variations of heated walls are also
investigated. Specific applications of nanofluids in a tube with trapezoidal ribs, double-tube
heat exchangers, and plate heat exchangers have been reviewed and presented in a
discussion about forced convective heat transfer. The previous results show that the inlet
temperature of nanofluids obviously affects the heat transfer characteristics of double-tube
heat exchangers, whereas a multi-walled carbon nanotube–water nanofluid shows
significant advantages in plate heat exchangers. Finally, this paper studies natural
convective heat transfer of magnetic fluids in a square cavity and forced convection
heat transfer in a straight tube and a corrugated structure under the action of magnetic
fields. It is found that the heat transfer performance of an Fe3O4–water nanofluid is
enhanced when a magnetic field is applied to the corrugated plate heat exchangers, and
the pressure drop can be reduced by around 10%. It is recommended that natural
convection of magnetic fluids needs to be investigated experimentally in a real cavity and a
corrugated channel under the influence of a magnetic field. In addition, studies of
alternating magnetic field are recommended to reveal any improvements of thermal
performance of magnetic fluids in heat exchange devices. This review puts forward an
effective solution for improvement of the thermal performance of heat transfer equipment
and serves as a basic reference for applications of nanofluids in heat transfer fields.
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INTRODUCTION

With the increased requirements of heat transfer enhancement in
industrial applications, various heat transfer technologies have
been developed rapidly. Due to excellent thermal performance,
uniformity, and stability of dispersion, nanofluids are used as
efficient working media in heat pipes (Sun et al., 2018), heat
exchangers, automobile radiators (Hussein et al., 2014; Selvam
et al., 2017), solar energy systems (Chen et al., 2019; Amirahmad
et al., 2021), and electronic chips. The concept of nanofluid was
first proposed by Choi (Carmichael et al., 1963). Nanofluids are
stable colloidal suspensions prepared by dispersing nanoparticles
in water, oil, ethylene glycol, and other base fluids.

Nanoparticles significantly affect thermal properties of base
fluids, such as thermal conductivity and viscosity. Theoretical
models of thermal conductivity of nanofluids were summarized
by Yang et al. (2021), Kumar et al. (2015a), and Sarviya and
Fuskele (2017). These researchers found that concentration,
temperature, nanoparticle diameter, and particle shape were
main factors affecting the thermal conductivity of nanofluids.
When the temperature range was from 25 to 100°C, the thermal
conductivity of magnesia–ethylene glycol nanofluid increases
with the increase of concentration. Kumar et al. (2016)
showed that the thermal conductivity of 1.25 vol% multi-
walled carbon nanotube nanofluids at 35°C was 122.67%
higher than that of water.

Usually, nanofluids have higher viscosity than base fluids.
Wang et al. (2021a) found that the viscosity of Fe3O4–CNT
magnetic fluids at 0.5 and 1% concentrations was 144.2 and
149.9% compared to that of deionized water. In the study of Arya
et al. (2019), the viscosity of 0.3 wt% MgO–ethylene glycol
nanofluids at 25°C increased by 13.8%. Kumar et al. (2016)
found that the viscosities of TiO2, Al2O3, ZnO, and CeO2

nanofluids were higher than that of the base fluid, and the
viscosity of Al2O3 nanofluids with 0.5% volume fraction
increased by 10% compared to that of water.

The heat transfer performance of nanofluids can be enhanced
by different heat transfer mechanisms, especially for conductive
and convective heat transfer (natural convection and forced
convection) (Vajjha and Das, 2012; Leela Vinodhan et al.,
2016; Yang et al., 2021). Natural convection caused by
temperature differences in a cavity is widely used in electronic
device cooling, solar energy harvesting, energy conversion, food
processing, and petrochemical engineering. Hdhiri et al. (2019)
investigated natural convection of an electrically conductive fluid
in a rectangular cavity with porousmedium. They considered that
the Prandtl number was an important factor affecting the average
Nusselt number. Souayeh et al. (2020) carried out a three-
dimensional numerical study of the natural convection heat
transfer between the square cavity and the inner sphere with
air. The results showed that the heat transfer performance for the
spherical interior was better than that for the cylindrical interior.
Many researchers have studied natural convection of nanofluids
from different aspects. Rostami et al. (2020) introduced natural
convection with various nanofluids in a cavity. It was found that
types and concentrations of nanofluids, shapes of cavities, and
Rayleigh number showed important effects on heat transfer

characteristics. They concluded that the heat transfer
characteristics in the cavity were weakened due to the increase
in fluid viscosity caused by nanoparticles. Locations of heat
sources also had a significant impact on fluid flow and heat
transfer of nanofluids inside the cavity (Öztop et al., 2015). They
concluded that there is little generalized relation between heat
transfer characteristics and heating conditions of the nanofluids
in the cavity. Electric heating is a practical application of natural
convective heat transfer in industrial production and daily life.
Electric heaters are indoor heating equipment, which have
advantages of flexible heating and low costs. The base fluid
used in the electric heaters is generally water or heat transfer oil.

Compared with improving the structure of the heat exchanger
to enhance the heat transfer, the application of nanofluids with
better thermophysical properties is a good choice. Double-tube
heat exchangers and plate heat exchangers are two widely used
energy conversion devices. A double-tube heat exchanger consists
of two tubes with different diameters. Heat transfer is achieved
between fluids in a small diameter tube and in an annulus region.
When the nanofluids are used in the double-tube heat exchanger,
the heat transfer performance is significantly enhanced (Darzi
et al., 2013; Moradi et al., 2019). Moradi et al. (2019) found that
the heat transfer coefficient increased by 35% for 4 wt% multi-
walled carbon nanotube nanofluid in a double-tube heat
exchanger with porous media. Darzi et al. (2013) studied heat
transfer and pressure drop of Al2O3 nanofluids in a double-tube
heat exchanger. They found that high Reynolds number resulted
in high heat transfer coefficient. Onyiriuka et al. (2019) used new
biological nanofluid–water-based mango bark nanofluid in a
double-tube heat exchanger. They found that the heat transfer
coefficient of the nanofluid was higher than that of the base fluid,
and when the Reynolds number was 5,000, the Nusselt number
increased by 68%.

Plate heat exchangers are widely used in heating and
refrigeration in various fields due to their high heat transfer
efficiency and flexible application. The plate heat exchanger is
made of a series of metal plates, and hot and cold fluids flow on
both sides of the metal plates to achieve high-efficiency heat
transfer (Galeazzo et al., 2006). Kumar et al. (2015b) reviewed
several references on heat transfer characteristics of nanofluids in
plate heat exchangers. They pointed out that most of the research
results showed that the improvement of heat transfer
performance was attributed to enhancements of
thermophysical properties of fluids by nanoparticles, and the
increase of the concentration of nanofluids resulted in the
increase in heat transfer coefficient. However, some studies
showed that the heat transfer coefficient further increased with
the reduction of nanofluid concentration. Moreover, the heat
transfer performance of nanofluids was also related to the flow
pattern. Therefore, applications of nanofluids in plate heat
exchangers needed further studies.

Nanofluids also have shown great potentials in thermal
performance when magnetic fields are applied. The magnetic
fluid as a functional nanofluid shows both flow characteristics
and magnetic properties. Magnetic fluids are made by adding
magnetic particles (such as iron, nickel, cobalt, and their oxides)
to a base fluid with no magnetism. Sundar et al. (2013)

Frontiers in Energy Research | www.frontiersin.org April 2022 | Volume 10 | Article 8227762

Yang et al. Nanofluids’ Performance With Magnetic Fields

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


experimentally studied thermal conductivity and viscosity of
Fe3O4–water nanofluids. It was found that the thermal
conductivity of Fe3O4–water nanofluids was affected by
particle size, concentration, and temperature. At the same
conditions, the increase in viscosity was higher than that in
thermal conductivity compared to the base fluid. The intensity
and direction of magnetic fields played vital roles in heat transfer
of magnetic fluids. Giwa et al. (2021) found that researchers
conducted many numerical simulations concerning heat transfer
of magnetic fluids in a square cavity, but few experiments are
available. They concluded that, for magnetic fluids, the heat
transfer enhancement deteriorated because of the magnetic
field, and only a few works indicated that a magnetic field
enhanced heat transfer.

The magnetic field is another important research aspect in the
studies on forced convection of magnetic fluid in tubes. Hariri
et al. (2017) numerically simulated the heat transfer performance
of Fe3O4 nanofluids in tubes under non-uniform magnetic fields.
The existence of the magnetic field increased the Nusselt number
of the magnetic fluid by more than 300% in the tube. Gorjaei et al.
(2020) showed that the flow velocity of the magnetic fluid in the
center of the tube decreased when the velocity near the wall
increased due to the non-uniform magnetic field. However,
limited research studies on magnetic fluids have been
conducted for different structured tubes, such as
corrugated tubes.

The purpose of this research is to summarize heat transfer
characteristics of natural convection and forced convection of
nanofluids in various heat exchange devices. In this paper, the
preparation methods of nanofluids are introduced, and various
physical properties of nanofluids, such as stability and
thermophysical properties (thermal conductivity and viscosity),
are discussed in detail. In applications of nanofluids, effects of
location of the heat sources on natural convective heat transfer of
nanofluids are analyzed in different cavity structures, such as the
T-shaped cavity, C-shaped cavity, Γ-shaped cavity, and H-shaped
cavity. This paper also summarizes the heat transfer performance
of various nanofluids in different heat transfer devices, including
electric heaters, plate heat exchangers, straight tubes, and double-
tube heat exchangers. For magnetic fluids, this paper reviews
findings about effects of magnetic field factors such as the
magnetic field direction, magnetic field magnitude, and
magnetic field gradient on the heat transfer performance of
magnetic fluids in square cavities, straight tubes, and electric
heaters. Effective solutions are put forward for improving the
thermal performance of heat transfer equipment to provide a
basic reference for applications of nanofluids.

PREPARATION OF NANOFLUIDS

As working media with high thermal efficiency, nanofluids have
played a very important role in heat transfer enhancement.
Preparation methods of nanofluids directly affect their stability
and thermophysical properties. This part mainly investigates
preparation methods and thermophysical properties of
nanofluids.

Preparation Method
The ideal nanofluid is nanoparticle suspension with uniform
dispersion and high stability. However, due to a large specific
surface area and high surface energy of nanoparticles, these can
easily agglomerate and precipitate in the base liquid, which affects
heat transfer characteristics of nanofluids (Chakraborty, 2019). It
is particularly important to obtain nanofluids with good
suspension stability. The stability of nanofluids depends on
preparation methods, i.e., one-step method (Zhu et al., 2004;
Kumar et al., 2009) or two-step method (Wang et al., 2019; Zheng
et al., 2020a; Zheng et al., 2020b; Chen et al., 2020; Wang et al.,
2020; Wang et al., 2021a; Zheng et al., 2021). In the one-step
method, nanoparticles are directly dispersed into the base
solution during the preparation process, and preparations of
nanoparticles and nanofluids are completed simultaneously
(Hiroshi et al., 1978). In the two-step method, nanoparticles
are directly added into the base solution, and then ultrasonic
dispersion is used to interrupt hard agglomeration of
nanoparticles. A stable nanofluid is obtained by adding the
dispersant and adjusting the pH value. Compared with the
two-step method, the one-step method prepares nanofluids
with uniform dispersion performance and long-term stability.
However, the one-step method is not suitable for large-scale
production due to the complicated preparation process and
expensive processing equipment.

In the past decades, nanofluids are mainly prepared by the
two-step method as shown in Figure 1.

The morphology of various nanoparticles and nanoparticle
suspensions is often characterized using scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). A set of special coils is used to scan samples in a
raster pattern and collect scattered electrons. Variations of
particle structure and shape are analyzed using SEM, and the
fine structure inside the objects is observed using TEM. SEM
images in Figure 2 show distributions and shapes of
nanoparticles Al2O3 (Zheng et al., 2020b), SiC (Zheng et al.,
2020b), CuO (Zheng et al., 2020b), and carbon nanotubes (CNTs)
(Wang et al., 2021a). The nanoparticles have spherical or elliptical
shapes. It is observed that these particles exist in the form of

FIGURE 1 | Schematic diagram of preparation of nanofluids using the
two-step method.
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aggregates. The uniform suspensions ZnO (Zheng et al., 2020a)
and Fe3O4 (Wang et al., 2019) were observed by TEM images.
Physical appearance, size, and shape of various nanoparticles in
suspensions are characterized.

Analysis of Nanofluid Stability
Nanoparticles in fluids have complex stress conditions and high
surface activity, and they are prone to self-polymerization in base
fluids. When the size of aggregation reaches a certain level,
sedimentation of nanoparticles occurs, which results in an
uneven distribution of nanoparticles. The nanofluid shows
strong instability in a macroscopic view, which affects flow
characteristics and heat transfer performance of the nanofluid.
The polymerized nanoparticles are precipitated from the base
fluid after resting for a long time. Suspension stability of
nanofluids is solved by using dispersion technologies, such as
using an appropriate electrolyte as the dispersant, addition of
surfactant, and ultrasonic vibration during dispersion. In a
sedimentation technique, stability of colloidal suspension is
evaluated by taking sedimentation photos of suspension in a
tube with a camera. The settlement process has strong visibility,
but ultrasonic oscillation destroys interaction between
nanoparticles. Addition of dispersant provides a strong
repulsive force between nanoparticles, weakening
agglomeration and sedimentation of particle swarms (Wang
et al., 2020).

The aggregation behavior of nanoparticles has been widely
concerned. Sun et al. clarified the unique aggregation mechanism
of nanoparticles with smaller particle size, which provided
reference for predicting the migration of nanoparticles (Sun
et al., 2021). Particle migration can lead to non-uniformity in
the concentration distribution in flowing nanofluids. According
to the existing thermophysical properties of nanofluids, a

theoretical model for predicting the agglomeration and
migration of nanoparticles in pipelines has been established.
The effects of Brownian motion, shear rate, and viscosity
gradient on particle diffusion should be considered (Ding and
Wen, 2005; Bahiraei, 2015). In the study by Ding and Wen
(2005), the agglomeration of nanoparticles mainly occurred in the
center of the pipeline, and the pressure drop had a minor effect on
the improvement of thermal conductivity of nanofluids.

Ultrasonic oscillation due to ultrasonic cavitation is an
effective method to reduce agglomeration of nanoparticles.
The mechanism reveals that ultrasonic cavitation causes micro
flow in the nanofluid, which decomposes the agglomerated
nanoclusters into scattered nanoparticles, so that the stability
of the nanofluid is improved. The interaction between
nanoparticles is destroyed by local high temperature, high
pressure, or strong shock wave generated by cavitation (Wang
et al., 2019; Zheng et al., 2020a; Zheng et al., 2020b; Chen et al.,
2020; Wang et al., 2020; Wang et al., 2021a; Zheng et al., 2021).
However, ultrasonic oscillation time has important effect on the
stability of nanofluids. It is concluded that a long ultrasonic
oscillation time does not mean good stability of nanofluids
(Zheng et al., 2020b). The optimal ultrasonic oscillation time
results in the highest thermal conductivity. Ultrasonic treatment
has a direct impact on the stability of nanofluids, but the effect of
surfactants cannot be ignored.

Surfactants are classified into anionic surface dispersants,
cationic surface dispersants, non-ionic surface dispersants, and
polymeric surface dispersants. Dispersant adsorbs more liquid
molecules on the particle surface. By increasing attraction
between solid and liquid, agglomeration is avoided. Many
surfactants have been commonly used in nanofluid research,
such as sodium hexametaphosphate (SHMP) (Zheng et al.,
2020a), cetyltrimethylammonium bromide (CTMAB) (Zheng

FIGURE 2 | SEM images of nanoparticles (A) Al2O3 (Zheng et al., 2020b), (B) SiC (Zheng et al., 2020b), (C) CuO (Zheng et al., 2020b), and (D) CNTs (Wang et al.,
2021a) and TEM images of (E) ZnO (Zheng et al., 2020a) and (F) Fe3O4 (Wang et al., 2019).
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et al., 2020a), trisodium citrate dehydrate (TSC) (Wang et al.,
2019), and sodium dodecyl sulfate (SDS) (Wang et al., 2021a).
Wang et al. (2021a) found that surfactants Acacia senegal (GA),
trisodium citrate dehydrate (TSC), and sodium laurylsulfonate
(SLS) had different effects on delaying sedimentation of
nanoparticles. Figure 3A shows the prepared
Fe3O4–CNT–water nanofluids after standing for 5 min and
2 weeks. Zheng et al. (2020a) studied effects of dispersant and
ultrasonic vibration on distributions of six nanoparticles as
shown in Figure 3B. SHMP and CTMAB were added, and the
mixed fluid was ultrasonically vibrated. After 10 days, the
nanoparticles obtained good dispersibility and low
agglomeration.

The stability of nanofluids also depends on their size-
dependent characteristics and dispersion conditions. van der
Waals gravitational force and electric double-layer repulsion
are related to particle size. A large particle size results in large
attractive potential energy between particles, which causes
agglomeration easily. If no sedimentation appears during a
certain time, it is considered that the nanofluids achieve
stabilities of dynamics and aggregation. The stability of
nanofluids is analyzed and characterized using TEM, SEM,
zeta potential testing, and static sedimentation. As a standard
test, a zeta potential analyzer is used to evaluate dispersion
stability of particles in water. The absolute value of the zeta
potential is positively related to the stability of the dispersion
system (Chakraborty and Panigrahi, 2020). For a stable
nanofluid, nanoparticles in liquid contain numerous positive
and negative charges. Their repulsion leads to a high zeta
potential. Generally, the zeta potential of a particle surface in a

stable dispersion system is above 30 mV, which is used to judge
the stability of nanofluids. Figure 4 shows zeta potential
distributions of 1.2 wt% Fe3O4–water (Wang et al., 2021a),
1.32 wt% Fe3O4–CNT–water (Wang et al., 2021a), 1.0 wt%
Al2O3–water (Zheng et al., 2020b), and 1.0 wt% CuO–water
(Zheng et al., 2020b). The results show that the prepared
nanofluids have good dispersion stability.

The base fluid influences the stability of nanofluids as well. The
repulsive force between nanoparticles mainly depends on the
dielectric of base fluid when the particle concentration and
particle size remain unchanged. Generally, the repulsive force
between particles is positively correlated with the dielectric
constant of the base fluid. The purpose of slowing down the
sedimentation of nanoparticles and improving the stability of
nanofluids is achieved by increasing the dielectric constant of the
base fluid (Chakraborty and Panigrahi, 2020). The most common
base fluids are water, ethylene glycol, and oil.

Thermophysical Properties of Nanofluids
Dispersion of nanoparticles in a base fluid directly affects
thermophysical properties of nanofluids, including thermal
conductivity, viscosity, density, and specific heat. The
thermophysical properties of various nanofluids are briefly
discussed in this section.

Improvement of thermal conductivity of nanofluids has great
influence in enhancing their convective heat transfer
characteristics. Thermal conductivities of nanofluids are
affected by many factors such as nanoparticle materials
(Zheng et al., 2020a; Zheng et al., 2020b; Wang et al., 2021a),
base fluid materials (Zheng et al., 2020b), nanoparticle shapes,
nanoparticle sizes (Wang et al., 2021a), nanoparticle
concentrations (Zheng et al., 2020a), and temperature
conditions (Zheng et al., 2021). The thermal boundary layer is
destroyed due to irregular movement of nanoparticles, enhancing

FIGURE 3 | Samples of various nanofluids. (A) Fe3O4–CNT–water
nanofluid 5 h after preparation (left) and Fe3O4–CNT–water nanofluid after
2 weeks (right) (Wang et al., 2021a). (B) Water-based nanofluids with
nanoparticles Al2O3, CuO, Fe3O4, ZnO, SiC, and SiO2 [29].

FIGURE 4 | Zeta potential distributions of 1.2 wt% Fe3O4 (Wang et al.,
2021a), 1.32 wt% Fe3O4–CNT (Wang et al., 2021a), 1.0 wt% Al2O3 (Zheng
et al., 2020b), and 1.0 wt% CuO (Zheng et al., 2020b) water-based
nanofluids.
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the heat transfer between water and nanofluids (Zheng et al.,
2020a; Wang et al., 2021b). For example, addition of copper
nanoparticles into ethylene glycol–water (EGW) intensifies
Brownian motion of the nanoparticles. The thermophysical
properties of fluids were improved due to intensified
movement of nanomaterials in the fluid (Chen et al., 2020).
The intensified Brownian motion also caused the reduction of
nanoparticle size and in turn improved the thermal conductivities
of the nanofluids. (Mahbubul et al., 2013). By changing the shape
of nanoparticles, the heat conduction area is increased, and
accordingly, the thermal conductivity of nanoparticles is
improved. Zheng et al. (2020b) studied effects of nanoparticle
materials, base fluid materials, and nanoparticle concentration on
convective heat transfer. They found that Fe3O4–water and
CuO–water nanofluids showed the best and the worst thermal
performance, respectively, among four nanofluids with
nanoparticles Al2O3, SiC, CuO, and Fe3O4. This was because
the supply of nanoparticles improved the thermal conductivity of
the base fluid. Thermal conductivities of nanofluids increased
with the increment of nanoparticle concentration. Thermal
conductivity had a minor increase with the increase of
nanoparticle concentration ratio. If the concentration ratio is
large enough, particle agglomeration will occur. It is very
important to find the best concentration ratio as shown in the
studies by Zheng et al. (2020a) and Zheng et al. (2021) The
surfactant is one of the factors affecting the thermal conductivity
of nanofluids (Zheng et al., 2020a; Wang et al., 2021a). Under the
action of nanoparticles and surfactants, the thermal conductivity
of the fluid was somewhat improved in the study by Wang et al.
(2021a). In the study by Wang et al. (2021a), the surfactant SDS
improved the thermal conductivity of CNT–water nanofluid,
while the thermal conductivity of Fe3O4–CNT–water nanofluid
was improved by adding the surfactant SLS.

Viscosity of nanofluids increased with the increase of
nanoparticles as shown in studies by Zheng et al. (2020a),
Zheng et al. (2020b), and Zheng et al. (2021). This was due to
increases in friction resistances between nanoparticles and
adjacent layers of the base fluid, as well as the formation of
intermolecular layers between the nanoparticles themselves.
Temperature is also an important factor affecting the viscosity
of nanofluids as shown by Ahmadi Nadooshan et al. (2018) and
Zheng et al. (2021). Flow characteristics of the fluid change with
temperature, and viscosity decreases with the increase of
temperature (Ahmadi Nadooshan et al., 2018). High
temperature of fluids causes the molecules to move at a faster
rate. The increase in molecular motion decreases the fluid
viscosity. Under high Reynolds number, the average Nusselt
number was more sensitive to viscosity than to heat
conduction (Abu-Nada et al., 2010). Other than temperature,
viscosities of nanofluids are mainly affected by volume fraction,
size, surface property of nanoparticles, ionic strength of the base
fluid, and pH value. The viscosities of nanofluids increase with the
increase in the amount of surfactants (Wang et al., 2019; Wang
et al., 2021a).

The density of nanofluids also shows direct effects on the
Nusselt number and Reynolds number, pressure loss, and friction
coefficients. Generally, when nanoparticles are added to the base

fluid, the specific heat of the nanofluids decreases and density
increases. Table 1 summarizes the thermophysical properties of
several nanoparticles.

In the previous studies, many methods have been used to
analyze thermal conductivities of nanofluids. Numerous studies
have emphasized that thermal conductivity increases with a
growth of concentration ratio of nanoparticles. Maxwell (2011)
investigated transmission characteristics of a heterogeneous
system. He put forward a pioneering thermal conductivity
model for non-contact spherical particle suspension, which
was applied to analyze the thermal conductivity of the mixture
of solid nanoparticles and base fluid. Many researchers developed
novel models based on Maxwell’s model. For example, the
Bruggeman equation was derived from the Maxwell model by
differential re-integration, which was used to analyze interaction
between random fillers (Bruggeman, 1935). The
Hamilton–Crosser model studied effects of particle shapes,
compositions, and pure component conductivities on thermal
conductivities of a heterogeneous two-component mixture
composed of a continuous phase and a discontinuous phase
(Hamilton and Crosser, 1962). This model modified the
Maxwell equation by adding a shape factor, and the empirical
shape factor n depended on the thermal conductivity and shape of
particles. Because abnormal enhancements of thermal
conductivity in nanoparticle liquid suspension are inconsistent,
many studies have shifted to efforts in theoretical research. Yu
and Choi (2003) extended the Hamilton–Crosser model of non-
spherical particle suspension using a generalized empirical shape
factor to correctly predict thermal conductivities of nanotubes in
petroleum nanofluids. Kumar et al. (2004) indicated that thermal
conductivities of nanofluids increased linearly with temperature
at low concentration. It depended on the intensity of the
Brownian motion of the particles. They also found that an
increase in the size of nanoparticles reduced thermal
conductivities of nanofluids, which was determined by a large
specific surface area of nanoparticles. Timofeeva et al. (2008) put
forward an operative medium theory to calculate the thermal
conductivity of TiO2 nanofluids. Moghaddam et al. (2021)
presented a model of thermal conductivity based on regression
analysis of data. Table 2 shows present calculation models of
thermal conductivity.

Various models have been introduced to calculate the viscosity
of nanofluids. Table 3 summarizes the classical formulas for
viscosity calculation. Einstein (1906) put forward a viscosity
model of liquid–solid two-phase mixture media at
concentrations below 0.02 vol%. Based on the Einstein
viscosity model (Einstein, 1906), Brinkman (1952) proposed a
viscosity formula with a wider application range and volume
concentration up to 0.04 vol%. With the further studies on
nanofluids, researchers had gradually realized important
influence of the Brownian motion of nanoparticles on the
suspension stability of nanofluids. Considering influence of the
Brownian motion of nanoparticles, many researchers modified
Einstein’s model (Einstein, 1906). Batchelor (1977) analyzed the
influence of the Brownian motion of particles on the stress of
nearly isotropic suspension of rigid and spherical particles and
proposed a high-order Einstein viscometer formula. Wang et al.
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(1999) realized that the Brownian motion of nanoparticles had
important influence on suspension stability and rheological
characteristics of a two-phase mixture system of nanofluids,
and they proposed a new formula for calculating the viscosity
of nanofluids. The above studies show that the factors affecting
the viscosity of nanofluids are very complex. The existing
viscosity models consider the volume fraction of nanoparticles,
without considering effects of nanoparticles’ size (Moghaddam
et al., 2021), temperature (Renner et al., 2000; Moghaddam et al.,
2021), shear rate (Phuoc and Massoudi, 2009), and magnetic field
(Syam Sundar et al., 2013). Moghaddam et al. (2021) considered
comprehensive influence of volume fraction, particle size, and
temperature of nanoparticles. They expanded the correlation
based on linear regression. It is found that no comprehensive
review considering various factors in theoretical models of the
nanofluid viscosity exists. Nevertheless, it is an important
problem to consider in future research on nanofluid viscosity.

According to the existing thermal conductivity and viscosity
models, it is obvious no existing theoretical analysis of
thermophysical models can accurately predict the results
under certain conditions. Numerical simulation results are
limited and have weak relevance for a certain nanofluid in an
experiment. Theoretical thermophysical property models need to
quantify the influencing factors more accurately, so that the
prediction range becomes smaller and more accurate, and
thus, a general thermophysical property model of nanofluids
can be obtained.

HEAT TRANSFER OF NANOFLUIDS IN A
CAVITY WITHOUT MAGNETIC FIELDS

The concentration of nanoparticles and the Rayleigh number
(Ra) are the common factors affecting heat transfer of nanofluids

TABLE 1 | Physical properties of various nanoparticles.

Authors Nanoparticle Particle size
(nm)

Density (kg/m3) Specific heat
(J/kg K)

Thermal conductivity
(W/m K)

Zheng et al. (Zheng et al., 2020b) SiC
CuO

40
30

3370
6500

1340
540

150
18

Wang et al. (Wang et al., 2021a) Fe3O4 15–25 5,180 670 80
Zheng et al. (Onyiriuka et al., 2019) ZnO

SiO2

30
30

2901
2200

923
703

-
-

Cheng et al. (Chen et al., 2020) Cu 30 8960 385 401
Nadooshan et al. (Ahmadi Nadooshan et al., 2018) CNT 8–15 2100 425 3000
Abu-Nada et al. (Abu-Nada et al., 2010) Al2O3 30 3600 765 35

TABLE 2 | Calculation models of thermal conductivities of nanofluids.

Authors Thermal conductivity

Maxwell (Maxwell, 2011) knf
kf
� kp+2kf +2ϕ(kp−kf )

kp+2kf −ϕ(kp−kf )
Bruggeman (Bruggeman, 1935) 1 − ϕ � kp−knf

kp+2kf( kf
knf
)13

Hamilton and Crosser (Hamilton and Crosser, 1962) knf
kf
� kp+(n−1)kf +(n−1)(kp−kf )ϕ

kp+(n−1)kf−(kp−kf )ϕ
Yu and Choi (Yu and Choi, 2003) knf

kf
� kp+2kf+2ϕ(kp−kf )(1+β)3

kp+2kf −ϕ(kp−kf )(1+β)3
Kumar et al. (Chen et al., 2020) knf

kf
� 1 + c 2kBT

(πμd2
p )kf +(1−ϕ)rp)

Timofeeva et al. (Timofeeva et al., 2008) knf
kf
� 1 + 3ϕ

Moghaddam et al. (Moghaddam et al., 2021) knf
kf
� 1.0139 × (1 + ϕ

100)2.964(1 + Tnf
70)0.155(1 + dp

0.0275)−0.01

TABLE 3 | Calculation models of nanofluid viscosities.

Authors Viscosity

Sundar et al. (Syam Sundar et al., 2013) μnf � μf(1 + φ/12.5)6.356
Moghaddam et al. (Moghaddam et al., 2021) μnf

μf
� 1.1015(1 + ϕ

100)9.053(1 + Tnf
70)0.095(1 + dp

0.0275)−0.027
Einstein (Einstein, 1906) μnf � μf(1 + 2.5ϕ)
Brinkman (Brinkman, 1952) μnf � μf(1 − ϕ)−2.5
Batchelor (Batchelor, 1977) μnf � μf(1 + 2.5ϕ + 6.2ϕ2)
Renner et al. (Renner et al., 2000) μnf

μf
� 1 + c 2kBT

(πμd2
p )kf+(1−ϕ)rp)

Phuoc and Massoudi (Wang et al., 1999) μnf � μf + (kenϕγ )12[(kenϕγ )12 + 2μ
1
2
w]
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in cavities. The structures of the cavity and the variations of heat
sources also play a significant role. A few research works on
nanofluids in electric heaters as a special cavity have been
presented.

Heat Transfer of Nanofluids in a Cavity With
Variations of Heating Sources
Figure 5 illustrates the variation of the average Nusselt number
(Num) of various nanofluids in a square cavity with the Reynolds
number. The average Nusselt number is determined by the
integral of the local Nusselt number on the heat source. The
average Nusselt numbers of CuO (Aminossadati and Ghasemi,
2011), TiO2 (Aminossadati and Ghasemi, 2009), Ag
(Aminossadati and Ghasemi, 2009), Al2O3 (Sert and Ti_muralp,
2015), and Cu (Sert and Ti_muralp, 2015) nanofluids increase
slowly with the increasing Rayleigh number for Rayleigh numbers
in the range of 1,000 to 10,000. The heat transfer mechanism of
nanofluids is mainly heat conduction at low Rayleigh number.
The flow boundary layer and thermal boundary layer do not
change with a modest increase of Rayleigh number. The heat
transfer on the heat source surface does not change obviously.
The average Nusselt numbers also have a minor variation. When
the Rayleigh number is in the range of 10,000 to 1,000,000, the
average Nusselt numbers of those nanofluids increase rapidly.
Due to the high Rayleigh number, the buoyancy force is the main
factor to enhance the flow intensity. The heat transfer in a square
cavity is affected by convection. With the increase of Rayleigh
number, the thermal boundary layer on the heat source surface
becomes thinner. The heat transfer intensity in the cavity is
enhanced accordingly in this case. When the results in the
cavity are used to enhance heat transfer of nanofluids in actual
applications, it is recommended to increase the Rayleigh number
of nanofluids in the cavity. This strengthens the influence of
buoyancy and causes an increase in the intensity of the flow.

According to Figure 5, the convective heat transfer is dominant
when the Rayleigh number is in the range of 10,000 to 1,000,000.

Table 4 shows the information of water-based nanofluids
inside cavities with arrangements of the heating sources. The
location of the heat source changes the flow field and temperature
field in a square cavity. To enhance the heat transfer, it is
recommended to disturb the nanofluid flow in the square
cavity. When multiple cold and hot sources exist in the square
cavity, the alternating arrangement of the hot and cold sources is
a good choice. When alternating cold and hot sources were
arranged, the average Nusselt number of 4 vol% CuO
nanofluid was 19.3% higher than that of non-alternating
arrangement of cold and hot sources (Aminossadati and
Ghasemi, 2011). Streamlines and isotherms of nanofluids for
alternating heat sources show better heat transfer. The alternating
cold and hot sources form smaller flow vortices in the square
cavity, which strengthens the flow intensity of the nanofluid.

When choosing the arrangement of heat sources, the range of
fluid flows in the square cavity should be expanded to avoid the
occurrence of flow dead zone as much as possible. The length of
the heat source is an influencing factor. Aminossadati and
Ghasemi (2009) found that the effect of using a long heat
source to increase the flow range in the cavity was better than
that of a short heat source. This was because the size of the
circulating eddy current in the cavity increases with the extension
of the heat source. The extended heat source increases the heat
yield and enhances the buoyancy. However, the increase in heat
yield is not conducive to heat transfer. To obtain the best results,
it is necessary to find a balance between flow intensity and heat
flux with an increase of the length of the heat source.

Although the heat transfer rate is faster when the hot source is
in contact with the cold source (Aminossadati and Ghasemi,
2011), the relative arrangement of the hot source and the cold
source in the square cavity forms a larger vortex and aggravates
the flow. Astanina et al. (2018) found that the average Nusselt
number of the relative arrangement of hot and cold sources was
1.3 times higher than that of the vertical arrangement of hot and
cold sources. It is inferred that the effect is optimal when the hot
source and the cold source are arranged relatively close to each
other. This is a traditional hot source arrangement (Lai and Yang,
2011). While Aminossadati and Ghasemi (2009) moved the hot
source from near the cold source to the middle, a larger vortex
existed in the square cavity. This increased convective heat
transfer of the nanofluid. But heat conduction of nanofluid
between the hot source and the cold source of the square
cavity was reduced, so that the overall heat transfer efficiency
of nanofluid became low. Therefore, the influence of heat transfer
state of nanofluid in a square cavity should be considered when a
hot source is arranged.

Finally, to intensify flow turbulence, especially near the hot
source, using an unconnected hot source instead of a connected
hot source is a significant method when the length of the hot
source is fixed. Sert and Ti_muralp (2015) concluded that the heat
transfer performance of Cu, Al2O3, and TiO2 nanofluids with the
unconnected hot source was improved by an average of 15 and
17% compared with that with the connected hot source. Li et al.
(2018) also found that the heat transfer performance of 1 vol%

FIGURE 5 | Variations of average Nusselt numbers of water-based
nanofluids with various Rayleigh numbers in a square cavity.
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Al2O3–water nanofluids was improved by 89.9% when the hot
source was replaced by unconnected sources. The thermal
boundary layer and the flow boundary layer near the hot
source are destroyed more seriously when the hot source is
changed from connected to unconnected. The flow and heat
transfer are strengthened. Therefore, it is necessary to consider
changing the connected hot source into an unconnected hot
source to enhance the heat transfer.

Heat Transfer of Nanofluids Inside a
Non-Conventional Cavity
Heat transfer of nanofluids in a closed cavity is affected by the
structure of cavities, such as a traditional square cavity (Lai and
Yang, 2011), T-shaped cavity (Esfe et al., 2017), Γ-shaped cavity
(Mohebbi et al., 2019), C-shaped cavity (Izadi et al., 2018; Abedini
et al., 2019), and H-shaped cavity (Keramat et al., 2020; Rahimi
et al., 2018; A. S. Raizah and M. Aly, 2021). Table 5 shows some
information about water-based nanofluids inside non-
conventional cavities. The aspect ratio (AR = L/H) of these
cavities affects the heat transfer performance of nanofluids.
When the Rayleigh number in a T-shaped cavity was between

1,000 and 10,000 for multi-walled carbon nanotube
(MWCNT)–water nanofluids, the average Nusselt number of
the heat source decreased with an increase of aspect ratio
(Esfe et al., 2017). In this case, heat transfer performance was
mainly determined by thermal conductivity. It is concluded that,
with an increase of aspect ratio, the distance between hot and cold
walls increases and heat transfer efficiency decreases. Mohebbi
et al. (2019) found that heat transfer characteristics of
Al2O3–water nanofluid in a Γ-shaped cavity with an aspect
ratio of 0.2 (smaller cavity) were better than those with aspect
ratios of 0.4 and 0.6. Izadi et al. (2018) have drawn the same
conclusion for the C-shaped cavity as shown by Mohebbi et al.
(2019). For a small cavity, the distance between the hot source
and the cold source decreases. In this case, heat conduction of the
fluid is dominant, and streamlines and temperature gradients of
the fluid are closer to those of the hot source and cold source (Esfe
et al., 2017; Izadi et al., 2018; Mohebbi et al., 2019; Keramat et al.,
2020). The fluid has difficulty to flow in a small cavity, and
convective heat transfer is weak in the cavity. A large cavity leads
to a large distance between the hot source and the cold source,
which weakens nanofluid heat conduction. The convective heat
transfer of the nanofluid is dominant at a large space. When the

TABLE 4 | Information of water-based nanofluids inside enclosures with arrangements of heating walls.

Authors Model Nanoparticle Remarks

Aminossadati and Ghasemi (Aminossadati
and Ghasemi, 2011)

CuO Num of alternating heat and cold sources increased by 19.3% compared to that of
other heat and cold sources

Aminossadati and Ghasemi (Aminossadati
and Ghasemi, 2009)

Al2O3 Length of heat source increased the strength of circulating vortex in a cavity

Sert and Timuralp (Sert and Ti_muralp, 2015) Cu
Al2O3

TiO2

Num of nanofluids with the unconnected heat source was on average 15–17%
higher than that with the connected heat source

Astanina et al. (Astanina et al., 2018) CuO Num of CuO nanofluid at Δ = 0 increased by 130% compared with that at Δ = 0.9

Li et al. (Li et al., 2018) Al2O3 Num of Al2O3 nanofluid with the unconnected heat source was 89.9% higher than
that with the connected heat source
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Rayleigh number is between 105 and 106, the average Nusselt
number increases with an increase in aspect ratio. The main heat
transfer was convection. The increase in aspect ratio resulted in a
large flow space, which improved heat transfer efficiency (Esfe
et al., 2017). The heat transfer enhancement effect due to the
aspect ratio on natural convective heat transfer of nanofluids in a
cavity is mainly affected by the heat transfer state (heat
conduction and convection). To achieve the optimal heat
transfer performance, it is necessary to choose an appropriate
aspect ratio by analyzing the flow regime and heat transfer of
nanofluids.

Heat transfer of nanofluids is also affected by structures within
the cavities. Keramat et al. (2020) installed baffles on top and
bottom ribs in H-shaped cavities. With the installation of the
baffles at the bottom, the average Nusselt number on the bottom
wall increased by 3%, whereas the average Nusselt number of the
bottom wall was reduced by 2% for the baffle at the top.
Armaghani et al. (2018) found that the average Nusselt
number on a hot source was 25% higher than that without
baffle, when the length of the cold source baffle was 60%
length of a T-shaped cavity. The baffle also enhanced heat
transfer of Fe3O4 nanofluid in a C-cavity (Abedini et al.,
2019). The baffle of the cold source narrows the distance

between the cold and hot sources, enhancing heat transfer
characteristics of nanofluids in the cavity (Armaghani et al.,
2018; Abedini et al., 2019). However, a flow vortex in the fluid
occurs in a limited space due to the presence of baffles, and a small

FIGURE 6 | Increments of average Nusselt numbers of nanofluids in
various cavities with the optimal and the worst aspect ratios.

TABLE 5 | Information of water-based nanofluids inside non-conventional enclosures.

Authors Model Nanoparticle Parameter

Esfe et al. (Esfe et al., 2017) MWCNT φ, Ra, AR

Mohebbi et al. (Mohebbi et al., 2019) Al2O3 φ, Ra, AR, and height and location of heaters

Izadi et al. (Izadi et al., 2018) Al2O3 φ, Ra, AR, and height and location of heaters

Keramat et al. (Keramat et al., 2020) Al2O3 φ, Ra, AR, baffle location, and boundary conditions

Abedini et al. (Abedini et al., 2019) Fe3O4 φ, AR, baffle length
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vortex showed a negative effect on heat convection. When the
baffle is adiabatic, convective heat transfer of nanofluids in
cavities is significantly weakened (Armaghani et al., 2018;
Abedini et al., 2019). Therefore, it is necessary to in detail
discuss about effects of adiabatic baffles on heat transfer
enhancement of nanofluids in the cavity.

Figure 6 shows increases in the average Nusselt number
(ηNum) on a hot source under the optimal and the worst
aspect ratios in various cavities. The Rayleigh number of all
nanofluids in cavities is 1,000,000 with a volume concentration
of 1%. In the study by Abbood et al. (2018), when the surface
radius (ξ) changes from 1/8 height of the cavity (1/8H) to 3/8
height of the cavity (3/8H), the average Nusselt number of TiO2

and Cu nanofluids increases by 144.4 and 147.5%, respectively.
Thermal conductivities of TiO2 and Cu nanoparticles are 8.6 W/
m K and 400W/m K (Abbood et al., 2018), convective heat
transfer of nanofluids in the cavity is the main factor affecting
heat transfer, and the type of nanofluid (TiO2 and Cu) has a
minor effect on heat transfer enhancement. When the aspect ratio
increases from 0.2 to 0.8 in a T-shaped cavity, the increment of
the average Nusselt number of MWCNT nanofluids is 9.2% (Esfe
et al., 2017). The change of aspect ratio has no significant effect on
heat transfer of MWCNT nanofluids because the heat transfer in
the cavity is dominated by heat conduction. Effects of aspect
ratios of cavities on heat transfer of Al2O3 nanofluids are studied
by Mohebbi et al. (2019) and Keramat et al. (2020). It is
interesting to note that the increase of the average Nusselt
number is not sensitive to changes of aspect ratio in an
H-shaped cavity (an increase of 26.2%) compared to that in
the Γ-shaped cavity (an increase of 114.4%).

Heat Transfer of Nanofluids in an Electric
Heater
There are very few experimental studies on the natural
convection of nanofluids in electric heaters by previous
researchers. Table 6 shows the experimental studies of
nanofluids with different base fluids in electric heaters. The

electric heater used by Chen et al. (2020) consists of two
horizontal tubes (the diameter of 30 mm and the length of
660 mm) and vertical finned tubes (the diameter of 20 mm

TABLE 6 | Information of nanofluids in electric heaters.

Authors Model Nanofluid Remarks

Wang et al. (Wang et al., 2020) Al2O3–water 1.0% Al2O3–water nanofluid had the optimal thermal performance up to 7.2%

Chen et.al (Chen et al., 2020) Cu–EGW
Al2O3–EGW
Fe3O4–EGW

The maximum heat transfer enhancement for 2% Cu–EGW nanofluid was 13.18%

Sahin and Namli. (Sahin and Namli,
2021)

Al2O3–oil
TiO2–oil

The maximum temperature values of Al2O3–oil and TiO2–oil nanofluids increased by 7.9%
and 9.4%

FIGURE 7 | Schematic diagram of experimental systems of forced
convection devices.
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and the length of 450 mm). Nanofluids account for 85% of the
volume of the electric heater because nanofluids expand due to
heating (Chen et al., 2020). The fluid in the electric heater
performs natural convection better due to the existence of the
bottom heating rod. To obtain accurate experimental results,
the electric heater is located in an insulated square cavity, and
the heat loss at the outlet of the electric heater is generated
from the bottom of the square cavity. The arrangement of
thermocouples for measuring the temperature on the electric
heater (red dot) is shown in Table 6. The maximum
temperature of the heating fluid is generally below 100°C
(Chen et al., 2020; Wang et al., 2020; Sahin and Namli, 2021).

The base fluid of nanofluid applied in the electric heater is also
different. Wang et al. (2020) applied the commonly used
deionized water as the base fluid, while Chen et al. (2020)
chose the base fluid as a mixture of ethylene glycol and
deionized water with a mass ratio of 4:6. Sahin and Namli
(2021) used heat transfer oil. The thermal conductivities of
deionized water, ethylene glycol, and heat transfer oil are
0.6 W/m·K (Azizian et al., 2014), 0.224W/m·K (Chen et al.,
2020), and 0.128W/m·K (Sahin and Namli, 2021),
respectively. It is obvious that the thermal conductivity of
deionized water is significantly higher than that of ethylene
glycol and heat transfer oil. As discussed previously, the
thermophysical property of a nanofluid is determined by base
fluids and nanoparticles. Therefore, it is recommended to use
deionized water as a base fluid in electric heaters in normal
circumstances. However, in a low-temperature environment
(when the temperature is less than 0°C), the deionized water is
not suitable to be used as a base fluid. The mixed base solution of
ethylene glycol and deionized water is a good choice because it is
still liquid when the temperature is below 0°C. The mixed liquid
in this case has a better operating performance at low temperature
(Chen et al., 2020). This mixed liquid makes the electric heater to
have certain anti-freezing characteristics, which is helpful for
applications of electric heaters in cold regions.

Al2O3 (Chen et al., 2020; Wang et al., 2020) nanoparticles are
dispersed into different base fluids to form nanofluids. This is

because Al2O3 nanoparticles have good thermophysical
properties and low cost. The thermal conductivity of Al2O3

nanoparticles with an average particle size of 30 nm is
28.3 times higher than that of ionic water because Al2O3

nanoparticles have a thermal conductivity of 35W/m·K and the
deionized water has a thermal conductivity of 0.6W/m·K (Wang
et al., 2020). Wang et al. (2020) found that, among Al2O3–water
nanofluids with five concentrations (0.1 wt%, 0.5 wt%, 1.0 wt%,
1.5 wt%, and 2.0 wt%), 1.0% Al2O3–water nanofluids had an
optimal heat transfer effect. Filled in the electric heater, the
equilibrium temperature of 1.0% Al2O3–water nanofluid is 10.3%
higher than that of the base fluid. This illustrates that those thermal
conductivities and viscosities of nanofluids increase with an increase
in the mass fraction of nanofluids. The reason is that a balance was
observed between thermal conductivity and viscosity at high
concentration. An increase in thermal conductivity is beneficial to
heat transfer enhancement of nanofluids. However, the increase in
viscosity aggravates the agglomeration of nanoparticles and
deteriorates the heat transfer. Therefore, an optimal concentration
is needed to consider a balance between thermal conductivity and
viscosity. The optimal concentration of nanofluids in the electric
heater should be selected considering the balance between cost and
the heat transfer performance.

The nanoparticle material is an important factor for heat
transfer performance. Based on findings from Chen et al.
(2020), under the same heating conditions, the equilibrium
temperature values of Cu–EGW, Fe3O4–EGW, and
Al2O3–EGW were higher than that of the base fluid. The
equilibrium temperature of Cu–EGW nanofluid was the
highest, and the heating time to the equilibrium temperature
was the shortest. Cu–EGWnanofluid showed higher heat transfer
performance than Fe3O4–EGW and Al2O3–EGW nanofluids.
This is caused by the increase of thermal conductivity of
nanofluid due to the addition of nanoparticles. It is concluded
that the heating time and heat transfer performance of nanofluids
have more advantages than those of the base fluid. Sahin and
Namli (2021) considered that the thermal characteristic of
Al2O3–oil nanofluids was better than that of TiO2–oil

TABLE 7 | Thermal performance of nanofluids in tubes with various ribbed structures.

Authors Structure Nanofluid MHTE Remarks

Wang et al. (Wang et al.,
2021b)

CuO–EGW 41.5% Nusselt number for CuO-EGW nanofluid in a tube with 75° rib bottom angle on
average increased by 135.8% compared to that in a smooth tube

Habibi et al. (Habibi and
Salimpour, 2019)

Al2O3–water 42.1% The heat transfer coefficient in the convergent section increased with the increase
in Reynolds number

Mohebbi et al. (Mohebbi et al.,
2015)

Al2O3–water Trapezoidal rib:
66%

Semicircular rib:
65%

Rectangular
rib: 58%

Trapezoidal and semicircular ribbed tubes had a higher Nusselt number than the
rectangular ribbed tubes

Salman (Salman, 2019) ZnO–water
CuO–water
Al2O3–water
SiO2–water

- Nanoparticle SiO2 produced the highest Nusselt number compared to
nanoparticles Al2O3, ZnO, and CuO
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nanofluids. The interaction of particle size and thermal
conductivity of nanoparticles plays a major part in the heat
transfer performance of nanofluids. The optimal properties of
nanoparticles would be small sizes and high thermal conductivity.
The thermal conductivity of Al2O3 (40W/m·K (Sahin and Namli,
2021)) is higher than that of TiO2 (11.7 W/m·K (Sahin and
Namli, 2021)), and the particle size of Al2O3 (20–30 nm) is
smaller than that of TiO2 (30–40 nm) (Sahin and Namli,
2021). However, the thermal conductivity of Cu nanoparticles
is much higher than that of Fe3O4, Al2O3, and TiO2 (Chen et al.,
2020; Sahin and Namli, 2021). In this case, because there is almost
no difference of nanoparticle size, the effect of particle diameter
on heat transfer is not significant. Therefore, Cu of the four
selected nanomaterials is recommended for electric heaters.

THERMAL PERFORMANCE OF
NANOFLUIDS IN A HEAT EXCHANGER
WITHOUT MAGNETIC FIELDS
This part briefly introduces forced convective heat transfer of
nanofluids in various heat transfer equipment. Nanofluids
improve heat transfer characteristics in ribbed tubes, double-
tube heat exchangers, and plate heat exchangers. Figure 7 shows
experimental systems of nanofluids in a straight tube (Li et al.,
2021), a double-tube heat exchanger (Zheng et al., 2020a), and a
plate heat exchanger (Zheng et al., 2020b; Zheng et al., 2021).
These experimental devices mainly consist of two parts: fluid
circulation system and test section. A straight tube system
includes a nanofluid circulation and a straight tube (test
section). For a two-circulation system, the cold fluid side and
hot fluid side are typically composed of power plants (pump),
flow-measuring device (flowmeter), valve, thermostat water bath,
test section, and storage tank. In double-tube heat exchangers
(Zheng et al., 2020a) and plate heat exchangers (Zheng et al.,
2020b; Zheng et al., 2021), the nanofluid and water are used for a
cold fluid and hot fluid, respectively. The stability of nanofluids
decreases with an increase in nanofluid temperature, leading to
agglomeration deposition of nanoparticles in the test section and
reduction of thermal efficiency. Nanofluids are widely used to

cool straight tubes which are heated by thermostatic heat flow. Li
et al. (2021) used a direct current power supply of 0–150W to
provide a required heat flux.

Temperature values for the hot fluid and cold fluid in the test
section are kept constant in experiments. The flow rate is
determined by adjusting control valves. The pressure drop of
nanofluids is obtained by connecting the pressure gauge at the
inlet and outlet of the test section. Thermocouples are used to
measure the temperature of the fluid. The measured data are
input into a computer through a data acquisition device.

Heat Transfer of Nanofluids in a Ribbed
Tube
Thermal efficiency in ribbed tubes is enhanced by adding
nanoparticles (metals and metal oxides). Metal oxides (such as
Al2O3 (Mohebbi et al., 2015; Habibi and Salimpour, 2019;
Salman, 2019; Kaood and Hassan, 2020), CuO (Salman, 2019;
Wang et al., 2021b), and ZnO (Salman, 2019)) have low cost and
good stability. On the contrary, coarsened surfaces are obtained
by changing geometry structures with ribs, grooves, lines, or
spiral bellows. The ribbed tube structures have been commonly
used, such as rectangular ribs (Mohebbi et al., 2015; Salman, 2019;
Kaood and Hassan, 2020), triangular ribs (Salman, 2019; Kaood
and Hassan, 2020), semicircular ribs (Mohebbi et al., 2015), and
trapezoidal ribs (Mohebbi et al., 2015; Salman, 2019; Kaood and
Hassan, 2020). Compared with only using nanofluids or ribs,
nanofluids in different ribbed tubes further improve the heat
transfer performance.

Table 7 shows information of nanofluids in some tubes with
various ribbed structures. Some scholars have explored heat
transfer characteristics of nanofluids in ribbed tubes after
adding nanoparticles. It was found that the heat transfer
performance of prepared nanofluids by adding nanoparticles
was better than that of the base fluid (Mohebbi et al., 2015;
Habibi and Salimpour, 2019; Salman, 2019; Kaood and Hassan,
2020; Wang et al., 2021b). Compared with those in smooth tubes,
convective heat transfer coefficients of Al2O3–water nanofluids in
trapezoidal ribbed tubes, semicircular ribbed tubes, rectangular
ribbed tubes, and sinusoidal tubes increased by 66% (Mohebbi

TABLE 8 | Effects of inlet temperature on heat transfer characteristics of nanofluids in double-tube heat exchangers.

Authors Nanofluid φ Tin (°C) Remarks

Duangthongsuk and Wongwises
(Duangthongsuk and Wongwises, 2009)

TiO2–water 0.2 vol% 15,
20, 25

Heat transfer coefficient of nanofluids was maximumwhen Tinwas 15°C

Zheng et al. (Zheng et al., 2020c) Al2O3–water 0.25 vol%
0.5 vol%

40, 50 Nu for 0.5 vol% nanofluid at 40°C was 4.84% higher than that at 50°C

Singh and Sarkar (Singh and Sarkar, 2021) Al2O3+TiO2–water 0.1 vol% 50,
60, 70

Nu at 50°C was 38.5% higher than Nu at 70°C

Raei et al. (Raei et al., 2017) Al2O3–water 0.05 vol%
0.15 vol%

45,
55, 65

Nu at 65°C and at 55°C was 17.7 and 4.84% higher than Nu at 50°C for
0.05% Al2O3–water nanofluid

Sarafraz et al. (Sarafraz et al., 2016) CNT–water 0.1 wt%
0.2 wt%
0.3 wt%

50, 70 Nu values for 0.1 wt%, 0.2 wt%, and 0.3 wt% nanofluids at 70°C
increased by 5.1, 7.2, and 9.8% compared to those at 50°C

Arya et al. (Arya et al., 2019) MgO–EG 0.3 wt% 25, 40,
50, 60

Heat transfer coefficient of MgO–EG nanofluid at 60°C was 9% higher
than that at 25°C
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et al., 2015), 65% (Mohebbi et al., 2015), 58% (Mohebbi et al.,
2015), and 42.1% (Habibi and Salimpour, 2019). Compared with
those in the rectangular ribbed structure, the streamlines and
isotherms of Al2O3–water nanofluids are denser in the ribbed
structures of trapezoidal and semicircular ribbed tubes (Mohebbi
et al., 2015). This is because various ribbed tube structures have
different curvature parameters and disturbances of nanofluids in the
boundary layer are significantly different. Al2O3–water nanofluids in
trapezoidal ribbed tubes show a significant heat transfer
enhancement. Due to increases in heat transfer area, more mixing
surfaces and sweeping surfaces are observed in trapezoidal ribbed
tubes compared to those in other ribbed tubes. Researchers also
studied effects of different nanoparticles on heat transfer
enhancement in the same tube structure. Based on a comparison
of nanoparticles Al2O3, CuO, SiO2, and ZnO, SiO2 nanoparticles
showed the highest Nusselt numbers (Salman, 2019). Comparedwith
other fluids, the SiO2 nanofluid has the minimum density and the
maximum average flow velocity, which plays an important role in
forced convection heat transfer (Salman, 2019). Triangular ribs have
a higher surface friction coefficient and significantly enhanced heat
transfer, compared to trapezoidal ribs and rectangular ribs. Themain
reason is that the increased concentration of the phase with higher
thermal conductivity results in an increase in the thermal
conductivity of the fluid. From the above, it is recommended to
obtain a good heat transfer enhancement by using 4% Al2O3–water
nanofluid in a triangular tube.

Heat Transfer of Nanofluids in a
Double-Tube Heat Exchanger
This part mainly introduces heat transfer characteristics of
nanofluids in double-tube heat exchangers as shown in
Table 8. The inlet temperature (Tin) of nanofluids shows an
important effect on heat transfer characteristics. Zheng et al.
(2020c) observed that 0.25 vol% and 0.5 vol% Al2O3–water
nanofluids at an inlet temperature of 40°C had 8.27 and 4.84%
higher Nusselt numbers than those at an inlet temperature of
50°C. The Nusselt numbers for 0.15 vol% Al2O3–water nanofluids
at 65 and 55°C were 17.7 and 10.2% higher than that at 45°C. For
0.05% Al2O3–water nanofluids, the increases in the Nusselt
numbers were 18.2 and 13.6% (Raei et al., 2017). The effects
of inlet temperature on the thermal conductivity and viscosity of
Al2O3–water nanofluids were like that of mass fraction. The
increase in the viscosity of Al2O3–water nanofluid had a
higher adverse effect on heat transfer than the increase of
thermal conductivity in the study by Zheng et al. (2020c). The
increase in the viscosity of Al2O3–water nanofluid had a lower
adverse effect on heat transfer than the increase of thermal
conductivity in the study by Raei et al. (2017). In addition, the
particle sizes of Al2O3 nanoparticles used by Zheng et al. (2020c)
and Raei et al. (2017) are 50 and 20 nm. The nanoparticles of
small size are more easily affected by temperature than the
nanoparticles of large size, and the Brownian motion of
nanoparticles of small size is more intense with the increase of

FIGURE 8 | Variations of performance evaluation criteria of water-based nanofluids with various Reynolds numbers. (A) TiO2 nanofluids [71]. (B) Al2O3 nanofluids
[29]. (C) ZnO nanofluids [29]. (D) CuO nanofluids [29].
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temperature. Al2O3+TiO2–water nanofluid is made with Al2O3

nanofluid by adding TiO2 nanoparticles at a mass ratio of 1:1
(Singh and Sarkar, 2021). When the inlet temperature was 50°C,
the Nusselt number of Al2O3+TiO2–water nanofluid was 38.5%
higher than that at 70°C (Singh and Sarkar, 2021). Singh and
Sarkar (2021) explained that this phenomenon was caused by the
alteration of nanofluid density, viscosity, and thermal diffusivity
with temperature. When studying individual TiO2 nanofluids, it
was also found that when the inlet temperature was 15, 20, and
25°C, the heat transfer coefficient of 0.2% TiO2–water nanofluid was
the highest at 15°C (Duangthongsuk and Wongwises, 2009). The
heat transfer coefficient of TiO2 nanofluids at low temperature was
higher than that at high temperature (Duangthongsuk and
Wongwises, 2009). The Nusselt number of CNT nanofluids at
the inlet temperature of 70°C was higher than that at 50°C
(Sarafraz et al., 2016). This is because with the increase of
temperature, thermal properties of CNT nanofluids are slightly
improved, and the Brownian motion and thermal diffusion
ability of nanofluids are enhanced (Sarafraz et al., 2016). When
the inlet temperature was 60°C, 0.3 wt%MgO–EG nanofluid was 9%
higher than that at 25°C (Arya et al., 2019). Arya et al. (2019)
detected the alteration of thermal conductivity, specific heat, and
viscosity of MgO–EG nanofluid in the temperature range of
25–100°C. The thermal conductivity of MgO–EG nanofluids
increased with the increase of temperature, while the viscosity
decreased with the increase of temperature. This is the reason
why MgO–EG nanofluid has good heat transfer effect at higher
temperatures. It also shows that an increase in inlet temperature
improves overall heat transfer performance for fluids with MgO and
CNTs, whereas TiO2 nanofluid has better heat transfer performance
at lower inlet temperatures than other fluids. This result requires
further investigation of the effects of thermal conductivity and
viscosity of fluids.

The performance evaluation criterion (PEC) (Kongkaitpaiboon
et al., 2010) is the ratio of the heat transfer coefficient of nanofluids
to that of base fluids at the same pumping power. Figure 8 shows
variations of the performance evaluation criterion of TiO2

(Subramanian et al., 2020), Al2O3 (Zheng et al., 2020a), ZnO
(Zheng et al., 2020a), and CuO (Zheng et al., 2020a) nanofluids
in a double-tube heat exchanger with Reynolds numbers. The PEC
is calculated by (Kongkaitpaiboon et al., 2010)

PEC �
Nunf
Nuf

(fnf

ff
)
1/3, (1)

TABLE 9 | Thermal performance of nanofluids in plate heat exchangers.

Authors Nanofluid MHTE Remarks

Zheng.et al. (Zheng et al., 2020b) Al2O3–water
SiC–water
CuO–water
Fe3O4–water

19.8%
17.2%
13.8%
21.9%

0.05 wt% Fe3O4–water showed the optimal heat transfer performance. Empirical formulas
of four nanofluids were summarized

Kumar et al. (Kumar et al., 2016) TiO2–water 9.09% MWCNT nanofluid showed the optimal heat transfer performance. The optimum spacing of
plate heat exchanger was 5 mm

Al2O3–water 16.81%
ZnO–water 19.28%
CeO2–water 23.41%
Cu + Al2O3–water 37.11%
GnP–water 45.45%
MWCNT–water 52.86%

Wang et al. (Wang et al., 2018) GnP–EGW 4% The correlations of heat transfer coefficients and friction coefficients of nanofluids in MPHE
were summarized

Tiwari et al. (Tiwari et al., 2013) CeO2–water 35.9% 0.75 vol% CeO2–water nanofluids had the optimal performance index up to 16%
Al2O3–water 26.3%
TiO2–water 24.1%
SiO2–water 13.9%

Bhattad and Sarkar (Bhattad and
Sarkar, 2020)

Al2O3–water 17.1% Performance of hybrid nanofluids was higher than that of single-nanoparticle nanofluids. The
increase in pressure drop was negligible

Al2O3+MWCNTs (4:
1)–water
25.36%

FIGURE 9 | Overall heat transfer coefficient enhancements of various
nanofluids with the optimum concentration at a flow rate of 3 lpm.
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whereNunf andNuf are Nusselt numbers of the nanofluid and the
base fluid and fnf and ff are friction factors of the nanofluid and the
base fluid.

Figure 8 shows that performance evaluation criteria of TiO2

(Subramanian et al., 2020), ZnO (Zheng et al., 2020a), and CuO
(Zheng et al., 2020a) nanofluids in their respective concentration
ranges mainly increase with the increase of Reynolds number.
The flow intensity effect of Al2O3 nanofluids on the performance
evaluation criterion is not monotonously increasing. It is also
found that the performance evaluation criteria of TiO2

(Subramanian et al., 2020) and Al2O3 (Zheng et al., 2020a)
nanofluids are less than 1 (base fluid) in the studied range of
Reynolds numbers. The maximum performance evaluation
criterion of TiO2 (Subramanian et al., 2020) nanofluid is 0.95,
and the maximum performance evaluation criterion of Al2O3

(Zheng et al., 2020a) is 0.98. It shows that, under the experimental
conditions, the performance of TiO2 (Subramanian et al., 2020)
and Al2O3 (Zheng et al., 2020a) is not as good as for the base fluid.
The reason why the performance evaluation criterion of TiO2 is
less than 1 might be due to its insufficient flow intensity (the
Reynolds number in the experimental range is below 5,000).
Applications of TiO2 and Al2O3 nanofluids in double-tube heat
exchangers should be carefully considered. When the Reynolds
number increases to a certain extent, the performance evaluation
criteria of ZnO and CuO nanofluids are greater than 1. The
maximum performance evaluation criterion of ZnO is 1.25, and
the maximum performance evaluation criterion of CuO is 1.34
(Zheng et al., 2020a). This shows that only when the flow of the
nanofluid in the casing reaches a certain strength, the
performance of the nanofluid is better than that of the base
fluid. CuO nanofluids show the optimal performance among four
nanofluids.

The concentration of nanofluids affects the performance
evaluation criterion. The performance evaluation criterion of
TiO2 (Subramanian et al., 2020) nanofluids increases with the
increase of volume fraction. Among the four mass fractions (0.5,
1.0, 1.5, and 2.0%), the average performance evaluation criteria
for Al2O3, ZnO, and CuO nanofluids are obtained at 2.0, 1.5, and
1.0%, respectively (Zheng et al., 2020a). This result is because of
the effect of the increase of concentration on the thermal
conductivity and viscosity of nanofluids. The optimal
concentration should be selected based on their largest
performance evaluation criterion (PEC). Therefore, it is not
recommended to use high-concentration ZnO and CuO
nanofluids in double-tube heat exchangers for the
consideration of economy and thermal performance.

Heat Transfer of Nanofluids in a Plate Heat
Exchanger
Table 9 shows the maximum heat transfer enhancement (MHTE)
of several nanofluids in plate heat exchangers. With the addition
of nanoparticles, the heat transfer intensity of the fluid is
improved in varying degrees. MWCNT–water nanofluids
showed the optimal performance, and the maximum heat
transfer enhancement was up by 52.86% (Kumar et al., 2016)
compared with that of the base fluid. However, the heat transfer

effect of some nanofluids was minor, and the minimum
enhancement effect was only 4% of that of graphene
(GnP)–EGW (Wang et al., 2018). The heat transfer
performance of graphene nanofluids was also tested in the
study of Kumar et al. (2016), and the maximum heat transfer
enhancement was 45.45%. This might be due to the difference of
base fluid choices. The thermal conductivity of water (0.6 W/m·K
(Azizian et al., 2014)) is significantly higher than that of ethylene
glycol (0.224W/m·K (Zheng et al., 2021)). In these studies, most
of the nanofluids used are oxide nanofluids, such as Al2O3 (Tiwari
et al., 2013; Kumar et al., 2016; Bhattad and Sarkar, 2020; Zheng
et al., 2020b), TiO2 (Tiwari et al., 2013; Kumar et al., 2016), CeO2

(Tiwari et al., 2013; Kumar et al., 2016), Fe3O4 (Zheng et al.,
2020b), and ZnO (Tiwari et al., 2013). As the stability and cost of
oxide nanofluids are lower than those of other nanofluids, Al2O3

nanofluids are widely used in plate heat exchangers. The
enhancement effect of Al2O3 nanofluids on heat transfer is
also obvious, and the maximum heat transfer enhancement
was 19.8% (Zheng et al., 2020b), 16.81% (Kumar et al., 2016),
26.3% (Tiwari et al., 2013), and 17.1% (Bhattad and Sarkar, 2020),
respectively. This is mainly because of the difference in thermal
conductivity of the Al2O3 nanofluids from different references
(thermal conductivity of 0.659W/m·K in the study by Tiwari
et al. (2013) and thermal conductivity of 0.6004W/m·K in the
study by Bhattad and Sarkar (2020)). However, the heat transfer
enhancement of a single nanofluid is limited, so a variety of
nanoparticles are hybridized and mixed with the base fluid to
form hybrid nanofluids. “Hybrid” nanofluid means two or more
nanoparticles are hybridized and mixed with the base fluid to
form a functionally thermal fluid. Compared with single
component nanofluids, hybrid nanofluids have better
rheological properties and chemical stability (Farbod and
Ahangarpour, 2016). It was found that compared with that of
Al2O3–water nanofluid, the maximum heat transfer performance
of Cu + Al2O3–water nanofluid was improved by 17.38% (Tiwari
et al., 2013). Similarly, the heat transfer enhancement effect of
adding MWCNTs to Al2O3–water nanofluid was also obvious,
up to 7% (Tiwari et al., 2013). This is because Cu nanoparticles
and MWCNT materials have better thermophysical
properties than Al2O3 nanoparticles. Therefore, hybrid
nanofluids have a good application prospect. Zheng et al.
(2020b) found that Fe3O4 nanofluids showed the optimal
thermal properties compared with the other three
nanofluids. Fe3O4 nanofluids show more unique properties
under the action of magnetic field, which will be described in
detail in the following section.

Figure 9 illustrates the enhancement of the overall heat
transfer coefficient (U) of nanofluids at the optimal
concentration when the flow rate is 3 lpm compared with the
base fluid. The optimal concentration of all nanofluids observed
by Kumar et al. (Tiwari et al., 2013) is 0.75 vol%. From the
experiments of Kumar et al. (2016) and Zheng et al. (2020b), it is
concluded that each nanofluid had its own optimal
concentration. The optimal concentrations of SiC, Fe3O4, and
Al2O3 nanofluids obtained by Zheng et al. (2020b) are 1.0 wt%
(the concentration range is 0.05 wt%–1.0 wt%). The optimal
concentration examined might be lower than the real optimal

Frontiers in Energy Research | www.frontiersin.org April 2022 | Volume 10 | Article 82277616

Yang et al. Nanofluids’ Performance With Magnetic Fields

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


concentration. As mentioned earlier, the increase of nanofluid
concentration affects its viscosity and thermal conductivity.

As shown in Figure 9, compared with other nanofluids,
MWCNT and GnP nanofluids (Kumar et al., 2016) have more
obvious improvement in the overall heat transfer coefficient,
reaching 48 and 41%, respectively. These two kinds of
nanofluids have more advantages in heat transfer
enhancement. The reason is that these two kinds of carbon-
based nanofluids have better thermophysical properties than
other nanofluids. In contrast, the overall heat transfer
coefficient of CuO (Zheng et al., 2020b), TiO2 (Kumar et al.,
2016), and SiO2 (Tiwari et al., 2013) with less heat transfer
enhancement only increased by 6.1, 9.3, and 10.0%. Therefore,
as mentioned above, the application of carbon-based nanofluids
in plate heat exchangers has great advantages.

HEAT TRANSFER OF MAGNETIC FLUID IN
A SQUARE CAVITY WITH MAGNETIC
FIELDS
Compared with common nanofluids, magnetic fluids have
unique magnetic properties and can be controlled by
magnetic fields. The application of magnetic field in the
natural convection of magnetic fluids provides additional
constraints or disturbances for the movement of magnetic
fluids, which in turn affects the flow and heat transfer
performance. A square cavity structure is widely used in
various fields for studying purpose and provides more
convenient magnetic field layout conditions. Many
researchers have numerically studied the natural convection
of magnetic fluid in a square cavity (Ghaffarpasand, 2016;

Sajjadi et al., 2019; Abdi et al., 2021). The heat transfer
performance of the magnetic fluid is enhanced by the
existence of magnetic field (Abdi et al., 2021). However, it
can adversely affect the heat transfer (Ghaffarpasand, 2016;
Sajjadi et al., 2019). Usually, the heat transfer performance of
magnetic fluid is enhanced by applying a magnetic field.
However, an excessive magnetic field intensity results in
aggregation of nanoparticles, which weakens the heat
transfer enhancement by applying a magnetic field. The
experimental studies are relatively few. This part mainly
reviews the experimental studies of natural convection in a
square cavity. Magnetic particles used in natural convection
include Fe (with a particle size of 80–100 nm) (Dixit and
Pattamatta, 2020), Fe3O4 (with a particle size of 60–80 nm)
(Dixit and Pattamatta, 2020), Mn–Zn
ferrite–alkyl–naphthalene (Yamaguchi et al., 2009), Fe2O3

(with a particle size of 15–20 nm) (Joubert et al., 2017),
and Fe3O4–CNTs (Shi et al., 2019). It is found that most of
the magnetic particles applied are iron oxides and composites
of iron oxides with other materials. Pure iron nanoparticles
are rarely used alone. This is due to the stable magnetic
properties of iron oxides and simple processes that rarely
require pretreatment.

In these studies, the generation of the magnetic field mainly
depended on electromagnets (Helmholtz coil (Yamaguchi et al.,
2009; Shi et al., 2019; Dixit and Pattamatta, 2020)) and bar
magnets (Joubert et al., 2017). The electromagnet is mainly
composed of electrified coils. The advantage of electromagnets
is that the presence or absence of the magnetic field can be
controlled anytime and the intensity of the magnetic field is
produced by controlling the current passing through the coil. It is
noteworthy that electromagnets can also produce alternating

TABLE 10 | Thermal performance of magnetic fluids in straight tubes under magnetic fields.

Authors Magnetic
field

MHTE
(%)

Remarks

Wang et al. (Wang et al., 2019) 54.5 Heat transfer enhancement was improved by continuously increasing magnetic induction intensity
(increasing the number of magnets)

Azizian et al. (Azizian et al., 2014) 41.5 Compared with no magnetic field, convective heat transfer was enhanced about four times when Re
was 745 with a magnetic field gradient of 32.5 mT/mm

Li et al. (Li et al., 2021) 61.54 Heat transfer for Fe3O4–CNT–water nanofluid was enhanced by 61.54% at Re of 996

Sun et al. (Sun et al., 2020) 9.16 Increasing magnetic flux density and magnetic field gradient enhanced convective heat transfer

Zonouzi et al. (Ahangar Zonouzi et al.,
2018)

48.9 The maximum enhancement of local heat transfer coefficient was 48.9%, when the magnetic field
length was between 170 and 270 mm
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magnetic fields. The magnetic field produced by a bar magnet is a
permanent magnetic field, and the intensity of the magnetic field
can be realized by the superposition of magnets. The bar magnet
is commonly used to study the influence of the arrangement of
magnetic field on the convective heat transfer of magnetic fluid in
the cavity.

Those studies proved that the presence of a magnetic field
aggravates the Brownian motion of magnetic particles and
enhances the heat transfer (Yamaguchi et al., 2009; Joubert
et al., 2017; Shi et al., 2019). Dixit et al. (Dixit and Pattamatta,
2020; Jiao et al., 2021) concluded that the magnetic field made the
nanoparticles form a chain structure in the square cavity, forming
a heat transfer channel and strengthening the heat transfer. The
intensity and position of magnetic field are two important factors
in heat transfer of the magnetic fluid. In most cases, if the
direction of magnetic field and temperature gradient are the
same, it leads to an increase in heat transfer performance
(Yamaguchi et al., 2009; Joubert et al., 2017). A study found
that the maximum heat transfer enhancement of Fe2O3–water
nanofluids was 2.81% (Joubert et al., 2017). The heat transfer
performance of Fe3O4–CNT–water nanofluid was increased by
24%. The heat transfer of Fe3O4–water nanofluid was increased
by 28%. The enhancement effect of other magnetic field
arrangements is not very obvious and even leads to the
deterioration of heat transfer effect (Joubert et al., 2017; Dixit
and Pattamatta, 2020).

In addition, the increase of magnetic field intensity also leads
to the increase of heat transfer efficiency, but an excessively large
magnetic field jeopardizes heat transfer enhancement (Joubert
et al., 2017; Shi et al., 2019). Due to an increase in the motion of
particles with a large specific surface area, resistance to water

increases (Ben-Nakhi and Chamkha, 2007; Sheikholeslami and
Gorji-Bandpy, 2014), and nanoparticles aggregate with a high
magnetic field (Joubert et al., 2017). The present experimental
research mainly focuses on the permanent magnetic field and
single direction magnetic field. The research on the alternating
magnetic field is scarce. Thus, the influence of an alternating
magnetic field on the heat transfer performance needs to be
further explored.

HEAT TRANSFER OF MAGNETIC FLUID IN
A STRUCTURE WITH MAGNETIC FIELDS

This part briefly introduces the heat transfer characteristics of
magnetic fluid in straight tubes and corrugated channels.

Heat Transfer of Magnetic Fluid in a Straight
Tube
Table 10 shows the information of magnetic fluid in straight
tubes under the action of magnetic field. It is reflected from
Table 10 that the current experimental research on forced
convection heat transfer of magnetic fluids under the magnetic
field is mainly focused on straight tubes (Azizian et al., 2014;
Ahangar Zonouzi et al., 2018; Sun et al., 2020) and round tube
structures (Wang et al., 2019; Li et al., 2021). The adopted heat
transfer working medium is mainly Fe3O4–water magnetic
nanofluid. By comparing the heat transfer coefficients of
magnetic fluids with and without applied magnetic field, it is
found that applying the magnetic field can significantly affect the
convective heat transfer characteristics of magnetic fluids. At

FIGURE 10 | (A) A wavy channel with a magnetic field (Heidary et al., 2017), (B) a triangular corrugated channel and arrangements of magnetic field gradients
(Aminfar et al., 2014), (C) a wavy channel with a gradient magnetic field (Mousavi et al., 2020), (D) schematic diagram of a heat exchanger with corrugated plates (Zheng
et al., 2020b), and (E) schematic diagram of six arrangements of magnets (Zheng et al., 2020b).
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present, there are some doubts about the enhancement effect of
magnetic field on the heat transfer of magnetic fluids (Tekir et al.,
2020), but most studies have proved the enhancement effect of
magnetic field on the heat transfer of magnetic fluids (Azizian
et al., 2014; Ahangar Zonouzi et al., 2018; Mei et al., 2019; Wang
et al., 2019; Sun et al., 2020; Tekir et al., 2020; Li et al., 2021). To
gain more insights into the effect of magnetic field on convective
heat transfer of magnetic fluids, the magnetic flux density,
magnetic field intensity, and magnetic field gradient are
studied experimentally. The data show that the local heat
transfer coefficient is greatly improved by increasing the
magnetic field density (Azizian et al., 2014; Wang et al., 2019),
magnetic field intensity (Azizian et al., 2014; Mei et al., 2019;
Wang et al., 2019; Sun et al., 2020; Li et al., 2021), and magnetic
field gradient (Azizian et al., 2014; Sun et al., 2020).

Compared with a uniformmagnetic field, gradient magnetic
fields have more obvious heat transfer enhancement effect on
magnetic nanofluids (Sun et al., 2020). This is because
magnetic particles gather nearer to the tube wall under the
action of gradient magnetic field force. This activity enhances
the disturbance of the thermal boundary layer, which further
enhances convective heat transfer (Sun et al., 2020). Different
magnetic field distributions have different effects on heat
transfer enhancement of magnetic fluids. The heat transfer
enhancement of alternating magnetic field is better than that of
constant magnetic field (Sun et al., 2020; Tekir et al., 2020).
When the magnetic field direction is staggered, the convective
heat transfer performance is enhanced. This is due to the
strong disturbance of magnetic particles in the tube caused
by the abrupt change of magnetic field direction. However,
Tekir et al. (2020) found an interesting phenomenon that the
heat transfer effect of magnetic fluid did not increase with the
increase of alternating magnetic field frequency. For
alternating magnetic fields with square and triangle waves,
the frequency of external magnetic field is inversely
proportional to the enhancement effect of convective heat
transfer. This means the enhancement effect of heat transfer
increases with the decrease of external magnetic field
frequency (Tekir et al., 2020). Mei et al. (2019) also reached
a similar conclusion, and compared with that of the single-
sided electromagnet, the Nusselt number of the double-sided
interlaced electromagnet nanofluid was increased by 2.0% at
most. Many researchers have studied the optimal magnetic
field position for heat transfer enhancement. Different
magnetic field positions have different effects on heat
transfer enhancement of magnetic nanofluids. It is pointed
out that the enhancement of local heat transfer coefficient
starts from the starting point of the applied magnetic field,
then increases gradually, and reaches the maximum value at
the end point of the applied magnetic field (Ahangar Zonouzi
et al., 2018).

By comparing the maximum heat transfer enhancement of
magnetic fluids in different structures in Table 10, it is found
that the circular tube magnetic field is superior to the straight
tube magnetic field. Accordingly, when the Reynolds number
was 966, the heat transfer of Fe3O4–CNT–water nanofluid
was enhanced by 61.54% (Li et al., 2021). According to the

research of Wang et al. (2019) and Li et al. (2021), the local
heat transfer of Fe3O4–CNT–water hybrid nanofluid was
higher than that of Fe3O4–water nanofluid under the
action of horizontal circular tube magnetic field. This is
because CNTs have higher thermal conductivity, and the
aggregation of CNTs and Fe3O4 under the action of
magnetic field will aggravate the disturbance and
destruction of the thermal boundary layer. Based on the
above conclusions, it is indicated that the optimal heat
transfer enhancement is obtained by using
Fe3O4–CNT–water hybrid nanofluid as a heat transfer
working medium in horizontal circular tubes under a
magnetic field.

The coupling of magnetic field and flow field increases the
pressure drop. Sun et al. (2020) found that the friction factor of
Fe3O4 magnetic fluid increased by 6.72% with an applied
magnetic field. The alternating magnetic field resulted in a
higher pressure drop, and the average Darcy friction factor
increased with the increase of frequency (Tekir et al., 2020).
Under the magnetic field condition, Zonouzi et al. (2018) found
that a relative increase of pressure drop was less than 1%. This
result indicates that flow losses are in an acceptable range
compared to benefits from the heat transfer enhancement
applying a magnetic field.

Heat Transfer of Magnetic Fluid in a
Corrugated Channel
This part mainly discusses the heat transfer characteristics of
magnetic fluids in various corrugated structures including
wavy channels (Heidary et al., 2017; Mousavi et al., 2020),
triangular corrugated channels (Aminfar et al., 2014), and
corrugated plates (Zheng et al., 2021). These structures are
shown in Figures 10A–C. When the magnetic fluid in a
corrugated channel is in the state of laminar flow, the heat
transfer of the magnetic fluid can be enhanced by applying a
vertical uniform magnetic field (B) (Heidary et al., 2017) or a
vertical magnetic field with gradient (G) (Aminfar et al., 2014;
Mousavi et al., 2020). However, the strengthening effect is
limited. When the Hartmann number was 60, the average
Nusselt number near the wall of the non-corrugated channel
(smooth channel) and the corrugated channel increases by
150 and 5% (Heidary et al., 2017). In this case, the
strengthening effect of the magnetic field on the magnetic
fluid in the non-corrugated channel is more significant. When
the magnetic field is not present, vortices are produced in
corrugation troughs (triangular corrugated channel (Aminfar
et al., 2014) and wavy corrugated channels (Heidary et al.,
2017; Mousavi et al., 2020)), which intensifies the fluid
disturbance. Therefore, the flow boundary layer and
thermal boundary layer near the wall are destroyed by the
corrugated structure, and the heat transfer is enhanced.
When the magnetic field exists, whether in the non-
corrugated channel or in the corrugated channel, the
magnetic field “pulls” the streamline of the magnetic fluid
onto the wall, and the streamline near the wall is denser. For a
non-corrugated channel, this reduces the thickness of the
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flow boundary layer and enhances the heat transfer. However,
when the channel is a corrugated channel, the existence of the
magnetic field reduces the vortex intensity in the corrugation
troughs of the corrugated channel and even makes the
vortices disappear. This reduces the flow intensity in the
channel and worsens the heat transfer. It is worth noting
that the flow states studied in these studies are laminar flow
(Reynolds numbers are 25 and 250 (Heidary et al., 2017),
Reynolds number is 100 (Aminfar et al., 2014), and Reynolds
numbers range from 100 to 700 (Mousavi et al., 2020)).
However, the flow intensity of magnetic fluid in the
turbulent state is more intense than that in the laminar
flow state, and its application range is wider. It is
unknown whether the effects of corrugated structure and
vertical magnetic field on the heat transfer of magnetic fluid
in turbulence are the same as those in the laminar flow. The
effect of magnetic field on heat transfer enhancement of a
magnetic fluid in a corrugated channel needs to be further
studied under a turbulence flow.

Fan et al. (2020) experimentally studied the effect of horizontal
magnetic field parallel to a corrugated tube on the heat transfer
characteristics of Fe3O4–H2O nanofluids. When the magnetic
field intensity was 6, 12, and 18 mT, the Nusselt numbers
decreased by 2.8, 5.7, and 9.0%, respectively. When a
horizontal magnetic field parallel to the tube is applied, the
Fe3O4 particles gather in the center of the pipe and become
arranged in a chain. This led to the decrease of the concentration
of particles around the boundary layer. The damage of
nanoparticles to the boundary layer is weakened. The
horizontal magnetic field weakens the heat transfer in the
corrugated channel. This shows that the position of magnetic
field and flow field has a great influence on the heat transfer
performance of magnetic fluid. Unfortunately, Fan et al. (2020)
did not analyze the heat transfer performance of the magnetic
fluid in the bellows by themagnetic field perpendicular to the flow
field. Zheng et al. (2021) studied the heat transfer performance of
magnetic fluid in a corrugated plate heat exchanger (Figure 10D)
under different magnetic field arrangements and intensities. They
arranged the magnetic field under six cases (Figure 10E) around
the plate heat exchanger. Compared with no magnetic field, the
heat transfer enhancement of 0.1 vol% magnetic fluid in six cases
of magnetic field arrangements was 21.8, 23.8, 20.4, 20.4, 21.2,
and 21.8%, respectively. However, their study did not examine the
influence of the horizontal magnetic field (the magnetic field is
arranged above and below the plate heat exchanger). They also
made an interesting finding: when the magnetic field was
arranged in the case of VI, the average pressure drop
decreased by 10%. Overall, when the heat transfer of Fe3O4

nanofluid in a plate heat exchanger is enhanced, the average
pressure drop increases (Zheng et al., 2020b). Due to the
complexity of the corrugated channel in the plate heat
exchanger, the effect of the magnetic field on the magnetic
fluid is also complex. The relationship between heat transfer of
magnetic fluids and pressure drop under the magnetic field
should be studied more. Another suitable research direction
would be experimental studies on the alternating magnetic field
for the magnetic field in the corrugated structures.

CHALLENGES AND PROSPECTS

This paper briefly reviewed effects of nanofluids on natural and
forced convection with and without magnetic fields in heat
exchange devices. Challenges and prospects in applications of
nanofluids are summarized as follows:

1) Nanofluids are prepared in a variety of methods to improve
dispersion stability. As an important issue, long-term stability
of nanofluids should be solved for practical applications. Base
fluids mainly consist of water, ethylene glycol, and oil. More
varieties of base fluids with higher thermal conductivity
should be studied in future research.

2) This paper reviews existing findings about thermophysical
properties, especially the viscosity and thermal conductivity of
nanofluids. Most researchers applied theoretical models
instead of experimental correlations to obtain
thermophysical properties of nanofluids for numerical
simulations. There are large differences between
thermophysical properties predicted by theoretical models
and measured by experimental studies. Accuracies of
theoretical models should be improved by considering
empirical formulas involved with temperature-dependent
and base-fluid–dependent thermophysical properties.

3) In studies on natural convection of nanofluids in cavities,
researchers are recommended to pay attention to the effects of
positions of heat sources in a square cavity. The experimental
study on nanofluids in electric heaters should also be further
studied. Most of studies on natural convective heat transfer of
nanofluids without a magnetic field were carried out
numerically. However, few studies are carried out
experimentally to complete model validation with a
magnetic field, which is necessary to be investigated soon.

4) The heat transfer performance of nanofluids is improved by
using various ribbed structures. The temperature of
nanofluids at the inlet of a heat exchanger is also an
important parameter affecting the performance of the heat
exchanger. The nanoparticle material is an important factor
that affects the heat transfer performance of nanofluids.
Considering that CNTs have good thermophysical
properties, hybrid nanofluids are good options to improve
the thermal performance of the base liquid significantly. The
optimal concentrations of nanofluids should be properly
selected to obtain a balance between heat transfer
enhancement and flow resistance, but cost-savings are also
under consideration. An idea for heat transfer enhancement is
to apply a magnetic field due to the field synergy.

5) Under natural convection and forced convection heat transfer,
the presence of magnetic fields enhances or deteriorates heat
transfer characteristics of magnetic fluids. This paper reviews the
heat transfer performance of magnetic fluid in the square cavity,
straight tube, and corrugated structure under magnetic fields.
These results depend on the magnetic field intensity,
arrangement of magnetic field, flow distribution, and
temperature distribution. In addition, the experimental study
of magnetic fluid in a square cavity and the study of corrugated
structure need to be strengthened. A constant magnetic field was
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applied in most studies, and few researchers have conducted
effects of alternating magnetic fields. This is expected to be a
research direction for applications of magnetic fluids.
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NOMENCLATURE

Symbols

AR Aspect ratio

B Magnetic field induction, T

c Constant

dp Nanoparticle diameter, nm

f Friction factorBase fluid

G Magnetic field gradient, A/m2

k Thermal conductivity W/mK

MHTE Maximum heat transfer enhancement

n Empirical shape factor

Nu Nusselt number

Num Average Nusselt number

PEC Performance evaluation criterion

rp Radius of suspended particles, nm

Ra Rayleigh number

Re Reynolds number

T Temperature, °C

Tin Inlet temperature, °C

U Overall heat transfer coefficient, W/m2·K
Greek symbols

β Ratio of the thickness of solid–liquid interface layer to the particle size of
nanoparticles

γ Shear rate, s−1

ηU Overall heat transfer coefficient enhancement

ηNum Increase in average Nusselt number

μ Viscosity, m2/s

Subscripts

f Friction factorBase fluid

nf Nanofluid
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