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Abstract

A nanofluid is the mixture of nanoparticles suspended in the base fluid. It is an advanced heat transfer fluid that possesses supe-

rior heat transfer properties. Recent developments in nanotechnology bring out fluids that possess better thermal properties than

conventional fluids. The inherent properties like the larger relative surface area of nanoparticles and superior thermal conductivity

makes them a choice for thermal engineers over conventional fluid. A suspended nanoparticle significantly improves heat transfer

capabilities and stability of the suspension. Nanofluids possess wide range of possibilities as it can enhance heat transfer perfor-

mance in comparison to that of pure liquids and hence can be considered as next generation heat transfer fluids. The most recent

popular nanoparticles which are used to produce nanofluids are aluminum oxide (Al203), copper oxide (CuO), copper (Cu). While

the most common base fluids which are being employed for producing nanofluids are water, oil, decene, acetone and ethylene glycol.

The present review gives out a brief introduction, characteristics and application of nanofluids.
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Introduction

Heat transfer is a pivotal area of research and study in thermal
engineering and processing. Selection of heat transfer fluid is im-
portant for design and development of a heat exchanger for the
desired thermal process. Heat transfer fluid (HTF) is one of the
deciding factors as it affects the size and cost of heat exchanger
systems. Generally, water and oils are mostly used heat transfer
fluids as they satisfy most of the properties and are easily available
at low cost. But conventional HTF like water and oils have limited
heat transfer potentialities. Hence researchers are always trying
to find out to develop a new group of HTFs which could reduce
cost and meet the burgeoning demand of industry and commerce.
The advances in thermal engineering made it possible to achieve
higher efficiency and cost saving in heat transfer processes. Scien-
tists have developed nanoparticle-based HTF which can boost the
heat transfer potentials of conventional fluids. Recently nanopar-

ticles are gaining importance in the area of applications in the heat

transfer. Any host liquid, either organic or inorganic, which con-
tains nanoparticles in a suspended state, is known as nanofluids
[1]. NFs are the suspension of solid nanoparticles (1-100nm) in

conventional fluids.

Nanofluid (NF), a name conceived by choi, in Argonne National
Laboratory, to describe a fluid consisting of solid nanoparticles
with size less than 100 nm suspended on it with solid volume frac-
tions typically less than 4% [2]. Micro-sized particles help to im-
prove thermal conductivity and convective heat transfer of liquids

when mixed with base fluids [3].

Nanofluids can be used in engine cooling, cooling of electron-
ics and transformer oil, solar water heating, domestic refrigerator-
freezers, cooling of the heat exchanging devices, improving diesel
generator efficiency, improving heat transfer efficiency of chillers,
cooling in machining, in a nuclear reactor and defense and space

etc.

Citation: Gajanan Deshmukh,, et al. “Nanofluids: An Introduction to New Generation Heat Transfer Fluids”. Acta Scientific Agriculture 3.2 (2019): 41-48.



Nanofluids: An Introduction to New Generation Heat Transfer Fluids

Properties of Nanofluids

The Properties of NFs are Density, Viscosity, Specific Heat, Ther-
mal Conductivity and Stability. These properties play a very impor-
tant role in the preparation of NFs. The Properties are discussed

below:

Physical properties
Density (p).

The density is a factor that affects the heat transfer properties.
Density is an important thermophysical property and in order to
evaluate the heat transfer performances of NFs, the density plays
an important role. It directly affects the Reynolds number, friction
factor, pressure loss, and Nusselt number. However, reports on the
effect of density are found to be scarce. Since the nanoparticle’s
density is higher than liquids’, it led to believe that an increase in
the volume concentration of the nanoparticles would lead to in-
creased density values of the nanofluid. Most researchers obtain
the theoretical density values from the mixing equation introduced
by Pak and Cho [4].

Pnt = ©ps + (1 — @)ps

Where, p is the density, ® is the volume concentration, and “nf”

and “f” subscripts are the nanofluid and base fluid, respectively

Viscosity (p)

Viscosity is the key parameter in determining the convective
heat transfer coefficient. Understanding of viscosity mechanisms
of NFs is troublesome due to lack of a general mathematical model
that predicts the behavior of viscosity in nanofluids. Several mathe-
matical models were developed to predict the viscosity of NFs. The
first model which was developed in 1906, is an Einstein’s model of
effective viscosity for suspended rigid spherical solids in liquids as
a function of volume. The model was derived from linear hydrody-
namic equations. It only predicts the viscosity behavior for spheri-
cal rigid particles and for a low particle concentration. Nowadays

viscometers are mostly used to measure the viscosity of nanofluids

[5].

The viscosity of NFs depends on various factors viz. volume con-
centration, particle size, shear rate, temperature and morphology

[6-9], which can affect the viscosity.

Stability
The NF is not a simple liquid-solid mixture. The most important

criterion while developing the NF is an agglomerate-free long-term
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stable suspension. Stability of the NFs is important for its poten-
tial application as a heat transfer fluid. Stability of NF is associated
with its thermal conductivity and viscosity, which are critical pa-
rameters in the evaluation of any NF. The behavior of nanoparticles
inside the base fluid is highly unpredictable and the stability of
these particles within base fluid determines the stability of NFs.
Different forces acting on the nanoparticles may cause them to ag-
glomerate and precipitate out of the base fluid and such unstable
NFs would not perform consistently. Longer the nanoparticles re-
main in suspension in the base fluid; better thermal properties are
expected of NFs. Thus, the primary concern in the application of
any NF for commercial heat transfer application would be to pre-
pare stable NFs. Further, agglomerated fluid can cause operational
problems like clogging of channels due to sedimentation. An ag-
glomerated NF would possess properties that are different from

their stable counterparts [10].

Thermal Properties

Specific Heat Capacity (Cp)

Specific heat capacity measures the ability of a material to store
energy in the form of heat and exchange it if a temperature dif-
ference exists [11-13]. It is important to acquire accurate values
of the specific heat as specific heat is used to calculate important
properties, which include thermal conductivity, thermal diffusiv-
ity, and flow’s spatial temperature. Researchers mostly use defer-
ential scanning calorimeter (DSC) and double hot wire to measure
Cp of nanofluids. Several models predict the specific heat values of
nanofluids at different conditions. One model was based on a mix-
ture of liquid and particle and was introduced by Pak and Cho [4].

Car = a- (pv)cbf + (pvcp

Where “Cp” is for the specifc heat, “nf” is the nanofluid, ®V is the
volume fraction of the nanoparticle, and “bf” and “p” represent the

base fluid and nanoparticle, respectively.

Thermal Conductivity (k)

Thermal conductivity “k” is the rate at which a material passes
heat. It is a major factor in increasing nanofluid efficiency in heat
transfer and researchers have extensively studied it. The rate of
heat transfer through solids is much higher than that through lig-
uids and gases; it is for this reason that nanofluids have higher “k”

values compared to their base fluids.

The four possible mechanisms described by Saidu., et al. [14]
and Eastman,, et al. [15] to explain the abnormal rise of thermal

conductivity in NFs includes motion of the nanoparticles due to
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Brownian movement, molecular-level layering of the liquid at the
liquid/particle interface, the type of heat transport in the nanopar-

ticles, and the effects of clustering of nanoparticle.

Several factors affected thermal conductivity; includes nanopar-
ticle type, volumetric concentration, different base fluids, tempera-
ture, particle size, pH, effect of sonication, the addition of a surfac-
tant and much more. There are several methods to measure the
thermal conductivity of a material like transient hot wire method,
thermal constants analyzer, steady state parallel plate, and 3w
method. Among all these techniques, the thermal constants ana-
lyzer has been used mostly for analyzing thermal conductivity of
NFs [13].

Thermal Conductivity of some materials, Base Fluids
and NFs
Materials Thermal Conductivity
(W/mK)
Carbon Nanotubes 1800-6600
Diamond 2300
Graphite 110-190
Fullerenes film 0.4
Metallic solids Copper 401
(pure) Aluminum
237
Nonmetallic Silicon 148
solids Alumina (AI203
40
Metallic liquids | Sodium (644 K) 72.3
Nonmetallic Water 0.613
liquids Ethylene glycol
(EG) 0.253
Engine oil (EO) 0.145

Table 1

Preparation of Nanofluids

Preparation of NFs is the primary and most essential step
for conducting experimental studies of NFs. Various types of
nanofluids have been prepared by various researchers are basi-
cally metals such as copper (Cu), nickel (Ni), alumina (Al), Silver
(Ag) metal oxides such as: titanium oxide (Ti0,), zirconium dioxide
(Zr0,), barium titanate (BaTiO,), barium titanate (BaTi0,0,), cop-
per oxide (Cu0), iron oxide (Fe,0,), silicon dioxide (Si0,), zinc ox-
ide (Zn0) and some other compounds such as, silicon carbide (SiC),
carbon nanotube (CNT), aluminium oxide (Al,0,), copper oxide
(Cu0), iron oxide (Fe,0,), Silicon dioxide, zinc oxide and some oth-
er compounds such as silicon carbide (SiC), carbon nanotube CNT,

aluminium nitride (AIN), graphene, calcium carbonate (CaCO,) etc.
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Formulating stable NFs, with controlled properties such as ther-
mal conductivity, stability viscosity and wettability for heat trans-
fer applications, still presents a challenge for the NF community.
Wen., et al. [16] proposed that the most commonly used formula-
tion methods are namely, the top-down method obtained through
size reduction which is two-step method and the bottom-up ap-
proach (single-step method) which involves simultaneous produc-

tion and dispersion of nanoparticles.

Single step preparation process

The single step preparation process indicates the synthesis of
NFs in one-step and a wide range of single step methods are avail-
able for preparation of NF. Vacuum Evaporation onto a Running Oil
Substrate (VEROS) was developed by Akoh., et al. [17] which is a
single step direct evaporation method. But it was found that sepa-
ration of nanoparticle from the base fluid is difficult. The VEROS
technique was modified by Eastman., et al [ 18], in which condensa-
tion of Copper (Cu) vapour directly into nanoparticles is achieved
by contact with flowing low vapor pressure ethylene glycol. Zhu.,
et al. [19] developed a single step chemical process using micro-
wave irradiation for the preparation of Cu NFs by reduction of
CuS0,.5H,0 with NaH,PO,.H,0 in ethylene glycol which is proved
to be a better way for production of mineral oil based silver NFs.
A process was developed by Lo., et al. [20] for production of CuO,
Cu,0 and Cu based NFs from different dielectric liquids by vacuum
based submerged arc nanoparticle synthesis technique. An electric
arc between 6000-12000°C operated by a suitable power source
is used for melting and vaporizing the metal rod and the vapor-
ized metal is allowed to condense followed by dispersion using de-
ionized water to produce NFs. The nanoparticle agglomeration is
minimized by single step synthesis method, but the compatibility

of the process is only for low vapor pressure fluids.

Two-step preparation process

This method is widely preferred in the preparation of NFs. In
this method, NF is prepared by mixing base fluids with commer-
cially available Nano powders. These Nano powders are prepared
from different mechanical, physical and chemical methods like
milling, grinding, and sol-gel and vapor phase methods. The prop-
er mixing of Nano powders with host fluids is achieved by higher
shear mixing device or an ultrasonic vibrator and Murshed., et
al. [21] prepared the nanosuspension of TiO,-water by using the
same method. Xuan and Li [22] used commercially available Cu
nanoparticles to prepare NFs of both water and transformer oil.
The two-step method was adopted by Kwak and Kim [23] for the
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preparation of CuO dispersed ethylene glycol NFs by Sonication
and without stabilizers and this method can also be utilized for the
production of carbon nanotube based NFs. The pyrolysis method
was first used for production of single walled and multi walled car-
bon nanotubes and further it was suspended in base fluids with or
without the use of surfactants [24]. Suggestions are made by differ-

ent authors that two-step process is the ideal process for prepara-
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tion of NFs containing oxide nanoparticles than those containing
metallic nanoparticles [15]. Aggregation of powders due to strong
Van der Walls attraction force between nanoparticles affects its
stability, which is the major drawback of this operation. But still
this process is popular and most economic for NFs production in
spite of its disadvantages. The widely used two-step method is de-

scribed in the following figure 1.

Figure 1: Two step preparation process of NFs.

Other Novel Methods

A continuous-flow microfluidic micro reactor was developed
by Wei and Wang [25] for the production of copper NFs and cop-
per NFs can be continuously synthesized by this method. The pa-
rameters such as reactant concentration, flow rate, and additives
can be adjusted for varying the microstructure and properties of
NFs. Zhu,, et al. [26] has developed Novel precursor transforma-
tion method utilizing ultrasonic and microwave irradiation for the
synthesis of CuO NFs with high solid volume fraction (up to 10%)
in which complete transformation of precursor Cu(OH), in to CuO
nanoparticle in water in presence of microwave irradiation. Addi-
tion of ammonium citrate can prevent the aggregation and growth
of nanoparticles, which results in the synthesis of a stable CuO
aqueous NF having a thermal conductivity higher than those pre-
pared by other dispersing methods. Chen and Wang, [27] stated
that Phase-transfer method is an ideal method for obtaining mono
disperse noble metal colloids. In a water-cyclohexane two-phase
system, conversion of aqueous formaldehyde into cyclohexane
phase is achieved by reaction with dodecyl amine resulting in the

production of reductive intermediates in cyclohexane. The inter-

mediates produced has the capacity to reduce silver or gold ions
in aqueous solution to produce dodecyl amine-protected silver
and gold nanoparticles in cyclohexane solution at room tempera-
ture. Feng,, et al. [28] described that preparation of gold, silver, and
platinum nanoparticles by aqueous organic phase-transfer method
relies on principle that the solubility of PVP’s in water decreases
with the rise in temperature and this method is applied for the
production of stable kerosene-based Fe,0, NFs. By chemisorption
mode, Oleic acid is successfully adjoined onto the surface of Fe,0,
nanoparticles, which makes it to highly compatible with kerosene.
The time dependence of the thermal conductivity characteristic is
not been found in Fe,0, NFs prepared by phase-transfer method.
The preparation of NFs with controllable microstructure is one of
the key issues. It is well known that the properties of NFs strongly

depend on the structure and shape of nanomaterials.

Advantages of Nanofluids
NFs are suitable for various applications as follows:

1. Solar energy absorption can be maximized by changing
the size, shape, material and volume fraction of the

nanoparticles in suspension.
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2. Increase in the surface area and the heat capacity of the
fluid due to its smaller particle size.

3. Enhancement of the thermal conductivity results in an
increase of efficiency of heat transfer systems.

4. Heating within the fluid volume, transfers heat to a
small area of fluid and allowing the peak temperature to
be located away from surfaces losing heat to the environ
ment.

5. A nanofluid enhances the mixing efficiency and turbul
ence in the fluid.

6. To make suitable for different applications, properties

of fluid can be changed by varying concentration of nano

particles.
7. NFs increase the temperature of solar thermal applications.
Higher viscosity

Increase of particle concentration in the suspension results in
increase of viscosity of nanoparticle-water suspensions so that the
particle mass fraction cannot be increased beyond a limit. Pantzali.,
et al. [29] conducted studies and concluded that replacement of
conventional fluids by NFs in industrial heat exchangers seems un-
promising since large volumes of NFs are necessary and turbulent

flow is usually developed, the substitution.

Lower specific heat

Literatures have suggested that specific heat of NFs are nor-
mally found lower than base fluid. Namburu.,, et al. [30] has con-
ducted study and found that NFs produced from CuO/ethylene
glycol, SiO,/ethylene glycol and Al 0, /ethylene glycol exhibit lower
specific heat compared to base fluids. It is desirable to have higher
value of specific heat for aan ideal coolant which enables the cool-

ant to remove more heat.

High cost of NFs

The major drawback for application of NFs in industry is its
high production cost. Nanoparticles themselves have high manu-
facturing cost due to the size of the particles. NFs production can
be achieved either by single step or two steps methods, but success
in both methods is achieved only by advanced and sophisticated

equipment’s which are important for production of NFs.

Applications of Nano fluids

NFs offers a huge range of possibilities in engineering applica-
tions as it has improved heat transfer and energy efficiency in ther-

mal applications.
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Heat Transfer Intensification

Since the origination of the NF concept about a decade ago,
the potentials of NFs in heat transfer applications have attracted
more and more attention. Up to now, there are some review papers
which present overviews of various aspects of NFs [31], including
preparation and characterization, techniques for the measure-
ments of thermal conductivity, theory and model, thermo physical

properties, and convective heat transfer.

Transportation

NFs finds broad range of application in automotive and heavy-
duty engines as it possesses potential to improve the cooling rates
by increasing the efficiency, weight reduction and by reducing the
complexity of thermal management systems. The increased cooling
rates achieved in automotive and truck engines by NFs can be used
to remove the excess heat from higher horsepower engines having
the same size of the cooling system. Use of NFs helps the engineers
to design smaller and lighter radiators which helps to make the
cooling system more compact which in turn improves the perfor-
mance and fuel economy of cars and truck. Ethylene glycol-based
NFs have attracted much attention in the application as engine
coolant [32] due to the low-pressure operation compared with a
50:50 mixture of ethylene glycol and water, which is the nearly uni-

versally used automotive coolant.

Industrial Cooling Applications

NFs finds applications in industrial cooling will helps in improv-
ing energy efficiency and emission reductions. For US industry, the
replacement of cooling and heating water with NFs has the poten-
tial to conserve 1 trillion Btu of energy [27]. For the US electric
power industry, using NFs in closed loop cooling cycles could save
about 10-30 trillion Btu per year (equivalent to the annual energy
consumption of about 50,000-150,000 households). The associ-
ated emissions reductions would be approximately 5.6 million
metric tons of carbon dioxide, 8,600 metric tons of nitrogen oxides,
and 21,000 metric tons of sulfur dioxide [33]. Xie and Chen [34],
conducted experiments on polyalphaolefin NFs containing exfoli-
ated graphite nanoparticles using a flow-loop apparatus to study
the performance of fibers in cooling and the results revealed that
NFs are having specific heat which is 50% higher than those for
NFs compared with polyalphaolefin. The specific shown a tempera-
ture dependence and it increased with rise in temperature. Studies
also shown that thermal diffusivity was increased by 4 times and
convective heat transfer by 10% on use of NFs in comparison with

that of use polyalphaolefin.
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Milk Cooling Applications

Ravi [35] investigated the NF based raw milk cooling with an
objective to cool the raw milk from 37°C to below 10°C. Cooling
module viz. cooling module-Stainless Steel, cooling module-Alumi-
num, cooling module- Stainless steel with extended surface were
evaluated. Al2o,, CuO and TiO, based NFs were prepared and evalu-

ated for their milk cooling performance inside the cooling module.

Mechanical Applications

NFs has shown excellent lubricating properties as the nanopar-
ticles present in it has the ability to form a protective film on the

worn surface with low hardness and elastic modulus.

Magnetic Sealing

Magnetic fluids (ferromagnetic fluid) come under special cat-
egory NFs which utilizes the magnetic properties of nanoparticles
in liquid possessing magnetic properties. They are stable colloidal
suspensions of small magnetic particles such as magnetite (Fe,0,).
Magnetic fluids find broad range of applications in industry as the
rotary seals can operate without much maintenance for a long time
and extremely low leakage is detected. Vekas., et al. [36] reported
that the magnetic properties can be varied by changing their size
and adapting their surface coating so that the colloidal stability of
magnetic NFs with nonpolar and polar carrier liquids can be main-
tained. Comparing with the mechanical sealing, magnetic sealing
offers a cost-effective solution to environmental and hazardous-
gas sealing in a wide variety of industrial rotation equipment with
high-speed capability, low-friction power losses, and long life and
high reliability [37].

Biomedical Application

For some special kinds of nanoparticles, they have antibacterial
activities or drug-delivery properties, so the NFs containing these

nanoparticles will exhibit some relevant properties.

Antibacterial Activity

Organic antibacterial materials are relatively having less stabil-
ity and are destroyed especially at high temperatures or pressures.
Inorganic materials such as metal and metal oxides can withstand
harsh process conditions in comparison to organic materials and
is gaining huge popularity. The antibacterial behavior of ZnO NFs
indicates that ZnO NFs have bacteriostatic activity against bacte-
ria [38]. Interaction effects has been studied using electrochemical
measurements and found that at higher ZnO concentrations, there

occurs some direct interaction between ZnO nanoparticles and
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the bacteria membrane. Jalal, et al. [39] prepared ZnO nanopar-
ticles via a green method and evaluated the antibacterial activity
of suspensions of ZnO nanoparticles against Escherichia coli (E.
coli) which is obtained by estimation of ratio of reduction of the
bacteria treated with ZnO. Survival ratio of bacteria decreases with

increasing the concentrations of ZnO NFs and time.

Challenges of Nano fluids

In addition to the studies on thermal conductivity of NFs, cur-
rently researchers have moved on to on other heat transfer proper-
ties of nano fluids as well. NFs are found to be a promising tech-
nology in a wide variety of applications, but the major factors that
obstructs the development in this field are (i) variations in results
and poor agreement of results obtained by different researchers;
(ii) Difficulty in characterization of the developed suspensions (iii)
Improper theoretical knowledge about the mechanisms which are
reasonable for changes in properties [14]. There is a lack of experi-
mental studies of NFs on convective heat transfer properties and
during its studies considerations must be given on properties such
as thermal conductivity, Brownian motion of particles, migration of
particles, and variation of thermophysical properties change with
temperature. Almost all the studies on convective heat transfer has
been conducted with oxide particles in high concentrations. Pak
and Cho [4] used 10 vol.% of Al203, which increased the viscosity
and pumping power of the fluid. Study of the energy transport in
NFs with low concentration (<1 vol.%) containing metallic parti-
cles is important since pure metallic nanoparticles possess thermal
conductivity which is 100 times above that of the oxide nanopar-
ticles. Studies should be conducted in future on convective heat
transfer using metallic nanoparticles having differences in geome-
tries and concentrations so that heat transfer enhancement consid-
erations can be done in laminar, transition and turbulent regions.
Considerable reduction in thermal resistance has been achieved by
the application of NFs in heat pipes and it further increased the
performance as well. Current researchers found that use of NFs
resulted in aggregation of particles and further causes deposition
in micro-channel heat sinks. Studies should be initiated in future
to determine the factors affecting particle deposition and to tackle
the situation. The applicability of NFs as refrigerants has not been
exploited much by researchers. Improvement of heat transfer abili-
ties of condensers and evaporators which are essential elements of
refrigeration applications by application of nanoparticle refriger-
ant dispersions in two-phase heat transfer can be extensively stud-
ied. More research is expected in NFs which will revolutionize the

field of heat transfer.
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Long-term stability of nanoparticles dispersion

Major difficulties faced during preparation of homogeneous
suspension is that aggregate formation of nanoparticles occurs
due to the presence of strong Van der Waals interactions. To ob-
tain stable NFs, it is essential to modify the structure by physical or
chemical treatments such as incorporation of surfactants, surface
modification of the suspended particles or applying strong force
on the breakdown of clusters of suspended particles by application
of strong forces. Dispersion of fine particles of materials in aque-
ous solutions which are hydrophobic in nature can be achieved by
use of surface active and dispersing agents. Nanoparticles should
remain stable in liquid for long time which is an essential require-
ment for applications of NFs. Generally, long-term stability of
nanoparticles dispersion is one of the basic requirements of NFs
applications. Stability of NFs has a good corresponding relation-
ship with the enhancement of thermal conductivity, better disper-

sion behavior and higher thermal conductivity of NFs [16].

Increased pressure drops and pumping power

Pressure drop developed during the flow of coolant is one of
the important parameters determining the efficiency of NFs ap-
plication. There is a close association between pressure drop and
pumping power of coolant. Density and viscosity have direct influ-
ence on coolant pressure drop and higher pressure drop is found in
coolants possessing higher viscosity and density, which is a notable
drawback on application of NFs as liquid coolant. Lee,, et al. [24]
and Yu, et al. [7] conducted studies on viscosity of water-based
Al,O, NFs and ethylene glycol based ZnO NFs and results clearly
showed that the viscosity of NFs is higher than base fluid. Nam-
buru,, et al. [30] stated that the density of NFs is found to be higher
than the base fluid base fluid. Both properties are found propor-

tional to nanoparticles volume fraction.

Conclusion

In spite of having tremendous potentiality in nanofluids to be-
come a heat transfer fluid, a long way research is needed to make
them suitable in every aspect of heat transfer and its applica-
tion. The extensive research needs to be carried out in the field of
nanoparticle and base fluids to predict the performance and effi-
ciency of nanofluids. The nanofluid preparation method must be
economical in every aspect to reduce the cost of operation. There is
a lot of scope for the application of nanofluids for cooling applica-

tion in dairy and food industry.
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