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Abstract: In this review work, the recent progress made in the use of nanofluids (NFs) applied in
three specific areas will be presented: machining, solar energy, and biomedical engineering. Within
this context, the discussions will be guided by emphasizing the thermal and stability properties of
these fluids. In machining, NFs play a prominent role in the processes of turning, milling, drilling,
and grinding, being responsible for their optimization as well as improving the useful life of the tools
and reducing costs. In the solar energy field, NFs have been used in the thermal management of the
panels, controlling and homogenizing the operating temperature of these systems. In the biomedical
area, the advantages of using NFs come from the treatment of cancer cells, the development of
vaccines before the improvement of diagnostic imaging, and many others. In all lines of research
mentioned in this study, the main parameters that have limited or encouraged the use of these fluids
are also identified and debated. Finally, the discussions presented in this review will inspire and
guide researchers in developing new techniques to improve the applications of NFs in several fields.

Keywords: nanofluids; heat transfer; nanoparticles; thermal conductivity

1. Introduction

Nanofluids (NFs) are a colloidal mixture of nanoparticles (NP) (1–100 nm) suspended
in a fluid base [1,2]. NPs can be metals, oxides, carbon-based nanomaterials, carbides, or
polymers, while the most common base fluids are water, oil, and ethylene glycol [3,4]. The
main application of NFs is in heat transfer. The idea of using small solid particles in a liquid
to improve thermal efficiency has been known since the beginning of the 20th century [5],
but the first to consider using nanoscale particles for this purpose was Choi [1,6] in a
theoretical study. One of the first experiments dates back to 1997 when Eastman et al. [7]
significantly increased the thermal conduction of water and oil. Currently, nanofluids have
been increasingly investigated [5], and it is believed that the most promising studies will
be those involving multidisciplinary contributions [3].

The improvement of thermal properties by adding NPs to the base fluid is due to a
large specific surface area that allows a large heat exchange, Brownian movement, and
the possibility of varying the properties by raw material, in addition to permitting a more
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efficient use of pumps requiring smaller cooling systems [2]. To obtain the NPs, two
techniques are used, the one-step and two-step methods [1,5,8]. The one-step method
combines NPs preparation and fluid synthesis, which tends to improve stability. The NPs
are prepared by physical vapor deposition (carbon nanotubes) or by the chemical liquid
method (Copper nanofluid) [8–10]. In the two-step method, NPs are first produced in
processes such as dry powder by inert gas condensation (aluminum, copper, molybde-
num, platinum, titanium, and iron oxides Nps) [11], mechanical alloying (Ni3S2, Mg2Ti4,
CoFe2O4) [12–14], chemical vapor deposition (Boron nitride nanotubes, Carbon nanotubes,
Fe3O4) [15–17], or chemical deposition (PbS) [18], and, after the appropriate separation and
drying processes, are dispersed in the fluid [8,19]. As the tendency of agglomeration is
greater in this step, methods such as ultrasonic agitation and the addition of surfactants
are used to improve the dispersion and thermal properties [8]. There are applications of
nanofluids in various heat exchange systems for engines, solar panels, nuclear, and space
areas, as well as their use in biomedical, machining, and energy storage [2].The greatest
interest to use is the potential improvement in the heat transfer properties of current fluids.
Due to the small size of NPs, NFs are easily compatible with systems that use common
fluids and, therefore, can be applied in conventional heat exchangers such as tube type, car
radiators, refrigeration systems (as in Vapour Compression Refrigeration System) (VCRS)
which allowed a significant increase in COP [20].

Antibacterial properties of NPs embedded in NFs may also contribute to slowing
down their deterioration and improving their heat and mass transfer rates, such as silver
nanoparticles in a modified solar desalination system [20,21].

NFs and NPs with thermoelectric effect allow the creation of electricity and thermal
energy co-generators in solar light absorption systems. In this context, the optical properties
of nanofluids can also open doors to the improvement of solar collectors [22].

NFs that use magnetic and dielectric NPs that are subject to electromagnetic waves
allow changes in interfacial tension, changes in wettability and viscosity, and as a result
makes this option a promising technology for crude oil extraction in porous media [23].

There are many areas of study in which nanofluids have been explored [24,25]. In the
field of machining, this technology has been used for coolants and lubricants for turning,
milling, drilling, and other operations [26]. Many works explore the improvement of
the Minimum Quantity Lubrication (MQL) method and its influence on thermophysical,
tribological, and wetting properties of NFs for this type of application [27]. In solar energy,
the use of nanofluids has been widely studied as a form to improve heat exchangers in solar
collectors, as presented in the review by Xiong et al. [28], focused on hybrid nanofluids.
Adun et al. [29] used nanofluids as liquids for heat transfer in a parabolic collector achieving
a significant increase in performance. Shoeibi et al. [30] and Abdelaziz et al. [31] achieved
significant improvements in solar still. Hosseinzadeh et al. [32] increased the output power
and energy efficiency of a solar cooker. Ibrahim and Saeed [33] increased not only the
heat transfer but also the required pump power and the efficiency of a photovoltaic cell
cooling system.

NFs can be useful in biomedicine/medicine in processes such as magnetic separation,
bioassays, drug and therapeutic administration, cancer treatments, aid in diagnosis, and
estimate mechanical and rheological properties of cells [34–36].

This work has as main objective to present a review of the main properties and
applications of NFs in three main areas: machining, solar energy, and biomedical. A concise
review of each topic is presented to demonstrate the limitations and possibilities of this
type of technology.

2. Thermal Properties

Determining the properties of NFs is complex, and several groups have obtained
different results due to the large number of variables involved in the process and difficulty
in relating cause and effect in the variations of parameters [5,37]. Furthermore, the general
thermal transfer properties of each system are determined by the characteristic of the solid-
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liquid interface [38]. The main thermal properties of NFs are presented below, together
with the means by which they can be obtained.

Thermal conduction has its value affected by several parameters such as concentra-
tion, shape, size, temperature and thermal conductivity of NPs, type of base fluid, pH,
sonication, and preparation technique [3,5]. Among recent techniques for measuring ther-
mal conductivity, one can mention Xu et al. [39], who implemented and improved a Steady
Flow Method (SFM) based on the theory of heat transfer in laminar flow under uniform
heat flow. With this, the authors could reduce the influence of natural convection in the
measurement process. Other techniques that can be mentioned are the transient hot-wire
approach, which consists of a thin metallic wire that works as a thermometer and heat gen-
erator simultaneously. The wire is then immersed in the fluid and the rate of temperature
change indicates the conductivity [40]. The parallel plate technique consists of placing small
samples of NFs between two parallel copper plates (purity greater than 99%) connected to
thermocouples. Thermal conduction is defined by the temperature variation of the plates
when one of them is subjected to a heat source [41]. Amiri et al. [42] evaluated the impact
of the Graphene Quantum Dot on the stability and thermal properties of a water-based
solution. The results showed a significant increase in thermal conductivity when a very
low concentration of NPs was placed.

Although it is of great importance, there is limited research concerning specific heat
in articles concerning the physical properties of NFs [3]. The most common way to mea-
sure specific heat is through DSC (Differential Scanning Calorimetry). This test measures
the difference in the amount of heat needed to increase the temperature of the analyzed
material and is compared to reference material at the sequence [43]. There are derivations
of this method that have brought some advances, such as the case of Temperature Modu-
lated Differential Scanning Calorimetry (TMDSC) that varies the temperature with slight
sinusoidal disturbances. Combined with a mathematical treatment, the method allows
for greater sensitivity and the observation of other phenomena such as metastable melt-
ing [44] and Quasi-isothermal TMDSC varies the temperature at an insignificant rate [45].
Żyła et al. [43] used the Quasi-isothermal TMDSC method to determine the specific heat
of Ethylene glycol-containing NPs from AlN, Si3N4, TiN. The author observed a large
variation of the specific heat by increasing the concentration of particles without their size
having a great influence.

Density influences Nusselt and Reynolds number, friction factor, and pressure loss [46].
As it is an easy parameter to obtain, it is measured by dividing the measured mass by a
known volume or using a densimeter that works with these same principles. Mirsaeidi and
Yousefi [47] determined the carbon density of quantum dots NFs using a densimeter.

Dynamic viscosity is the fluid’s resistance to shear stress, being one of the most
important properties of the fluid as it demonstrates its behavior close to the limits of a
solid body. The viscosity directly affects the pumpability and pressure of the system [48].
One way to measure viscosity is through a capillary viscometer, where a tube with a short
internal diameter (about 2.5 mm) comes vertically into contact with the NF, whose viscosity
is determined by the variation in pressure and volumetric rate through Poieuille’s law [49].
The cone and plate viscometer, on the other hand, consists of a static plate where the
liquid is inserted, while above there is another conical plate that rotates. The distance
between the two plates is very small to allow the fluid to contact the conical plate. As the
top plate rotates, the drag force of the fluid is measured, and the viscosity can thus be
determined [50]. A Couette concentric cylinder viscometer is a rotational viscometer. In this
type of viscometer, two concentric cylinders have the space between them filled with
fluid. The outer cylinder rotates, the inner one is stationary, and measurements of it are
taken. Rajendiram et al. [51] studied the effect of sonication on viscosity and thermal
conduction. For viscosity, a cone-plate viscometer was used, which observed that the
longer the exposure time, the lower the viscosity and the greater the thermal conductivity.
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3. Stability of Nanofluids

The low stability of nanofluids over prolonged periods and their proneness to ag-
glomeration have made their use on a large scale difficult. The nanofluids can lose their
capacity to transfer heat and have their thermophysical properties altered due to the sedi-
mentation [52]. The fast sedimentation of these colloidal suspensions of nanoparticles in a
base fluid can also cause problems related to viscosity and flow in channels with complex
geometries, mainly in microchannel systems [53]. Traditional techniques are used to solve
the problems related to the stability and sedimentation of nanofluids. The most common
are: the addition of surfactants, ultrasonic vibration, and controlling the pH value of the
suspensions. In addition, new techniques have been presented to improve the stability of
nanofluids and increase heat transfer [54]. In this work, the authors compare two distinct
fluids; one formed by a traditional NF containing Al2O3 nanoparticles, and the second a
novel NF formed by polyacrylic acid (PAA)-coated iron oxide nanoparticles (Fe3O4@PAA),
obtained from a hydrothermal synthesis route. The results showed levels higher than the
stability for the NF produced by the hydrothermal synthesis process.

The option of adding surfactants to the nanofluids can be seen in several literature
works [55–57]. The stabilization of nanofluids is achieved by reducing surface tension
and increasing the immersion of particles in the base fluid [52]. However, the use of
surfactants has some disadvantages. It interferes with the thermal properties of nanofluids
compromised by increasing thermal conductivity, creating thermal resistance during the
flow [58–60]. When heated at high temperatures, it can generate foams [58,59], which when
used during the nanoparticles’ synthesis prevents their clustering only for a certain period
of time [2,61].

Ultrasonic vibration is an efficient method to break down agglomerates of nanopar-
ticles, making the mixtures more homogeneous. The dispersion level of nanoparticles in
the base fluids will depend on the duration of the sonication process. Another important
effect is that the size of the nanoparticles can change with the sonification time, and for
this reason, more studies are needed. For example, using Au-water nanofluids, Chen
and Wen [62] evaluated the effect of sonification time (from 10–60 min) on the particles
size present in the nanofluids. The results obtained showed a decrease in particle size up
to 45 min after beginning the process, while after that, no reduction was observed. The
thermal conductivity is also affected by the dispersion of nanofluids and consequently
has a direct impact on heat transfer. In the work of Saidur et al. [2], they revealed that
the nanofluids produced more recently exhibit slightly higher thermal conductivities than
those stored up to two months.

The effect of pH on the properties of nanofluids is directly related to the electrostatic
forces of interaction between particles dispersed in the base fluid. If the repulsion force
between the particles is great, the colloidal mixture tends to stabilize through the high
surface charge density generated [58]. In addition, when repulsive forces increase, particles
can move freely due to Brownian motion, thus facilitating thermal transport [63]. However,
if the electrostatic force is weak, the particles are attracted to each other, causing them to
agglutinate and become sediment. Figure 1 shows several parameters that may affect the
stability of nanofluids.
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4. Nanofluid Application in Machining

The cutting fluid has three main functions in metal cutting operations: lubricates the
tool/workpiece interface, cools the workpiece surface and the cutting tool, and removes the
chips from the cutting from the cutting region. The use of cutting fluids during machining
enables the economy of tools, provides tight tolerances, and improves and protects surface
properties from damages [64]. Nevertheless, the use of cutting fluids negatively affects
human health and the environment, both through their use and their disposal [65]. As well,
the cutting fluid occupies 16–20% of the cost of production in the manufacturing industry.
Therefore, excessive use of cutting fluids (flood lubrication) should be limited [66] and
substituted by dry machining or minimum quantity lubrication (MQL), which can be
adopted to spray cutting fluid over the tool/workpiece interface [67]. The MQL is also
known as clean manufacturing [68]. There is a classic classification that indicates three
types of cutting fluids: neat cutting oil, water-soluble fluids, and gases [69]. The most used
are the water-soluble fluids in which it is possible to add nanoparticles, thus obtaining the
nanofluids. The nanofluid is a colloidal mixture of nanometer-sized, smaller than 100 nm,
metallic and non-metallic particles in conventional cutting fluid [70]. This new class of
cutting fluids can be synthesized by mixing metallic, non-metallic, or carbon nanoparticles
in a conventional cutting fluid which compared to the isolated fluid with the nanofluids
shows better stability, good thermal conductivity, rheological properties, and no effect on
pressure drop [71]. Nanofluids possess a high level of heat extraction capabilities (thermal
conductivity) over conventional cutting fluids [2,72]. Some researchers concluded that
this enhanced thermal conductivity might be an important factor for better performance
in various applications [2]. The ratio of surface area and volume of nanoparticles is the
main factor that influences the thermal conductivity of nanofluids [73] and it was also
discovered that the thermal conduction increased with the growth of particle concentration
and with decreasing particle size [74]. Aside from thermal conductivity, the friction between
workpiece and tool can be a crucial element to generate high temperature at the cutting
region, which affects the surface quality, the workpiece dimensional accuracy, and the
tool life during the cutting process. Lee et al. [75] observed that the addition of graphite
nanoparticles increases the lubricating property of standard lubricants because it lowers
the friction coefficient. Because of their low friction behavior, the graphite and MoS2 solid
lubricants can reduce the surface roughness and decrease the cutting force in the machining
process [76].
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Nanofluids are potential facilitators to reduce cost, improve tool life, and optimize the
machining process. The most common machining processes in which nanofluids are used
are turning, milling, drilling, and grinding. In former years, different formulations have
been developed for all these machining processes. Regarding turning, Rahman et al. [77]
employed two kinds of formulated nanofluids to machine Ti-6Al-4V ELI, and concluded
canola-based Al2O3 nanofluid with loading concentration of 0.5 vol.% led to lower surface
roughness. For the high-speed turning process, Roy et al. [78] used 3 vol% of alumina and
1 vol.% of MWCNT, resulting in a severe reduction of cutting force and specific energy.
Still, MWCNT presents better efficiency related to cutting zone temperature and tool life.
Sharma et al. [79] evaluated the effect of utilizing an Al2O3–graphene nanoplatelets hybrid
nanofluid as the cutting liquid on the tribological features in turning of AISI 304 steel.
Adding the graphene nanoplatelets to the Al2O3 nanofluid increased the tribological
characteristics. Figure 2 illustrates the mechanism of nanoparticles entrapped between the
sliding surfaces.
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Recently, the MQL system was adopted for the application of a developed nano lubri-
cation system to the cutting zone. Less nanolubricant consumption is a beneficial aspect of
using pressurized air to accelerate the addition of nanolubricant into the tool/workpiece
interface. Using nanolubricant in the milling process helped achieve high-quality ma-
chined surfaces due to the presence of applied nanoparticles. Rahmati et al. [80] examined
the impact of the MoS2-based nanolubrication system on the machined surface morphol-
ogy using the MQL system. These authors verified that a developed MoS2-based nano
lubrication system is beneficial for accomplishing high surface quality. Jamil et al. [81]
investigated the key machining characteristics during the milling process of Ti-6Al-4V
accompanied by applying a hybrid nanofluid (Al2O3-MWCNT). The authors proved that
using hybrid nanofluid leads to attaining better performance related to tool wear that
results in a reduction of energy consumption. A successful drilling process is frequently
determined by the efficiency of the employed drilling fluid. Drilling fluids can control
surface pressure, prevent contamination, and function as lubrication [82]. Huang et al. [83]
created a novel nanofluid/ MQL technology for microdrilling. They showed that the
created nanofluid/MQL with a loading concentration of 2 wt.% could achieve an attractive
microdrilling force and microdrilling torque, as well as increase drilling quality due to a
substantial decrease in the drilling process. The grinding process is important in materials
removal operations, particularly if it is required to reach close tolerances. Formulated novel
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nanofluids can substitute traditional cutting fluids to increase the quality of the grinding
process, lubrication, and surface finish. Lee et al. [84] formulated and used a novel ND-
based nanofluid associated with the MQL technique in the grinding process. They reported
a considerable decline of 33.2% in normal components, while the developed reduction
in tangential components was reported as 30.3%. The surface roughness measurement
resulted in a considerable decrease of 64% due to the presence of used nanoparticles.

In a machining process, four main characteristics must be controlled: surface rough-
ness, cutting force, tool wear, and tool life in which the nanofluids could have an important
role [68]. Required surface quality is one of the key factors in the machining process. This
surface quality can be evaluated by the surface roughness, which is a technical requirement
for most mechanical products [85]. The utilization of nanofluids as a substitution of con-
ventional cutting fluids has improved the quality of products by decreasing their surface
roughness. So, the reduction of surface roughness could go from 8.72% using Al2O3 with
carbon nanotube (CNT) in vegetable oil [86] to 47.8% with aluminum oxide (Al2O3) with
vegetable oil [87]. The cutting force is a very important parameter directly related to the
cost-effectiveness of parts, so high-level cutting force demands raised values of power con-
sumption and, consequently, the machining costs increasing. Some research works showed
a significant decrease in cutting forces when nanofluids are used. This diminution can
contain up to 50% aluminum oxide added to the conventional cutting fluid [88]. However,
opting for a more environmentally friendly choice, it is also possible to reduce 37% in
cutting forces by applying coconut oil (CC) associated with nano molybdenum disulfide
(nMoS2) [89]. Tool wear is mostly related to cutting conditions [90], and various types of
tool wear occur during the machining process, such as crater wear, notch wear, chipping
wear, comb crack, and, most commonly, flake wear [91,92]. The crater wear is mainly due
to diffusion and abrasion, and the diffusion is activated mainly by high temperatures, so if
we decrease the temperature in this region, we consequently decrease crater wear. The
notch wear is caused by mechanical abrasion from harder workpieces which, in the same
way as crater wear, occurs due to hard particle diffusion, influenced again by temperature.
The flank wear is the most important wear that appears on the flank surface parallel to
the cutting edge. Generally, it generates high temperatures, which affect tool and work
material properties. Another indirect influence of temperature in the tool wear is due to
the thermal expansion of materials (tool and workpiece) that occurs at high temperatures.
This phenomenon causes high contact pressures between the workpiece and the tool and,
as a result, promotes an increase in tool wear. To minimize the aforesaid drawback, several
researchers have applied nanofluids to improve the thermal properties. Thus, it is possible
to reduce tool wear meaningfully using nanofluids, as proved by Zhou et al. [93], who
used Fe3O4 with conventional coolant to improve the wear resistance up to 63% for crack
wear on the rake face. Following the same goal line, Eltaggaz et al. [94] developed a
formulation of Al2O3 with vegetable oil to reduce the flank wear up to 26.5%. In this sense,
Vázquez et al. [95] tested CuO nanoparticles with mineral oil and achieved an increased
service life of the cutting tool up to 604%. In other research work, Minh et al. [96] used
Al2O3 with soybean oil and verified that tool life increases almost 177% over the base fluid.

5. Solar Panels and Collectors

Photovoltaic solar panels are devices capable of converting solar energy into electrical
energy. These panels are formed out of photovoltaic cells that need sunlight for their
operation. However, an excess of solar energy causes high temperatures on the surface
of the cells, impairing the functionality of these systems. The problems with the high
environmental temperatures from some regions of the globe have led to the development
of alternative cooling techniques. The performance of the output power of a photovoltaic
module decreases by 0.4% to 0.5% per 1 ◦C when it works above its ideal temperature,
in most cases being 25 ◦C [97]. To avoid the overheating of PV modules, nanofluids are
potential candidates for cooling these systems. Ebaid et al. [97] using two types of nanoflu-
ids, Al2O3 and TiO2 mixed in water, for different volume flow rates and concentrations of
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0.01%, 0.05%, and 0.1% by weight, the authors evaluate the performance of heat transfer
for three PV panels cooled simultaneously using nanofluids, water, and natural air. Results
obtained showed that nanofluids enhanced heat transfer rate much better than water or
natural air.

The interest in nanofluids is due to their possibility to change the transport properties
of the base fluid with the presence of suspended metallic or non-metallic nanoparticles
when compared to conventional heat transfer fluids [2,98]. In the solar energy area, the
applications of nanofluids can be found, for example, in photovoltaics thermal systems
and thermal energy storage [99]; solar collectors, solar stills, and hydrogen conversion (fuel
cells) [100]. Several researchers have shown that the thermal conductivity of nanofluids
increased as a function of nanoparticles volume concentration and temperature [101–104].
Regarding the increase in thermal conductivity with temperature, this characteristic of
nanofluids can positively benefit the cooling of the modules. However, the increase in
volumetric concentration, which on the one hand benefits the increase in thermal conduc-
tivity, on the other hand, can raise the viscosity of nanofluids to levels that impair pumping
capacity and increase the pressure drop of the systems. The problem with the pressure
drop was related in experiments under the laminar flow regime [105] as under a turbulent
regime [106], where there was an increase in power pumping with the increase of the
volume fraction of nanoparticles in base fluids.

Most studies reported in the literature have evaluated the use of serpentine heat
exchangers using nanofluids to cool solar photovoltaic/thermal systems (e.g., [107,108]).
These studies show that the nanoparticles added to the base fluid have enhanced the heat
transfer and reduced the operating temperature of the panels. For example [108], concluded
that the utilization of water/magnetite nanofluid with 2% volume concentration possesses
the highest ability for being employed as a cooling fluid compared with the NF volume
concentration of 0% (pure water), 0.5%, 1%, and 1.5%, respectively. Hussien et al. [109]
conducted an experimental investigation for improving a hybrid photovoltaic/thermal
system performance using a nanofluid (Al2O3-Water) by applying forced convection for
different concentrations, from 0.1 to 0.5%. The results showed that for a concentration of
3% the temperature dropped significantly to 42.2 ◦C and the electrical efficiency rose to
12.1%. However, increasing the concentration for more than this value caused a raising of
the temperature to 52.2 ◦C while the electrical efficiency declined to 11.3%. An example
of using nanofluids in serpentines for cooling photovoltaic solar panels can be seen in
Figure 3.
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Singh Rajput et al. [110] conducted an experimental investigation to analyze the
performance of a flat plate solar collector using Al2O3/Distilled Water Nanofluid. The
Al2O3 concentration varied from 0.1, 0.2, and 0.3% by volume, and the dispersion quality of
nanoparticles in the fluid was enhanced using 0.8% wt. of surfactant sodium dodecyl sulfate
(SDS). Singh Rajput et al. [110] report that the nanofluid at a volumetric concentration
of 0.3% presented a maximum increase in collector efficiency of 21.32%. Michael and
Iniyan [111], using CuO/Water nanofluid prepared at a low volume concentration of
0.05%, obtained an increase in the thermal performance of the solar water heater by 6.3%
considering a flow rate of 0.1 kg/s. Colangelo et al. [112] performed an experimental
investigation to evaluate the problem of sedimentation particles through a flat plate solar



Appl. Sci. 2022, 12, 1115 9 of 18

collector operated with nanofluids. The NFs tested were Al2O3, ZnO, and Fe2O3 with
different shapes and concentrations of the 1 vol%, 2 vol%, and 3 vol%. They concluded
that flow velocity is the principal factor affecting particle sedimentation. Furthermore, they
concluded that the thermal conductivity enhancement up to 6.7% at a concentration of
3 vol% of Al2O3, while the convective heat transfer coefficient increased up to 25%.

Phase Change Materials (PCM) are another kind of materials used for solar thermal
applications, which can help to solve part of the intermittency problem of solar energy and
increase the daily thermal energy storage efficiency of solar thermal applications, such as
solar power plants [113]. One of the authors’ conclusions is that the dispersion effect of
nanoparticles is the basic starting point of thermal conductivity enhancement of the PCMs,
and is responsible for ensuring that energy is stored and released well during the flow.

The thermal absorption performance of nanofluids is another important characteristic
of this colloidal mixture. Recently [114], an experimental study was performed to evaluate
the thermal absorption performance of nanofluids of carbon nanotubes, Cu, and Al2O3
using water with base fluid. The authors show that all nanofluids increased the absorbance
and electrical conductivity with increasing nanoparticle concentration, which has improved
the thermal absorption performance of nanofluids. Depending on the amount of absorption
and the energy transferred by the fluid during the process of capturing solar energy, the so-
lar energy efficiency can vary widely [115]. Furthermore, according to Sidik et al. [116], due
to their ability to change the working fluid properties, such as light absorption and thermal
conductivity, nanofluids are considered the best option for solar collector applications.

Proposed by Minardi and Chuang in the 1970s [117], direct absorption solar collectors
(DASCs) emerged as a promising way to reach high thermal efficiency. In these devices,
the solar irradiation is absorbed by the fluid, where it works as an absorber and a heat
transfer medium at the same time [118]. In these collectors, heat loss to the environment is
reduced as high temperature occurs in the fluid. Hence, the efficiency of DASCs will be
greatly dependent on the thermal characteristics of the working fluids. Fluids having high
thermal conductivity, excellent optical absorption, and good photo-thermal conversion
performance are highly desirable for developing high-efficiency DASCs [118].

Chen et al. [118] have tested reduced graphene oxide (RGO) nanofluid prepared by
irradiating a graphene oxide (GO)/water one under UV light for different times. They
have experimentally evaluated the photo-thermal conversion performance of one DASC.
The results have shown that the RGO/water nanofluid prepared from the GO/water one
shows great potential to be used as a working fluid in low-temperature direct absorption
solar collectors due to the good stability along with the high optical absorption and thermal
conductivity presented. The RGO/water nanofluid exhibited superior photo-thermal
conversion efficiency to the GO/water and graphene (GE)/water ones at the same loading,
which reached 96.93% at 30 ◦C and 52% at 75 ◦C.

In 2017, Ahmad et al. [22] showed that most studies involving nanofluids have focused
on their thermal properties, and only a small portion of the studies have evaluated the
contribution of optical properties to solar thermal applications. Optical properties such
as absorption, transmittance, scattering, and extinction coefficient have been investigated,
however, for more comprehensive conclusions, further studies will be needed. For example,
in work presented by Ahmad et al. [22], they reported several divergences such as:

- the optical solar absorption increased accordingly with increasing nanoparticle size
and volume concentration;

- the path length has some remarkable effects over optical absorption of nanofluids;
- the transmittance of nanofluids has indirect relation with nanoparticle size, volume

fraction, and path length;
- the scattering of light is directly proportional to the volume concentration and particle

size of metallic particles;
- the presence of large particles and agglomeration of particles leads to a significant

amount of light scattering, and as a result, the overall extinction coefficient will
be increased.
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It is normal for the literature studies to verify that the enhanced thermal conductivity
of NFs is the principal factor that improves the general efficiency of solar systems. However,
other effects are completely disregarded from the studies, such as: (i) the distribution of
the absorbed solar energy within the nanofluid to eliminate any peak temperatures and
consequently minimize heat loss to surrounding [100]; (ii) the effect of pressure drop
mainly due to the increased concentration and viscosity of nanofluids; (iii) development of
inexpensive NPs production techniques is crucial. There are few experimental studies on
solar systems concerning solar thermoelectric cells, solar ponds, parabolic trough systems,
and photovoltaic thermal systems, so more studies are essential to confirm the performance
of these systems using NFs.

6. Biomedicine

In the biomedical field, different types of nanoparticles (NPs) have been developed
to improve the diagnosis and treatment of several diseases. Their small dimension makes
them suitable to travel through the bloodstream and interact with cells. They have also
shown biocompatibility, high charge carrier mobility, high surface-to-volume ratio, and
high physicochemical stability [119,120]. Consequently, by modifying their shape, size,
charge, and surface functional groups, the NPs can be loaded with drugs or biomarkers
and specifically target certain cells or release the loaded drug in a controlled fashion. The
surface-area rate of the NPs is greater than the rate of macroparticles. Subsequently, they
allow the incorporation of greater quantities of drugs, targeting agents or biomarkers, to
have more area of contact with the cells [121]. Endogenous stimuli, such as pH or enzymes,
exogenous stimuli, alternating magnetic fields, or near-infrared light, can also be used
to control the drug release [122]. Some NPs have also shown antibacterial or anticancer
properties on their own [123,124], and some also can serve as a diagnostic or monitorization
tool. Due to such properties, NPs have been explored to optimize the treatment of severe
diseases such as cardiovascular and neurodegenerative conditions and cancer [125–128].

The main objectives for the development of nanomaterials for cancer treatment appli-
cations are [121]:

• Reduction of toxicity and side effects of conventional drugs by increasing their efficiency;
• Specific binding to target cells;
• Improvement of solubility, stability, tumor aggregation, and half-life of conven-

tional drugs;
• Release of the loaded drug through a stimuli-responsive mechanism;
• Increase the area of interaction for encapsulated drugs or drugs attached to biomacro-

molecules;
• Overcoming drug resistance by delivering several active agents to specific cellular

target sites;
• Overcoming biological barriers;
• Improvement of diagnostic and imaging sensitivity;
• Assessment of drug efficiency in real-time by linking imaging molecules and active

anticancer components;
• Contribution to the development of new vaccines;
• Improving the diagnostic and imaging of cancer using smaller devices.

Tumor sites are usually poorly vascularized regions. NPs tend to accumulate on the
tumor site and increase the retention effect and the permeability, which helps enhance
cancer treatments. However, several biological processes can influence the NPs action.
Consequently, the features of the NPs, such as dimensions, structure, surface properties,
shape, and porosity, must be controlled to achieve the ideal interactions [121]. For instance,
one strategy can be reducing the size of the NPs so that they can cross the leaky tumor
vasculature but leave them big enough to not leak from the healthy blood vessels. The
shape of the NPs affects the uptake of the particles by the cells. However, most studies
have used spherical-shaped particles due to challenges in synthesis. The surface chemistry
also needs to be carefully engineered considering the type of tumor cells that will be
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targeted. Some studies indicated that positively charged surfaces increase cellular uptake.
However, some studies reported the preference of neutral or negatively charged surfaces
for some types of cancer [121]. Drugs are conventionally administered by injection or
oral intake. Those pathways have several limitations, such as limited effectiveness and
lack of selectivity. For instance, orally taken drugs have poor biodistribution and variable
absorption. They can also suffer degradation by the gastric acidic environment together
with digestive enzymes [129]. Some anticancer drugs, such as paclitaxel, are not soluble
in water which can be overcome by loading the drug onto NPs. Another problem with
cancer drugs is the fast elimination through the renal system. NPs can also contribute to
enhancing the half-life of the blood circulation of drugs. Encapsulation of the drugs also
contributes to protecting them against metabolic degradation [121].

One recent cancer treatment technique is hyperthermia, and it corresponds to a treat-
ment where body tissue is subjected to high temperatures due to an external source.
Research on this technique has been increasing over the last decades. Some procedures
included warming up the patient’s blood on an external device and then retransfusing
it. Hyperthermia treatments are also performed by applying the heat generated by elec-
tromagnetic waves directly on the tumor region with the guide of imaging techniques
or to the whole body in case of the presence of distant metastasis [130]. To increase the
specificity of hyperthermia treatments and reach deeper tumor sites, magnetic NPs were
developed. The most common NPs used in this technique are iron oxide-based NPs due to
their superior magnetic properties. To reach an effective treatment, the NPs should present
a super-paramagnetic behavior that increases with the size of the particles. However,
the NPs should not be too big to flow continuously through the blood capillaries and
penetrate the tumoral tissues. The surface of the magnetic NPs is usually functionalized
to improve the stability and resistance of the particles to the surrounding physiological
environment. Drugs or specific cellular markers can also be incorporated for combined
therapy and specific targeting [131,132]. In this procedure, magnetic NPs are administrated
to the patient, and an external alternating magnetic field is applied to the tumor site. The
heating is generated by the particles due to hysteresis losses or other displacements of the
domain wall. However, for super-paramagnetic particles, the heating is generated by the
losses that occur during the reorientation of the magnetization [130]. The generated heat
can induce cancer cell death through coagulation, denaturation, folding, and aggregation
of proteins, apoptosis, and necrosis, or by promoting the overexpression of heat shock
proteins, among other processes. Characteristics of the NPs, such as specific absorption
rate and magnetic properties, and of the applied magnetic field will influence the effects
of the technique. The hyperthermia treatment can be combined with chemotherapy and
radiotherapy treatments for increased treatment efficacy [133,134].

NPs from organic materials, such as proteins and lipids, were studied for cancer
treatment applications due to their biocompatibility and biodegradability. Nevertheless,
those NPs are not as efficient and versatile for drug delivery as the NPs from inorganic
materials, such as gold, silver, iron, or zinc oxides [135]. On the other hand, further research
of the effects of the NPs circulating on the human body is still required. Not only is it
important to analyze the effect on the healthy organs that are not the target of the treatment,
but also to analyze the blood cells. Rodrigues et al. [136] evaluated the effect of MNPs on
the red blood cells (RBCs), as presented in Figure 4. The authors reported a slight increase
in the RBCs’ rigidity when in the presence of MNPs.

The combination of microfluidics and cell culture on devices such as the organ-on-a-
chip also brings forth the possibility of a dynamic evaluation of the systemic effects of the
NPs on the human body [119,123,137,138].
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7. Conclusions

This review shows an overview of the NFs benefits applied in three specific areas:
machining, solar energy, and biomedical engineering.

• In the machining area, the use of NFs has helped to obtain high-quality machined
surfaces, has improved tool life, and reduced costs in all branches of the sector, namely
in turning, milling, drilling, and grinding.

• In the area of solar energy, NFs have been evaluated in heat exchangers for cooling solar
systems. The results have shown that nanoparticles added to the base fluid increase
heat transfer and reduce the operating temperature of the panels. Furthermore, due
to the superior thermal absorption performance of the nanofluid, it has been used to
improve the efficiency of capturing solar energy in direct absorption collectors.

• In the biomedical field, the use of the NFs has helped improve the diagnostic and
treatment of several diseases.

Due to the superior thermophysical properties of these colloidal mixtures, the number
of studies and interest in the subject has grown massively in recent years. If, on the one
hand, there is a consensus regarding its thermal transport capacity due to its higher thermal
conductivity compared to base fluids, on the other hand, a list of problems has limited
large-scale applications. However, this review sought to highlight studies that inspired
solutions to overcome these challenges.

Advantages of nanofluids:

• NFs can have their properties adjustable depending on the concentration of nanoparti-
cles used, including the increase of thermal conductivity in relation to their base fluids
being the main attraction for most applications;

• The heat transfer from the NFs presents higher values in relation to the respective base
fluids, due to enhancement specific surface area between nanoparticles and liquid;

• Some results from the literature have shown a significant increase in thermal conductiv-
ity when an extremely low concentration of NPs was used, reducing production costs.

• The nanoparticles in the base fluid change the optical properties of the NF, benefiting
light absorption for applications in solar collectors.

• Many kinds of nanoparticles can be used to form NFs, such as metallic, with magnetic
properties; or non-metallic, as used in cancer theranostics.

• Disadvantages of Nanofluids:
• The low stability of NFs for long periods of time and their rapid sedimentation;
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• The effects of ultrasonic vibration, the addition of surfactants, and control of the pH
value of NF suspensions are still poorly understood;

• The two main techniques for obtaining nanoparticles need to be improved. One is too
expensive (one-step), and the other (two-step) does not favor the stability of NFs;

• Enhancement of the pressure drop in systems that require pumping due to the in-
creased viscosity of NFs.

During the last decade, several solutions have been proposed to overcome the NFs
limitations. An alternative to solving the problem of the low stability of NFs is by modifying
the surface of the nanoparticles before forming the NFs. Hence, NPs surface modification
can contribute to an increase of the electrostatic force between the NPs, preventing them
from agglomerating and, as a result, may reduce sedimentation. Encouraging results have
been achieved by new NP production techniques, such as the hydrothermal synthesis
process shown in this review.

A general trend of NFs is that viscosity decreases with increasing temperature and
decreasing concentration of NPs. For this reason, regarding pumping systems that are
subject to high temperatures, NFs should be an effective option. Another interesting
approach is the use of magnetic NPs under the influence of magnetic fields to prevent the
sedimentation of NPs. To overcome the high costs associated with the production of NPs,
one possibility is by using recycled and recovered NPs from industrial wastes.
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43. Żyła, G.; Vallejo, J.P.; Lugo, L. Isobaric Heat Capacity and Density of Ethylene Glycol Based Nanofluids Containing Various
Nitride Nanoparticle Types: An Experimental Study. J. Mol. Liq. 2018, 261, 530–539. [CrossRef]

44. Reading, M.; Luget, A.; Wilson, R. Modulated Differential Scanning Calorimetry. Thermochim. Acta 1994, 238, 295–307. [CrossRef]
45. Xu, S.X.; Li, Y.; Feng, Y.P. Study of Temperature Profile and Specific Heat Capacity in Temperature Modulated DSC with a Low

Sample Heat Diffusivity. Thermochim. Acta 2000, 360, 131–140. [CrossRef]
46. Vajjha, R.S.; Das, D.K.; Mahagaonkar, B.M. Density Measurement of Different Nanofluids and Their Comparison with Theory.

Pet. Sci. Technol. 2009, 27, 612–624. [CrossRef]
47. Mirsaeidi, A.M.; Yousefi, F. Viscosity, Thermal Conductivity and Density of Carbon Quantum Dots Nanofluids: An Experimental

Investigation and Development of New Correlation Function and ANN Modeling. J. Therm. Anal. Calorim. 2021, 143, 351–361.
[CrossRef]

48. Alshayji, A.; Asadi, A.; Alarifi, I.M. On the Heat Transfer Effectiveness and Pumping Power Assessment of a Diamond-Water
Nanofluid Based on Thermophysical Properties: An Experimental Study. Powder Technol. 2020, 373, 397–410. [CrossRef]

49. Monajjemi Rarani, E.; Etesami, N.; Nasr Esfahany, M. Influence of the Uniform Electric Field on Viscosity of Magnetic Nanofluid
(Fe3O4-EG). J. Appl. Phys. 2012, 112, 3–9. [CrossRef]

50. Chandrasekar, M.; Suresh, S.; Chandra Bose, A. Experimental Investigations and Theoretical Determination of Thermal Conduc-
tivity and Viscosity of Al2O3/Water Nanofluid. Exp. Therm. Fluid Sci. 2010, 34, 210–216. [CrossRef]

51. Rajendiran, G.; Kuppusamy, V.B.; Shanmugasundaram, S. Experimental Investigation of the Effects of Sonication Time and
Volume Concentration on the Performance of PVT Solar Collector. IET Renew. Power Gener. 2018, 12, 1375–1381. [CrossRef]

52. Fuskele, V.; Sarviya, R.M. Recent Developments in Nanoparticles Synthesis, Preparation and Stability of Nanofluids. Mater. Today
Proc. 2017, 4, 4049–4060. [CrossRef]

53. Lomascolo, M.; Colangelo, G.; Milanese, M.; De Risi, A. Review of Heat Transfer in Nanofluids: Conductive, Convective and
Radiative Experimental Results. Renew. Sustain. Energy Rev. 2015, 43, 1182–1198. [CrossRef]

54. Souza, R.R.; Faustino, V.; Oliveira, J.D.; Gonçalves, I.M.; Miranda, J.M.; Moita, A.S.; Moreira, A.L.N.; Teixeira, J.C.F.;
Bañobre-López, M.; Lima, R. A Novel and Extremely Stable Nanofluid Based on Iron Oxide Nanoparticles: Experimental
Investigations on the Thermal Performance. Therm. Sci. Eng. Prog. 2021, 26, 101085. [CrossRef]

55. Xia, G.; Jiang, H.; Liu, R.; Zhai, Y. Effects of Surfactant on the Stability and Thermal Conductivity of Al2O3/de-Ionized Water
Nanofluids. Int. J. Therm. Sci. 2014, 84, 118–124. [CrossRef]

56. Khairul, M.A.; Shah, K.; Doroodchi, E.; Azizian, R.; Moghtaderi, B. Effects of Surfactant on Stability and Thermo-Physical
Properties of Metal Oxide Nanofluids. Int. J. Heat Mass Transf. 2016, 98, 778–787. [CrossRef]

57. Ali, A.Y.M.; El-Shazly, A.H.; El-Kady, M.F.; AbdElhafez, S.E. Evaluation of Surfactants on Thermo-Physical Properties of
Magnesia-Oil Nanofluid. In Materials Science Forum; Trans Tech Publications Ltd.: Freienbach, Switzerland, 2018; Volume 928,
pp. 106–112.

58. Mukherjee, S.; Mishra, P.C.; Chaudhuri, P. Stability of Heat Transfer Nanofluids—A Review. ChemBioEng Rev. 2018, 5, 312–333.
[CrossRef]

59. Wen, D.; Ding, Y. Experimental Investigation into the Pool Boiling Heat Transfer of Aqueous Based γ-Alumina Nanofluids.
J. Nanopart. Res. 2005, 7, 265–274. [CrossRef]

http://doi.org/10.1016/j.solmat.2020.110879
http://doi.org/10.1016/j.jtice.2021.05.015
http://doi.org/10.1155/2010/519659
http://doi.org/10.1016/j.tsep.2021.100985
http://doi.org/10.3390/app11062525
http://doi.org/10.1016/j.ijheatmasstransfer.2016.09.069
http://doi.org/10.1016/j.ijheatmasstransfer.2018.11.014
http://doi.org/10.1016/j.tca.2018.01.008
http://doi.org/10.2514/2.6486
http://doi.org/10.1016/j.jtice.2017.04.005
http://doi.org/10.1016/j.molliq.2018.04.012
http://doi.org/10.1016/S0040-6031(94)85215-4
http://doi.org/10.1016/S0040-6031(00)00564-5
http://doi.org/10.1080/10916460701857714
http://doi.org/10.1007/s10973-019-09138-z
http://doi.org/10.1016/j.powtec.2020.06.068
http://doi.org/10.1063/1.4763469
http://doi.org/10.1016/j.expthermflusci.2009.10.022
http://doi.org/10.1049/iet-rpg.2018.5283
http://doi.org/10.1016/j.matpr.2017.02.307
http://doi.org/10.1016/j.rser.2014.11.086
http://doi.org/10.1016/j.tsep.2021.101085
http://doi.org/10.1016/j.ijthermalsci.2014.05.004
http://doi.org/10.1016/j.ijheatmasstransfer.2016.03.079
http://doi.org/10.1002/cben.201800008
http://doi.org/10.1007/s11051-005-3478-9


Appl. Sci. 2022, 12, 1115 16 of 18

60. Yu, H.; Hermann, S.; Schulz, S.E.; Gessner, T.; Dong, Z.; Li, W.J. Optimizing Sonication Parameters for Dispersion of Single-Walled
Carbon Nanotubes. Chem. Phys. 2012, 408, 11–16. [CrossRef]

61. Lee, J.; Mudawar, I. Assessment of the Effectiveness of Nanofluids for Single-Phase and Two-Phase Heat Transfer in Micro-
Channels. Int. J. Heat Mass Transf. 2007, 50, 452–463. [CrossRef]

62. Chen, H.-J.; Wen, D. Ultrasonic-Aided Fabrication of Gold Nanofluids. Nanoscale Res. Lett. 2011, 6, 1–8. [CrossRef]
63. Sadeghinezhad, E.; Mehrali, M.; Saidur, R.; Mehrali, M.; Latibari, S.T.; Akhiani, A.R.; Metselaar, H.S.C. A Comprehensive Review

on Graphene Nanofluids: Recent Research, Development and Applications. Energy Convers. Manag. 2016, 111, 466–487. [CrossRef]
64. Dhar, N.R.; Islam, M.W.; Islam, S.; Mithu, M.A.H. The Influence of Minimum Quantity of Lubrication (MQL) on Cutting

Temperature, Chip and Dimensional Accuracy in Turning AISI-1040 Steel. J. Mater. Process. Technol. 2006, 171, 93–99. [CrossRef]
65. Shokoohi, Y.; Khosrojerdi, E.; Rassolian Shiadhi, B.H. Machining and Ecological Effects of a New Developed Cutting Fluid in

Combination with Different Cooling Techniques on Turning Operation. J. Clean. Prod. 2015, 94, 330–339. [CrossRef]
66. Goindi, G.S.; Sarkar, P. Dry Machining: A Step towards Sustainable Machining–Challenges and Future Directions. J. Clean. Prod.

2017, 165, 1557–1571. [CrossRef]
67. Braga, D.U.; Diniz, A.E.; Miranda, G.W.A.; Coppini, N.L. Using a Minimum Quantity of Lubricant (MQL) and a Diamond Coated

Tool in the Drilling of Aluminum-Silicon Alloys. J. Mater. Process. Technol. 2002, 122, 127–138. [CrossRef]
68. Kadirgama, K. A Comprehensive Review on the Application of Nanofluids in the Machining Process. Int. J. Adv. Manuf. Technol.

2021, 47, 2669–2681. [CrossRef]
69. Hemmat Esfe, M.; Bahiraei, M.; Mir, A. Application of Conventional and Hybrid Nanofluids in Different Machining Processes:

A Critical Review. Adv. Colloid Interface Sci. 2020, 282, 102199. [CrossRef]
70. Sharma, A.K.; Tiwari, A.K.; Dixit, A.R. Progress of Nanofluid Application in Machining: A Review. Mater. Manuf. Process. 2015,

30, 813–828. [CrossRef]
71. Daungthongsuk, W.; Wongwises, S. A Critical Review of Convective Heat Transfer of Nanofluids. Renew. Sustain. Energy Rev.

2007, 11, 797–817. [CrossRef]
72. Kakaç, S.; Pramuanjaroenkij, A. Review of Convective Heat Transfer Enhancement with Nanofluids. Int. J. Heat Mass Transf. 2009,

52, 3187–3196. [CrossRef]
73. Yoo, D.H.; Hong, K.S.; Yang, H.S. Study of Thermal Conductivity of Nanofluids for the Application of Heat Transfer Fluids.

Thermochim. Acta 2007, 455, 66–69. [CrossRef]
74. He, Y.; Jin, Y.; Chen, H.; Ding, Y.; Cang, D.; Lu, H. Heat Transfer and Flow Behaviour of Aqueous Suspensions of TiO2

Nanoparticles (Nanofluids) Flowing Upward through a Vertical Pipe. Int. J. Heat Mass Transf. 2007, 50, 2272–2281. [CrossRef]
75. Lee, C.G.; Hwang, Y.J.; Choi, Y.M.; Lee, J.K.; Choi, C.; Oh, J.M. A Study on the Tribological Characteristics of Graphite Nano

Lubricants. Int. J. Precis. Eng. Manuf. 2009, 10, 85–90. [CrossRef]
76. Suresh Kumar Reddy, N.; Venkateswara Rao, P. Experimental Investigation to Study the Effect of Solid Lubricants on Cutting

Forces and Surface Quality in End Milling. Int. J. Mach. Tools Manuf. 2006, 46, 189–198. [CrossRef]
77. Rahman, S.S.; Ashraf, M.Z.I.; Amin, A.N.; Bashar, M.S.; Ashik, M.F.K.; Kamruzzaman, M. Tuning Nanofluids for Improved

Lubrication Performance in Turning Biomedical Grade Titanium Alloy. J. Clean. Prod. 2019, 206, 180–196. [CrossRef]
78. Roy, S.; Ghosh, A. High Speed Turning of AISI 4140 Steel Using Nanofluid through Twin Jet SQL System. In Proceedings of

the ASME 2013 International Manufacturing Science and Engineering Conference Collocated with the 41st North American
Manufacturing Research Conference, MSEC 2013, Madison, WI, USA, 10–14 June 2013; Volume 2. [CrossRef]

79. Sharma, A.K.; Tiwari, A.K.; Dixit, A.R.; Singh, R.K.; Singh, M. Novel Uses of Alumina/Graphene Hybrid Nanoparticle Additives
for Improved Tribological Properties of Lubricant in Turning Operation. Tribol. Int. 2018, 119, 99–111. [CrossRef]

80. Rahmati, B.; Sarhan, A.A.D.; Sayuti, M. Morphology of Surface Generated by End Milling AL6061-T6 Using Molybdenum
Disulfide (MoS2) Nanolubrication in End Milling Machining. J. Clean. Prod. 2014, 66, 685–691. [CrossRef]

81. Jamil, M.; Khan, A.M.; Hegab, H.; Gupta, M.K.; Mia, M.; He, N.; Zhao, G.; Song, Q.; Liu, Z. Milling of Ti–6Al–4V under Hybrid
Al2O3-MWCNT Nanofluids Considering Energy Consumption, Surface Quality, and Tool Wear: A Sustainable Machining. Int. J.
Adv. Manuf. Technol. 2020, 107, 4141–4157. [CrossRef]

82. Vryzas, Z.; Kelessidis, V.C. Nano-Based Drilling Fluids: A Review. Energies 2017, 10, 540. [CrossRef]
83. Huang, W.T.; Wu, D.H.; Chen, J.T. Robust Design of Using Nanofluid/MQL in Micro-Drilling. Int. J. Adv. Manuf. Technol. 2016,

85, 2155–2161. [CrossRef]
84. Lee, P.H.; Nam, T.S.; Li, C.; Lee, S.W. Environmentally-Friendly Nano-Fluid Minimum Quantity Lubrication (MQL) Meso-Scale

Grinding Process Using Nano-Diamond Particles. In Proceedings of the 2010 International Conference on Manufacturing
Automation, ICMA 2010, Hong Kong, China, 13–15 December 2010; pp. 44–49. [CrossRef]

85. Benardos, P.G.; Vosniakos, G.C. Predicting Surface Roughness in Machining: A Review. Int. J. Mach. Tools Manuf. 2003,
43, 833–844. [CrossRef]

86. Jamil, M.; Khan, A.M.; Hegab, H.; Gong, L.; Mia, M.; Gupta, M.K. Effects of Hybrid Al2O3-CNT Nanofluids and Cryogenic
Cooling on Machining of Ti–6Al–4V. Int. J. Adv. Manuf. Technol. 2019, 102, 3895–3909. [CrossRef]

87. Sharma, A.K.; Singh, R.K.; Dixit, A.R.; Tiwari, A.K. Characterization and Experimental Investigation of Al2O3 Nanoparticle Based
Cutting Fluid in Turning of AISI 1040 Steel under Minimum Quantity Lubrication (MQL). Mater. Today Proc. 2016, 3, 1899–1906.
[CrossRef]

http://doi.org/10.1016/j.chemphys.2012.08.020
http://doi.org/10.1016/j.ijheatmasstransfer.2006.08.001
http://doi.org/10.1186/1556-276X-6-198
http://doi.org/10.1016/j.enconman.2016.01.004
http://doi.org/10.1016/j.jmatprotec.2005.06.047
http://doi.org/10.1016/j.jclepro.2015.01.055
http://doi.org/10.1016/j.jclepro.2017.07.235
http://doi.org/10.1016/S0924-0136(01)01249-3
http://doi.org/10.1007/s00170-021-07316-8
http://doi.org/10.1016/j.cis.2020.102199
http://doi.org/10.1080/10426914.2014.973583
http://doi.org/10.1016/j.rser.2005.06.005
http://doi.org/10.1016/j.ijheatmasstransfer.2009.02.006
http://doi.org/10.1016/j.tca.2006.12.006
http://doi.org/10.1016/j.ijheatmasstransfer.2006.10.024
http://doi.org/10.1007/s12541-009-0013-4
http://doi.org/10.1016/j.ijmachtools.2005.04.008
http://doi.org/10.1016/j.jclepro.2018.09.150
http://doi.org/10.1115/MSEC2013-1067
http://doi.org/10.1016/j.triboint.2017.10.036
http://doi.org/10.1016/j.jclepro.2013.10.048
http://doi.org/10.1007/s00170-020-05296-9
http://doi.org/10.3390/en10040540
http://doi.org/10.1007/s00170-015-7382-x
http://doi.org/10.1109/ICMA.2010.27
http://doi.org/10.1016/S0890-6955(03)00059-2
http://doi.org/10.1007/s00170-019-03485-9
http://doi.org/10.1016/j.matpr.2016.04.090


Appl. Sci. 2022, 12, 1115 17 of 18

88. Khandekar, S.; Sankar, M.R.; Agnihotri, V.; Ramkumar, J. Nano-Cutting Fluid for Enhancement of Metal Cutting Performance.
Mater. Manuf. Process. 2012, 27, 963–967. [CrossRef]

89. Padmini, R.; Vamsi Krishna, P.; Krishna Mohana Rao, G. Effectiveness of Vegetable Oil Based Nanofluids as Potential Cutting
Fluids in Turning AISI 1040 Steel. Tribol. Int. 2016, 94, 490–501. [CrossRef]

90. Xavior, M.A.; Adithan, M. Determining the Influence of Cutting Fluids on Tool Wear and Surface Roughness during Turning of
AISI 304 Austenitic Stainless Steel. J. Mater. Process. Technol. 2009, 209, 900–909. [CrossRef]

91. Altin, A.; Nalbant, M.; Taskesen, A. The Effects of Cutting Speed on Tool Wear and Tool Life When Machining Inconel 718 with
Ceramic Tools. Mater. Des. 2007, 28, 2518–2522. [CrossRef]

92. Ganeshkumar, S.; Thirunavukkarasu, V.; Sureshkumar, R.; Venkatesh, S.; Ramakrishnan, T. Investigation of Wear Behaviour of
Silicon Carbide Tool Inserts and Titanium Nitride Coated Tool Inserts in Machining of EN8 Steel. Int. J. Mech. Eng. Technol. 2019,
10, 1862–1873.

93. Zhou, C.; Guo, X.; Zhang, K.; Cheng, L.; Wu, Y. The Coupling Effect of Micro-Groove Textures and Nanofluids on Cutting
Performance of Uncoated Cemented Carbide Tools in Milling Ti-6Al-4V. J. Mater. Process. Technol. 2019, 271, 36–45. [CrossRef]

94. Eltaggaz, A.; Hegab, H.; Deiab, I.; Kishawy, H.A. Hybrid Nano-Fluid-Minimum Quantity Lubrication Strategy for Machining
Austempered Ductile Iron (ADI). Int. J. Interact. Des. Manuf. 2018, 12, 1273–1281. [CrossRef]

95. Vázquez, K.D.; Cantú, D.S.; Segura, A.F.; Araiz, F.; Peña-Parás, L.; Maldonado, D. Application of Nanofluids to Improve Tool Life
in Machining Processes. In Proceedings of the Lubrication, Maintenance and Tribotechnology LUBMAT 2014, Manchester, UK,
25–27 June 2014; pp. 1–8.

96. Minh, D.T.; The, L.T.; Bao, N.T. Performance of Al2O3 Nanofluids in Minimum Quantity Lubrication in Hard Milling of 60Si2Mn
Steel Using Cemented Carbide Tools. Adv. Mech. Eng. 2017, 9, 1–9. [CrossRef]

97. Ebaid, M.S.Y.; Al-busoul, M.; Ghrair, A.M. Performance Enhancement of Photovoltaic Panels Using Two Types of Nanofluids.
Heat Transf. 2020, 49, 2789–2812. [CrossRef]

98. Kasaeian, A.; Eshghi, A.T.; Sameti, M. A Review on the Applications of Nanofluids in Solar Energy Systems. Renew. Sustain.
Energy Rev. 2015, 43, 584–598. [CrossRef]

99. Shin, D.; Banerjee, D. Enhancement of Specific Heat Capacity of High-Temperature Silica-Nanofluids Synthesized in Alkali
Chloride Salt Eutectics for Solar Thermal-Energy Storage Applications. Int. J. Heat Mass Transf. 2011, 54, 1064–1070. [CrossRef]

100. Khanafer, K.; Vafai, K. A Review on the Applications of Nanofluids in Solar Energy Field. Renew. Energy 2018, 123, 398–406.
[CrossRef]

101. Abdolbaqi, M.K.; Azmi, W.H.; Mamat, R.; Sharma, K.V.; Najafi, G. Experimental Investigation of Thermal Conductivity and
Electrical Conductivity of BioGlycol-Water Mixture Based Al2O3 Nanofluid. Appl. Therm. Eng. 2016, 102, 932–941. [CrossRef]

102. Paul, G.; Chopkar, M.; Manna, I.; Das, P.K. Techniques for Measuring the Thermal Conductivity of Nanofluids: A Review. Renew.
Sustain. Energy Rev. 2010, 14, 1913–1924. [CrossRef]

103. Riahi, A.; Khamlich, S.; Balghouthi, M.; Khamliche, T.; Doyle, T.B.; Dimassi, W.; Guizani, A.; Maaza, M. Study of Thermal
Conductivity of Synthesized Al2O3-Water Nanofluid by Pulsed Laser Ablation in Liquid. J. Mol. Liq. 2020, 304. [CrossRef]

104. Agarwal, R.; Verma, K.; Agrawal, N.K.; Singh, R. Comparison of Experimental Measurements of Thermal Conductivity of
Fe2O3 Nanofluids Against Standard Theoretical Models and Artificial Neural Network Approach. J. Mater. Eng. Perform. 2019,
28, 4602–4609. [CrossRef]

105. Razi, P.; Akhavan-Behabadi, M.A.; Saeedinia, M. Pressure Drop and Thermal Characteristics of CuO-Base Oil Nanofluid Laminar
Flow in Flattened Tubes under Constant Heat Flux. Int. Commun. Heat Mass Transf. 2011, 38, 964–971. [CrossRef]

106. Duangthongsuk, W.; Wongwises, S. An Experimental Study on the Heat Transfer Performance and Pressure Drop of TiO2-Water
Nanofluids Flowing under a Turbulent Flow Regime. Int. J. Heat Mass Transf. 2010, 53, 334–344. [CrossRef]

107. Ramadass, G.; Vijayalakshmi, M.M.; Natarajan, E. Energy Investigation in Serpentine Heat Exchanger Using Aluminum Oxide
Nanofluid on Solar Photovoltaic/Thermal System. J. Test. Eval. 2018, 48, 1031–1054. [CrossRef]

108. Shahsavar, A.; Eisapour, M.; Talebizadehsardari, P. Experimental Evaluation of Novel Photovoltaic/Thermal Systems Using
Serpentine Cooling Tubes with Different Cross-Sections of Circular, Triangular and Rectangular. Energy 2020, 208, 118409.
[CrossRef]

109. Hussien, H.A.; Noman, A.H.; Abdulmunem, A.R. Indoor Investigation for Improving the Hybrid Photovoltaic/Thermal System
Performance Using Nanofluid (Al2O3-Water). Eng Tech J 2015, 33, 889–901.

110. Rajput, N.S.; Shukla, D.D.; Rajput, D.; Sharm, S.K. Performance Analysis of Flat Plate Solar Collector Using Al2O3/Distilled
Water Nanofluid: An Experimental Investigation. Mater. Today Proc. 2019, 10, 52–59. [CrossRef]

111. Michael, J.J.; Iniyan, S. Performance of Copper Oxide/Water Nanofluid in a Flat Plate Solar Water Heater under Natural and
Forced Circulations. Energy Convers. Manag. 2015, 95, 160–169. [CrossRef]

112. Colangelo, G.; Favale, E.; De Risi, A.; Laforgia, D. A New Solution for Reduced Sedimentation Flat Panel Solar Thermal Collector
Using Nanofluids. Appl. Energy 2013, 111, 80–93. [CrossRef]

113. Qiu, L.; Ouyang, Y.; Feng, Y.; Zhang, X. Review on Micro/Nano Phase Change Materials for Solar Thermal Applications. Renew.
Energy 2019, 140, 513–538. [CrossRef]

114. Lee, Y.; Jeong, H.; Sung, Y. Thermal Absorption Performance Evaluation of Water-Based Nanofluids (CNTs, Cu, and Al2O3) for
Solar Thermal Harvesting. Energies 2021, 14, 4875. [CrossRef]

http://doi.org/10.1080/10426914.2011.610078
http://doi.org/10.1016/j.triboint.2015.10.006
http://doi.org/10.1016/j.jmatprotec.2008.02.068
http://doi.org/10.1016/j.matdes.2006.09.004
http://doi.org/10.1016/j.jmatprotec.2019.03.021
http://doi.org/10.1007/s12008-018-0491-7
http://doi.org/10.1177/1687814017710618
http://doi.org/10.1002/htj.21745
http://doi.org/10.1016/j.rser.2014.11.020
http://doi.org/10.1016/j.ijheatmasstransfer.2010.11.017
http://doi.org/10.1016/j.renene.2018.01.097
http://doi.org/10.1016/j.applthermaleng.2016.03.074
http://doi.org/10.1016/j.rser.2010.03.017
http://doi.org/10.1016/j.molliq.2020.112694
http://doi.org/10.1007/s11665-019-04202-z
http://doi.org/10.1016/j.icheatmasstransfer.2011.04.010
http://doi.org/10.1016/j.ijheatmasstransfer.2009.09.024
http://doi.org/10.1520/JTE20170493
http://doi.org/10.1016/j.energy.2020.118409
http://doi.org/10.1016/j.matpr.2019.02.188
http://doi.org/10.1016/j.enconman.2015.02.017
http://doi.org/10.1016/j.apenergy.2013.04.069
http://doi.org/10.1016/j.renene.2019.03.088
http://doi.org/10.3390/en14164875


Appl. Sci. 2022, 12, 1115 18 of 18

115. Ni, G.; Miljkovic, N.; Ghasemi, H.; Huang, X.; Boriskina, S.V.; Lin, C.-T.; Wang, J.; Xu, Y.; Rahman, M.M.; Zhang, T. Volumetric
Solar Heating of Nanofluids for Direct Vapor Generation. Nano Energy 2015, 17, 290–301. [CrossRef]

116. Sidik, N.A.C.; Adamu, I.M.; Jamil, M.M.; Kefayati, G.H.R.; Mamat, R.; Najafi, G. Recent Progress on Hybrid Nanofluids in Heat
Transfer Applications: A Comprehensive Review. Int. Commun. Heat Mass Transf. 2016, 78, 68–79. [CrossRef]

117. Minardi, J.E.; Chuang, H.N. Performance of a “Black” Liquid Flat-Plate Solar Collector. Solar Energy 1975, 17, 179–183. [CrossRef]
118. Chen, L.; Liu, J.; Fang, X.; Zhang, Z. Reduced Graphene Oxide Dispersed Nanofluids with Improved Photo-Thermal Conversion

Performance for Direct Absorption Solar Collectors. Sol. Energy Mater. Sol. Cells 2017, 163, 125–133. [CrossRef]
119. Rodrigues, R.O.; Sousa, P.C.; Gaspar, J.; Bañobre-López, M.; Lima, R.; Minas, G. Organ-on-a-Chip: A Preclinical Microfluidic

Platform for the Progress of Nanomedicine. Small 2020, 16, 2003517. [CrossRef] [PubMed]
120. Seeta Rama Raju, G.; Benton, L.; Pavitra, E.; Yu, J.S. Multifunctional Nanoparticles: Recent Progress in Cancer Therapeutics. Chem.

Commun. 2015, 51, 13248–13259. [CrossRef] [PubMed]
121. Lungu, I.I.; Grumezescu, A.M.; Volceanov, A.; Andronescu, E. Nanobiomaterials Used in Cancer Therapy: An up-to-Date

Overview. Molecules 2019, 24, 3547. [CrossRef]
122. Patra, J.K.; Das, G.; Fraceto, L.F.; Campos, E.V.R.; Rodriguez-Torres, M.D.P.; Acosta-Torres, L.S.; Diaz-Torres, L.A.; Grillo, R.;

Swamy, M.K.; Sharma, S.; et al. Nano Based Drug Delivery Systems: Recent Developments and Future Prospects. J. Nanobiotechnol.
2018, 16, 71. [CrossRef]

123. Zhu, D.; Long, Q.; Xu, Y.; Xing, J. Evaluating Nanoparticles in Preclinical Research Using Microfluidic Systems. Micromachines
2019, 10, 414. [CrossRef]

124. Rodrigues, R.O.; Baldi, G.; Doumett, S.; Garcia-Hevia, L.; Gallo, J.; Bañobre-López, M.; Dražić, G.; Calhelha, R.C.; Ferreira, I.C.F.R.;
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