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Chapter

Nanofluid: New Fluids by
Nanotechnology

Mahmoud Salem Ahmed

Abstract

Recently, nanotechnology has played a major part in multifields of heat transfer
processes and developed a remarkable progress in the energy applications. One of
the most plausible applications of nanotechnology is to produce nanoparticles of
high thermal conductivity and mixing with the base fluids that transfer energy
forming what is called nanofluids. Adding of nanoparticles to the base fluid shows a
remarkable enhancement of the thermal properties of the base properties. Nano-
technology has greatly improved the science of heat transfer by improving the
properties of the energy-transmitting fluids. A high heat transfer could be obtained
through the creation of innovative fluid (nanofluids). This also reduces the size of
heat transfer equipment and saves energy.

Keywords: nanofluids, nanoparticles, thermal conductivity, base fluids

1. Introduction

Nowadays, the energy demand worldwide is steadily increasing due to the fast
progress in technology in all fields of life. On the other hand, the fossil fuel had been
taken to decrease, and the alternatives of energy sources are still under research to
raise their efficiency. Besides, the fossil fuel has led to the environment degradation
and global warming [1].

Revolution of nanotechnology and its unique features compared with the large
scale of its originality has been given a major focus. This dramatic growth stemmed
from the multiapplications in various fields of life: medicine, agriculture, engineer-
ing, and industry. Nanotechnology, as a scientific major, studies the properties of
nanoscale materials. Nanotechnology-based techniques could be produced by small
particles in the size of nano of some solid materials such as alumina and titanium
oxide that have relatively high thermal conductivity. The word “nano” is described
as 1 billionth of meter or 10~ ° m. Figure 1 shows a comparative sample of different
sizes of materials from large scales to nanoscales. These nanosized particles are
mixed in the base fluid of heat transfer forming a colloidal solution in the stable
case, while its addition to the base fluids of low thermal conductivity probably
increases the heat transfer characteristics of the base fluids. This creative fluid is
known as nanofluid, which has a new heat transfer characteristic as one of the
recent outcomes of nanotechnology. This makes, of course, saving energy exactly
similar to reducing the volume of heat transfer equipment.

Nanotechnology has been widely used in various engineering applications as a
promising alternative in saving energy and reducing the cost of producing

1 IntechOpen



Thermophysical Properties of Complex Materials

red blood
football cell virus buckyball
22cm 7 um 150 nm 0.8 nm
1m 10'm  102m  10°m  10*m 10°m 10fm 10"m 10%m 109m 10"%m
im 1 mm 1um 100 nm 1nm
1 metre ! millimetre 1 micrometre ! nanometre
diameter of human TiOy in thickness of
hair sunscreen strand of DNA
80 pm 35 nm 2nm
Figure 1.

A comparative of things from lavge scale to nanoscale.

engineering facilities. This important application is represented by the reduction of
nanoparticles to the size of the nanoparticles and their mixing with fluids of low
thermal properties to give a good type of fluid known as nanofluid.

2. Nanofluids

With the advancement of nanotechnology and its ability to increase the perfor-
mance of solar devices by exploiting it, a new fluid known as nanofluid has been
originated. This is assembled by mixing the base fluid of low thermal conductivity
with solid nanoparticles of high thermal conductivity, and hence the new fluid
(nanofluids) has high transfer characteristic compared with the base fluids [1, 2]. A
nanofluid is a fluid in which nanometer-sized particles, suspended in the base fluid,
form a colloidal solution of nanoparticles in a base fluid. The nanoparticles used in
nanofluids are typically made of metals, oxides, carbides, or carbon nanotubes,
while the base fluids include water, ethylene glycol, and oil. Nanofluids have novel
properties that make them potentially useful in many applications in heat transfer,
including microelectronics, fuel cells, pharmaceutical processes, and hybrid-powe
red engines, engine cooling/vehicle thermal management, domestic refrigerator,
chiller, and heat exchanger and in grinding, machining, and in boiler flue gas
temperature reduction.

2.1 Methods of preparing nanofluids

Nanofluids are produced by several techniques: first step, second step, and other
techniques. To avoid the sedimentation of nanoparticles during its operation, sur-
factant may be added to them. Nanofluid preparation is the first step ahead of any
implementations. Therefore, it entails more focus from researchers to obtain a good
stage of stability. Colloidal theory states that sedimentation in suspensions ceases
when the particle size is below a critical radius due to counterbalancing gravity
forces by the Brownian forces. Nanoparticles of a smaller size may be a better size in
the different applications. However, it has a high surface which leads to the forma-
tion of agglomerates among them [3, 4]. Therefore, to obtain a stable nanofluid
with optimum particle diameter and concentration, it is considered a big challenge
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for researchers. Two common methods are used to produce nanofluids, the
two-step method and the one step method, and others have worked up some
innovations.

2.1.1 The two-step method

The two-step method is the common method to produce nanofluids.
Nanoparticles of different materials including nanofibers, nanotubes, or other
nanomaterials are first produced as nanosized from 10 to 100 nm by chemical or
physical methods. Then, the nanosized powder will be dispersed in base fluids with
the help of intensive magnetic force agitation, ultrasonic agitation, high-shear
mixing, homogenizing, and ball milling. As resulting from high surface area and
surface activity, nanoparticles tend to aggregate reflecting adversely on the stability
of nanofluid [4-8]. To avoid that effect, the surfactant is added to the nanofluids.

The two-method preparation has been done by many researchers [9-14].

Figure 2 shows a block diagram of preparation of two-step method [15].

2.1.2 One-step method

The one-step process is simultaneously making and dispersing the particles in
the base fluids which could be reduced to the agglomeration of nanoparticles. This
method makes the nanofluid more stable with a limitation of the high cost of the
process [16-25].

2.1.3 Other created methods

Some researchers create other methods to obtain new prepared methods for
nanofluid with relatively high characteristics and more stability. Wei et al. [26]
developed a method to synthesize copper nanofluids. This method can be synthe-
sized through a novel precursor transformation with the help of ultrasonic and
microwave irradiation [27]. Chen et al. [28] obtain monodisperse noble-metal col-
loids through using a phase-transfer method. Feng et al. [29] have used the
aqueous-organic phase-transfer method for preparing gold, silver, and platinum
nanoparticles with the solubility in water. Phase-transfer method is also used to
prepare stable kerosene-based F30, nanofluids [30]. As stated above, the research
proved that nanofluids synthesized by chemical solution method could be enhanced
in conductivity with more stability [31].

Nanoparticle
—l direct mix _.-l diﬁpEl‘Si’ilﬂ
Base flmd I
—]  QHrasomic [re— Nanoflmd
Figure 2.

Two-step method of preparation of nanofluids [15].
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2.2 Thermophysical properties of nanofluids

Nanofluids have novel properties different from base fluids that included
thermophysical properties such as specific heat, density, viscosity, and thermal
conductivity.

Mixing the nanoparticles into the base fluid changes the thermophysical prop-
erties of the base fluid. The most important thermophysical properties of nanofluids
are nanofluid viscosity, nanofluid convective heat transfer, nanofluid thermal con-
ductivity, and nanofluid specific heat.

The value of specific heat and density of the nanofluids can be determined by
correlations, whereas the viscosity and thermal conductivity have different correlations.

2.2.1 Nanofluid thermal conductivity

Conventional heat transfer fluids, such as oil, water, and ethylene glycol (EG)
mixture, are poor heat transfer fluids. Hence, many trials by researchers to enhance
the heat transfer convection of these fluids through increasing their thermal con-
ductivity. High thermal conductivity is obtained for the nanofluids by adding
nanoparticle of solid materials of high thermal conductivity.

Nanofluids are basically advanced heat transfer fluids as an alternative to the pure
base fluids to improve the heat transfer process through the addition of nanoparticle
materials that have the properties of higher thermal conductivity. This attracted the
attention of researchers to test many nanoparticles that have different thermal con-
ductivity to obtain a high rate of heat transfer and use them in different applications.

The literature reported multiequations describing the thermal conductivity of
nanofluids. The prominent results reported that there are improvements of 5-10%
of the thermal conductivity of nanofluids using the base fluid (water, PAO). As is
reported, there is no critical improvement in the thermal conductivity in compari-
son to the conventional base fluid dependent on particle size and base fluid thermal
conductivity [32-37].

Conventional models of effective thermal conductivity of suspensions are
reported for some researchers [32].

Kefr 3(a—1)v
F— (@+2) — (a—1)v @)
kg at+(n-1)-n-1)A-a)v &
km (@+2) — (a— 1w
ke _ ) 38 9 (a+2) .
E_1+3ﬂ”+(3ﬂ +T+m+...)v (3)
k 3(a—1
PR (a+2§a— <a>— 1y (v Hf (@ +0()] (4)

where kg is the effective thermal conductivity of the suspension, # is a shape
factor of nanoparticle, v is nanoparticle volume fraction, and k,, and k, are the thermal
conductivity of the suspending medium and solid particle, respectively. Also o and f
are empirical fitting parameters which are defined as (k./k,,) and (a —1)/(x +1).

2.2.2 Nanofluid convective heat transfer

Nanofluids have been proven a great potential for heat transfer enhance-
ment [44-47]. Nanofluids have been presented as a promising tool and a good
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alternative to base fluids to save energy, compact devices of low cost and design of
multiequipment used in a different applications with nanofluids as working fluids.

Experimental investigation [38] on Cu- or water-based nanofluids has demon-
strated great enhancement of heat transfer and also reported that friction factor has
a very meager part in the application process. Other scholars [39] have concluded
that a systematic and definite deterioration of the natural convective heat transfer
occurs for the forced convection reliant on the solution concentration, the particle
density, and the aspect ratio of the cylinder. Experimental investigation on Al,O;
nanofluids using water as base fluid has been studied by various research groups,
and they concluded that the heat transfer coefficient in laminar flow [40-42]
increases up to 12-15% and in the case of turbulent flow, it ranges up to 8% [43, 44].
CNT, CuO, SiO, and TiO, nanofluids using water have been investigated [45-47].
Among these, CNT nanofluid produced similar results to that of Al,03 nanofluid.
Ding et al. [48] have concluded that the enhancement of heat transfer could be
obtained by varying the flow condition and the fluid concentration. Alternatively,
CuO has been investigated for several wall boundary conditions, and it has reached
good results [3]. The increase in the concentration of the nanofluid on contrary
gives very weak results on the heat transfer coefficient for volume fraction greater
than 0.3% [49]. It is noted from the experiments that the heat transfer coefficient
enhancement can be achieved in the range of 2-5%.

2.2.3 Nanofluid viscosity

Viscosity is one of the parameters that influences the behavior of nanofluids.
Researchers have conducted experiments to test the viscosity through adding the
nanoparticles to the different base fluids, and hence they found out that the viscos-
ity is significantly affected by both variations of temperature and volume fraction of
nanoparticles [50-56]. They have reported correlated equations to quantify the
viscosity based on their experiments using different nanofluids. The following
correlated equations are examples that have been reported by some researchers.

ey = (1 +2.50, +7.34907 + ) " (5)

Model for spherical nanoparticles [57]:

1

Model for simple hard sphere systems, the relative viscosity increases with
particle volume fraction o [57]:

_ 9 (@v/Bpmax)’
51— (2y/@pnar)

oy )

W=

The model is valid for spherical nanoparticles and for 0.5236 < ® < 0.7405 [55].
Meaning of @ = volume fraction and y = dynamic viscosity.

The SiO; nanofluid has been investigated [48] and concluded that nanofluid viscos-
ity is dependent on the volume fraction. Other researchers [58] have analyzed commer-
cial engine coolants dispersed with alumina particles. They found out that the nanofluid
produced with calculated amount of oleic acid (surfactant) has been tested for stability.
While the pure base fluid demonstrates Newtonian behavior over the measured tem-
perature, it turns to a non-Newtonian fluid with addition of a few alumina nanoparticles.
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2.2.4 Nanofluid specific heat

The specific heat of material is quite an important property to define the thermal
performance of any material [36]. Specific heats of nanofluids may differ according
to the type of base fluids, nanomaterials, and concentration of nanoparticles found in
base fluids. Pak and Cho [59] have investigated the impact of volume fraction of
AL O; on specific heat. The investigation showed that 1.10-2.27% decrease in specific
heat occurred for 1.34-2.78% volume fraction of nanoparticle size of 13 nm. Zhao
et al. [68] also noticed a fall in the specific heat capacity of CuO nanofluid by 1.16-5%
compared to base fluid EG for volume fraction of 0.1-0.6% and particle size which
ranges from 25 to 500 nm. Some nanofluids show inconsistent behavior with volume
convergence. Shahrul et al. [60] have conducted a comparative revision on the
specific heat of nanofluids used in energy applications. They have concluded that for
most nanomaterials in base fluids, specific heat decreases with the increase in volume
fraction. Sonawane et al. [61] have investigated specific heat of AL,O3/ATF and
reported the anomalous conduct of specific heat with volume convergence. Increase
in specific heat capacity has also been reported in experimental observations
[36, 62-68]. Fakoor Pakdaman et al. [69] have found out that there is 21-42%
decrease in specific heat capacity of MWCNT/water nanofluid for 0.1-0.4% vol. a
fraction in the range of 5-20 nm size. However, Kumaresan et al. [64] have observed
2.31-9.35% gain. In specific heat capacity of MWCNT/(EG/DW, 30/70) nanofluid for
0.15-0.45% concentration, particle size was kept at 30-50 nm. Nowadays, the result
of experimental data does not signal a discreet and clear-cut indication that there is
the only reduction in the heat capacity with an increment of volume concentration, as
has been reported by several academic figures. Experimental observations on various
nanofluids show increase of specific heat capacity [62-70], whereas experimental
observations exhibit decrease in specific heat capacity performed by many
researchers [59, 61, 71-81].

The specific heat of nanofluid can be determined as function of the particle
volume concentration using the following equation [80]:

(PCp) g = 1= 9)(PCp) 1 + 0 (pCy), (8)

And

P = (1 — @)ppr + 9pp 9)

3. Applications of nanofluids for heat transfer process

Nowadays, nanofluids play a vital role in heat transfer equipment as a good
alternative in developing the efficiency of the heat transfer equipment and in turn
of reducing the size of the equipment and saving energy.

Since water is a good medium for heat transfer and it is also a good medium
for receiving and storing solar energy during sunrise time, therefore, water is a
good medium for the heating processes and one important source for the
application of solar energy [2, 82, 83]. It is granted that the thermal efficiency of the
FPSWH is relatively low, and therefore researchers have exerted many efforts to
increase its performance. The thermal efficiency of the FPSWH has improved by
using specific techniques [84]. Researchers to enhance the performance of FPSWH
and the thermal efficiency using different methods [85-89] have conducted many
studies.
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The recent researches have revealed that nanofluids have a large effect on
increasing heat transfer. This is done through mixing the nanoparticles materials
that have high thermal conductivity into the working fluid (or called the base fluid).

Now, nanofluids are promising mediums as alternatives to the base fluids, and
hence the researches are still under investigation to improve and develop the heat
transfer equipment systems.

Many works have been conducted to improve the performance of flat plate solar
water heater using different nanoparticles to the base fluid [63-73].

To improve the performance of flat plate solar collector, scholars had conducted
experimental and theoretical studies on flat plate solar collector using nanofluids
with different binary materials (nanoparticles + base fluids) as a working fluid.

Salem Ahmed et al. [90] have conducted an experimental work on the perfor-
mance of chilled water air conditioning unit with and without alumina nanofluids.

They have used the first method to prepare Al,O3; water nanofluids with differ-
ent concentrations by weight, which vary from 0.1, 0.2, 0.3, and 1% wt. Under
operation conditions, experiments have been investigated including a variation of
flow rate of chilled water/alumina nanofluids and the air through the cooling coil.
The results have shown that less time is scored to get the desired chilled fluid
temperature for all the different concentrations of nanofluids (Al,O5-water) com-
pared with pure water.

Again, the findings have shown a reduction of the power consumption and
increase in the cooling capacity, which is in turn an increase in the COP by about 5
and 17% for alumina nanoparticles, concentration of 0.1 and 1% by weight, respec-
tively. A schematic diagram of the experimental work shown in Figures 3 and 4
shows the TEM image of the alumina nanoparticles (Al,O3) used in the experiments.

Xu et al. [91] have conducted experimental and theoretical studies comparing a
novel of parabolic trough concentrator with traditional solar water heater using
nanofluid, CuO/oil. Figure 5 shows a configuration of the novel parabolic trough
concentrator and the traditional solar heater.

- o o

P ———r

4

ficses el

1. Blower 2. Cooling coil 3. Rotameter 4. Water pump
5. Evapomative (or cooling tank) 6. Expansion valve 7. Condenser
8. Compressor

Figure 3.
A schematic diagram of the chilled-water air conditioning unit [90].
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Figure 4.
TEM image of Al,O; nanoparticles used in the experiments [90].

As is shown in Figure 5b, a kind of oil added with certain nanoparticles (CuO)
acts as a working fluid. The nanoparticles dispersed in the oil inside the inner tube
directly capture the solar radiation instead of the tube wall coating. The solar
collection efficiency curves for the two collectors suggested that the NDASC was
superior to a conventional IASC within a preferred working temperature range, but
inferior when the tf exceeded a specific critical temperature (tcr) as shown in
Figure 6.

Said et al. [92] have used TiO,-water nanofluid as a working fluid for enhancing
the performance of a flat plate solar collector for the volume fraction of the
nanoparticles 0.1 and 0.3%, respectively, and mass flow rates of the nanofluid vary
from 0.5 to 1.5 kg/min, respectively. Thermophysical properties and reduced sedi-
mentation for TiO, nanofluid have been obtained using PEG 400 dispersant.
Energy efficiency has increased by 76.6% for 0.1% volume fraction and 0.5 kg/min

(a) solar radiation
heat loss

(b) solar radiation (© incident solar radiation
all-glass tube 2:;‘“ ;:':5 .

without ¢oating a )
K an qel T T Twz nanopaﬂicle convection

" . ‘_ _ T, wl )
|—> HTFM —q: ___ T T; *

z  panoflud  ___ T __ T scattered radiation
Figure 5.

Schematics of solar collection principles. (a) A conventional indirect absorption solar collector (IASC); (b) the
proposed novel nanofluid-based divect absorption solar collector (NDASC); and (c) the heat transfer around
namnoparticles inside the tube of NDASC [91].
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Figure 6.
Variations of solar collection efficiencies with tfi for both the NDASC and the IASC [91].

flow rate, whereas the highest energy efficiency obtained has been 16.9% for 0.1%
volume fraction and 0.5 kg/min flow rate.

The thermal efficiency of the FPSC (n) and the energy efficiency are given,
respectively, as [92].

The schematic of the solar collector and the experiment is presented in Figure 7.
They also showed that the pressure drop and pumping power of TiO, nanofluid
were very close to the base fluid for the studied volume fractions [92].

Polvongsri et al. [93] have performed an experimental work to study the per-
formance of a flat plate solar collector (Figure 8) using a silver nanofluid as the

PLOPES 7 Heal Exchanger
Nanofluid Tank @ o %

Flow

Meter
~
=,

TCI

*

TC4 Collector

n}g

Insulation valve TCS External water
U out valve
Environment Temperature External water
in valve
Insulation
valve
Cooling Water tank

Figure 7.
The presentation of the experimental setup in schematic diagram [92].
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Diagram of the experimental setup [93].
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Figure 9.
The performance curves of silver nanofluid at 10,000 and 1000 ppm and water [93].

working fluid, while water was mixed with 20 nm silver nano with concentrations
0f 1000 and 10,000 ppm. The operating conditions of experiments to be done at a
flow rate of working fluid between 0.8 and 1.2 I/min-m?” and the inlet temperature
were controlled in a range of 35-65°C.

It is remarkable that using silver nanofluid as a working fluid could improve the
thermal performance of flat plate collector compared with water, especially at high
inlet temperature as shown in Figure 9.

4, Conclusions

This chapter reviews the recent applications of nanotechnology for nanofluids.
These applications revealed that nanofluids have a promising alternative to enhance
the performance of heat transfer equipment considering the cost, safety, potential
of size reduction, and environmental protection. The present chapter provides a
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comprehensive overview of nanofluid as one of the important applications of
nanotechnology and how to obtain it and its thermal properties. There are chal-
lenges hindering the preparation of nanomaterials, including the stability of
nanofluids to take into consideration and worthy of attention on the part of
researchers.

Author details

Mahmoud Salem Ahmed
Faculty of Industrial Education, Mechanical Department, Sohag University, Sohag,

Egypt

*Address all correspondence to: mahmoudsalem.ahmed @yahoo.com

IntechOpen

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

11



Thermophysical Properties of Complex Materials

References

[1] Bozorgan N, Shafahi M. Performance
evaluation of nano-fluids in solar energy:
A review of the recent literature. Micro
and Nano Systems Letters. 2015;35:1-15

[2] Hussain HA, Jawad Q, Sultan KF.
Experimental analysis on thermal
efficiency of evacuated tube solar
collector by using nano-fluids.
International Journal of Sustainable and
Green Energy. 2015;4:19-28

[3] Witharana S, Palabiyik I, Musina Z,
Ding Y. Stability of glycol nanofluids—
The theory and experiment. Powder
Technology. 2013;239:72-77

[4] Jailani S, Franks GV, Healy TW. The
potential of nanoparticle suspensions:
Effect of electrolyte concentration,
particle size and volume fraction.
Journal of the American Ceramic
Society. 2008;91:1141-1147

[5] Yu W, Huaqing XA. Review on
nano-fluids: Preparation, stability

mechanisms, and applications. Journal of
Nanomaterials. 2012;2012:435873. 17p

[6] Quddoos A, Anand A, Mishra GK,
Nag P. Nano-fluids: Introduction,
preparation, stability analysis and

stability enhancement techniques.
I[JPAS. 2014;1:31-36

[7] Neto ET, Filho EPB. Preparation
methods of nano-fluids to obtain stable
dispersions. In: 13th Brazilian Congress

of Thermal Sciences and Engineering;
December 5-10, 2010

[8] Micha D, Marcin L, Grzegorz D,
Andrzej G. Preparation of metal
oxide-water nanofluids by two-step
method. Prosimy Cytowa Jako:
Inzynieria I Aparatura Chemiczna. 2012;
51:213-215

[9] Barrett TR et al. Investigating the use
of nanofluids to improve high heat flux

12

cooling systems. Fusion Engineering.
2013;88:2594-2597

[10] Patel HE, Das SK, Sundararajan T,
Sreekumaran Nair A, George B, Pradeep
T. Thermal conductivities of naked and
monolayer protected metal nanoparticle
based nanofluids: Manifestation of
anomalous enhancement and chemical
effect. Applied Physics Letters. 2003;83:
2931-2933

[11] Xuan Y, Li Q. Heat transfer
enhancement of nanofluids.

International Journal of Heat and Fluid
Flow. 2000;21:58-64

[12] Hu P, Shan W-L, Yu F, Chen Z-S.
Thermal conductivity of AIN-ethanol

nanofluids. International Journal of
Thermophysics. 2008;29:1968-1973

[13] Kole M, Dey TK. Thermal
conductivity and viscosity of AIN-
ethanol nanofluids based on car engine
coolant. Journal of Physics D: Applied
Physics. 2010;43:10

[14] Beck MP, Sun T, Teja AS. The
thermal conductivity of alumina
nanoparticles dispersed in ethylene
glycol. Fluid Phase Equilibria. 2007;260:
275-278

[15] Nerella S, Sudheer NVVS, Bhramara
P. Enhancement of heat transfer by
nanofluids in solar collectors.
International Journal of Innovations in
Engineering and Technology (IJIET).
2014;3:115-120

[16] Mukherjee S, Paria S. Preparation
and stability of nano-fluids—A review.
IOSR Journal of Mechanical and Civil
Engineering. 2012;9:63-69

[17] Eastman JA, Choi SUS, Li S, Yu W,
Thompson LJ. Anomalously increased
effective thermal conductivities of
ethylene glycol-based nano-fluids



Nanofluid: New Fluids by Nanotechnology
DOI: http://dx.doi.org/10.5772/intechopen.86784

containing copper nanoparticles.
Applied Physics Letters. 2001;78:
718-720

[18] Li Y, Zhou J, Tung S, Schneider E,
Xi S. A review on development of nano-
fluid preparation and characterization.
Powder Technology. 2009;196:89-101

[19] Lo CH, Tsung TT, Chen LC. Shape-
controlled synthesis of Cu-based nano-
fluid using submerged arc nanoparticle
synthesis system (SANSS). Journal of
Crystal Growth. 2005;277:636-642

[20] Lo CH, Tsung TT, Chen LC, Su CH,
Lin HM. Fabrication of copper oxide
nano-fluid using submerged arc
nanoparticle synthesis system (SANSS).
Journal of Nanoparticle Research. 2005;
7:313-320

[21] Zhu HT, Lin YS, Yin YS. A novel
one-step chemical method for
preparation of copper nano-fluids.

Journal of Colloid and Interface Science.
2004;277:100-103

[22] Bonnemann H, Botha SS,
Bladergroen B, Linkov VM.
Monodisperse copper- and silver-
nanocolloids suitable for heat-
conductive fluids. Applied
Organometallic Chemistry. 2005;19:
768-773

[23] Singh AK, Raykar VS. Microwave
synthesis of silver nano-fluids with
polyvinylpyrrolidone (PVP) and their
transport properties. Colloid & Polymer
Science. 2008;286:1667-1673

[24] Kumar A, Joshi H, Pasricha R,
Mandale AB, Sastry M. Phase transfer of
silver nanoparticles from aqueous to
organic solutions using fatty amine

molecules. Journal of Colloid and
Interface Science. 2003;264:396-401

[25] Yu W, Xie H, Wang X, Wang X.

Highly efficient method for preparing
homogeneous and stable colloids

13

containing graphene oxide. Nanoscale
Research Letters. 2011;6:1-7

[26] Wei X, Wang L. Synthesis and
thermal conductivity of microfluidic

copper nano-fluids. Particuology. 2010;
8:262-271

[27] Zhu HT, Zhang CY, Tang YM,
Wang JX. Novel synthesis and thermal
conductivity of CuO nano-fluid. Journal
of Physical Chemistry C. 2007;111:
1646-1650

[28] Chen Y, Wang X. Novel phase-
transfer preparation of monodisperse
silver and gold nanoparticles at room
temperature. Materials Letters. 2008;62:
2215-2218

[29] Feng X, Ma H, Huang S, et al.
Aqueous-organic phase transfer of
highly stable gold, silver, and platinum
nanoparticles and new route for
fabrication of gold nanofilms at the oil/
water interface and on solid supports.
Journal of Physical Chemistry B. 2006;
110:12311-12317

[30] Yu W, Xie H, Chen L, Li Y.
Enhancement of thermal conductivity
of kerosene-based Fe;0,4 nano-fluids
prepared via phase-transfer method.
Colloids and Surfaces, A:
Physicochemical and Engineering
Aspects. 2010;355:109-113

[31] Wang L, Fan J. Nano-fluids
research: Key issues. Nanoscale
Research Letters. 2010;5:1241-1252

[32] Nagarajan PK, Subramani J,
Suyambazhahan S, Sathyamurthy R.
Nano-fluids for solar collector
applications: A review. Energy Procedia.
2014;61:2416-2434

[33] Xue Q, Xu W-M. A model of
thermal conductivity of nanofluids with

interfacial shells. Materials Chemistry
and Physics. 2005;90:298-301



Thermophysical Properties of Complex Materials

[34] Muhammad M]J, Muhammad IA,
Sidik NAC, Yazid MNAWM, Mamat R,
Najafi G. The use of nano-fluids for
enhancing the thermal performance of
stationary solar collectors: A review.

Renewable and Sustainable Energy
Reviews. 2016;63:226-236

[35] Toshihiro W, Atsushi T, Masahiro E,
Toshiyuki S, Daigo M-I, Shigehiko I,

et al. Radiological impact of the nuclear
power plant accident on freshwater fish
in Fukushima: An overview of
monitoring results. Journal of
Environmental Radioactivity. 2016;151:
144-155

[36] Verma SK, Tiwari AK. Progress of
nano-fluid application in solar

collectors: A review. Energy Conversion
and Management. 2015;100:324-346

[37] Kundan L, Sharma P. Performance
evaluation of a nano-fluids (CuO-H,0)
based low flux solar collector.
International Journal of Engine
Research. 2013;2:108-112

[38] Putra N, Roetzel W, Das SK. Natural
convection of nano-fluids. Heat and
Mass Transfer. 2003;39:775-784

[39] Yang Y, Zhang ZG, Grulke EA,
Anderson WB, Wu G. Heat transfer
properties of nanoparticle-in-fluid
dispersions (nano-fluids) in laminar
flow. International Journal of Heat and
Mass Transfer. 2005;48:1107-1116

[40] Chun BH, Kang HU, Kim SH. Effect
of alumina nanoparticles in the fluid on
heat transfer in double-pipe heat

exchanger system. Korean Journal of
Chemical Engineering. 2008;25:966-971

[41] Chandrasekar M, Suresh S,
Chandra BA. Experimental studies
on heat transfer and friction factor
characteristics of Al,0z/water nano-
fluid in a circular pipe under laminar
flow with wire coil inserts.
Experimental Thermal and Fluid
Science. 2010;24:122-130

14

[42] Suresh S, Venkitaraj KP,
Selvakumar P. Comparative study on
thermal performance of helical screw
tape inserts in laminar flow using Al,O3
water and CuO/water nano-fluids.

Superlattices and Microstructures. 2011;
49:608-622

[43] Zamzamian A, Oskouie SN,
Doosthoseini A, Joneidi A, Pazouki M.
Experimental investigation of forced
convective heat transfer coefficient in
nano-fluids of Al,O3/EG and CuO/EG in
a double pipe and plate heat exchangers
under turbulent flow. Experimental
Thermal and Fluid Science. 2011;35:
495-502

[44] Corcione M, Cianfrini M, Quintino
A. Heat transfer of nano-fluids in

turbulent pipe flow. International Journal
of Thermal Sciences. 2012;56:58-69

[45] He Y, Jin Y, Chen H, Ding Y, Cang
D, Lu H. Heat transfer and flow
behavior of aqueous suspensions of TiO,
nanoparticles (nano-fluids) flowing
upward through a vertical pipe.

International Journal of Heat and Mass
Transfer. 2007;50:2272-2281

[46] Yu W, France DM, Smith DS, Singh
D, Timofeeva EV, Routbort JL. Heat
transfer to a silicon carbide/water nano

fluid. International Journal of Heat and
Mass Transfer. 2009;52:3606-3612

[47] Anoop KB, Sundararajan T, Das SK.
Effect of particle size on the convective
heat transfer in nano-fluid in the
developing region. International Journal
of Heat and Mass Transfer. 2009;52:
2189-2195

[48] Ding Y, Alias H, Wen D,

Williams RA. Heat transfer of aqueous
suspensions of carbon nanotubes (CNT
nano-fluids). International Journal of
Heat and Mass Transfer. 2006;49:
240-250

[49] Corcione M. Empirical correlating
equations for predicting the effective



Nanofluid: New Fluids by Nanotechnology
DOI: http://dx.doi.org/10.5772/intechopen.86784

thermal conductivity and dynamic
viscosity of nano-fluids. Energy
Conversion and Management. 2011;52:
789-793

[50] Chen L, Xie H, Li Y, Yu W. Nano-
fluids containing carbon nanotubes

treated by mechano-chemical reaction.
Thermochimica Acta. 2008;477:21-24

[51] Li JM, Li ZL, Wang BX.
Experimental viscosity measurements
for copper oxide nanoparticles

suspensions. Tsinghua Science and
Technology. 2002;7:198-201

[52] Wang X, Xu X, Choi SUS. Thermal
conductivity of nanoparticles—Fluid
mixture. Journal of Thermophysics and
Heat Transfer. 1999;13:474-480

[53] Frankel N, Acrivos A. On the
viscosity of concentrated suspension of

solid spheres. Chemical Engineering
Science. 1967;22:847-853

[54] Namburu PK, Kulkarni DP,
Debasmita M, Das Debendra K.
Viscosity of copper oxide nanoparticles
dispersed in ethylene glycol and water
mixture. Experimental Thermal and
Fluid Science. 2007;32:397-402

[55] Masoumi N, Sohrabi N, Behzadmehr
A. A new model for calculating the
effective viscosity of nano-fluids.
Journal of Physics D: Applied Physics.
2009;42:055501

[56] Vand V. Viscosity of solutions and
suspensions. The Journal of Physical and
Colloid Chemistry. 1948;52:277-299

[57] Zhao J-F, Luo Z-Y, Ni M-], Cen K-F.
Dependence of nano-fluid viscosity on
particle size and pH value. Chinese
Physics Letters. 2009;26:256-307

[58] Kole M, Dey TK. Viscosity of
alumina nanoparticles dispersed in car

engine coolant. Experimental Thermal
and Fluid Science. 2010;34:677-683

15

[59] Pak BC, Cho YI. Hydrodynamic and
heat transfer study of dispersed fluids
with submicron metallic oxide particles.
Experimental Heat Transfer. 1998;11:
151-1700

[60] Shahrul IM, Mahbubul IM,
Khaleduzzaman SS, Saidur R, Sabri
MFM. A comparative review on the
specific heat of nano-fluids for energy

perspective. Renewable and Sustainable
Energy Reviews. 2014;38:88-98

[61] Sonawane S, Patankar K, Fogla A,
Puranik B, Bhandarkar U, Sunil KS. An
experimental investigation of thermo-
physical properties and heat transfer
performance of Al,O3-aviation turbine
fuel nano-fluids. Applied Thermal
Engineering. 2011;31:2841-2849

[62] Shin D, Banerjee D. Specific heat of
nano-fluids synthesized by dispersing
alumina nanoparticles in alkali salt
eutectic. International Journal of Heat
and Mass Transfer. 2014;74:210-214

[63] Shin D, Banerjee D. Enhanced
thermal properties of SiO,
nanocomposite for solar thermal energy
storage applications. International
Journal of Heat and Mass Transfer. 2015;
84:898-902

[64] Kumaresan V, Mohaideen Abdul
Khader S, Karthikeyan S, Velraj R.
Convective heat transfer characteristics
of CNT nano-fluids in a tubular heat
exchanger of various lengths for energy
efficient cooling/heating system.
International Journal of Heat and Mass
Transfer. 2013;60:413-421

[65] Mohebbi A. Prediction of specific
heat and thermal conductivity of nano-
fluids by a combined equilibrium and
non-equilibrium molecular dynamics
simulation. Journal of Molecular
Liquids. 2012;175:51-58

[66] Murshed SMS, Nieto de Castro CA.
Superior thermal features of carbon
nanotubes-based nano-fluids—A review.



Thermophysical Properties of Complex Materials

Renewable and Sustainable Energy
Reviews. 2014;37:155-167

[67] Nelson IC, Banerjee D, Ponnappan
R. Flow loop experiments using
polyalphaolefin nano-fluids. Journal of
Thermophysics and Heat Transfer.
2009;23:752-761

[68] Akhavan-Behabadi MA, Pakdaman
MF, Ghazvini M. Experimental
investigation on the convective heat
transfer of nano-fluid flow inside
vertical helically coiled tubes under
uniform wall temperature condition.

International Communications in Heat
and Mass Transfer. 2012;39:556-564

[69] Fakoor Pakdaman M, Akhavan-
Behabadi MA, Razi P. An experimental
investigation on thermo-physical
properties and overall performance of
MWCNT/heat transfer oil nano-fluid
flow inside vertical helically coiled
tubes. Experimental Thermal and Fluid
Science. 2012;40:103-111

[70] Ho MX, Pan C. Optimal
concentration of alumina nanoparticles
in molten Hitec salt to maximize its
specific heat capacity. International

Journal of Heat and Mass Transfer.
2014;70:174-184

[71] Choi ], Zhang Y. Numerical
simulation of laminar forced convection
heat transfer of Al,Os;—water nano-fluid
in a pipe with return bend. International
Journal of Thermal Sciences. 2012;55:
90-102

[72] Pandey S, Nema VK. Experimental
analysis of heat transfer and friction
factor of nano-fluid as a coolant in a
corrugated plate heat exchanger.
Experimental Thermal and Fluid
Science. 2012;38:248-256

[73] Zhou S-Q, Ni R. Measurement of the
specific heat capacity of water-based
Al,O3 nano-fluid. Applied Physics
Letters. 2008;92:1-3

16

[74] Kulkarni DP, Vajjha RS, Das DK,
Oliva D. Application of aluminum oxide
nano-fluids in diesel electric generator
as jacket water coolant. Applied
Thermal Engineering. 2008;28:
1774-1781

[75] Vajjha RS, Das DK. A review and
analysis on influence of temperature
and concentration of nano-fluids on
thermophysical properties, heat transfer
and pumping power. International

Journal of Heat and Mass Transfer.
2012;55:4063-4078

[76] Pantzali MN, Kanaris AG,
Antoniadis KD, Mouza AA, Paras SV.
Effect of nano-fluids on the
performance of a miniature plate heat
exchanger with modulated surface.
International Journal of Heat and Fluid
Flow. 2009;30:691-699

[77]1 De Robertis E, Cosme EHH, Neves
RS, Kuznetsov AY, Campos APC, Landi
SM, et al. Application of the modulated
temperature differential scanning
calorimetry technique for the
determination of the specific heat of
copper nano-fluids. Applied Thermal
Engineering. 2012;41:10-17

[78] Liu J, Wang F, Zhang L, Fang X,
Zhang Z. Thermodynamic properties
and thermal stability of ionic liquid-
based nano-fluids containing graphene
as advanced heat transfer fluids for
medium-to-high-temperature
applications. Renewable Energy. 2014;
63:519-523

[79] He Q, Wang S, Tong M, Liu Y.
Experimental study on thermophysical
properties of nano-fluids as phase-
change material (PCM) in low
temperature cool storage. Energy
Conversion and Management. 2012;64:

199-205

[80] Chandrasekar M, Suresh S,
Senthilkumar T. Mechanisms proposed
through experimental investigations on
thermophysical properties and forced



Nanofluid: New Fluids by Nanotechnology
DOI: http://dx.doi.org/10.5772/intechopen.86784

convective heat transfer characteristics
of various nano-fluids—A review.
Renewable and Sustainable Energy
Reviews. 2012;16:3917-3938

[81] Kumar R, Rosen MA. Integrated
collector—Storage solar water heater
with extended storage unit. Applied
Thermal Engineering. 2011;31:348-354

[82] Wongsuwan W, Kumar S. Forced
circulation solar water heater
performance prediction by TRNSYS and
ANN. International Journal of
Sustainable Energy. 2005;24:69-86

[83] Zhang Q, Uchaker E, Candelaria SL,
Cao G. Nanomaterials for energy
conversion and storage. Chemical
Society Reviews. 2013;42:3127-3171

[84] Rezania A, Taherian H, Ganji DD.
Experimental investigation of a natural
circulation solar domestic water heater
performance under standard

consumption rate. International Journal
of Green Energy. 2012;9:322-334

[85] Koffi PME, Andoh HY, Gbaha P,
Toure S, Ado G. Theoretical and
experimental study of solar water heater
with internal exchanger using thermo

siphon system. Energy Conversion and
Management. 2008;49:2279-2290

[86] Jaisankar S, Radhakrishnan TK,
Sheeba KN. Experimental studies on
heat transfer and friction factor
characteristics of thermosyphon solar
water heater system fitted with spacer at
the trailing edge of twisted tapes.
Applied Thermal Engineering. 2009;29:
1224-1231

[87] Jaisankar S, Radhakrishnan TK,
Sheeba KN. Experimental studies on
heat transfer and friction factor
characteristics of forced circulation solar
water heater system fitted with helical
twisted tapes. Solar Energy. 2009;83:
1943-1952

17

[88] Alshamaileh E. Testing of a new
solar coating for solar water heating
applications. Solar Energy. 2010;84:
1637-1643

[89] Kumar R, Rosen MA. Thermal
performance of integrated collector-
storage solar water heater with
corrugated absorber surface. Applied
Thermal Engineering. 2010;30:
1764-1768

[90] Salem Ahmed M, Mohamed R,
Hady A, Abdallah G. Experimental
investigation on the performance of
chilled-water air conditioning unit using
alumina nanofluids. Thermal Science
and Engineering Progress. 2018;5:
589-596

[91] Xu G, Chen W, Deng S, Zhang X,
Zhao S. Performance evaluation of a
nano-fluid-based direct absorption solar
collector with parabolic trough
concentrator. Nanomaterials. 2015;5:
2131-2147

[92] Said Z, Sabiha MA, Saidur R,
Hepbasli A, Rahim NA, Mekhilef S, et al.
Performance enhancement of a flat
plate solar collector using titanium
dioxide nano-fluid and polyethylene
glycol dispersant. Journal of Cleaner
Production. 2015;92:343-353

[93] Polvongsri S, Kiatsiriroat T.
Enhancement of flat-plate solar
collector thermal performance with
silver nano-fluid. In: The Second TSME
International Conference on Mechanical
Engineering; October 19-21, 2011



